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ABSTRACT OF THE THESIS 

 

Mechanical Property of Carbon Nanowires 

By 

Roya shiri 

Master of Science in Engineering with concentration in  

Materials and Manufacturing Technology 

University of California, Irvine, 2020 

Professor Marc J. Madou, Chair 

 

 

Micro/nano systems and nanofabrication have been the subject of intensive research 

investment over the past decades. Among all aspects one can consider in miniaturizing a 

system, the mechanical property is the most important aspect in order to design a 

micro/nano system. In this study, the elastic properties of suspended carbon nanowires with 

diameters smaller than 500 nm are investigated by using laser Doppler vibrometry. The 

carbon fibers are manually fabricated using a carbon precursor polymer followed by 

pyrolysis process. It is found that the Young’s modulus became inversely proportional to the 

diameter of the wires.  So, the thinner the wire the greater Young’s modulus that the wire 

has. 
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1   Introduction 

 

1-1   Nanotechnology 

 

Nanotechnology is a field of science and engineering that deals with structures having at 

least one of their three dimensions less than 100 nanometers (A nanometer is one billionth 

of a meter). 

 

 

Figure 1-1    Left: Nanotechnology position from size point of view. Right: Characteristic dimensions of 

nanomaterials. [1] 

 

Nanoscience and nanotechnology are new approaches to research and development that 

seek to control the fundamental structure and behavior of matter at the level of atoms and 

molecules. These fields open up the possibility of understanding new phenomena and 

Human hair

Red blood cell

Nanothechnology

C atom
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producing new properties that can be utilized at the micro- and macro-scale. The concept of 

nanotechnology was introduced by physicist Richard Feynmann in 1959 as Technology at an 

atomic and molecular scale. Nanotechnology is a series of multidisciplinary techniques used 

to manipulate matter at the scale of atoms and molecules. In order to understand the 

potential of this technology, it is essential to know that the physical and chemical properties 

of matter change at nano scale: electrical conductivity, color, resistance, elasticity and 

reactivity, among other properties, behave differently than at a larger scale. Nanotechnology 

can be applied in various fields, including materials, electronics, biomedicine and energy. 

Materials of much greater hardness and resistance, much faster computers with greater 

capacity, more effective medical research and diagnoses, capable of responding faster to new 

diseases and abundant low-cost environmentally friendly energy are just some examples of 

how nanotechnology will revolutionize the potential of many common fields today. The 

growth of interest in nanoscale science and engineering is due to the conjunction of several 

factors: improved nanofabrication and microscopy techniques. [2] 
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1-2   Micro/Nano Electro-Mechanical Systems (MEMS/NEMS) 

 

Micro/Nano Electro-Mechanical Systems (MEMS/NEMS) which combine electrical and 

mechanical components to create microscopic devices that have a characteristics length 

between 100 nm and 1 mm. Since 1960s, advances in silicon photolithography technology 

led to the development of MEMS/NEMS in early 1980s. The first MEMS were commercially 

introduced around 1990. These were accelerometers for the deployment of an air bag in a 

car, piezoresistive pressure sensors for manifold absolute pressure sensing in car engines, 

and thermal inkjet print heads. In 2015, more developing in the MEMS area resulted using 

this technology in various application include piezoresistive pressure sensors for disposable 

blood pressure sensors, capacitive pressure sensors for tire pressure measurement, digital 

micromirror arrays for digital projection display, and optical cross-connections in 

telecommunications. Other applications of MEMS/NEMS include chemical/biosensors and 

gas sensors, micro-resonators, infrared detectors and focal plane arrays for earth 

observations, space science, fuel cell and many other productions. BioMEMS are increasingly 

being used for chemical and biochemical analyses in medical diagnostics, for example, DNA, 

RNA, proteins, assays and so on. [1] 

Several studies have been done on nanofabrication techniques such as electron beam 

lithography [3] and three-dimensional optical beam lithography [4] that provide fabrication 

resolution in the nanometer range. [5] 
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1-3   Mechanical characterization of Nanowires  

 

Among the Micro/Nano Electro-Mechanical Systems, nanowires are the hottest topics in 

nanoscience and nanotechnology.  However, the understanding and design of such 

MEMS/NEMS is significantly complicated by the fact that the properties of nanowires are 

known to differ from those of the bulk material, and which often lead to unique physical and 

mechanical properties of nanowire. These unique properties result many applications 

(sensors, electronic circuitry and biomedical and energy applications [6-10]). From a 

practical point of view, the design, fabrication and application of nanowires-based devices 

relay critically on the mechanical properties. [11] The study of the mechanical properties of 

wire-like materials at small scale can be dated back to 1924, as it was discovered that wires 

at small scale had tensile strength greater than the wires of the same material at large scale. 

[12] The interest in developing functional nanowires has increased substantially in the past 

few decades due to the development of the technologies and techniques required for 

mechanical characterization of nanowires [11.]. As a result, various materials have been 

characterized in the form of nanowires (NWs), such as Si NWs [13-16], Cu NWs [17] and Au 

NWs [18,19].  

 Most studies have shown that the mechanical properties of nanowires may be quite different 

from its bulk counterpart, and is often dependent on the size, structure and defect within the 

NW, as well as the mechanical testing strategy and environment. In particular, nanowire 

elastic properties can be different from those of bulk materials due to the presence of free 
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surfaces. Surface atoms are subject to surface stresses, and in a case of nanomaterials, these 

surface stresses arise due to an imbalance in the forces acting on surface atoms due to their 

lack of bonding neighbors. Because surface atoms have a different bonding environment 

than atoms that lie within the material bulk, the elastic properties of surfaces differ from 

those of the bulk material, and the effects of the difference between surface and bulk elastic 

properties on the effective elastic properties of the nanowire become magnified with 

decreasing structural size or increasing surface area to volume ratio. [11, 20-Julia thesis] 

Among the different materials studied for the fabrication of functional nanofibers, carbon 

has gained particular interest due to its excellent thermal and electrical properties, low 

chemical reactivity and wide electrochemical stability window. The carbon fibers can be 

fabricated from carbon precursor polymeric micro/nano-fibers, and then these fibers can be 

converted into carbon nanofibers by heating at high temperature (>850ºC) in an inert 

environment, i.e., in a pyrolysis or carbonization process [21]. The polymer nanofibers can 

also be integrated with lithographically patterned SU-8 photoresist structures to suspend 

the carbon nanowires on. Wires and suspending electrodes are converted together into a 

monolithic carbon microelectromechanical system (C-MEMS) device. These suspended 

carbon wire structures have been used to produce gas sensors, bio-sensors, nano-

restrictions, nano-hot wires for local CVD and interdigitated electrode arrays [22-25]. 

Although, carbon atoms are bonded together in different molecular configurations such as 

diamond, graphite, graphene, diamond-like carbon, and glassy carbon that each of these 

allotropes has its own chemical and mechanical properties, C-MEMS structures derived from 
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patterned and pyrolyzed photoresists (often SU-8) have been widely investigated, and 

usually consist of glassy carbon [26-29]. In terms of mechanical properties, the Young’s 

modulus of carbon fibers increases significantly with a decrease of the fiber’s diameter [30, 

20]  

 

1-4   Pyrolytic Carbons 

 

In the early 20th century, graphite became a preferred substitute for metals and other 

materials in various applications, such as battery electrodes and lightweight aircraft parts. 

Graphite was also widely used as the moderator in the nuclear reactors, and as a high-

temperature resistant manufacturing material in the space vehicles. This increasing 

commercial demand motivated the research on artificial graphite and graphite-like 

materials, which could be produced in large quantities and featured a relatively high purity. 

As a result, thermal treatment of various organic materials, and the properties of the 

resulting carbon were extensively studied in the early- and mid-20th century. These carbon 

materials were designated ‘pyrolytic carbon’ or ‘pyrolytic graphite’. It was soon established 

that the carbon obtained from different precursors had measurable differences in terms of 

both microstructure and properties. Some were similar to polycrystalline graphite, while 

others featured randomly oriented small graphitic crystallites with a larger interlayer 
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separation and misaligned basal planes, and could not be converted into graphite, even at 

very high temperatures. These were called non-graphitizing carbons or glassy carbon. [31]  

 

1-5   Objective 

 

The objective of this study is characterizing suspended glassy carbon nanowires in terms of 

mechanical property. In order to achieve this goal, two steps are required. The first step is 

fabricating nanowires, and as the second step, the Young’s modulus of each wire is 

calculated. The result of the investigation of the mechanical property of the carbon 

nanowires will provide new applications of Carbon-Microelectromechanical Systems (C-

MEMS). 

For this project, wires are manually fabricated. However, this method of deposition of wires 

may not be proper for large-scale production, the goal of this research, characterization of 

nanowires from mechanical point of view, is achieved at considerably low cost while there 

is more control over wire deposition. In addition, the method of mechanical testing – 

determining natural frequency in the fixed/fixed configuration- assists to achieve the goal at 

even lower cost, since there is no need to cut one end via FIB technology used in a fixed-free 

configuration. 
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2   Carbon Microelectromechanical Systems (C-MEMS) Technology 

 

 

Carbon-MEMS (C-MEMS) refers to a microfabrication technique in which photopatterned 

resists, heat treated (pyrolyzed) at different temperatures in different ambient gases, are 

used as a carbonaceous structural and functional material for micro electromechanical 

systems (MEMS). This new material permits an entire new variety of novel MEMS 

applications that employ structures having a wide variety of shapes, resistivities and 

mechanical properties. Moreover, carbon surfaces form better electrochemical electrodes 

and are easier to derivatize with organic molecules than more traditional MEMS materials 

such as silicon 

C-MEMS technology is useful for 3D microarray due to C having attractive properties. These 

include mechanical durability, electrical conductivity, and chemical stability. High aspect 

ratio with low cost is obtained by using SU-8 with conventional photolithography followed 

by pyrolysis. [20] 

 

2-1   Photolithography 

 

Lithography is the technique used to transfer a pattern onto a substrate by means of an 

etching process. Resist lithography is a technique of using an irradiation source and a 
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photosensitive polymer material. This process starts with the coating of a planar substrate 

(a silicon wafer) with the photoresist in liquid form. After the coating process, the substrate 

is “soft baked” in order to remove the solvents from the resist and improve resist-substrate 

adhesion. In a subsequent step, selected parts of the photoresist film are exposed to a light 

source (typically a UV lamp). Light initiates a series of photochemical processes in the resist 

which alter the physical and chemical properties of the exposed areas such that they can be 

differentiated in a subsequent image development step. Most commonly, the solubility of the 

film is modified, either increasing the solubility of exposed areas (yielding a positive image 

after development) or decreasing the solubility to yield a negative-tone image. After 

development, substrates patterned with negative-tone photoresists can be baked a second 

time (“hard bake”) at higher temperatures to further activate cross-linking processes and 

improve the mechanical stability of the pattern.[32] A schematic diagram of the conventional 

C-MEMS process, the photolithographic patterning of a polymer precursor and the 

subsequent pyrolysis, is shown in Figure 2-1.   

 

 

 

Figure 2-1    Four steps of photolithography. 
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2-2   Pyrolysis 

 

Pyrolysis is a high temperature thermolysis (thermo= heat, lyses = breakdown) process of 

organic matter which leaves solid carbon as residue. This process also referred as 

carbonization. Organic materials can be precursor polymer like SU-8 epoxy resin photoresist 

which later becomes into carbon through the pyrolysis process. This process involves 

heating structures in an inert atmosphere (e.g. Nitrogen, Argon, vacuum) at temperatures 

above 800_C and up to 3,000_C. Depending on the ramp rate and temperature of the process, 

the resulting carbon (which is commonly glassy carbon) can have different properties. [20] 

 

 

3    Beam Theory: Natural Frequency of Materials and its Young’s Modulus  

 

The natural frequency, also known as eigenfrequency, is the frequency at which a system 

tends to oscillate in the absence of any driving or damping force. If all parts of the system 

move sinusoidally with that same frequency. This frequency depends on the size, shape, and 

composition of the object. So, the frequency is the function of the dimensions. If the natural 

frequencies are known, the Young's modulus can be extracted from the relation that 

expresses these frequencies in respect to the stiffness. Table 3.1 gives the equations for 

various boundary conditions in order to calculate Young’s Modulus for beam cantilever. [33]  

https://en.wikipedia.org/wiki/Eigenfrequency
https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Oscillation
https://en.wikipedia.org/wiki/Damping
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Table 3-1    The fundamental frequency for typical beam configuration [33] 

Configuration Frequency (Hz) 

Cantilever 

𝑓1 =
1

2𝜋
[
3.5156

𝐿2
] √

𝐸𝐼

𝜌𝐴
 

𝑓2 = 6.268 𝑓1 

𝑓3 = 17.456𝑓1 

Cantilever with End Mass m 

𝑓1 =
1

2𝜋
√

3𝐸𝐼

(0.2235𝜌𝐿 + 𝑚) 𝐿3𝐴
 

Simply-Supported at both Ends (Pinned-

Pinned) 
𝑓𝑛 =

1

2𝜋
[
𝑛𝜋

𝐿
]

2

√
𝐸𝐼

𝜌𝐴
 

n = 1, 2, 3, … 

Free-Free 

𝑓1 =
1

2𝜋
[
22.373

𝐿2
] √

𝐸𝐼

𝜌𝐴
 

Fixed-Fixed 

𝑓1 =
1

2𝜋
[
22.373

𝐿2
] √

𝐸𝐼

𝜌𝐴
 

Fixed-Pinned 

𝑓1 =
1

2𝜋
[
15.418

𝐿2
] √

𝐸𝐼

𝜌𝐴
 

 

Where, E is the modulus of elasticity, I is the area moment of inertia, L is the length, ρ is the 

mass density (mass/length), P is the applied force.  
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4    Principle of Laser Doppler Vibrometry             

    

  

Figure 4-1 shows how a physical law is exploited technically in the LDV. The beam of a laser 

is split by a beam splitter (BS 1) into a reference beam and a measurement beam. 

 

 

 

 

Figure 4-1    schematic demonstration of the principle of LDV described by Polytec company. 

 

After passing through a second beam splitter (BS 2), the measurement beam is focused onto 

the sample, which reflects it. This reflected beam is now deflected downwards by BS, and is 

then merged with the reference beam onto the detector. As the optical path of the reference 

beam is constant over time, a movement of the sample generates a light / dark pattern, 

typical of interferometry, on the detector. One complete light / dark cycle on the detector 



13 

 

corresponds to an object displacement of exactly half of the wavelength of the light used. In 

the case of the helium neon laser often used for vibrometers, this corresponds to a 

displacement of 316 nm. 

Changing the optical path length per unit of time manifests itself as the measurement beam’s 

Doppler frequency shift which means that the modulation frequency of the interferometer 

pattern determined is directly proportional to the velocity of the sample. As object 

movement away from the interferometer generates the same modulation pattern (and 

modulation frequencies) as object movement towards the interferometer, this set-up alone 

cannot unambiguously determine the direction the object is moving in. For this purpose, an 

acousto-optic modulator (Bragg cell) that typically shifts the light frequency by 40 MHz is 

placed in the reference beam (for comparison purposes, the laser light’s frequency is 4.74 · 

1014 Hz). This generates a typical interference pattern modulation frequency of 40 MHz 

when the sample is at a standstill. If the object then moves towards the interferometer, this 

modulation frequency is increased, and if it moves away from the interferometer, the 

detector receives a frequency less than 40 MHz. This means that it is now possible to not only 

clearly detect the path length, but also the direction of movement too. 

If a wave is reflected by a moving object and detected by an instrument (as is the case with 

the LDV), the measured frequency shift of the wave can be described as: fD = 2· v/λ where v 

is the object’s velocity and λ is the wavelength of the emitted wave. To be able to conversely 

determine the velocity of an object, the (Doppler) frequency shift has to be measured at a 

known wavelength. This is done in the LDV by using a laser interferometer. [34] 
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5    Materials and Method  

 

 

5-1    Overview of the experiment 

 

The wires are landed on a support structure fabricated by photolithography technique. The 

length of wires is about 65 microns, and the diameters are about few hundred nanometers, 

typically 100-400 nm. The fabricated wires are tested in their original conditions which will 

be discussed at section 5.4, as fixed- fixed beam condition. To measure the natural frequency, 

the Laser Doppler Vibrometry technique described in details, in section 4, is used in this 

study. The equation that relates the natural frequency to the Young's modulus of this beam 

condition will be employed to calculate the value of Young’s modules of each wire. 

 

 

5-2    Fabrication of Supporting Structure 

 

In this study, SU8-2015 (Kayaku Advanced Materials) has been used as a photoresist 

polymer. As figure 5-1a shows, enough amount of photoresist (SU8-2015) was applied on 

the center of the wafer that was placed centrical at the spin-coater’s wafer holder (Spin-

coater model P6700). The silicon wafer is coated by SU8-2015 at 4000 rpm to get the 
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thickness of 12 um. Then, to soft bake the wafer, it was heated at 50 degree centigrade for 

10 hours. The next step is the exposure (figure 5-1b) which is applied for 60 seconds.  

 

   

Figure 5-1a    Left: Photoresist polymer on the silicon wafer. Right: Spin coating the wafer. 

 

After exposure, the post exposure bake is carried out at 65 degree centigrade for 2 hours. 

The wafer is cooled down gradually to prevent imposing the wafer to thermal shock. The last 

step is develop using SU-8 Developer (Kayaku Advanced Materials), and after 1 minute in 

the developer solution and rains with Isopropyl alcohol, the result was the pattern shown in 

figure 5-1c.  

https://www.google.com/aclk?sa=l&ai=DChcSEwidodD32K_sAhW6IK0GHT77A1oYABACGgJwdg&sig=AOD64_298FNt6RtHhJnldb3u9QOVdk_otA&q&adurl&ved=2ahUKEwi86cn32K_sAhXcPH0KHX4pCMAQ0Qx6BAgvEAE
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Figure 5-1b    The pattern of the mask used to manufacture of the supporting structure. 

 



17 

 

 

Figure 5-1c   The pattern printed on the wafer after exposure. 

 

 

5-3    Wire Fabrication Method 

 

5-3-1 Landing wires 

The wire fabrication is done, manually, using a small needle with the dimeter of 100 

micrometers as it is shown in Figure 5-2a. 
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Figure 5-2a    The needles and the syringe using for manufacting the wires.   

 

After dicing the silicon wafer in a way that only one pattern is on each piece (the size of each 

piece/chip is approximately 10 mm by 10 mm), one chip is placed on a glass slide under an 

optical microscope (Nicon ECLIPSE LV100) connected to SPOT RT sCMOS camera. Also, using 

a small droplet of the photoresist polymer (SU8- 2015) on the glass substrate next to the chip 

as it is shown in Figure 5-2b (Left). Then, the tip of the needle touches the droplet (Figure 5-

2b (Right)), and as it moves away from the droplet, a very small amount of polymer that 

attached to the needle tip gets stretched. The result is forming wires suspended between the 

walls as the needle passed over the walls.  
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Figure 5-2b    Left: The polymer droplet approximately 200 micrometers in dimeter next to the chip on the glass 

substrate. Right: The needle with 10 micrometers tip. 

 

5-3-2 Pyrolysis of the suspended wires  

 

After wire fabrication, the chips with wires on went to a pyrolysis process. In this process, as 

it is shown in Figure 5-3-2 (Right), the chips were placed on an alumina boat, and then, 

loaded into LINDBERG BLUE M tube furnace (Figure 5-3-2 (Left)). Nitrogen was purged into 

the furnace for 10 minutes to guarantee that no oxygen left inside the tube, so, the tube 

environment is inert from the beginning of the process.  The pyrolysis process has been done 

at 900 degrees centigrade under nitrogen atmosphere.  During this step, the photoresist 

polymer turned to carbon that in this case, it is glassy carbon. The ramp using in this case is: 
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Heating from room temperature to 300 degrees Centigrade with a ramp rate of 5 C/min and 

left at this temperature for an hour in continuous N2 environment. Next, the oven is ramped 

up at 10_C/min to 900_C, with a dwell time at this temperature of one hour. The heater is 

then turned off allowing the furnace to cool down to room temperature (about 4 hours). 

Nitrogen ow is stopped only when the oven temperature is below 150_C. During pyrolysis 

the SU-8 structures shrink considerably due to loss of their non-carbon atoms. [20] 

 

 

 

Figure 5-3    Left: LINDBERG BLUE M tube furnace. Right: Alumina boat loaded with chips.  
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5-4    Driving Equation of Natural Frequency-Young's Modulus for beams with two 

fixed ends 

 

Bernoulli-Euler beam theory is used to capture the vibrational motion of MEMS/NEMS 

devices that have characteristic sizes ranging from micro- to nano-meters. In general, these 

devices (e.g. nanowire, nanotube, microcantilever) have a geometry such that the transverse 

dimensions (i.e. thickness and width) are much smaller than the longitudinal dimension (i.e. 

length). This indicates that the device can be modeled as a one-dimensional elastic beam 

which assumes that the vibrational motion is governed by flexural motion. Consequently, the 

vibrational motion of MEMS/NEMS can be described by the following equation of motion. 

[33] 

According to the Euler- Bernoulli beam theory, the governing partial differential equation 

for the beam under free vibration is  

 

−𝐸𝐼
𝜕4𝑦

𝜕𝑥4
 + 𝜌𝐴

𝜕2𝑦

𝜕𝑡2
 =  0     (1) 

 

Where EI is the flexural rigidity, ρ is density and A is the cross-sectional area of the NW. y(x,t) 

is the NW transverse displacement. 

A system is said to be a Fixed-Fixed beam system if it has fixed connections at both its ends. 
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Figure 5-4    A fixed-fixed beam with a uniform mass density and a uniform cross-section 

 

 

When given an excitation and left to vibrate on its own, the frequency at which a fixed-fixed 

beam will oscillate is its natural frequency. To calculate the natural frequency, we start with 

the  

governing equation for a vibrating beam:  

−𝐸𝐼
𝜕4𝑦

𝜕𝑥4
= 𝜌𝐴

𝜕2𝑦

𝜕𝑡2
 

The boundary conditions for the fixed-fixed beam are: 

𝑌(0) = 0 

ⅆ𝑌(𝑥)

ⅆ𝑥
|

𝑥=0

= 0 

𝑌(𝐿) = 0 

ⅆ𝑌(𝑥)

ⅆ𝑥
|

𝑥=𝐿

= 0 

The eigenvector has the form 



23 

 

𝑌(𝑥) = 𝑎1 sinh(𝛽𝑥) + 𝑎2 cosh(𝛽𝑥) + 𝑎3 sin(𝛽𝑥) + 𝑎4cos(𝛽𝑥) 

ⅆ𝑌(𝑥)

ⅆ𝑥
= 𝑎1𝛽 cosh(𝛽𝑥) + 𝑎2𝛽sinℎ(𝛽𝑥) + 𝑎3𝛽𝑐𝑜𝑠(𝛽𝑥) − 𝑎4𝛽sin(𝛽𝑥) 

ⅆ2𝑌(𝑥)

ⅆ𝑥2
= 𝑎1𝛽2 sinh(𝛽𝑥) + 𝑎2𝛽2 cos ℎ(𝛽𝑥) − 𝑎3𝛽2 sin(𝛽𝑥) − 𝑎4𝛽2 cos(𝛽𝑥) 

𝑌(0) = 0 

𝑎2 + 𝑎4 = 0 

−𝑎2 = 𝑎4 

ⅆ𝑌(𝑥)

ⅆ𝑥
|

𝑥=0

= 0 

𝑎1𝛽 + 𝑎3𝛽 = 0 

𝑎1 + 𝑎3 = 0 

−𝑎1 = 𝑎3 

𝑌(𝑥) = 𝑎1[sinh(𝛽𝑥) − sin(𝛽𝑥)] + 𝑎2[cosh(𝛽𝑥) − cos(𝛽𝑥)] 

ⅆ𝑌(𝑥)

ⅆ𝑥
= 𝑎1𝛽[cosh(𝛽𝑥) − cos(𝛽𝑥)] + 𝑎2𝛽[sinh(𝛽𝑥) + sin(𝛽𝑥)] 

 

𝑌(𝐿) = 0 

𝑎1[sinh(𝛽𝐿) − sin(𝛽𝐿)] + 𝑎2[cosh(𝛽𝐿) − cos(𝛽𝐿)] = 0 

ⅆ𝑌(𝑥)

ⅆ𝑥
|

𝑥=𝐿

= 0 

𝑎1𝛽[cosh(𝛽𝐿) − cos(𝛽𝐿)] + 𝑎2𝛽[sinh(𝛽𝐿) + sin(𝛽𝐿)] = 0 

𝑎1[cosh(𝛽𝐿) − cos(𝛽𝐿)] + 𝑎2[sinh(𝛽𝐿) + sin(𝛽𝐿)] = 0 
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[
sinh(𝛽𝐿) − sin(𝛽𝐿) cosh(𝛽𝐿) − cos(𝛽𝐿)

cosh(𝛽𝐿) − cos(𝛽𝐿) sinh(𝛽𝐿) + sin(𝛽𝐿)
] [

𝑎1

𝑎2
] = [

0
0

] 

[sinh(𝛽𝐿) − sin(𝛽𝐿)][sinh(𝛽𝐿) + sin(𝛽𝐿)] − [cosh(𝛽𝐿) − cos(𝛽𝐿)]2 = 0 

sinh2(𝛽𝐿) − sin2(𝛽𝐿) − cosh2(𝛽𝐿) + 2 cos(𝛽𝐿) cosh(𝛽𝐿) − cos2(𝛽𝐿) = 0 

2 cos(𝛽𝐿) cosh(𝛽𝐿) − 2 = 0 

cos(𝛽𝐿) cosh(𝛽𝐿) − 1 = 0 

 

The roots can be found via Newton-Raphson method. The first root is  

𝛽𝐿 = 4.73004 

𝜔𝑛 = 𝛽𝑛
2√

𝐸𝐼

𝜌𝐴
 

𝜔1 = [
4.73004

𝐿
]

2

√
𝐸𝐼

𝜌𝐴
 

𝜔1 = [
22.373

𝐿2
] √

𝐸𝐼

𝜌𝐴
 

𝑓1 =
1

2𝜋
[
22.373

𝐿2
] √

𝐸𝐼

𝜌𝐴
                 (2) 

 

 

In section (6), we will use equation (2) in order to calculate Young’s modulus from the 

vibrometry results. 
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5-5    Experimental Setup 

 

In this study, Polytec MSA-600 Micro System Analyzer as showed in Figure 5-5 has been 

used. Polytec Laser vibrometer uses the doppler effect to measure vibrations if light is 

scattered from moving object, its frequency is changed slightly, so the vibrometer detects the 

minute frequency shifts of the backscattered laser light. The interferometer split the light 

into two parts. The reference beam is pointed to the detector while the measurement beam 

is incident on the sample. When the light is scattered by the moving surface. Depending on 

the velocity and displacement the backscattered light is changed in frequency and phase. The 

characteristics of the motion are in the backscattered light. The superposition of this light 

with the reference beam creates a modulated detector output signal revealing the doppler 

shift in frequency. Signal processing and analysis provides the vibrational velocity and 

displacement of the test object.  

The first step is mounting a chip inside the vacuum chamber (Figure 5-6), then connecting 

positive end of the piezoelectric which is wired to the left side of the PCBs (Figure 5-7) to the 

positive pin of the system (Figure 5-8) and the same for the negative side. 
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Figure 5-5    The MSA-600 Micro System Analyzer measures surface topography and dynamic response (up to 

2.5 GHz) of MEMS and microstructures.  

 

 

Figure 5-6     PolyTec MSA-600 Micro System Analyzer vacuum chamber and its dimensions.  
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Figure 5-7    Top: The assembled chips on the cupper plate and a piezoelectric attached under each chip. Bottom: 

Wires on the chip 

 

After Appling vacuum, a 50X objective lens is set for characterization. Now it is ready to turn 

on the laser and Focus the laser on a wire which is laid over a gap (the gap between two 

pads). It is important to adjust the laser intensity on the pads before shining on the wires to 

avoid burning them, otherwise the wires got seriously damaged. 

Each chip has two continuous sets of wires. Each set includes 39 wires as defined by the 

number of gaps, one set is on the top of a chip as shown in Figure 5-7, and the other one 

placed on the bottom of the chip. For each test the laser is focused on one wire which is 

suspend over a gap. 
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Figure 5-8    Vibrometer sample set up     
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6    Experimental Results 

 

 

6-1 SEM results (SEM images to measure wires’ diameter and length) 

 

In this study, there are two different sets of wires, in terms of length. For the shorter ones, I 

have used the gaps in the middle of the chip, where the walls are closer to each other. The 

SEM image of the wires’ length measurement is shown in the Figure 6-1. The length of wires 

is about 58 µm.  

 

 

Figure 6-1    SEM image of the measurement of a wire length, as wires landed on the smaller gaps in the middle 

of the chips, top view. Using the FEI Magellan 400 SEM, at Lexi facility, UCI. 
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The results of measuring the diameter of a wire with the length of 58 µm is shown in Figure 

6-2. 

 

 

Figure 6-2    SEM images show the diameter of the wires, top view. Using the FEI Magellan 400 SEM, at Lexi 

facility, UCI. 

 

 

To get a longer wire, which is more challenging in terms of wire manufacturing, as they will 

sag during the processes, the wires were landed on the wall in both ends of the chips where 

the walls are separated from each other at about 128 µm. Despite the difficulties of 

manufacturing of such these long wires, wires can vibrate at lower frequency, and in turn, 

the possibility of calculation of Young’s modulus of wires by using weaker piezoelectric. The 
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Figure 6-3 shows the SEM image of the measurement of the length for longer wires. As the 

gaps are the same for these wires, only the length of one wire was measured (Figure 6-3).  

 

 

 

Figure 6-3    SEM image that shows the length of a suspended wire, top view, and the close image of the 

connecting points. Using the FEI Magellan 400 SEM, at Lexi facility, UCI.  

 

 



32 

 

All measurements are carried out at fixed- fixed configuration. Figure 6-3 shows how the 

wires connect to the supporting structures as they are suspended between the wall’s gaps.  

 

 

 

                

Figure 6-4    SEM image that allows to measure the diameter of the wires, top view. Using the FEI Magellan 400 

SEM, at Lexi facility, UCI. 

  

C C – B03 C C – B04 

C C – B09 C C – B10 
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6-2 Vibrometer results (measurement of Natural frequency and Young’s modulus) 

 

The results from topography measurement systems (TMS) caried out by Polytec company 

allows to see the quality of the wires (Figure 6-5). From these images we can see the 

straightness of the suspended wires.  

 

 

 

Figure 6-5    TMS images that shows the straightness of suspended wires. a) side view of the suspended wires, 

b) top view of the suspended wires.

a 

b 
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After examination of the nanowires by using MSA-600 and TMS software, the wires were 

tested using the same device (MSA-600) at polytec company, Germany. To measure the 

natural frequency of the wires vibrometery measurements were caried out. In can be seen 

in Figure 6-6 how the wires vibrate at their own natural frequencies. Figure 6-7 depicts the 

results from vibrometery measurements. 

 

 

 

Figure 6-6    The images of vibrometery result shows how wires move at their natural frequency.  
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Figure 6-7    The images of vibrometer MSA-600at Polytec company, Germany. Wires B03, B04, B09, and B10.   

C C – B09 

C C – B10 
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Table 6-1    The values of parameters needed to calculate Young’s modules of each wire. (The result of SEM 

images of wires: the measurements of length and diameter of wires, vibrometry result of measuring the value 

of natural frequency for each wire, used for calculation of Young’s modules). 

 

Wire Code 

Length 

(µm) 

Diameter 

(nm) 

Frequency  

(Hz) 

Young’s Modulus 

(GP) 

C 4 - G3 58 179.3 737500 359.59 

C C – B3 128 431.9 170,000 76.06 

C C – B4 128 331.0 169,000 128.04 

C C – B9 128 203.6 169,500 342.43 

CC – B10 128 201.8 168,360 351 

 

 

To verify the vibrometry results, I ran COMSOL simulations for the wires at different values 

of Young’s Modulus (Figure 6-4). As it was reported that Young’s Modulus of glassy carbon 

nanowires is 15-80 GP, the simulations have been run at 15GP and 80GP of Young’s Modulus 

for all wires considering their length and dimeter in order to measure their natural 

frequency. The comparison of the result of COMSOL simulations and experimental results 

from vibrometry (Table 6-2) show that the wires have mechanical property of glassy carbon; 

however, they demonstrate higher Young’s Modulus as the diameter decreases.   
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Figure 6-8    COMSOL Simulations of frequency measurements of the wires at two different values of Young’s 

Modulus (GP). a) wire C C – B03 at 15GP, b) wire C C – B03 at 80GP, c) wire C C – B04 at 15GP, d) wire C C – 

B04 at 80GP, e) wire C C – B09 at 15GP, f) wire C C – B09 at 80GP, g) wire C C – B10 at 80GP, h) wire C C – B10 

at 80GP. 

a b 

c d 

e f 

g

 

h 
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Table 6-2    The comparison of experimental results of measuring frequencies and COMSOL simulations 

(simulation of frequency measurements at 15GP and 80GP Young’s Modulus)  

 

Wire Code 

Frequency (Hz) 

(Experiment) 

Frequency (Hz)  

at 15GP 

(simulation)  

Frequency (Hz)  

at GP 

(simulation) 

C C – B3 170,000 74232 171432 

C C – B4 169,000 56898 131400 

C C – B9 169,500 62438 81570 

CC – B10 0.16836 35578 82165 
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7    Summery and Conclusion 

 

 

In this study, I employed SU-8 photoresist polymer using photolithography technique in 

order to manufacture suspended wires which were landed on a supporting structure. The 

supporting structure was manufactured from the same polymer using the same technique. 

The supporting structure and the wires were then carbonized leading to a monolithic carbon 

structure. This study focused on the mechanical characterization of the suspended wires. 

Laser Doppler vibrometry was used to measure their natural frequency and in turn the 

Young’s modulus of the wires ranging from 150nm to 450nm in the fixed/fixed 

configuration. The results demonstrated that wires in micrometer scale have Young’s 

modulus corresponding to that of glassy carbon. However, the results for the wires smaller 

than 300nm reviled a sharp increase in Young's modulus, as the diameter of the wires 

decreases. It can be seen in Figure 7-1 that how the Young’s modulus of the wires increases 

by decreasing the diameter. We can see for wires smaller than 200nm, Young’s modulus is  

more than four time  of that for glassy carbon.  

The increase in Young’s modulus can be explained with the hypothesis that thinner wires 

have more graphitic content as they undergo more starching and elongation during pyrolysis 

process.  
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Figure 7-1    The diagram shows how by increasing the wire diameter the wire Young’s Modulus decreases.  
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