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  ABSTRACT OF THE DISSERTATION 

  Abstract of the Dissertation 

Application of Nanoscale Electrostatic Interaction, 3-D Nano-fabrication and 

Nano-metrology 

 

by 

Zhelin Sun 

 

Doctor of Philosophy in Electrical Engineering (Applied Physics) 

  

University of California, San Diego, 2016 

 

Professor Jie Xiang, Chair 

  

 

Nanotechnology has seen great development in the past two decades, and 

numerous nano-devices with superior electrical/mechanical/optical performance have 

emerged in wide applications such as electronics, biomedicine, solar energy, and 

aerospace. Nanofabrication, and in particular 3-D nanostructure fabrication, has been 



    

  xxiv  

intensively studied for the creation of novel devices, the scaling of existing systems, and 

the improvement in utilities and reliabilities. However, there are quite a few challenges 

in nanofabrication, such as the spontaneous attractions among nanostructures. 

pontaneous attractions have often caused adhesion or stiction that affects a wide range  

f nanoscale devices, particularly nano/microelectromechanical systems. Previous 

explorations of the attraction mechanisms have suggested a wide range of origins but 

none of them is universally applicable to most nanostructures. Here a simple capacitive 

force model based on the nanoscale electrostatic interaction is proposed to quantitatively 

study this universally observed phenomenon. Our model is experimentally verified 

using arrays of vertical silicon nanowire pairs with varied spacing, diameter, and size 

differences. This work illustrates a new understanding of spontaneous attraction that 

will impact the design, fabrication and reliable operation of nanoscale devices and 

systems. 

By taking advantage of the nanoscale electrostatic attraction, low voltage nano-

electro-mechanical (NEM) switches are built with innovative grayscale electron-beam 

lithography. The main benefit of this new fabrication technique is that the essential air 

gaps for movable components (nano-cantilevers or nano-beams) can be generated in a 

straightforward one-step lithography process, without any growth or etching to 

traditional sacrificial layers such as dielectrics. The structural dimensions of the nano-

switches, as well as switch-on (pull-in) voltages are readily controllable. The fabrication 

and performance for both single-cantilever nano-switches and doubly-clamped NEM 

devices are demonstrated.  



    

  xxv  

Nano-metrology such as Scanning Electron Microscopy (SEM) and Atomic 

Force Microscopy (AFM) is extremely useful in the characterization of various 

nanostructures, and has been widely applied in our research. At the end of this thesis, 

one particular example using ambient condition AFM characterization of synthetic 

individual DNA molecule with site-specific decoration of proteins will be discussed.  
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Chapter 1:   

Introduction   

This chapter focuses on the introduction to the development of nanotechnology 

and current challenges in nanofabrication. A phenomenon named “spontaneous 

attraction” is one such obstacle that thwarts the industrialization of various nanoscale 

devices. Previous studies have presented different theories that explain spontaneous 

attraction under a number of specific circumstances. However, there is not yet a 

universal theory with verified experimental data that reveals the true physics behind this 

phenomenon. To solve this puzzle, we developed a simple capacitive force model and 

conducted a series of controlled experiment to prove that the origin of spontaneous 

attraction is the long-range electrostatic interaction caused by size variance and natural 

surface potential in the nanostructures.  

 

1.1 Nanotechnology and Nanofabrication 

Nanotechnology, first envisioned by physicist Richard Feynman, has seen 

significant development in the past two decades. Numerous novel structures with sizes 

below 100 nanometers are invented or discovered, and advanced into functional devices 

with superior mechanical, electronic, photonic and thermal properties. From carbon 
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nanotubes (CNTs) [9] to semiconductor nanowires [2-8], from graphene [10] to 

quantum dots made of metal or metal oxide particles[44], each type of nanomaterial has 

its unique strength and characteristics that always attract a tremendous amount of 

attention at its debut: including not only a thorough investigation from the scientific 

world, but also the vast investment from the industry and market. In addition, traditional 

microelectronics are scaling down to the nanoscale regime at a surprisingly fast pace. 

The size of the gate component in a commercial CMOS transistor has decreased to 22 

nm or less[45], and the micro-electro-mechanical-systems (MEMS) that features 10-

100 μm movable component are also shrinking down to nano-electro-mechanical-

systems (NEMS) with structure sizes less than 100 nm. These efforts were proven to be 

truly worthwhile. In 2007, $147 billion worth of nanotechnology-enabled products are 

sold, and that number is expected to reach $1.8 trillion worth of product revenue in 2015 

[46]. 

However, due to the unique nature of nanoscale devices, massive production of 

such minuscule structures always yields problems as a result of the incomplete 

understanding to bizarre behaviors that only occur at nanoscale, which hinder the 

industrialization of nanotechnology and puts a bottle neck in its path of development. 

For instance, spontaneous attraction among nanostructures is such a phenomenon that 

universally exists in many types of nanomaterials and nanostructures, but is not yet well-

understood. This phenomenon not only affects the fabrication process for nano-devices 

based on nanowires[2-8], carbon nanotubes (CNTs)[9], graphene[10], and 

nanoparticles[45,47-48], but also causes performance and reliability issues during the 
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operation of nanorod-based photodetectors and nano/micro-electro-mechanical systems 

(NEMS/MEMS)[1, 11-14]. The undesirable attraction between nanostructures typically 

results in off-design disarrayed components with bending and bundling, malfunctions 

in nano-electronics, or mechanical failures in NEMS. To fight these difficulties and 

ensure high-yield manufacturing of nano-devices, the physics behind these phenomenon 

must be systematically studied to avoid fabrication failures or take advantages of these 

behaviors for novel applications. 

In this thesis, I will demonstrate the mechanism of spontaneous attraction among 

nanostructures with a universal capacitive force model based on the size disparities and 

therefore variations in self-capacitance inherent to most fabricated nanostructures. This 

model is quantitatively verified with a series of systematic experiments using high-

aspect-ratio silicon nanowire (SiNW) arrays as an example system. Finally, the 

knowledge of capacitive-force-induced attractions are applied to our original fabrication 

of low voltage nano-electro-mechanical switches by novel grayscale electron-beam 

lithography.  

 

1.2 Spontaneous Attraction  

Spontaneous attraction, also known as spontaneous adhesion or stiction[1], is a 

common but sometimes overlooked phenomenon among various nanostructures such as 

nanowires[2-8], carbon nanotubes (CNTs)[9], graphene[10] and nano/micro-electro-

mechanical systems (NEMS/MEMS)[1, 11-14]. In fact, the bending, collapsing or 
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stiction induced during device fabrication or operation often lead to unreliability such 

as poor device performance and even failure. For instance, irreversible stiction is 

considered a major failure mode in NEMS/MEMS[14-16], and the distortion of 

geometrical symmetry affects electron transportation properties or optical absorption in 

ordered nanowire arrays[17,18]. 

 

Figure 1.1: Spontaneous attraction in various nanomaterials and nanostructures [4, 9, 

10, 49]. 

 

Figure 1.1 shows the Scanning Electron Microscopy (SEM) images of 

spontaneous attraction in a variety of nanomaterials and nanostructures [4, 9, 10, 49]. 

In Figure 1.1(a), the as-grown vertical ZnO nanowires attract each other near the top, 

and form bundling clusters instead of perfectly aligned vertical arrays. Figure 1.1(b) 
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shows that self-attraction among carbon nanotubes (CNTs) occurs as the aspect ratio of 

CNTs increases during their growth. Another type of carbon 2D nanostructures, 

graphene, is also observed to naturally adhere to other nanostructures such as the gold 

nanopillars shown in Figure 1.1(c). Finally, spontaneous adhesion, also known as 

stiction, is one of the major failure mode during the fabrication or operation of 

NEMS/MEMS switches, such as the one shown in Figure 1.1(d). As its movable active 

element (nano/microscale cantilevers or suspending beams) is attracted and jammed 

onto the substrate or contact electrodes, this adhesion is occasionally irreversible and 

the switch will stop to work. 

Figure 1.2: Schematic representation of the electron path on (a) vertically aligned and 

(b) bundled and branched nanorod electrodes [17].  

 

 

Fig. 1.3: (a) Schematic drawing of the periodic silicon nanowire structure. (b) Angular 

dependence of light absorptance for a nanowire in respect to incident light. [18] 
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Other than the impact of stiction on electro-mechanical devices, spontaneous 

attraction also affects many other types of nano-devices. For instance, the electron 

transportation in the electrochemical supercapacitors [17] based on manganese oxide 

nanorod arrays (Figure 1.2) will be significantly altered if the nanorods are bundled by 

self-attraction, resulting in a remarkable decrease in its specific capacitance. Another 

example in Figure 1.3 shows that the bending of silicon nanowires in photovoltaic cells 

[18] will lead to an overall lower light absorptance and lesser optical performance of 

photon-energy-conversion. Therefore, an in-depth research on the spontaneous 

attraction is critical to avoid fabrication or performance failures in nanoscale devices. 

 

1.3 Previous Studies on Spontaneous Attraction  

By far, we have seen that undesired spontaneous attraction usually distorts the 

geometrical symmetry of nanostructures and causes serious issues in device 

performance and reliability. Understanding the mechanism of spontaneous attraction on 

a quantitative level is crucial for the fabrication of nanostructures and nano-devices. 

Currently, despite that a good collection of theories has been proposed to explain this 

phenomenon, these studies give a rather diverse picture and many mechanisms are either 

not completely understood or only applies in special circumstances. However, 

spontaneous attraction seems to be a universal phenomenon for numerous types of 

nanomaterials in different conditions. The fundamental physics for spontaneous 
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attraction still remains to be explored. We will now discuss some of the previous 

theories and analyze this phenomenon from the existing experimental results.  

 

Figure 1.4: (a) Schematic diagrams and (b) corresponding SEM images showing the 

collapsing of nanopillars and the formation of helical patterns due to capillary force [28] 

 

Fig. 1.5: Schematic illustrations of two nanopillars (a) partially immersed in liquid and 

(b) with an isolated capillary bridge between them [23] 
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A common explanation for spontaneous attraction during fabrication that 

involves humid environments [14] or aqueous processing [23, 26, 28] is the capillary 

force induced by liquid evaporation. Figure 1.4 presents a nice example of well-

controlled bundling and collapsing of nanopillars which forms interesting helical 

assemblies through the evaporation of liquid among the nanostructures. To see more 

quantitative analysis, Figure 1.5 gives the schematics of two nanopillars (a) partially 

immersed in liquid or (b) with an isolated capillary bridge between them. The capillary 

interaction energy between two cylindrical nanopillars in Fig1. (a) is given by [23] 

𝑊𝑐 = −2π γ R2 cos2𝜃 ln (
𝑙𝑐

𝑥 + √𝑥2 − 4𝑅2
) 

where γ is the surface tension of the liquid, 𝑙𝑐 = (𝛾 𝜌⁄ 𝑔)1 2⁄  is the capillary length of 

the liquid, 𝜌 is the liquid density and 𝑔 is the gravitational acceleration. Thus the 

capillary force between them can be derived as:  

𝐹𝑐 = −
ⅆ𝑊𝑐

ⅆ𝑥
= −

𝜋𝛾𝑅2cos2𝜃

√(𝑥 2⁄ )2 − 𝑅2
 

It can be seen that the capillary force depends not only on the liquid properties: surface 

tension 𝛾 and contact angle 𝜃 , but also on the geometry of the nanostructure: the 

distance between nanopillars 𝑥 and radius R.  

The capillary force theory serves well in explaining collapsing of nanostructures 

during solvent evaporation. However, spontaneous attraction is also widely observed in 

entirely dry environment (such as in a vacuum chamber[4,5,8]) or process that does not 

involve aqueous processing (such as CVD growth for nanowires or nanotubes) 
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[4,5,9,10]. Now the question is: what could have caused the attraction in dry 

environment without solvent evaporation? 

 

Figure 1.6: (a) Schematic model of the interaction between two ZnO nanorods. (b) The 

calculated electric attraction force and elastic force based on bending angle. [8] 

 

 
Figure 1.7: (a) Schematic of a cantilever-bending model to account for nanowire 

bending due to the electrostatic interaction between polar top surface, and (b) a high-

magnification FE-SEM image showing a typical bending and bundling of nanowires. 

[4]  



10 

 

Early theories explaining spontaneous attraction in dry environments include 

dipole-dipole interaction [8] (Figure 1.6) and electrostatic forces generated by surface 

polar charges [4] (Figure 1.7). X. Wang et al. [8] attribute the self-attraction among Au-

catalyzed ZnO nanorods to the formation of two dipoles between Au/ZnO interface on 

two separate nanorods. This attraction occurs inside an SEM vacuum chamber with 

negligible humidity. It is assumed that these nanorods are significantly different in 

length, and consequently a non-zero angle exists between the dipoles at nanorod tips, 

providing a sufficient electrostatic attraction force to bend the vertical free-standing 

structures. However, it is later proven that even without any dipoles from 

metal/semiconductor interface or any difference in nanowire length, the spontaneous 

bending of ZnO nanowires may also happen [4]. J. Liu et al. consider surface polar 

charges created by the unique wurtzite structure of ZnO nanowires to be the main reason 

of self-bundling among metal-free vertical ZnO nanowires. Nevertheless, self-attraction 

is also commonly observed on other materials such as silicon5 (Figure 1.8) and GaAs 6 

(Figure 1.9) that lack any of the above characteristics, on which the polarized surface 

theory will not work. Apparently the spontaneous attraction must be originating from a 

more universal mechanism that occurs in most nanostructures regardless of materials or 

fabrication methods.  
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Figure 1.8: Spontaneous attraction among Si nanowires. [5]  

 

Figure 1.9: Spontaneous attraction among GaAs nanowires. [6] 

More recently, researchers have turned their attention to dispersion forces (van 

der Waals / Casimir Forces) [5, 11-14, 19-22]. In spite of the universality of these forces 

and their success in explaining the short-range attraction between carbon nanotubes and 

graphene, the effective ranges of Van Del Waals and Casimir forces are still very limited: 

their magnitudes are insignificant when the nanostructures are set apart at longer 

distances (typically beyond 50 nm) [29]. For a common pitch size that easily exceeds 
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100 nm in most nano-devices, the dispersion forces cannot provide the necessary 

attraction to overcome the repulsive mechanical forces that holds nanostructures in 

place (for more details, see also the comparison between attractive dispersion forces and 

repulsive elastic forces in Chapter 2, Figure 2.9).  

In summary, spontaneous attraction is universally seen in most kinds of 

nanomaterials or nanostructures, at both short and long ranges. In contrast, most current 

models about this phenomenon either rely on unique material properties or have 

limitation on the geometry of the nano-devices, and thus can only apply to each special 

scenario. More importantly, none of the theories has yet been supported by 

systematically controlled experiments and abundant supporting data. Therefore, in order 

to facilitate the design and fabrication for future nano-devices, it is imperative to 

discover the true physics behind nanostructure self-attraction with a universal 

experimentally-verified model.  
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1.4 Capacitive Electrostatic Force and Spontaneous 

Attraction 

 

Figure 1.10: Schematic diagram of the electric field that leads to the capacitive attraction 

force between an AFM tip and a flat test surface [50]  

 

Experimental evidences indicate that the spontaneous attraction among 

nanostructures should be a universal long-range interaction without external applied 

potential. Inspired by the capacitive force research in widely-applied Electrostatic Force 

Microscopy (EFM) [50] and Kelvin Probe Force Microscopy (KPFM) [31], we noticed 

that this long-range capacitive electrostatic attraction is a good candidate to explain 

spontaneous attraction. Due to the common existence of natural electrostatic charges on 

most surfaces, there usually exists a natural potential difference between objects with 

different geometries (and hence different capacitances). This potential difference 
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creates an electric field that leads to an attractive electrostatic force between objects. 

For example, the attractive force between the tiny atomic force microscopy (AFM) tip 

and a test surface (Figure 1. 10) is determined by the distribution of surface potential on 

each surface, which is also affected by a number of physical factors: the amount of 

electrostatic charges, geometry of the tip, topography of the test surface, and the tip-

surface distance. Therefore, by measuring the change in this electrical attractive force, 

Electrostatic Force Microscopy (EFM) can accurately produces the topographical 

profile of the test surface, and by calculating the potential offset that creates this 

capacitive force, Kelvin Probe Force Microscopy (KPFM) is able to measure the work 

function of the surface at atomic or molecular scales.  

 

Figure 1. 11: Schematic diagram showing how the size difference (hence the 

capacitance difference) may lead to electrostatic attraction between two free standing 

vertical nanowires. 

 

So how does this capacitive force relate to the spontaneous attraction among 

nanostructures? First of all, most nanostructures are capacitive and carry a distribution 

of natural charges, and hence, a distribution of natural surface potentials. When a pair 

of nanostructures does not share the exact same geometry, their capacitance are different 
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and therefore the distribution of surface potential will be uneven. This creates electric 

field lines pointing from one structure to another, producing an attractive force between 

them, just like the interaction between a charged AFM tip and a test surface. In other 

words, there will be attractive instead of repulsive forces due to the asymmetrical 

capacitance network in nanostructures, as long as the nanostructures are isolated from 

other external forces.  

Take a pair of free-standing vertical nanowires (Figure 1. 11) for example, if the 

two nanowires are perfectly symmetrical with the same self-capacitances (𝐶𝐿 = 𝐶𝑅), 

both nanowire surfaces would have the exact same potential (𝑉𝐿 = 𝑉𝑅) and there will be 

zero electrostatic force between them. However, a small size variability caused by 

realistic fabrication process will render their capacitances slightly different (𝐶1 ≠ 𝐶2). 

Thus the symmetry in the capacitance network will be broken and V𝐿 ≠ V𝑅 . An 

electrical attraction force 𝐹𝑒 is then generated from this potential difference, and this 

𝐹𝑒 will combat the repulsive mechanical force 𝐹𝑚 to make the nanowires bend toward 

each other. This is a representative scenario for free-standing nanostructures to 

spontaneously attract, bundle or collapse. To prove this hypothesis, more detailed 

analytical calculations for different geometries are to be done and a series of well-

designed control experiments is required for verification.  
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1.5 Summary 

In this thesis, we propose a universal capacitive force model based on the size 

variations and therefore variations in self-capacitance inherent to most fabricated 

nanostructures. We used high-aspect-ratio vertical silicon nanowire (SiNW) arrays as 

an example system and performed systematic experiments to verify our model for 

spontaneous attraction. The choice of vertical SiNW arrays is based on two folds: the 

first is the readiness to modify geometrical parameters of this nanostructure, such as 

spacing, diameter, length and size difference; the second is their extensive potential 

applications in biosensors[51], photovoltaics[18], water splitting systems[52] and 

NEMS[53]. In practice, although nanostructures are often surrounded by multiple 

structures of similar sizes, we would like to focus on two neighboring structures with 

the strongest interaction that will render them predominantly attracting each other and 

bending accordingly. This can mean, for example, two free-standing nanowires that are 

close to each other. Spacing, diameter, and size difference are varied for these vertically 

aligned nanowire pairs and revealed the threshold dimensions for causing or avoiding 

spontaneous attraction, which agree very well with our model.  

Next, we take advantage of the capacitive forces to fabricate low-voltage nano-

electro-mechanical switches with innovative gray-scale electron beam lithography. 

With this technique, air gaps and switch-on voltages for the nano-switches can be 

readily controlled without any additional growth or etching of sacrificial materials. We 

will demonstrate the success in making 3-terminal single-cantilever nano-swtiches, and 
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then introduce improved NEMS with the doubly-clamped structure. Finally, the 

construction and preliminary measurement on NEMFET with Ge-Si nanowires channels 

and suspending metal gates will be explained in the chapter 5. 
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Chapter 2: 

Capacitive Force Model and Simulation 

This chapter will demonstrate the analytical modeling and numerical simulations 

of capacitive force model for spontaneous attraction in nanostructures. First, we 

introduce the design of experiment with vertical silicon nanowire (SiNW) arrays as an 

example system to search for the physical parameter dependence and threshold 

conditions. The details and advantages for our fabrication methods (electron-beam 

lithography and reactive ion etching) are also discussed. Second, based on the design of 

experiment, schematics of capacitive force model for a pair of silicon nanowires with 

nickel masks are illustrated with detailed calculations for both attractive capacitive force 

and repulsive elastic force. The effect of each physical parameters and the critical 

condition for nanowire spontaneous bending are shown in the simulation for these 

competing forces. Furthermore, the permanent adhesion (irreversible stiction) after 

nanowire bridging is analyzed with the dispersion forces at very close ranges. Finally, 

we show that the capacitive force model can be extended to explain more generic cases 

of spontaneous attraction in different nanostructures, with only simple modifications to 

the nanostructure capacitances. 
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2.1 Design of Experiment 

To prove the capacitive electrostatic interaction as the fundamental mechanism 

behind long-range spontaneous attraction among nanostructures, a series of systematical 

experiments must be done with a fabrication-friendly, flexible and well-controlled test 

system. Then it is possible to find the experimental physical thresholds of spontaneous 

attraction, and compare them with corresponding numerical prediction from the 

capacitive force model. For that purpose, high-aspect-ratio vertical silicon nanowire 

(SiNW) array, fabricated with electron-beam lithography (EBL) and reactive ion 

etching (RIE), is selected. There are two benefits for this choice: first, the high-aspect-

ratio of these nanowires offers more mechanical flexibility and makes it easier to 

observe the spontaneous-attraction-induced bending among them; Second, the readiness 

to modify their geometrical parameters, such as spacing, diameter, length and size 

difference, makes vertical nanowires the ideal structure to set precise structural 

adjustments and find the critical condition of self-attraction at its physical threshold.  

 

Figure 2.1: Fabrication of vertical silicon nanowire (SiNW) arrays with electron-beam 

lithography (EBL) and reactive ion etching (RIE) 
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The fabrication process of vertical aligned SiNW arrays is present in Figure 2.1. 

At first, electron-beam lithography (EBL) is applied to n-type silicon substrate in order 

to form dot patterns with precisely-controlled spacing and diameter on the surface. After 

50 nm Nickel deposition with electron beam evaporator and lift-off, these as-made 

nickel dots will serve as protective masks during the subsequent reactive ion etching 

(RIE) process. Due to the very high etching selectivity between nickel and silicon 

(>1:400), only the silicon under nickel dots will remain after RIE, leaving free-standing 

vertical silicon nanowires (SiNWs) on the substrate. Notably, the pitch and size of EBL-

patterned nickel dots will determine the spacing and diameter for the etched SiNWs, 

and the length of nanowires are controlled by the recipe and duration of RIE. The major 

benefit of electron-beam lithography is its ability to achieve high patterning accuracy 

below 5 nm, and the merit of RIE is that the nanowire length can be uniformly controlled 

by the etching time, and the whole progress is purely done in a completely dry vacuum 

chamber full of high-energy plasmas. Both fabrication methods not only grant precise 

control on the nanowire geometry, but also ensure that there is no capillary force 

involved by any aqueous processing. As a matter of fact, to completely avoid capillary 

effect from solvent evaporation, the nickel masks are intentionally not removed with 

liquid etchants, and are left on top of the nanowires. 
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Figure 2.2: Pattern design for pairs of vertical silicon nanowire (SiNW) to find 

parametrical dependence on (a) spacing (b) diameter (c) length (d) size difference.  

 

To discover the physical thresholds of spontaneous attraction on each geometrical 

parameter, and to minimize the interaction among adjacent structures, the nanowires are 

fabricated in separated pairs and put into a variety of parameter dependence tests, as 

shown in Figure 2.2. For instance, in the spacing dependence (Figure 2.2a), all other 

parameters such as radius, length and size difference are fixed for the pair of nanowires. 

Only the spacing between them is increased by small increments to search for the 

threshold condition between self-assembly and separation. There are also radius 

dependence and length dependence tests to identify which is the most sensitive 

parameter. Last but not least, since the capacitive force is anticipated to originate from 

the capacitance difference caused by size disparity among nanostructures, a size ratio 

dependence test is also prepared to verify the core of this theory.  
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Figure 2.3: SEM images of pairs of vertical silicon nanowire (SiNW) in different 

configurations: (a) free standing (b) bent and attached, forming a bridging structure (c) 

zoom in at a pair of “bridging” nanowires. 
 

The result of fabricated vertical SiNW pairs in various parametrical dependence 

tests exhibits different outcomes (Figure 2.3). For widely-spaced nanowire pairs, the 

attraction force is insufficient to overcome the mechanical restoration force, which leads 

to separated free standing nanowires (Figure 2.3a). Instead, at smaller spacing with 

adequate diameter, length and size ratio, nanowire pairs are observed to spontaneously 

bend and attach onto each other (Figure 2.3b). A closer look at one pair of the “bridging” 

nanowires (Figure 2.3c) indicates that the connection are formed at the top of the 

nanowires, or more accurately, near the junction between silicon and remaining 

spherical nickel mask. These evidences imply that the forces accounting for 

spontaneous attraction are mostly likely strongest near the top of nanowires, and are 

certainly sensitive to various geometrical parameters. More detailed modeling and 

calculations on these dependences will be discussed in the next section.  
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2.2 Schematics of Capacitive Force Model  

Now we can use the nanowire example system to illustrate our theory. The 

mechanism behind the spontaneous bending of the nanowire pairs can be expressed with 

a simple capacitive force model, where the main source of attraction is considered to be 

the electrostatic interaction caused by capacitance difference between nanowires. 

Semiconductor and metallic nanostructures are typically anchored on a substrate which 

form a capacitive and resistive network between them (Figure 2.4a). The substrate 

carries a potential 𝑉sub that originates from the natural charge distribution [31-34] . Its 

value and sign depend on the nature of the substrate material and the processing steps. 

We focus on steady state electrostatic forces and ignore all transient behaviors. We can 

therefore ignore equivalent resistances here for simplification because resistance values 

only affect transient behaviors, in other words how fast or slow the network reaches the 

steady state equilibrium solutions. Voltage reference (ground) is defined at very faraway 

that experimentally could represent the metal instrument chamber wall or a sample 

holder. 
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In Figure 2.4a, if the pair of nanostructures are symmetrical, with same self-

capacitances ( C1 = C2 ) and equal substrate capacitances ( C1−𝑆 = C2−𝑆 ), the two 

nanowire surface would have the exact same potential and there will be zero 

Fig. 2.4: Capacitance force model. (a) Generic circuit diagram between semiconductor 

nanostructures in vacuum. 𝐶1 ,  𝐶2  are self-capacitances, 𝐶1−𝑆  and 𝐶2−𝑆  are the 

capacitance between the nanostructure and substrate. 𝐶1−2  is the interactive 

capacitance between nanostructures, 𝑉1  and 𝑉2  are the potential on the 

nanostructures.  (b) Capacitance force model for a pair of vertical nanowires with 

spacing ⅆ, radius 𝑟 and length 𝐿. 𝑉𝑠𝑢𝑏 is the substrate voltage from surface charges 

and ground is at a faraway location from the sample, typically sample holders, 

instrument chambers etc. 𝐶𝑁𝑖, 𝐶𝑁𝑖−𝑆𝑖, and 𝐶𝑁𝑖1−2 are the capacitances on the SiNW 

(c) Force diagram 

between a pair of nanowires. 𝐹e  is the attractive capacitive force and 𝐹m  is the 

repulsive elastic force. 𝑥 is the displacement of one of the nanowires. 
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electrostatic force between them. However, as no nanofabrication can yield atom-to-

atom precision in size variability across neighboring structures, their capacitances are 

typically slightly different ( C1 ≠ C2  and 𝐶1−𝑆 ≠ 𝐶2−𝑆 ), leading to a potential 

difference between them (V1 ≠ V2), resulting in electric field lines emanating from the 

higher potential surface and terminating in the opposite surface. The resulting attractive 

electrostatic force will cause bending once it overcomes the mechanical restoration 

force of the nanostructures. In our experiments we use RIE-etched silicon nanowires as 

the test subject. The equivalent capacitive circuit for a pair of nanowires with nickel 

dots is shown in Figure 2.4 (b). The nickel dots served as masks during RIE process and 

were not removed from these SiNWs to avoid any effect from capillary force during 

aqueous processing. The small size variation between nanowires after fabrication leads 

to a difference in their capacitances, including the self-capacitance of nickel dot CNi 

and the Schottky junction capacitance CNi−Si between nickel dot and the n-type SiNW. 

Consequently, there is a potential difference δV  between nanowires, creating an 

attractive capacitive force that leads to spontaneous bending (Figure 3c). Note that the 

inclusion of a Ni dot at the tip is not necessary to generate attractive forces in generic 

nanostructures (See section 2.6, Figure 2.10).  
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2.3 Capacitive Attraction Force and Elastic 

Restoration force 

 

Figure 2.5: Energy-band diagram of Ni-Si Schottky junction. 

With the schematics of capacitive force model given above, detailed calculations 

for the forces between a pair of nanowires with spacing ⅆ,  radius  𝑟 , radius 

difference 𝛿𝑟 and length 𝐿 can be derived here. The nickel dot has self-capacitance 

𝐶Ni = 4𝜋𝜖0𝑟, where 𝜖0 = 8.85 × 10−12 𝐹/𝑚 is the vacuum permittivity. The Ni-Si 

junction capacitance can be easily calculated from standard Schottky junction model 

𝐶Ni−Si = 𝐶0𝜋𝑟2, where  𝐶0 = 𝜖/𝑋𝑑 is the capacitance per unit area,   𝑋𝑑 =

√2𝜖𝜙𝑖/𝑞𝑁𝑑  is the width of depletion region. The n-SiNWs in our experiments has 

doping concentration 𝑁𝑑 = 5 × 1018 𝑐𝑚−3,   built-in potential 𝜙𝑖 = 0.67 𝑒𝑉 , and 
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dielectric constant 𝜖 = 11.68𝜖0 . 𝐶Ni−Ni = 4𝜋𝜖0𝑟1𝑟2/ⅆ  is a very small capacitance 

between Ni dots that only takes effect when nanowires are very close. In our 

experimental demonstration since the substrate is electrically connected directly to the 

pair of nanowires by the same semiconducting Si material, the nanowire-substrate 

capacitances C1-S, C2-S in Figure 2.4a are replaced by the Schottky junction capacitance 

CNi−Si . The charges responsible for the differential potential between the two 

nanostructures are predominantly stored across CNi−Si   in the Ni tips. All these 

capacitances are dependent on the nanowire radius r. Assuming there exists a radius 

variance 𝛿𝑟 between two nanowires, this size discrepancy will break the symmetry of 

capacitances and create a potential difference δV shown below:  

 
δV =  

𝛽 · CNi−Si1 − CNi−Si2

CNi1 + CNi−Si2 + (𝛽 + 1)𝐶Ni−Ni
VSub (2.1) 

where 𝛽 = (𝐶Ni2 + 𝐶Ni−Si2) (𝐶Ni1 + 𝐶Ni−Si1)⁄   

The capacitive attractive force created from this potential difference is35: 

 
𝐹e = −[ δV

𝑟(𝑟 + 𝛿𝑟)

𝑟 + (𝑟 + 𝛿𝑟)
]2

1

(ⅆ − 2𝑥)2
 (2.2) 

where 𝑥 is the displacement of nanowire tips (Figure 2.4b). This is the attraction force 

that makes nanowires lean toward each other. The vertical nanowire can be modeled as 

a cylindrical cantilever34, and the magnitude of this restoring force is proportional to the 

displacement 𝑥: 

 
𝐹𝑚 =

3EI

𝐿3
𝑥 =

3𝜋𝐸𝑟4

4𝐿3
𝑥 (2.3) 
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where 𝐸 = 175 𝐺𝑃𝑎  is the elastic modulus  of SiNWs 36, 𝐼 =
1

4
𝜋𝑟4  is the area 

moment of inertia for cylindrical nanowires. 

The nanowire pairs will begin to bend due to attraction, but whether they can 

bend all the way toward each other and bridge together (creating a stiction) is 

determined by the competition between the capacitive attractive force and the repulsive 

elastic force, both of which rely on various parameters of nanowires, such as spacing, 

radius, and their size difference. The analysis for the dependence on each parameter will 

be discussed in the next section with numerical simulations.  

 

2.4 Parametric Analysis and Threshold Conditions 

for Spontaneous Attraction 

 

As mentioned above, the outcome of spontaneous attraction relies on both 

attractive capacitive force and repulsive elastic force, whose magnitude are controlled 

by various physical parameters of the nanowires: spacing ⅆ, radius 𝑟, length 𝑙 , radius 

difference 𝛿𝑟 , and the natural potential on the substrate VSub. Each parameter has its 

own effect on different forces. Thus, simulating the change of forces by varying one 

physical parameters while fixing the others can help us see how it leads to different 

outcomes in the nanowire bending, and find the “threshold conditions” between 

nanowire-bridging and non-bending for each parameter.  



29 

        

 

To begin with, spacing ⅆ  determines the initial capacitive force and the 

maximum elastic force when nanowires are permanently stuck together.  The 

simulation in Figure 2.6 describes three different bending scenarios when only the 

spacing is varied. The other parameters used in the simulation are kept the same, and 

consistent with an actual sample fabricated for this study ( 𝑟 = 80 𝑛𝑚,  𝐿 = 4 µ𝑚, and 

𝛿𝑟 = 10 𝑛𝑚). In order for a nanowire to bridge or get in contact with one another, the 

capacitive force must overcome the elastic force at all times (𝐹e > 𝐹m for all x < ⅆ), 

which requires the initial spacing to be sufficiently small (ⅆ =  350 nm, red curve). 

However, as the spacing increases to the threshold value (ⅆ =  400 nm, blue curve), 

𝐹e and 𝐹m will only intersect on a tangent at one particular displacement 𝑥0 (stability 

Fig. 2.6: Simulation of the competition between capacitive force and elastic force 

(purple solid curve) for bending (red dashed curve), threshold (blue dashed curve), and 

non-bending (black dashed curve) situations.  The horizontal axis is the lateral 

displacement x of the nanowire tip. The parameters used in the simulation are 𝑟 =
80 𝑛𝑚 δ𝑟 = 10 𝑛𝑚, 𝐿 = 4 µm, 𝑉sub = 150 𝑚𝑉 . 
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analysis gives 𝑥0 = ⅆ/3). At this threshold, a small fluctuation in spacing or radius 

may result in different outcomes : bridging or non-bending. Lastly, when the spacing 

goes wider than the threshold (ⅆ =  450 nm, black curve), the capacitive force is always 

less than the elastic force, and spontaneous bending will not be favorable. 

 

Figure 2.7: (a) Substrate voltage dependence of capacitive attraction force for varied 

radius difference from 10 to 30 nm. Nanowire spacing is fixed at 500 nm and radius is 

fixed at 80 nm. (b) Displacement dependence of elastic force for varied radii of 70 nm, 

80 nm and 90 nm. For both simulations, spacing is fixed at 500nm and length is fixed 

at 4 µm. 

 

Besides spacing, the significance of other parameters can also be obtained from 

the equations for 𝐹e  and 𝐹m . For example, radius 𝑟  affects not only various 

capacitances, but also has influence on the mechanical stiffness of a nanowire. 

Furthermore, radius difference δr and substrate voltage 𝑉𝑆𝑢𝑏 determine the potential 

difference between two nanowires and thus the magnitude of the attractive force Fe. The 

simulation in Figure 2.7 (a)(b) shows the effect of 𝑉𝑆𝑢𝑏, 𝑟, and δr on both capacitive 

force 𝐹e and elastic force 𝐹m. From equation 2.2 and Figure 2.7a, it is evident that 𝐹e 

increases quadratically with δV  (hence substrate voltage 𝑉sub)  and is also very 
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sensitive to the radius difference δ𝑟. Compared with the elastic force 𝐹𝑚 calculated 

with the same radius 𝑟 = 80 𝑛𝑚  (red curve, Figure 2.7b), it can be seen that the 

bending force 𝐹e  does not actually require a very large 𝑉sub  to overcome its 

mechanical restoring force 𝐹𝑚. In addition, with a very small increment in δ𝑟 (ex. 5 

nm), a great change is observed in the magnitude of attractive force 𝐹e, resulting in 

completely different bending outcomes for nanowires with seemingly similar sizes. On 

the other hand, equation 2.3 and Figure 2.7b show that the mechanical force increases 

linearly with nanowire displacement 𝑥 (deflection), and is most sensitive to the radius 

𝑟. This is why in the experimental radius dependence test (Figure 3. 1) in the next 

chapter, an increment as small as 12 nm can mean the difference between bridging and 

non-bending, with the same spacing and length. 

Notably, length  𝑙  is a unique parameter that only affects the elastic force 

𝐹m. Since the attraction is concentrated on top of the nanowires where the major 

capacitances (Schottky junction capacitances) are located, the capacitive force 𝐹e does 

not have explicit dependence on length 𝑙 (eq. 2.3). It is natural that as length increases, 

higher aspect ratio nanowires will have less mechanical stiffness and become easier to 

bend. A threshold value for length between bridging and non-bending could be easily 

found. However, due to the limitation in our equipment, in actual experiments it is very 

difficult to vary only the length by increasing RIE process time while keeping other 

parameters such as nanowire radius and radius difference fixed. As the etching time 

goes up, the size of remaining nickel mask decreases, making the radius of the nanowire 

beneath it smaller than those etched with shorter length. Consequently, in order to apply 
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strict variable control in all test experiments, we fixed most nanowire length to be 

around 4 µm and focused on the effect of other parameters such as spacing, radius, size 

difference and substrate voltage.  

 

2.5 Nanowire Bridging (Irreversible Stiction) and 

Dispersion Forces at Close Proximity 

 
Figure 2.8: (a) SEM image showing the contacting tips of two bridging nanowires. The 

scale bar is 50 nm. (b) Schematics for nanowires bridging (adhesion) at close proximity. 

The tip-tip distance is ‘𝑎’, the radius for the left nanowire is ‘𝑟’, and a radius difference 

‘𝛿𝑟’ exists between the nanowires. All forces are shown with different colors and their 

directions are present. (c) Simulation for Van der Waals force (black solid curve), 

Casimir force (green solid curve), capacitive force (red solid curve) and elastic force 

(blue dashed curve) at close tip-tip distance 𝑎 = 0 ~ 4 nm, for nanowires with spacing 

ⅆ = 500 nm,  radius r = 80nm , radius difference 𝛿𝑟 = 8.7 nm , length 𝐿 =
4 µm and substrate voltage 𝑉𝑠𝑢𝑏 = 150mV.  

 

It is widely observed in experiments that once nanowires bridge and make 

contacts, the adhesion between them is usually very strong and permanent. Figure 2.8a 

is such an SEM image showing two nanowire tips stuck together after bridging. When 

nanowires are bridged, the attractive capacitive force will vanish due to the 

redistribution of charges and can no longer account for the stiction. However, most 
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nanowires are still permanently connected due to adhesion caused by several short-

ranged dispersion forces such as Van der Waals force and Casimir Force. The detailed 

analysis and calculations for this adhesion are given below.  

Figure 2.8b is the force diagram showing all four types of forces acting on two 

nanowire tips with radius r and r + δ𝑟, separated by a very small distance 𝑎. There 

are three attractive forces (capacitive force, Van der Waals force and Casimir Force) 

and one repulsive force (elastic force) that tries to restore the nanowire to vertical free-

standing status. For two nanowires with a spherical nickel tip and a cylindrical silicon 

body, the Van der Waals force 𝐹vdW is calculated to be [42] 

 

𝐹vdW = −
𝐴𝑙√

𝑟(𝑟 + δ𝑟 )
𝑟 + (𝑟 + δ𝑟 )

16(𝑎)5 2⁄
+

𝐴
𝑟(𝑟 + δ𝑟 )

𝑟 + (𝑟 + δ𝑟 )

6 𝑎2
 

(2.4) 

The other attractive Casimir force 𝐹𝑐 is approximately [43]  

 
𝐹𝑐 = −

𝜋2ℏ𝑐

240𝑎4
𝜋

𝑟(𝑟 + δ𝑟 )

𝑟 + (𝑟 + δ𝑟 )
 (2.5) 

For the capacitive force, before the nanowires actually touches and vanishes, it 

takes a modified form at close range 

 
𝐹e = −

1

4
(δV)2

𝑟( 𝑟 + dr)

𝑟 + (𝑟 + dr)

1

𝑎
 (2.6) 

Finally the repulsive or restoration elastic force for nanowires with spacing ⅆ, and 

length 𝐿 is: 

 
𝐹𝑚 =

3𝜋𝐸𝑟4

4𝐿3

(ⅆ − 𝑎)

2
 (2.7) 
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The simulation of all four forces discussed above is present in Figure 2.8c for a 

pair of nanowire tips at close range (𝑎 = 0 ~ 4 nm). At this extreme proximity, both 

Casimir force 𝐹𝑐  and Van der Waals force 𝐹vdW  grows quickly when the distance 

decreases, and start to dominate over the elastic force at 𝑎 = 3.5 nm  and 𝑎 =

1.25 nm respectively. Therefore, even if the capacitive force 𝐹e vanished after contact, 

the overall attraction force can be much larger than the repulsive elastic force at close 

range (𝐹vdW + 𝐹Casimir > 𝐹elastic), which leads to the permanent stiction.  

 

Figure 2.9: (a) Simulations for Van der Waals force (black solid curve) and Casimir 

force (green solid curve) at long tip-tip distance 𝑎 = 50 to 100 nm (b) Comparison 

between all forces. Van der Waals force (black solid curve), Casimir force (green solid 

curve), capacitive force (red solid curve) and elastic force (blue dashed curve) at large 

tip-tip distance 𝑎 = 50 to 100 nm, for nanowires with spacing  ⅆ = 500 nm, radius 

𝑟 = 130nm, radius difference 𝛿𝑟 = 8.7 nm, length 𝐿 = 4 µm and substrate voltage 

 𝑉𝑠𝑢𝑏 = 150 𝑚𝑉. 

 

However, although the dispersion forces are significant at very close range, they 

still cannot explain the commonly observed long range (>50 nm) spontaneous attraction 

because their force magnitude are negligible at this distance. As shown in Figure 2.8, at 

longer ranges that exceeds 50 nm (typical initial spacing between the nanowire tips), 
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the Van der Waals and Casimir forces diminish dramatically to the scale of pico-Newton 

and are too small compared to that of elastic force or capacitive force at micro-Newton 

level. As a result, the long-range capacitive attraction force is considered to be the 

fundamental reason for spontaneous bending among nanowires in our study.  

 

2.6 Spontaneous Attraction among Nanowires on an 

Insulating Substrate without Metal Clusters  

 
Figure 2.10: Model and simulation for spontaneous attraction between a pair of silicon 

nanowires on 100 nm thick SiO2 layer without metal tips. (a) A generic circuit diagram 

between nanostructures. (b) Simulation result of NW bridging critical conditions. NWs 

with dimensions under the curve are expected to spontaneously bend. The simulation 

for critical condition curves are done with radius 𝑟 = 80 nm, radius difference 𝛿𝑟 =
8.7 nm, length 𝐿 = 4 µm, and substrate voltage  𝑉𝑠𝑢𝑏 = 200/250/300 𝑚𝑉.  

 

In more generic cases, the nanowires are grown on an insulating substrate, such 

as oxide layers, without any metal clusters on top. Our capacitive force model also 

works in explaining the spontaneous attraction phenomenon in such situations, with 
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only simple modifications to the capacitances (Figure 2.10a). The capacitances 

responsible for generating potential/charge difference between nanowires are changed 

as the following:  self-capacitance of nanowire C1=(8 + 4.1(𝐿 𝑟⁄ )0.76)𝜖 𝑟,  C2=(8 +

4.1(𝐿 𝑟⁄ )0.76)𝜖(𝑟 + δr) , mutual nanowire capacitance C1−2=2 π 𝜖0
𝐿

Ln[𝑑2 𝑟 (𝑟+δr)⁄ ]
, and 

nanowire-substrate capacitance through the oxide layer C1−𝑆=𝜖 π r2 𝑡⁄ , 

C2−𝑆=𝜖 π (𝑟 + δr)2 𝑡 ⁄ . By applying the same equations and conditions as discussed in 

chapter 2.4, we produce a simulation of critical bending conditions for these nanowires 

without metal tips, and discovered that nanowire spontaneous bending will happen with 

just a small radius difference 𝛿𝑟 = 8.7 nm  and an arbitrarily assumed substrate 

potential 𝑉sub = 200mV.  

 

2.7 Conclusion  

Through detailed calculations and simulations with the capacitive force model, 

we successfully analyzes the fundamental mechanism for nanostructures to bend, 

bundle or collapse at long distance, and demonstrated the origin for permanent adhesion 

(stiction) at extreme proximity. By using the vertical silicon nanowire arrays as an 

example system, the sensitivity on various physical parameters, as well as the threshold 

conditions of spontaneous attraction, are revealed. It is remarkable that with just a very 

slight size variance in nanostructures and a reasonable amount of natural surface 

potential, the generated electrostatic attraction force is sufficient to overcome elastic 

mechanical resistance and deform the nanostructures. Finally, we show that the 
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capacitive model can be universally applied to other nanostructures with the exact 

physics principle and some simple modifications to the expressions of nanostructure 

capacitances.  
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Chapter 3:  

Experimental Study on Spontaneous Attraction 

3.1 Fabrication of Vertical Silicon Nanowire Test 

System 

A solid theory must be verified with scientifically designed experiments. To 

prove that the capacitive electrostatic force is the fundamental mechanism for 

spontaneous attraction in nanostructures, we used the vertical silicon nanowire (SiNWs) 

arrays as an example system, and adjusted various physical parameters for these 

nanowires to find their individual influence as well as their threshold values for this 

phenomenon. In Chapter 2.1, we have introduced the design of the experiments. Now it 

is time to clarify the detailed assembly methods of these SiNWs. Overall, the vertically 

aligned silicon nanowires, in pairs, are created with electron-beam lithography (EBL) 

and reactive ion etching (RIE) in order to precisely control their spacing, radius, length 

and radius difference. First, n-type silicon substrates (100) are cleaned with acetone, 

isopropyl alcohol (IPA), and DI water for 5 min with sonication. 200 nm thick methyl 

methacrylate (MMA) layer and 200 nm thick Polymethyl methacrylate (PMMA) e-

beam resist layer are deposited on silicon wafer by spin-coating and baked on a hot plate 

at 180 ˚C for 90 s and 120 s, respectively. Next, metal (nickel) dot arrays with various 

spacing and diameter are patterned on the silicon wafers by JEOL 6400 SEM/NPGS e-
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beam lithography system as RIE masks to fabricate nanowires. The pattern produces a 

gradual variation in nanowire spacing with an increment of 50 nm between each group. 

Different diameters are attained with increasing dosages under 30 kV e-beam exposure. 

The patterned film was developed in a 3:1 mixed solution of isopropyl alcohol (IPA) 

and methyl isobutyl ketone (MIBK) for 120 s. Afterwards, nickel thin film with 50 nm 

thickness is deposited onto the wafers by Themescal BJD 1800 E-beam evaporator. In 

the lift-off process, PMMA and MMA are removed with acetone, leaving the patterned 

nickel nano-dots on top as metal masks for the following RIE. RIE process is done using 

an Oxford Plasmalab 100 RIE/ICP chamber with a mixed gas of SF6 and C4F8. 

Vertically aligned SiNW arrays are formed after the unmasked silicon being etched 

away. Finally, the bending and bridging of SiNW arrays are studied with a high-

resolution scanning electron microscope (FEI SFEG UHR SEM) to identify the 

parametrical thresholds of spontaneous attraction. 
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3.2 Physical Parameter Dependence in Experiments 

 

In Chapter 2, we discussed the effects of various physical parameters such as 

nanowire spacing, radius, length and size difference, and simulated the critical 

conditions of nanowire bending when adjusting the value of each factor. Now these the 

theoretical predictions are compared with experimental data. We first evaluated the 

spacing dependence of spontaneous nanowire attraction. In the SEM images in Figure 

3.1a, all nanowires are fabricated with length of 4 µm and radius of 80 nm, and a radius 

standard deviation of +/- 8.7 nm. From left to right, the spacing between nanowire pairs 

increases from 300 nm to 550 nm with an increment of 50 nm for each column. We 

found all the nanowires with spacing ⅆ ≤ 350 nm are bent and stuck in pairs, forming 

a nanowire-bridge structure. Some nanowires at ⅆ =  400 − 450 nm appear separated; 

while they all become completely separated or non-bending at ⅆ ≥ 500 nm . To 

Fig. 3.1: SEM images with 30º tilt angle, showing various parameter dependence of 

nanowire spontaneous attraction. All Scale bars are 2 µm.  (a) Spacing dependence. 

From left to right, the center-to-center spacing between a pair of nanowires increases 

from 300 nm to 550 nm, with 50 nm increment in each column. All nanowires have 

radius of 160 nm and length of 4 µm (b) Radius dependence. All nanowires have the 

same spacing of 350 nm and the same length of 4 µm. The nanowires radii are 80 nm, 

92 nm, and 170 nm, respectively.   
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quantify our observations, a column with more than 80% of bridging nanowire pairs is 

defined as a “bridging column”. Likewise, a “threshold column” means there are 20%-

80% bridging nanowires, and a “non-bending column” has most NW pairs separated 

(more than 80%). The threshold value in this particular test is found between ⅆ =

 400 − 450 nm, which is very close to the theoretical threshold ⅆ =  400 nm with our 

model (Figure 2).  It is clear that the spontaneous bending favors smaller spacing since 

the capacitive attractive force drops quadratically over distance. 

Notice that once the nanowires bend and form a bridge, the junction will not be 

easily broken due to the strong attraction caused by dispersion forces (Van Der Waals 

force/Casimir Force) at extremely small distance. However, the long range attraction 

that brings nanowires together is dominated by the capacitive force, because the 

magnitude of these short-ranged forces are negligible compared with the elastic force at 

initial nanowire spacing of several hundreds of nanometers (for details see Chapter 2, 

Figure 2.8, Figure 2.9).  

The second set of experiments examines the effect of different radius on 

nanowire spontaneous bending. Spacing and length of nanowires are fixed at 350 nm 

and 4 µm, respectively (Figure 3.1b), while the radius varies from 80 nm to 170 nm. We 

define radius as measured across the center of the nanowires since our simulation (see 

Section 3.6, Figure 3.8) has shown that even in the case of non-uniform nanowire 

diameters or tapered wires, the threshold calculated for electrostatic bending is well 

approximated with a uniform wire with the center or average radius.  The threshold 

value for radius is found at 92 nm where non-bending nanowires begin to show up. In 
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our model, radius r plays a significant role in determining not only the capacitances on 

a nanowire, but also its mechanical stiffness. Both capacitive and elastic forces show 

very strong dependence on radius in equations (2.2) and (2.3). Notably, in Figure 3.1b 

a small change of average radius of 12 nm is enough to bring completely different fate 

in bridging or non-bending.  

 

 

Figure 3.2: SEM images with 30º tilt angle, showing the effect of increasing length on 

nanowire spontaneous attraction. All Scale bars are 2 µm. All nanowires have the same 

spacing of 500 nm and the similar radius around 80 nm. Length has increased from (a) 

3.2 μm to (b) 7.3μm. Spontaneous bending was not observed even with a 228% 

increment in length. 

 

As discussed in Chapter 2.4, the length is a factor that only affects the nanowire 

mechanical stiffness, but has no significant influence on the capacitive attraction forces, 

because most of the electrostatic charges are concentrated at the Ni-Si Schottky junction 

near the top of nanowires and are irrelevant to length. It is also observed that although 

length can be easily varied with different etching time in RIE process, longer etching 

time usually results in the diminishing of nickel mask dots, leading to subsequently 
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smaller nanowire radius. The non-uniformity of average nanowire radius is undesirable 

for the variable control experiments. Thus we unified most nanowire length to 4um with 

approximately 10min of RIE etching.  

Nonetheless, a tentative experiment on nanowire length dependence is done 

(Figure 3.2). The nanowires in this test are fabricated with the same spacing of 500 nm 

and the similar radius around 80 nm, while the length increases from 3.2 μm to 7.3μm. 

The radius of nanowires in Figure 3.2b was made close to 80 nm by using slightly bigger 

nickel masks and etching for longer periods. The geometrical parameters of nanowires 

in Figure 3.2a are carefully designed to be near the bending threshold. However, even 

with a 228% increment in length, the nanowires are still free standing and separated, 

with no bridging phenomenon detected. The fact that the longer nanowires does not 

bend could be attributed to the higher mechanical stiffness caused by its slightly larger 

radius, or the fact that the size of nickel masks on top are reduced by over-etching, which 

produces reduced Ni-Si Schottky capacitances and thus weaker capacitive forces to 

attract the nanowires. 

 

3.3 Size-Variance-Induced Spontaneous Attraction 

The key consideration in our model for spontaneous adhesion or stiction due to 

capacitive electrostatic attractions is the inevitable size variations between 

nanostructures. We can test the hypothesis using pairs of nanowires with fixed radius 

and spacing, but varying degree of radius difference 𝛿𝑟. If 𝛿𝑟 is zero, there is zero 
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capacitive force and no bending will occur. A threshold minimum 𝛿𝑟 can be calculated 

from the equations in Chapter 2. Nanowire bridging would be favored if the actual 

experimental radius difference exceeds that 𝛿𝑟. A pair with very small r will have 

much smaller attractive forces and will not bridge whereas a pair with the same 

dimensions but a larger variation r will bridge instead. The threshold 𝛿𝑟 can be easily 

calculated from our model. 

 

Fig 3.3: Asymmetrical nanowire bending/bridging of nanowires with different radius. 

(a) Schematics for nanowire attraction and asymmetrical bending. SEM images of 

asymmetrical SiNW pair bending/bridging. (b, c, d) SEM image showing the 

nanowires with same spacing of 560 nm and length of 3.4 µm in a “threshold column”.  

Bending is favored for larger radius difference. (e, f) Two pairs of nanowires with 

larger size difference, same spacing of 660 nm and length of 3.5 µm. The different 

radii are clearly marked on the images. All SEM images are at 30º tilted angle. All 

scale bars are 500 nm.   
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Additional experiments on size difference dependence are done with 

intentionally fabricated asymmetrical nanowire pairs (Figure 3.3). Our model states that 

the attraction between nanowires originates from capacitance difference caused by their 

size variance. Thus a larger size difference should produce a greater capacitive force 

that favors spontaneous bending. In contrast, nanowires with similar sizes lack the 

required attraction force to bend and should remain vertical. This prediction is 

confirmed experimentally as shown in Figure 3.3b-e. On the one hand, a controlled 

experiment in Figure 3.3 (e)(f) compares two nanowire pairs carefully designed and 

fabricated with the same spacing ⅆ =  660 nm , same length 𝐿 =  3.5 µ𝑚, but different 

ratios of radii (𝑟1/𝑟2). The radius of the thinner nanowires is strictly controlled at the 

same 50 nm, to ensure the same mechanical properties (elastic force), whereas the 

thicker nanowires are 93 nm to 103 nm in radius, giving the ratio of radii of 1.96 and 

2.06 for each nanowire pair correspondingly. It can be seen that larger size difference 

indeed favors nanowire bridging/bending, which is consistent with the prediction of our 

model. 

The variation of the attractive force Fe based on r also explains why in the 

threshold column some nanowire pairs are beginning to bridge while the others remain 

non-bending. A careful inspection on the nanowires from a “threshold column” (Figure 

3.1b) indicate that that here the non-bending nanowire pairs have smaller radius 

difference (2 nm, Figure 4c) than the bridging ones (24 nm, Figure 4d), despite having 

the same spacing ⅆ =  560 nm, length 𝐿 =  3.4 µ𝑚 and intended radius of 93 nm. 

This difference in r likely comes from size variances in the patterned Ni dot mask sizes 
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during e-beam lithography runs. Therefore the threshold column best illustrates how 

fabrication variations, under certain conditions, may lead to dramatically different fates 

in terms of spontaneous adhesion that ultimately may give rise to detrimental results.  

 

Figure 3.4: Simulation of capacitive forces for the nanowires shown in Figure 3.3 (e,f). 

With our capacitive force model, the simulation result for both sets of nanowires 

in Figure 3.3(e,f) also agrees with the actual outcomes in experiments. The solid black 

curve stands for the capacitive force of nanowires in Figure 3.3e, with smaller radius 

difference 43 nm; and the solid red curve represents the other pair in Figure 3.3f with 

larger radius difference 53 nm. In order for the smaller nanowire (fixed radius 𝑟1 =

50 𝑛𝑚) to bend and attach to the larger one, the capacitive force between them must be 

greater than the critical bending force shown by the blue dotted line ( the critical bending 

force is the elastic force at displacement equals to 1/3 of the initial spacing, 𝑥 =
1

3
 ⅆ =
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220 𝑛𝑚). In other words, with the same distribution of natural electrostatic charges 

(hence a certain substrate voltage), the blue line draws a boundary between bridging and 

non-bending.  It can be seen from Figure 3.4 that, with a substrate voltage around 

270mV, spontaneous bending indeed favors the nanowire pair with larger size variance 

(Figure 3.3f) and the pair with smaller radius difference (Figure 3.3e) should result in 

non-bending. This simulation represents exactly what happened in experiments. 

 

Fig. 3.5: Study on radius difference dependence with comparison between 

experimental data and simulation results. 𝛿𝑟  is the experimental value of radius 

difference between each pair of nanowires. The deviation of the experimental δ𝑟 from 

the calculated threshold 𝛿𝑟 is shown in the horizontal axis; the ratio between deviation 

and experimental 𝛿𝑟 is shown in the vertical axis. Theoretically, positive deviation 

(𝛿𝑟 > Threshold) leads to bridging and negative deviation (𝛿𝑟 <  Threshold) leads 

to non-bending. The actual bending status for each experimental data point is indicated 

by different colors: red dot for bending nanowires and black squares for non-bending 

nanowires. Inset table shows a summary of the number of samples and statistical 

percentage that follow theoretical description.  
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Finally, we carefully evaluated experimental radius differences from all samples 

and compared with their individually calculated threshold in Figure 3.5. The data from 

experimentally bridging nanowires are shown with red dots and the non-bending ones 

are shown with black squares. Notably, most bridging nanowires (87.5 % of 32 bridging 

pairs) indeed have size difference larger than threshold and the majority of non-bending 

nanowires (97.3 % of 37 non-bending pairs) also follows the model because their size 

difference is smaller than the threshold. The consistency between the experimental data 

and the model prediction in both Figure 3.4 and Figure 3.5 strongly suggests that the 

principle mechanism for spontaneous attraction is the capacitive force induced by size 

variations in nanostructures. 

 

3.4 Comparison between Experimental Data and 

Simulation  

To summarize these experiments, we plot in Figure 3.6 all experimental data 

points collected, categorized into three groups: red hollow circles, blue solid triangles 

and black hollow squares represents nanowire pairs in the bridging columns, threshold 

columns and non-bending columns, respectively. Similar to the simulation in Chapter 2, 

Figure 2.6, for each combination of spacing/radius, we can calculate and determine from 

our model of the balance between Fe and Fm whether the nanowire pair will be in 

bridging/threshold/non-bending category. In particular, for the threshold condition, 

Figure 4 plots a combination of spacing/diameter values (purple curve). This calculated 
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threshold curve describes the boundary between bridging and non-bending 

configurations. In this simulation 𝛿𝑟 = 8.7 𝑛𝑚 is used because it is the experimental 

average from the dependence tests. Note that there is only one fitting parameters in our 

model which is the substrate voltage 𝑉sub. By adjusting this parameter we can fit the 

observed threshold column data points (blue triangle) with the theoretical boundary 

when Vsub = 150 mV, which is consistent with the natural surface potential measured 

from Kevin-probe microscopy literatures [31] for our n-type silicon substrate ( 𝑁𝑑 =

5 × 1018 𝑐𝑚−3).    

 

Figure 3.6:  Experimental data compared with simulation of NW bridging critical 

condition. Critical curve calculated form the capacitive force model is shown as purple 

curve. Data points for nanowires in bridging, threshold or non-bending columns are 

present by red hollow circles, blue solid triangles and black hollow squares, respectively. 

The parameters used are  𝛿𝑟 = 8.7 nm , 𝐿 = 4 µm; according to experimental 

conditions 𝑉𝑠𝑢𝑏 = 150𝑚𝑉 . 
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3.5 Effect of Substrate Voltage  

 
Figure 3.7: SEM images showing nanowire bending after applying 10V bias through 

the back gate under the substrate.  

 

The substrate voltage 𝑉sub is the only fitting parameter in our model simulations, 

and its main effect is changing the magnitude of capacitive force. In the critical 

condition simulation above (Figure 3.6), varying  𝑉sub  will shift the theoretical 

threshold for bending vertically (purple curve). It is difficult to directly monitor the 

substrate voltage  𝑉sub  for the nanowires as it may change during each step of 

fabrication process. Thus in the simulations a fitting value of  𝑉sub = 150𝑛𝑚  is 

applied to the simulations, which safely falls in the range of natural surface potential 

measured from Kevin-probe microscopy literatures [31] for our n-type silicon substrate 

( 𝑁𝑑 = 5 × 1018 𝑐𝑚−3).    

 However, it is interesting to do a quick back-gate bias test to see the effect of 

substrate voltage on nanowire attractions. Although our setup does not allow in-situ 

SEM observation of nanowire bending with external bias applied on the substrate, we 

applied 10V bias on the back of the Si substrate for 2 minutes before the bias was 

removed and took the sample into the SEM chamber for observation with the substrate 
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grounded during imaging. Prior to this experiment, SEM shows that none of the NW 

pairs on this sample are bending because the array dimensions are outside the bending 

threshold and there is no sufficient spontaneous attractive forces based on the natural 

Vsub alone. After the 10 V biasing, it is found that even though the external bias is 

removed, some NW pairs exhibit bending and remain adhered (red circles, Figure 3.7), 

in particular NW pairs in the bottom row with the smallest spacing, which suggests that 

varying the substrate voltage has led to stronger attractive forces and more bending, in 

line with the Vsub dependence from our model. Not all NWs remain bending after such 

a large bias treatment, perhaps due to mechanical restoration forces overcoming most 

of their adhesion when the bias was removed. In summary, higher substrate bias creates 

greater potential difference between the pair of nanowires, and induced larger capacitive 

force that favors bending. This is similar to the working principle of capacitive nano-

electromechanical switches [1]. 
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3.6 Analysis for Spontaneous Attraction in Tapered 

Nanowires 

 
Figure 3.8: Schematics and Simulation results for uniformly tapered conical nanowires. 

The tapering of a nanowire is indicated by a tapering ratio 𝛥. (a) Schematics and 

definition for parameters. (b, c) Simulation of capacitive forces and elastic forces with 

no nanowire tapering (𝛥 = 0%), moderate tapering (𝛥 = 10%, 20%), and significant 

tapering ( 𝛥 = 30%, 40% ).In this simulation, ⅆ = 330 𝑛𝑚, 𝑟 = 80 𝑛𝑚, 𝐿 =
4 µm, 𝛿𝑟 =  8.7 𝑛𝑚  and  𝑉𝑠𝑢𝑏 = 150 𝑚𝑉. (d) Histogram showing the number of 

nanowires with measurable tapering ratios from experiments. The dashed red line shows 

that a majority (90%) of nanowires in this study have very small or moderate 

tapering(𝛥 ≤  20%) . (e) Calculated critical condition curves at different levels of 

tapering compared with experimental data. The threshold curves show very small 

deviation from that modelled with uniform, non-tapered nanowires, even with moderate 

tapering ( = 10% or 20%). 

 

Upon further inspection, some of our studied nanowire pillars are not perfectly 

cylindrical, but rather of a slight conical tapered shape based on the SEM images. This 

is a limitation from the RIE etch fabrication process. We have studied effects of 

nanowire tapering to our spontaneous attraction model and found that moderate tapering 
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does not have a significant effect on the calculation of critical bending conditions 

compared to simply using a uniform nanowire with the same center or average radius to 

represent tapered nanowires. The simulation result is shown in Figure 3.8. We use a 

model of tapered conical nanowires, with the change to the radius along nanowire length 

indicated by a tapering ratio 𝛥 (Figure 3.8a). The capacitive force 𝐹e at the tip of the 

nanowire is: 

𝐹e = − [ δV
𝑟top(𝑟top + 𝛿𝑟top)

𝑟top + (𝑟top + 𝛿𝑟top)
]

2
1

(ⅆ − 2𝑥)2
 (3.1) 

And the elastic force 𝐹𝑚 is also modified as :  

𝐹𝑚 =
3𝐸𝐼top

𝐿3
(

𝑟top

𝑟bottom
)

3

x =
3𝜋𝐸

𝐿3
(𝑟mid)4(1 − 𝛥)(1 + 𝛥)3𝑥 (3.2) 

These equations and the simulation results in Figure 3.8 (b, c) show that, 𝐹e 

does not change significantly with different tapering levels, while the elastic force 𝐹𝑚 

increases with more degrees of tapering. Significantly, our result shows that tapering 

has minimal effect on the calculation of bending thresholds (Figure 3.8 e). This is 

because while tapered nanowires become more rigid and have a larger 𝐹𝑚 , the 

magnitude of Fm is extremely sensitive to values of the average radius 𝑟mid 

(𝐹𝑚~(𝑟mid)4) than the tapering ratio 𝛥 (𝐹𝑚~(1 + 2𝛥) for small 𝛥). Therefore any 

change in rigidity from a finite 𝛥 can easily be compensated by using a slightly smaller 

radius 𝑟𝑚𝑖𝑑 so the nanowire can be bent with the same Fe. For example, when 20% 

tapering strengthens 𝐹𝑚 by around 38%, the threshold radius 𝑟𝑡ℎ only has to reduce 

by 6% to compensate this change. Since a majority of our studied nanowires have 
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tapering  ≤ 20% (Figure 3.8d), we can conclude that our model using uniformly 

cylindrical NWs represented our experimental distributions very well.   

 

3.7 Conclusion 

 
We propose and experimentally demonstrate a universal mechanism for 

spontaneous attraction between vertically aligned Si nanowires in terms of electrostatic 

interaction caused by capacitance differences due to fabrication size variations.  Si 

nanowire pairs with varied diameter, spacing, and radius variance were fabricated using 

e-beam lithography and RIE process, from which the quantitative investigation of the 

critical conditions for nanowire bending was performed. Small substrate charges in the 

capacitive network may create a bias and capacitive attraction force enough to overcome 

the inherent mechanical restoring force and cause stiction between opposing 

nanostructures with size variations as small as 12 nm. The capacitive force model 

provides guidelines for fabricating self-bridging nanowire arrays for potential 

applications as nanowire-bridge biological sensor or bias-controlled vertical nano-

mechanical switch. More broadly speaking, since capacitive force is universal in most 

nanostructures, this model is applicable to many other nanostructures from bottom-up 

assembled nanowires[2, 3, 37], nanorods[7, 17 ,38], CNTs[9, 39, 40], graphene[10, 41] 

to top-down fabricated NEM devices[1, 12-15, 41]. These results illustrate the 

importance of nanofabrication precision and accuracy, which can be determining 
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element to the success of scientific research or practical realization of functional devices 

or systems.  
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Chapter 4:  

Grayscale Electron-beam Lithography for 3-D 

Nanostructure Fabrication 

 Inspired by the attraction phenomenon caused by capacitive interactions in 

nanostructures, we are interested in exploring the opportunities to benefit from it in 

functional nano-devices. A well-known direct application of such capacitive forces is 

the nano-electro-mechanical switch, a simple low-power device in which an external 

bias is applied between the capacitive nanostructure components to control ON and OFF 

states of electrical connections. However fabricating such a device is not as simple. 

Among various existing fabrication methods, a novel 3-D patterning technique named 

“grayscale electron-beam lithography (gray-EBL)” catches our attention with its 

straightforward operational process and excellent controllability on the dimensions of 

suspending nanostructures. In this chapter, we will first illustrate the basic concepts of 

gray-EBL, and then show examples of various suspending nanostructures fabricated 

with this method. Finally, the calibration of 3D nanostructure geometry through detailed 

dosage tests with different development conditions will be studied using Atomic-Force-

Microscopy(AFM) and Scanning-electron-Microscopy (SEM). 
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4.1 Principle of Grayscale Electron-beam Lithography 

 

Figure 4.1: Schematic comparison of the process flow in (a) conventional e-beam 

lithography and (b) grayscale e-beam lithography. 

 

Grayscale electron-beam lithography (Gray-EBL), or 3D e-beam lithography, is 

a recently developed patterning technique for fabricating high aspect ratio 3D 

nanostructures over a large device area. It is an ideal method to produce suspending 

nanostructures with sub-microscale air gaps, and perfectly meets the fabrication demand 

of micro/nano-electro-mechanical systems (M/NEMS). It is well-know that in the 

conventional EBL process (Figure 4.1a), the e-beam resists will be injected with high 

energy electron at target locations, and the solubility of resists will change for certain 
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solvents. After “development” with these solvents, the resists at patterned location will 

be either completely removed (negative resist), or remain intact while the rest are 

washed away (positive resist). In contrast, the main working principle of gray-EBL 

(Figure 4.1b) relies on setting the injected electron dosage to a moderate level and 

“partially” penetrate the e-beam resist at designed locations to create “air gaps”, while 

using high-energy electrons to fully penetrate the resist layers in other areas to form 

“anchors” that are connected to the substrate. For example, in the “nano-bridge” 

fabrication process shown in Figure 4.1b, electron beams with high dosage are applied 

on both sides (area 1), while moderate dosage is used in the middle (area 2). After 

development, the negative resist at area 1 will be removed, but some residue resist layer 

with controlled thickness will remain in area 2. Finally, with metal deposition and lift-

off, area 1 becomes a metal anchor on the substrate, and in area 2 a suspending beam is 

formed with an air gap thickness equal to the thickness of the residue resists. The 

partially-developed resists also served as a sacrificial layer under the metal bridges 

during lift-off. Particularly, since the lift-off process is usually done with solutions such 

as acetone, critical point drying (CPD) technique is frequently applied here to minimize 

the capillary effect and avoid collapsing.  

The major advantage of gray-EBL is that air gaps below suspending structures 

can be precisely controlled from electron-beam dosage; yet the whole procedure is done 

in only one lithography process, with no growth and etching process for traditional 

sacrificial layers such as dielectrics. For mass-production purpose, this not only 

improves manufacturing yield by reducing the number of fabrication processes, but also 



59 

        

facilitates the integration with conventional semiconductor devices because a good 

number of semiconductor materials are notoriously incompatible with traditional 

dielectric growth process or isotropic etching. Thus we have chosen gray-EBL method 

to fabricate our capacitive NEM-switches for the reasons above. Exemplary 

nanostructures fabricated with gray-EBL are also shown in the next sections. By 

applying a variety of electron beam doses, air bridges with different length, width, 

thickness and air gap can be readily created.  

 

4.2 Suspending 3-D nanostructures fabrication with 

Gray-EBL 

 

Figure 4.2: SEM images showing suspending nano-bridge structures fabricated with 

gray-EBL: (a) e-beam dose 60 μC/cm2, beam length 1 μm, air gap 320 nm. (b) center e-

beam dose 60 μC/cm2, beam length 2 μm, air gap 280 nm. All scale bars are 1 μm. 

 

The first type of 3-D nanostructures we created with grayscale electron beam 

lithography is the suspending nano-bridges (Figure 4.2) with the discussed process flow 
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in Figure 4.1b. First, substrates of n-type Si (100) with 100 nm thick thermal SiO2 layer 

are cleaned with acetone, isopropyl alcohol (IPA), and DI water for 5 min with 

sonication. Next, 150 nm thick Polymethyl methacrylate (PMMA) e-beam resist layer 

are first deposited on the SiO2 substrate by spin-coating and baked on a hot plate at 180 

˚C, followed by a 350 nm thick methyl methacrylate (MMA) layer spin-coating and 

baked with the same condition. The resist is then exposed with heavy doses (350 μC/cm2) 

at the “anchors” on both sides, and with moderate doses (60 μC/cm2) in the middle 

where the “suspending beam” will form. Afterwards, the patterned resist was developed 

in a 3:1 mixed solution of isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) 

at room temperature 23.5˚C for 60 s. Finally, 10 nm Cr and 60 nm Au are deposited 

with Themescal BJD 1800 e-beam evaporators, and the lift off was done in acetone with 

Tousimis AutoSamdri 815A critical point dryer (CPD). The nano-bridges with different 

length are then formed. 

Notice that the MMA-PMMA double-layer resist applied here has a reversed 

structure compared with the conventional setup, in which the PMMA is at the top and 

MMA is traditionally at the bottom for easier lift-off. We purposefully deposited the 

MMA layer on the top because MMA is more sensitive to e-beam exposure, and could 

be cleanly removed after development with moderate e-beam dosage while keeping the 

PMMA layer beneath intact. The suspending air gap height will depend on the 

remaining thickness of PMMA after development. The sensitivity of MMA and PMMA 

layers to e-beam doses are studied with AFM height measurements in the next section.  
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From the SEM images of nano-bridges in Figure 4.2, we can see that suspending 

beams with various length, thickness and width are readily fabricated with gray-EBL. 

Moreover, the height of air gap beneath the beam is also dependent on the length of the 

structure. With the same dose 60 μC/cm2, the beam with 1um length gives 320nm air 

gap while the 2um beam has the air gap reduced to 280nm. This is possibly due to the 

change in beam mechanical stiffness when beam length is longer. It implies that when 

other geometrical parameters are fixed, there is a maximum limit on the length before 

nano-bridge collapse due to its weakened Young’s modulus. To see more of this effect 

from length variation, in Figure 4.3, a series of suspending beams with length from 1-5 

μm made with dose 70 μC/cm2 has gradually decreased air gap height from 157 nm (1 

μm length) to 110nm (4 μm length), while the 5 μm long beam collapsed on to the 

substrate.  

 

 

Figure 4.3: Side-view SEM images showing suspending nano-bridge structures 

fabricated with various beam length from 1 μm to 5 μm. E-beam dose 70 μC/cm2. The 

scale bar is 2μm. 
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Figure 4.4: AFM study on the resist layer after development for nano-bridge structures 

fabrication, with anchor dose 350 μC/cm2 and beam dose 75 μC/cm2. (a) 2-D 

topography, (b) 3-D image of the etched trench after development and (c) height profile 

measurement along the developed region (blue) and the undeveloped region (red). 

 

The AFM study on a resist layer patterned and developed for nano-bridge 

fabrication (before metal deposition and lift-off) is given in Figure 4.4. The anchor 

region has heavy dose 350 μC/cm2 to ensure that all resist in this area are fully exposed 

and removed with developer solution, while the beam region receives a moderate dose 

75 μC/cm2 to maintain some remaining resist layer for subsequent suspending-beam 

deposition. From the height profile of the developed “trench” in the resist layer (blue 

curve, Figure 4.4c), depth of the fully-penetrated “anchor” is measured to be about 

500nm, which is exactly the total thickness of the MMA+PMMA resist; and compared 
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with the reference of the lower anchor region, the remaining resist along the “beam” 

region has an average thickness of 123 nm, which is expected to be the height of the air 

gap after resist lift-off.  Notably, although the doses are digitally designed in each 

region without any intentional transition, the height profile at the edges of the “anchor 

region” is still gradually rising instead of a steep change. This is due to the proximity 

effect caused by electron scattering inside the resist and on the SiO2 substrate. Also 

because of the proximity effect, it is observed in both 2-D and 3-D topography images 

(Figure 4.4a, b) that the “trenches” has a tilted sidewall with angle around 45˚. During 

subsequent metal deposition, some metal will adhere to this sidewall making protruding 

“wings” at the edges. We can see this phenomenon in side-view SEM images (Figure 

4.2) near the edges of the anchors and the suspending beams. It explains why the 

thickness of the beam/anchor looks larger than the deposited 70nm (10nm Cr + 60nm 

Au). 

 

Figure 4.5: 45˚Tilted-view SEM images showing suspending nano-cantilever structures 

with different combinations of e-beam doses. Various structural profiles are achieved 

by controlling air gaps in each region with gray-scale EBL. All scale bars are 1μm. 
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Naturally, single-anchor nano-cantilevers can also be fabricated with gray-EBL. 

By applying heavy and light e-beam doses in different areas (Figure 4.5a), the metal 

thin film on the right is suspended with an air gap. Additional tricks can be done by the 

dose control to make special shapes of cantilevers. For instance (Figure 4.5b), an 

additional region with medium dose can be added to the right of the “light-dose” area, 

such that a “dip” with smaller air gap height is formed on the basis of original cantilever. 

This technique is particularly useful to reduce the pull-in voltages in a NEM-switch, and 

makes sure that electrical connections are formed between the drain electrode and the 

lower “medium-dose” area, while keeping the higher “light-dose” part (typically above 

the gate electrode) away from touching the gate and create gate leakage or short-circuits. 

Another practice is also very useful in 3-D nanostructure fabrication. In Figure 4.5c, a 

nano-cantilever with increasing air gaps are prepared with gradually reduced doses 

along the metal beam. This is suitable for making larger air gaps because the “medium-

dose” region will serve as structural connection with the “anchor” and higher beams 

with greater air gaps. By repeating this increment, the air gap height is able to reach its 

theoretical maximum which is the total thickness of the resist layer.  



65 

        

 

Figure 4.6: (a) Side-view and (b) top-view SEM images showing double-anchor 

suspending beam structures with probing “dips” fabricated with additional e-beam 

doses at specific locations. The doses for the beams and dips are indicated on the graphs 

(unit μC/cm2). The scale bars are 200 nm and 2 μm respectively.  

 

The additional-dosage technique can certainly apply to the double-anchor 

suspending beam structure as well. In Figure 4.6, probing “dips” with smaller air gaps 

are fabricated on the suspending beams by setting additional e-beam doses at the 

specific locations. The beam with dose 90 μC/cm2 has an air gap 89 nm, and applying 

+5 or +10 μC/cm2 additional doses will reduce the dip air gap to 50 nm or 39 nm 

respectively. Since the deposited metal thin film has the uniform thickness, the dips will 

show up as shallow trenches in the top-view SEM with diameter about 50 nm. This 

method is also used in our fabrication of doubly-clamped beam NEM-switches to reduce 

pull-in voltages and avoid gate leakage currents.  
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4.3 Precise control on geometries of 3-D nanostructures  

 Grayscale e-beam lithography is advantageous in fabricating suspending 

structures with various shapes and air gaps. It does not require any mask or additional 

sacrificial layers to make 3-D structures, and has a higher spatial resolution thanks to 

the precisely control in both planar mapping (pixel-to-pixel distance less than a few 

nanometers) and height determination (area dose sensitivity up to 0.5 μC/cm2). Hence 

besides NEM-switch fabrication [54], this technique is also useful in optoelectronic 

devices [55], ultrasonic machining [56] and laser micromachining [57]. The core 

technique of gray-EBL is how to control the remaining thickness of resist by adjusting 

the proper energy level of incident electrons [58].  Both e-beam exposure and resist 

development (etching) will play important roles in this process. We will study these 

effects with systematically designed experiments in the following sections.  
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4.3.1 Resist Sensitivity to E-beam Exposure 

 

Figure 4.7: Schematic diagram showing the fabrication of staircase nanostructures with 

gray-EBL. The gradual increment in air gaps is achieved by controlled e-beam exposure 

on the center with digitally varied doses.  

 

First and foremost, we investigate the resist sensitivity to electron beam 

exposure, in order to find the relationship between e-beam dosage and remaining resist 

thickness after development, which determines the air gap height in 3D-nanostructures. 

To study this effect, we first create stair cases structures with processes shown in Figure 

4.7. Again, a MMA-PMMA double layer resist is deposited on SiO2 substrate. Heavy 

doses are used at both ends to form the anchors, and moderate doses are applied at the 

middle in a binary fashion. After development, staircase structure in the remaining resist 
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appears in the AFM height profile measurement. The individual sensitivity of both 

MMA and PMMA can be determined from the AFM data. Finally, after metal 

deposition and lift-off with CPD, staircase 3D meal beam is created and the air gaps 

under each “stair” are measured from side-view SEM images.  

 

Figure 4.8: AFM study on the developed resist for staircase nanostructures fabrication. 

(a) Resist composition and dosage distribution in the “anchor” and “beam” regions (unit 

μC/cm2). (b) 3-D side-view topography of the developed resist. (c) 2-D top view 

topography with (d) height profile measurement for the remaining resist. 

 

Figure 4.8 demonstrates an exemplary AFM measurements on a developed resist 

layer for staircase nanostructures (development done in MIBK:IPA 1:3 solution for 60s 

at room temperature 23.5˚). Here, the anchor area has a very large dose 350 μC/cm2 
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such that all the MMA-PMMA resist layer are removed and the silicon substrate is 

exposed. The dose in the beam region varies gradually from 120 to 150 μC/cm2, with 

the minimum dose 120 μC/cm2 at the center to form a peak, and the greater doses near 

the anchor to work as necessary connections for the next “stair” (Figure 4.8a). Figure 

4.8b shows the side-view 3D-topography zoomed-in at the bottom of the etched trench. 

Significantly, the profile of the resist clearly exhibits staircase shape. The height of each 

“stair” is measured along the developed trench (blue line, Figure 4.9c, d), and the etched 

depth is calculated by comparing with the profile of nearby undeveloped resists (red 

curve). Notice that the height of the peak (116nm) with dose 120 μC/cm2 is already 

within the bottom PMMA layer ( thickness 150nm), suggesting that all the MMA layers 

are already fully exposed and removed with this level of dosage. 

After 60nm Ti deposition and lift-off with CPD, the staircase-structure emerges 

on the basis of remaining resist layer. From the segments of different doses 120/130/140 

μC/cm2 (Figure 4.9a), we can clearly observe the binary increment in their air gap 

heights. It is also evident that the air gap height at each segment measured by SEM (red 

curve, Figure 4.9b) matches perfectly with the thickness of remaining resist measured 

by AFM (black), strongly indicating that the height of remaining resist directly 

determines the geometry of the 3-D nanostructures. Also critical point drying (CPD) is 

proven to be very effective in reducing the capillary effect during lift-off process to 

avoid attraction or collapse of the nano-beam. Lastly, Figure 4.9 (c-d) depicts the 

relationship between doses and air gaps. The air gap gradually decreases as the dose 
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increases. For dose 150μC/cm2, the air gap disappears and the suspending beam is 

touching the substrate like an anchor.  

 

Figure 4.9: (a) Side-view SEM image on a segment of staircase nanostructures 

fabricated form the resist layer shown in Figure 4.8. The corresponding doses are 

indicated on the graph with unit μC/cm2 (b) Comparison between the resist thickness 

measured by AFM (black curve) and the air gap height measured by SEM (red curve). 

(c-f) Side-view SEM images showing the air gap height and dose level in each “stair” 

segment. The scale bars are 1μm and 500nm.  
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Figure 4.10: Remaining resist height versus e-beam exposure dosage, with data obtained 

from 4 different samples. The bilayer resist (350 nm MMA on top of 150 nm PMMA) 

is exposed with varied doses from 60 to 150 μC/cm2, and developed in MIBK:IPA 1:3 

solution for 60s at room temperature. The red dashed line indicates the threshold dosage 

90 μC/cm2for penetrating all the MMA resist.   

 

Similar dosage tests are repeated on the bilayer resist with diverse dose from 60 

to 150 μC/cm2, developed in MIBK:IPA 1:3 solution for 60s at room temperature. A 

plot showing the remaining resist thickness versus e-beam dosage is present in Figure 

4.10. First, the obtained data are very consistent between different tests, indicating the 

repeatability of vertical geometry control of nanostructures with gray-EBL. Second, at 

a threshold dose 90 μC/cm2 (red dashed line), the remaining resist height happens to be 

around 150nm, which is the total thickness of the PMMA layer. Hence this red line also 

serves as a boundary between lower doses that only expose the MMA region on top, 
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and higher doses that start to penetrate into the PMMA region at the bottom. In addition, 

we can see that the data points in both MMA region and PMMA region show good 

linearity, with two different slopes in each region. From the fitting slopes and the total 

thickness of the resist layer (500 nm), we are able to calculate the resist sensitivity to e-

beam exposure for both MMA (8.12 nm / (μC/cm2)) and PMMA (3.43 nm / (μC/cm2)). 

The MMA has a better sensitivity, and is more suitable for fabricating tall 3D 

nanostructures with a large variation in vertical dimension. On the other hand, the 

PMMA has better precision in controlling the remaining resist thickness with variation 

of doses, and is ideal for making nano-devices with precise air gaps.  

 

Figure 4.11: Side-view SEM image showing staircase nanostructures (a) with proximity 

effect and (b) without proximity effect. The scale bars are both 500nm.  

 

There is, however, a “proximity effect” in grayscale e-beam lithography that 

must be corrected because it usually causes over-dose exposure at pattern boundaries. 

The proximity effect is triggered by the scattering of injection electrons inside the resist 
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layer and at the surface of the substrate. It typically occurs at the joint edge between 

regions patterned with different doses. When the two patterns are very close, the 

scattered electrons may spread and overlap, causing excess dose right at the boundary. 

The SEM image in Figure 4.11a depicts an example of over-exposed edge caused by 

the proximity effect between two “stairs” in the suspending beam structure. The resist 

at the edge of two “stairs” is accidentally fully exposed, resulting in an “off-design” 

narrow pillar after metal deposition. The best way to fix proximity effect is to find the 

spatial dosage profile through experiments [58], calculate the electron scattering for 

different doses and pattern geometries, determine the electron-point-spread-function 

(ESPF) [59], and finally generate a gradually varied dosage mapping for the patterns. 

This method is widely applied in fabricating optical diffraction gratings [55, 59] and 

nanoimprint molds [60] that require strict geometry at boundaries. Alternatively, a more 

practical and straightforward way to circumvent the proximity effect is to measure the 

pixel-to-pixel distance designated by the e-beam writer, and leave a narrow empty 

region (zero dose) with width slightly larger than the pixel-to-pixel distance between 

two patterns. For example, this simple method is applied to the staircase structure in 

Figure 4.11b and the over-dose due to proximity effect is then corrected.  

 

4.3.2 The Resist Development Conditions 

 As previously mentioned, another factor that determines the geometry of 3-D 

nanostructures fabricated with gray-EBL is the resist development condition. In the 
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prior dosage tests, we used MIBK:IPA1:3 solution to develop the exposed resists for 

60s at room temperature ( RT, 23.5˚ C). We can also vary the development conditions 

such as time and temperature to study their effect on modifying the shape of 

nanostructures. 

 

Figure 4.12: Remaining resist height versus e-beam dosage plot for different developing 

time. The MMA (350nm) and PMMA (150) bilayer resists are exposed with various 

doses, and developed in MIBK:IPA 1:3 solution at room temperature for 60s, 30s, and 

15s respectively.  

 

First, the development time in MIBK:IPA 1:3 solution is varied and the height 

of remaining resists versus different e-beam dosage is measured in Figure 4.12. 

Obviously, for 15s development, the resists are under-etched so the remaining height is 

comparably much greater than 30s and 60s development results. Notably, at dose 60 

μC/cm2, for 15s development the resist is barely etched as it keeps the original thickness 
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of 500nm, but for 30s and 60s development there is a significant decrease in the resist 

thickness. What is more, the etched resist depth (subtracting remaining resist height 

from total thickness 500 nm) for 30s is slightly smaller than that for 60s, but they are 

comparable in magnitude so the etching depth is expected to reach saturation. This result 

indicates that resist development is not a linear process: for light dose 60 μC/cm2, 

etching to the resist freezes in the first 15s; but after certain time period (30-60s), adding 

etching time does not effectively reduce remaining resist layer thickness anymore. Also 

noteworthy is that for 30s and 60s development, dose 90 μC/cm2 is still the threshold 

dosage before penetrating the underlying PMMA layer, as the height vs dosage slope 

(sensibility to exposure) starts to change at this point.  

 

Figure 4.13: Remaining resist height versus e-beam dosage plot at different 

temperatures. The MMA (350nm) and PMMA (150) bilayer resists are exposed with 

various doses, and developed in MIBK:IPA 1:3 solution for 60s at room temperature 

(RT, 23.5˚) and 0˚C respectively.  
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Next, we change the development temperature to zero degree Celsius by 

conducting the development process in a cooling bath with ice-water mixture for 60s. 

Then the remaining resist height versus dosage relationship at 0˚C is compared with 

room temperature results (Figure 4.13). Naturally, since the resist development is a 

chemical etching process closely associated with the temperature, the etching rate at 0˚C 

turns out to be much slower than that at the room temperature. Because of that, even 

with larger dose 100 μC/cm2, the remaining resist after 0˚C 60s development is still in 

the MMA region, with the data points showing a uniform linear slope (indicating the 

sensitivity of MMA at 0˚C). However there is an advantage for 0˚C development. 

Although it will take more time to etch the resist to a certain thickness level, the slower 

progress renders better and more accurate control on the design of geometry.  

 

Figure 4.14: Remaining resist sidewall angle versus e-beam dosage plot for different 

development time and temperatures.  
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Finally, the sidewall angle of the etched “trench” mentioned in section 4.2 

(Figure 4.14) is also affected by both development time and development temperature. 

Overall, the sidewall angle is proportional to the e-beam dosage, and longer time or 

higher temperature favors large sidewall angle. For 60s development at room 

temperature, the sidewall angle reaches a maximum between 39.4˚to 51.8˚. However 

the angle is very small (6.5˚ to 16.3˚) for short period development 15s at low 

temperature 0˚. This will create a problem in defining the steep edges in nanostructures 

such as the staircase structure. For example, in the remaining resist profile developed at 

0˚for 15s shown in Figure 4.15c, due to very small sidewall angles, the boundaries 

between areas with different dosage are “smoothed out”. Thus it is critical to select 

appropriate development strategies for fabricating nanostructures with different 

geometries and surface profiles.  

 

Figure 4.15: AFM study showing the “smoothing effect” when the resist is exposed with 

various doses and developed for a short period of time 15s, at low temperature 0˚C  (a) 

Dosage distribution design in the “anchor” and “beam” regions (unit μC/cm2). (b) 2-D 

top view topography. (c) 3-D side-view topography of the developed resist. 
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4.4 Conclusion 

In this chapter, we have illustrated the principle of grayscale electron-beam 

lithography and given examples of various types of suspending 3-D nanostructures 

fabricated with this method. Several factors that affect the precise control of 3-D 

nanostructure geometry, such as the resist sensitivity to e-beam dosage, development 

time and development temperature are studied with AFM and SEM. With sufficient data 

to optimize the gray-EBL technique, we are now ready to fabricate our 3-terminal NEM-

switch which is a direct application of capacitive-force-induced attraction in 

nanostructures.  
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Chapter 5:  

3-Terminal Nano-electro-mechanical (NEM) Switches  

5.1 Introduction 

The nano-electro-mechanical (NEM) switch is a direct application of capacitive 

forces in nanostructures. Similar to conventional semiconductor switches, the NEM 

switches are also functional as relays, transistors, logic devices and sensors, but with 

fundamentally different working principles. Although transitional semiconductor 

devices such as CMOS (complementary metal-oxide semiconductors) are dominating 

the market with their supreme performance, good reliability, and extremely low cost 

thanks to decades of development in semiconductor industry, the continuous scaling of 

CMOS devices will eventually cause serious power consumption issues. On the other 

hand, The NEMs switches offer advantages such as reduced leakage currents [61], lower 

power consumptions [62] and improved on/off ratios [62,63]. In addition, their 

operations are comparatively unaffected by harsh environments such as extreme 

temperature [64], radiation[65], and external EM fields [66]. Therefore, exploring the 

practical applications of NEM switches and incorporating them into conventional 

semiconductor industry are beneficial in many ways. However, due to their lower 

fabrication yield and operational reliability caused by complications such as 

spontaneous attraction phenomenon, NEM switches are unlikely to replace
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conventional semiconductor devices in the near future, but may work as supplementary 

devices for low power needs. Again, this addresses the importance of understanding 

fundamental physics behind nanofabrication. 

 

5.1.1 Operation Principle of NEM switches 

A NEM switch operates similar to a traditional mechanical switch used for light 

bulbs, but with a much smaller size in nanometers. Typically a NEM switch consists of 

a movable component (active element) in the form of nano-cantilevers or suspending 

nano-beams, and a local control pad (gate) that attracts the movable component through 

externally-biased electrostatic interaction to form an electrical connection (“switch-on”). 

If the elastic restoration force of the cantilever or beam is large enough to overcome the 

adhesion forces (generally dispersion forces and capillary forces) at the contact, the 

attraction will be released when the external bias is removed, and the movable part will 

return to its original position, preparing for switching in the next cycle. This is called 

the “volatile behavior” of NEM-switches (Figure 1.12b). Notably, due to the adhesion 

forces, the “pull-out” voltage is usually less than the “pull-in” voltages, causing a 

hysteresis in the output current versus gate voltage diagrams of NEM switches. 

Furthermore, whether the restoration force is sufficient to break adhesion on the contact 

surface depends on a couple of variables, such as the stiffness of the active element, the 

air gap height between active element and the control electrode, the surface roughness 

and the humidity in the working environment. With smaller air gap or reduced 
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cantilever/beam stiffness, it is feasible to obtain lower “pull-in” voltages, faster 

switching speed, and lesser energy consumption. But if the design aiming for better 

electronic performance is too aggressive such that the restorative elastic force becomes 

smaller than the adhesion forces, the active element will then “stick” to the electrode, 

never breaking off and causing a permanent “on” state. This is the infamous “stiction” 

phenomenon, where the switch exhibits non-volatile operation (Figure 1.12a) or even 

ceases to work if the stiction is irreversible. Notice that this “stiction” can also happen 

during the fabrication of NEM devices, which is the “spontaneous attraction” between 

the active element and the gate. Importantly, stiction is considered one of the major 

failure modes in NEMS, and must be avoided with careful fabrication designs.  

5.1.2 Single-anchor cantilever structure  

 

Figure 5.1: Basic operating characteristics of NEM switches. (a-b) Current versus 

voltage for NEM devices exhibiting (a) non-volatile and (b) volatile behavior. (c-f) 

Schematics and SEM images for various types of NEM switches. [1] 
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There are various types and structures for NEM switches. First, by the structures 

of the active elements, they can be categorized into single-anchor cantilever type and 

Doubly-clamped beam type. Figure 5.1c-f shows a few examples of single cantilever 

NEM switches. Different in the number of electrodes, simple 2-terminal switches (only 

source and gate electrode, Figure 5.1c) and more sophisticated 3-terminal switches 

(source, drain and one or more separate gate electrodes for switching control, Figure 

5.1d-f) can be fabricated. Both the location and the number of gate electrodes play very 

important roles in controlling the movement and pull-in voltages in the NEM switches. 

For instance, a gate on the same side of drain (Figure 5.1d) attracts the nano-cantilever 

to the same direction, but a gate on the opposite side (Figure 5.1e) take advantages of 

the repulsive interaction between the same-biased gate and source, while the drain is 

grounded. Furthermore, with two gates on each side, the cantilever has the freedom to 

move both ways, or hold in the middle with varied combinations of gate biases. This 

setup is also an effective way to combat accidental stiction during operation.  

 

Figure 5.2: 2-terminal or 3-terminal NEM switch with vertical CNT [67]. (a) 45˚tilted 

SEM image. (b) Transfer curve of the fabricated device with 3-terminal. (c) Transfer 

curve of 2-terminal. Inset of (b)(c) is the SEM images in the ON state of each device.  
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A NEM device shown above (Figure 5.2) is of particular interest to the 

spontaneous attraction research. This nano-switch [67] is based on vertical CNTs, 

whose structure is very similar to the vertical nanowire array used as our example 

system to prove the capacitive force model. It is apparent that with external bias between 

the CNTs, attraction or repulsion are both possible. The authors of this article also 

mentioned that during the fabrication, spontaneous attraction may occur between the 

CNTs during growth, and during operations, once the CNTs attract each other the bond 

was irreversible causing stiction. Only well-designed spacing and geometry may avoid 

spontaneous attraction in the fabrication process, and the stiction in 3-terminal test may 

be released by applying a reverse bias on the non-contact electrode to attract the middle 

CNT (active element) back to the other end.  

 

5.1.3 Doubly-clamped beam Structure 

 

Figure 5.3: Schematics and top view SEM images for single-anchor cantilever and 

Doubly-clamped beam NEM switches. [68] 
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Figure 5.4: I-V plots of the two types of fabricated NEMS switches for (a) cantilever 

(W/L/t = 200 nm/300 nm/30 nm) (b) clamp (W/L/t = 200 nm/ 1000 nm/30 nm) [68] 

 

Another type of the NEM switch features the doubly-clamped beam structure. 

With both ends fixed, the doubly-clamped suspending beam has greater mechanical 

stability, higher resistance to stiction and thus better reliability than the single-

cantilevers. Figure 5.3 gives a comparison between both cantilever and double-clamp 

structures, and Figure 5.4 shows their corresponding I-V plots. Theoretically speaking, 

for a cantilever and a double-clamp with exactly the same geometrical dimensions and 

the same air gap toward the electrode, the cantilever shall have weaker mechanical 

stiffness and favor lower pull-in (switch-on) voltages. However, thanks to the stronger 

mechanical stability of a double-anchored clamp, beams with longer length and smaller 

air gaps can be fabricated without stiction, which results in an even lower pull-in voltage 

depicted in Figure 5.4.  
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Figure 5.5: (a) Schematics and (b) SEM image for 2-termial plane structure and paper 

clip structure NEM switches. (c) Measured I-V curve [13] 

 

There is another nice example for doubly-clamped beam structures shown in 

Figure 5.5. J. O. Lee et, al. made two kinds of suspending beam structures (traditional 

plane beam and pipe clip) for a 2-terminal NEM switch, and successfully reduced the 

pull-in voltage while strengthening its reliability in the pipe clip structure, by decreasing 

the effective contact area between the beam and the gate. It is remarkable that the 

effective air gap was shortened to as small as 4 nm and the pull-in voltages was pushed 

to as low as 400mV (Figure 5.6) [13].   

 

Figure 5.6: (a) TEM image of the clip-pipe NEM switch showing 4 nm air gap (b) I-V 

characteristics of the two-terminal NEM switch featuring 400 mV turn-on voltage. [13] 
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5.2 Calculation of Pull-in Voltage 

The working principle of NEM-switches is similar to the spontaneous attraction 

we discussed in Chapter 2 and 3. The switching relies on the capacitive electrostatic 

attraction between a movable component (active element) and a local electrode (gate). 

The capacitive attraction force 𝐹𝑒 will compete with the elastic restoration force 𝐹𝑚 

and determines whether the active element can reach the gate (pull-in) and create 

electrical connections. However, the major difference is that this attraction is manually 

controlled by an external bias applied on the gate (or on the active element), instead of 

being spontaneous. Fortunately, we can use the similar capacitive force calculations to 

find the threshold “pull-in” voltage 𝑉𝑝𝑖. 

 

Figure 5.7: Schematic diagram of the pull-in process for a single-anchor metallic nano-

cantilever for (a) no cantilever movement (b) partial attraction (c) complete pull-in. The 

cantilever beam has length L, thickness t, width W. The gate electrode has length Lg 

and the same width W. The distance between the cantilever tip and the gate electrode is 

denoted by 𝑥, with an initial air gap 𝑥0. 
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The schematic diagram in Figure 5.7 describes how a nano-cantilever reaches 

pull-in condition with increasing gate bias. In this setup, the cantilever is connected to 

the source electrode (grounded), and a gate bias 𝑉𝑔 is applied to the gate electrode. 

Depending on the magnitude of 𝑉𝑔, there are three distinct stages: (a) for a very small 

gate bias (𝑉𝑔  ≈ 0V), the capacitive force 𝐹𝑒 generated near the tip of the cantilever is 

trivial and is quickly balanced by the elastic restoration force 𝐹𝑚; (b) gor gate bias less 

than the pull in voltage (𝑉𝑔 < 𝑉𝑝𝑖), the cantilever is attracted but the attraction force is 

still insufficient to bend it all the way to the gate. The capacitive force 𝐹𝑒 is again equal 

to the mechanical force 𝐹𝑚  before reaching a critical point, where 𝐹𝑒  starts to rise 

faster than the increment in 𝐹𝑚  as the distance “𝑥"  between gate and cantilever 

continues to decrease; (c) when gate bias exceeds a threshold value (𝑉𝑔 ≥ 𝑉𝑝𝑖), the 

cantilever collapse onto the gate and forms an electrical connection. Currents will start 

to flow from the source to the drain.  

To calculate the threshold (pull-in) voltage, we need to first find 𝐹𝑒 and 𝐹𝑚. 

This time, the capacitive force can be calculated by modeling the gate electrode and the 

tip of the cantilever into two parallel plates, with length Lg and width W; and the elastic 

force at tip displacement (∆𝑥 = 𝑥0 − 𝑥) is simplified as 𝐹𝑚 = 𝑘 (𝑥0 − 𝑥), where k is 

the spring constant of the suspending beam. The related force balance equation without 

external forces is then [69]:  

 𝑊𝐿𝑔𝜖gap 𝑉𝑔
2

2𝑥2
= 𝑘(𝑥0 − 𝑥) (5.1) 
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where 𝐿𝑔 and 𝑊 are the length and width of the gate; 𝜖gap is the dielectric constant 

in the air gap between the cantilever and the gate.  

Stability analysis [70] in Figure (5.8) indicates that the critical point for “pull-

in” voltage occurs when the cantilever tip displacement equals to 1/3 of the initial air 

gap thickness (∆𝑥 =
1

3
 𝑥0), which leads to 𝑥 =

2

3
 𝑥0. At this point, the capacitive force 

is equal to the elastic force. But when 𝑥 >
2

3
 𝑥0, the attraction force will grow faster 

than its rival – the linearly increasing restoration force, leading to an inevitable “pull-

in” between the cantilever and the gate. This result is also confirmed by our simulation 

for spontaneous attraction in chapter 2, Figure 2.6.  

 

Figure 5.8: Normalized restoring and electrostatic forces vs. normalized electrode 

separation [70]. 

 

Accordingly, the pull-in voltage for a NEM-switch can be calculated form 

equation (5.1) by setting 𝑥 =
2

3
 𝑥0: 
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𝑉pi = √
8𝑘𝑥0

3

27𝜖gap𝑊𝐿𝑔
 (5.2) 

where 𝑘 is the string constant. For a cantilever fixed at one end with a point force at 

the tip, the string constant 𝑘1 is calculated as  

 
𝑘1 =

𝐸 𝑊 𝑡3

4𝐿3
 (5.3) 

where E is the Young’s modulus of the material, and W, t, L are the width, thickness, 

and length of the suspending cantilever.  

The pull-in voltage for a nano-cantilever is then: 

𝑉pi−cantilever = √
2 𝐸 𝑡3 𝑥0

3

27 𝜖gap 𝐿3 𝐿𝑔
  (5.4) 

From this equation, we see that the pull-in voltage is most sensitive to the thickness and 

length of the suspending beam (which determine the mechanical stiffness of the beam), 

as well as the air gap height between the beam and the gate electrode (which defines the 

magnitude of electrostatic interaction). Other parameters, such as the Young’s modulus 

E and dielectric constant 𝜖gap, are representing the material properties for the beam and 

the dielectrics between the gap. Remarkably, width W has no influence on the pull-in 

voltage in this equation.  
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Figure 5.9: (a) Schematics diagram for the doubly-clamped suspending beam. (b) 

Simulation of the pull-in voltages versus initial air gap thickness, comparing both 

single-anchor cantilever and doubly-clamped beam structures with the same dimension: 

60nm thick titanium beam with Young’s Modulus 110.3Gpa, beam length 5 μm, width 

500nm; gate length 500nm, width 500nm. Air is the medium between the gap.  

 

The pull-in voltage equation (5.2) is also applicable to the doubly-clamped 

structure (Figure 5.9a), with only the modification in spring constant k:  

𝑘2 =
𝜋4𝐸𝑤𝑡3

6𝐿3
 (5.3) 

This is based on a simplified model in which a point force is applied in the center of the 

suspending beam, neglecting the residue stress. Then the pull-in voltage for the doubly-

anchor beam is calculated as  

𝑉pi−clamp = √
4𝜋4𝐸𝑡3𝑥0

3

81𝜖gap𝐿3𝐿𝑔
 (5.4) 
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The comparison between the pull-in voltages of single-anchor cantilever and 

doubly-clamped beam with the same structure dimension is displayed in Figure 5.9b. 

Both beams consist of 60nm thick titanium with Young’s Modulus 110.3Gpa, with 

beam length 5 μm, width 500nm; gate length 500nm, width 500nm. The initial air gap 

varies from 0nm to 100nm in this plot. Obviously the doubly-clamped structure is more 

resistant to pull-in at lower gate bias, but its better mechanical stiffness improves the 

device reliability with larger elastic restoration force to fight the adhesion at beam-gate 

contact surface.  

3-terminal NEM-switches with both cantilever and doubly-clamped structures 

are later fabricated by gray-EBL with their electrical properties measured by 

semiconductor analyzers. Designs with various materials and geometry are also tested 

to improve the device performance and reliability. Details for these real devices will be 

discussed in the following sections. 

 

5.3 Single-Cantilever NEM-switches 

First, we fabricated the single-cantilever type of NEM-switches. These devices 

feature very low pull-in voltages at the cost of reliability. With grayscale e-beam 

lithography, the fabrication process was quick and straightforward, and specific 

modifications to the beam structure can also be done. In this section, we will explain the 

fabrication processes, device performance and design improvements for this type of 

device. 
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5.3.1 Device Fabrication 

 

Figure 5.10: Fabrication process for 3-terminal NEM-switches with suspending nano-

cantilever by grayscale electron beam (gray-EBL) lithography. (A-C) conventional EBL 

to make contact electrodes: source, gate and drain. (D-F) grayscale lithography with 

varied e-beam dosage to modified the resists for subsequent suspending beam 

deposition. (G-I) Metal thin films are then deposited on the developed resist and lift-off 

was done with critical point drying (CPD) to form the suspending cantilever. 

 

The fabrication of single-cantilever type NEM-switch is describe in Figure 5.10. 

Significantly, only two steps of lithography steps are required without the use of any 

sacrificial dielectrics. The first one is a conventional e-beam lithography to build 3-

terminal electrodes under the subsequent suspending beam. To begin with, n-type 

silicon substrates (100) with 100nm thermal silicon oxide are cleaned with acetone, 

isopropyl alcohol (IPA), and DI water for 5 min with sonication. Next, 200 nm thick 

methyl methacrylate (MMA) layer and 200 nm thick Polymethyl methacrylate (PMMA) 
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e-beam resist layer are deposited on silicon wafer by spin-coating and baked on a hot 

plate at 180 ˚C for 90 s and 120 s, respectively. After development in a 3:1 mixed 

solution of isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) for 120 s, 50nm 

Au + Cr metal thin film is deposited by JEOL 6400 SEM/NPGS e-beam lithography 

system. With lift-off in acetone, the PMMA+MMA resist layer is removed, leaving 

three electrodes (source, gate and drain) on the silicon oxide surface.  

The interesting part takes place in the subsequent grayscale lithography. First, 

350nm MMA and 150nm PMMA are spin-coated on the wafer with contact electrodes 

and baked at 180 ˚C, both for 120s. Afterwards, controlled e-beam doses are given to 

different areas on the substrate: a heavy dose is assigned to the source electrode to fully 

penetrate the resist layer here, for the connection between source and suspending 

cantilever; a medium dose is applied in the center beam region to ensure partial exposure 

of the resist and prepare for depositing suspending structures; finally, a very light dose 

is added to the drain area, making the dose at beam tip slightly larger than the average 

dose in the middle. In this way, a “dip” below the suspending beam can be created. The 

exposed resist is then developed in MIBK:IPA 1:3 solution for 60s, with a 60 nm thick 

Ti film deposited with the e-beam evaporator. Finally, after lift-off in acetone with 

critical point drying (CPD), a suspending cantilever with a probing “dip” above the drain 

electrode is formed. This “dip” is made by the extra light dose at the cantilever tip, such 

that during the pull-in process, it will prevent the gate electrode from touching the beam 

by establishing the electrical connection only between the drain electrode and the “dip”. 

It not only avoids gate leakage, but also reduces the effective contact area between the 
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cantilever and the electrodes, leading to less adhesion force and lower chance of 

operational failure due to stiction. The electrical performance of this device will be 

discussed in the next section.  

 

5.3.2 Electrical Characterization 

 

Figure 5.11: Equipment setup of electrical measurement for single cantilever NEM-

switch. The device is connected with semiconductor analyzer (HP4155) in a probe 

station. The source electrode is grounded, the gate electrode is biased with 𝑉𝑔 to attract 

the suspending beam, and the drain has a small bias 𝑉𝑑 to test the electrical connection 

(𝐼𝑑) at “ON” (pull-in) status. 

  

The setup of electrical characterization for a single cantilever NEM-switch is 

depicted in Figure 5.11. Inside a probe station, the NEM-device is connected with 

semiconductor analyzer HP4155 to control the applied voltage on each electrode and 

measure all currents. First, the source electrode, together with the suspending beam, is 

set to zero voltage (ground) for charge neutrality on the cantilever. Second, the gate is 

biased with  𝑉𝑔  to create an electric field between gate and the cantilever. The 

consequent capacitive attraction will “pull-in” the beam if 𝑉𝑔 ≥ 𝑉𝑝𝑖(threshold pull-in 

voltage).Then the tip of the cantilever will touch the drain electrode and signify the “ON” 
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state. Notice that the probing “dip” designed on the cantilever tip will prevent the beam 

from touching the gate to avoid any gate leakage current 𝐼𝑔. Finally, a small bias 𝑉𝑑 is 

applied on the drain electrode to test electrical connectivity. By sweeping Vg from 0V 

to higher bias, The change in 𝐼𝑑 indicates the transition from “OFF” state to “ON” state 

at 𝑉𝑔 = 𝑉𝑝𝑖. In this manner we can identify the experimental “pull-in” voltages for the 

NEM-switch, as well as the contact resistance at ON state. In addition, this drain bias 

𝑉𝑑 is carefully set to a small value (<50mV) to minimize the electrostatic interaction 

between the drain and the cantilever. Furthermore, to prevent potential electrostatic 

damage to the NEM-switch, all the currents (𝐼𝑑 and 𝐼𝑔) are set with a compliance in 

µA scale  

An exemplary side-view SEM image for a 3-terminal single cantilever NEM-

switch fabricated with gray-EBL is given in Figure 5.12(a). The 60nm Ti cantilever 

beam is suspending above both gate and drain electrodes, with a smaller air gap at the 

drain (45 nm) and a larger air gap at the gate (108nm).  
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Figure 5.12: (a) Side-view SEM image of 3-terminal single-cantilever NEM-switch with 

50nm Cr+Au bottom electrodes. The gate electrode has width 400nm. Ti suspending 

beam has thickness 60nm, width 400nm and length 2.3 µm. (b) Experimental 𝐼𝑑𝑠 − 𝑉𝑔 

plot showing the measured “pull-in” behavior of the NEM-switch at 𝑉𝑔 = 𝑉𝑝𝑖 = 1.6𝑉. 
The scale bar in the SEM image is 1 μm. 

 

This device switches at an impressive low pull-in voltage of 𝑉𝑝𝑖 = 1.57𝑉 , 

measured from the 𝐼𝑑𝑠 − 𝑉𝑔 plot in Figure 5.12b. In the setup, the drain is biased at a 

small voltage 50mV, and the source (beam) is grounded. As the gate voltage 𝑉𝑔 sweeps 

from 0V to 5V, the drain current 𝐼𝑑  exhibits an abrupt increase at 𝑉𝑔 = 𝑉𝑝𝑖 =

1.6𝑉. This is when the cantilever touches the beam and forms a circuit between source 

and drain. Notice that right before pull-in (𝑉𝑔 < 𝑉𝑝𝑖), there is a slight gradual increase 

in 𝐼𝑑𝑠  probably due to the tunneling currents when the beam and the drain are in 

proximity. For gate voltage exceeding the pull-in threshold (𝑉𝑔 > 𝑉𝑝𝑖), the switch stays 

“ON” as the electrostatic force and the dispersion forces keeps the mechanical 

connection. Considering the good conductivity between the Ti beam and Au electrode 

(from this graph, contact resistance 𝑅 < 500Ω), a 100 µA compliance is applied on 𝐼𝑑𝑠 

to protect the NEM-switch from electrostatic damage or over-heating due to the large 
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current. The simulated pull-in voltage for this device gives 𝑉𝑔−𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 1.82𝑉 , 

which is close to the experimental value of 1.57V. The reason for the disparity could be 

that the actual Young’s modulus for the nano-beam is lower than the bulk material value 

used in the simulation due to its size and geometry. Also, in the simplified model other 

forces such as gravity and the small attraction between the drain and the cantilever are 

neglected. 

 

Figure 5.13: 𝐼𝑑𝑠 − 𝑉𝑔 plots for another single cantilever NEM-switch at (a) first run, 

𝑉𝑝𝑖−1 = 3. 9 𝑉 (b) second run, 𝑉𝑝𝑖−2 = 5.0 𝑉. The black and red curves indicate the 

pull-in (𝑉𝑝𝑖 sweeping up from 0V to 8V) and pull-out (𝑉𝑝𝑖 sweeping down from 8V to 

0V) behaviors respectively. Source electrode is grounded and drain electrode has a small 

bias 𝑉𝑑 = 50 𝑚𝑉. 3μA current compliance is set to avoid electrostatic and thermal 

damages to the NEM-switch due to large “on” currents.   

 

Single-cantilever NEM-switch has the benefit of lower pull-in voltages, but at 

the cost of reliability. Figure 5.13 shows the 𝐼𝑑𝑠 − 𝑉𝑔 curves of another cantilever type 

device at its 1st and 2nd runs. The red and black curves indicate the changes in 𝐼𝑑𝑠 at 

“pull-in” and “pull-out”. On one hand, a shift occurs in the pull-in voltages from 

𝑉𝑝𝑖−1 = 3. 9 𝑉 to 𝑉𝑝𝑖−2 = 5.0 𝑉, which indicates a change in the air gaps between the 

cantilever beam and the electrodes during 1st and 2nd runs. After the first “pull-out”, the 
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beam did not return to its original position, but most likely switched to a higher location 

with a slightly larger air gap that requires larger gate bias to overcome the elastic force 

at greater deflection. On the other hand, the “pull-out” Id curve (black) shows non-

volatile switching behavior that is a gradual decrease instead of an abrupt change. This 

implies that a temporary stiction occurs after pull-in, so the contact at drain is not 

immediately released as 𝑉𝑔 drops below 𝑉𝑝𝑖. However, fortunately this stiction is non-

permanent and the device has functioned again. 

  

5.3.3 Reliability Issues 

 

Figure 5.14: (a) SEM image and (b) 𝐼𝑑𝑠 − 𝑉𝑔 showing a single cantilever NEM-switch 

with permanent stiction. The scale bar in the SEM image is 1 μm. 

 

Permanent stiction is a failure mode for NEM-switch that occasionally happen 

during fabrication or operation. An exemplary SEM image for a single cantilever NEM-

switch with permanent stiction at the drain is shown in Figure 5.14a. After running for 

a few cycles, the tip of the cantilever adhered to the drain electrode, and this device 

ceased to work with its 𝐼𝑑𝑠 − 𝑉𝑔  plot (Figure 5.15b) displaying a “short-circuit” 
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behavior: the device is always in the “ON” state like a resistor and 𝐼𝑑𝑠 quickly reaches 

the compliance current 10 μA. Overall, due to its inferior mechanical stiffness, the 

cantilever type NEM-switch is more vulnerable to structural deformation or stiction 

during operations. 

 

Figure 5.15: (a) SEM image and (b) 𝐼𝑑𝑠 − 𝑉𝑔 showing a single cantilever NEM-switch 

with gate leakage. The scale bar in the SEM image is 1 μm. 

 

Another reliability concern is the gate leakage in single-cantilever NEM-

switches. By design, with a probing “dip” fabricated with gray-EBL at the end of the 

suspending beam, the device should be able to avoid gate leakage at “pull-in” when the 

drain electrode touches the beam. Nevertheless, devices without such a structure, such 

as the one in Figure 5.15a, will have gate in contact with the beam first during “pull-in”, 

and will form an electrical connection from gate to drain. The shape of this cantilever is 

possibly created by the stress releasing in the beam during fabrication. The observed 

gate leakage 𝐼𝑔 dominates over 𝐼𝑑𝑠 when the drain is only set to a very small bias 

50mV. Therefore, in Figure 5.15b the drain current almost entirely comes from the gate 
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leakage. However, both stiction and gate leakage can be resolved with improved design 

and more careful fabrication with gray-EBL.  

 

5.4 Doubly-clamped beam NEM-switches 

The 3-terimal single-cantilever NEM-switches generally feature lower pull-in 

voltage and low power consumption during switching, but with a cost of reliability. In 

comparison, the doubly-clamped beam structure will provide better mechanical 

properties of the suspending beam to improve the reliability. We will discuss the 

fabrication and performance for multiple designs of doubly-clamped beam NEM-

devices in this section.  

5.4.1 Device Fabrication 

 

Figure 5.16: (a) Schematics of a NEM-switch with doubly-clamped beam. (b) Side-view 

SEM image showing a NEM-switch fabricated with gray-EBL. (c) Zoom-in SEM image 

near the center drain electrode. The air gap height above each electrode is: 16 nm (drain), 

70 nm (left gate), 83 nm (right gate). The scale bars are 2 μm and 500 nm. 
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Figure 5.17: AFM 2-D topography and thickness measurement of Source/Drain/Gate 

electrodes. 

 

The fabrication process of a doubly-clamped beam NEM-switch is very similar 

to that of the single cantilever type, but with a few modifications. First, two gate 

electrodes on both side of the drain are patterned with conventional e-beam lithography, 

and 25 nm Cr + Au layer is deposited with an e-beam evaporator. Next, a thin layer of 

oxide (10nm thick HfO2) is grown on top of the gate by atomic-layer-deposition (ALD) 

to prevent gate leakage. The source and drain electrodes are then fabricated by another 

conventional e-beam lithography step, and deposited with thicker metal (110nm Cr + 

Au). Finally, a 50nm-thick Ti suspending beam is created on top of the electrodes by 

grayscale e-beam lithography and e-beam evaporator.  

There are several important changes in the doubly-clamped beam structure 

(Figure 5.16a) to improve the device performance and reliability. To begin with, there 

are two interconnecting gate electrodes (instead of one compared with single cantilever 

type) with greater gate width to strengthen the electrostatic attraction and reduce pull-

in voltage. Second, the length of the suspending beam can be increased from 2-3 μm to 

4-6 um thanks to the better mechanical stiffness. Third, the total thickness of gate 
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electrodes (including the oxide layers) are designed to be smaller than that of the 

source/drain electrodes. In this fashion, a smaller air gap can be made above the drain 

to ensure that the beam will not touch the gate first at pull-in. An AFM measurement on 

the contact electrodes (Figure 5.17) confirms that the gate indeed has much lower height 

than the drain. Moreover, the additional gate dielectric serves as another safeguard 

against the gate leakage, just in case that the suspending beam accidentally collapses on 

the gate by very large attraction forces. Lastly, to overcome the stiction at “ON” state, 

the width of the drain is minimized to reduce the contact area and hence the adhesion 

forces.  

 

Figure 5.18: Another design of NEM-switch with doubly-clamped beam, with the gate 

in the middle and a “dip” on the beam near the drain electrode. (a) Schematics. (b) Side-

view SEM image showing such a NEM-switch fabricated with gray-EBL. (c) Zoom-in 

on the drain electrode. A dip on the beam is clearly visible and is suspending above the 

drain. The air gap height above each electrodes is: 20 nm (drain), 100 nm (gate). The 

scale bars are 500 nm and 100 nm. 
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With the benefits of gray-EBL, there is a second strategy to fight gate leakage 

by preventing gate-beam contact. Figure 5.18 shows another type of NEM-switch with 

doubly-clamped beam. In this structure, there is only one gate electrode in the center to 

improve the effectiveness of attraction, and the suspending beam has a “dip” created by 

extra dose in gray-EBL to reduce the air gap above the drain. From the SEM images we 

can clearly spot a suspending “dip” formed below the suspending beam, while still 

maintaining an air gap of 20nm above the drain. In comparison, the air gap above the 

gate is 100nm. This technique requires very precise control on the e-beam doses but 

may reduce the fabrication from 3 lithography steps from our 1st type of doubly-clamped 

NEM-switches to only 2 lithography steps. In the next section, we will demonstrate the 

electrical properties from both single cantilever and doubly-clamped beam NEM-

switches.  

5.4.2 Electrical Characterization 

 

Figure 5.19: 𝐼𝑑𝑠 − 𝑉𝑔 plots for doubly-clamped beam NEM-switch for (a) the first type 

of device shown in Figure 5.15, 𝑉𝑝𝑖 = 17.9 𝑉 (b) the second type of NEM-switch, 

𝑉𝑝𝑖 = 17.8𝑉. The currents from gate, drain and source are indicated in each plot by 

different colors and there is no apparent gate leakage. The current compliance for each 

device is 270 nA and 3 μA respectively.  
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With the same setup of probe station and semiconductor analyzer HP4155 to the 

contact electrodes (Figure 5.11), the doubly-clamped beam NEM-switch shows a 

different 𝐼𝑑𝑠 − 𝑉𝑔  plots in the pull-in process. Although some pull-in voltage may 

increase dramatically to 𝑉𝑝𝑖 = 17.8 𝑉  for the double-clamped beam structure 

compared to the single cantilever type (which agrees with the simulation result in Figure 

5.9), there is no significant gate leakage any more with the improvements in structural 

design and the additional HfO2 layer on the gate electrode (Figure 5.19). The current of 

drain electrode solely comes from the source electrode, with a small 𝑉𝑑𝑠 = 50 𝑚𝑉. It 

is also evident that for both types of doubly-clamped structure with similar air gaps 

above the gate, the pull-in voltages are similar and consistent.  

 
Figure 5.20: 𝐼𝑑𝑠 − 𝑉𝑔 plots for a doubly-clamped beam NEM-switch running through 

7 consecutive sweeps. The pull-in voltage is consistently around 2.0 V without any 

stiction. Current compliance is set at 50 μA. 

 

Furthermore, the stiction issue is also solved with higher mechanical stiffness in 

the doubly-clamped structure. Figure 5.20 shows the 𝐼𝑑𝑠 − 𝑉𝑔  for one of the best 
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devices fabricated with gray-EBL. This doubly-clamped beam NEM-switch turns “ON” 

around a consistent pull-in voltage 𝑉𝑝𝑖 = 2 𝑉 for 7 consecutive runs, and no stiction or 

operational failure was observed in the process. The lower pull-in voltage was achieved 

by minimizing the air gap on the gate. This improved repeatability renders the doubly-

clamped beam a more reliable structure for NEM-switch applications.  

 

5.5 Outlook: Nano-Electro-Mechanical Field Effect 

Transistor (NEMFET) with Semiconductor Nanowires 

The grayscale electron-beam lithography (EBL) is proven to be very effective 

in constructing low-voltage 3-terminal NEM-switches. As demonstrated in Chapter 4, 

this technique has the potential of fabricating suspending nanostructures with various 

geometries and controlled air gaps, and it is more compatible with other semiconductor 

devices because it does not require aggressive fabrication processes such as the etching 

of dielectric sacrificial layers. Therefore, this method can be readily extended into the 

assembly of other advanced semiconductor devices, such as the Nano-Electro-

Mechanical Field Effect Transistor (NEMFET).  Here, with some preliminary 

fabrication results, we discuss the prospective application of gray-EBL in building a 

NEMFET with suspending metal gates above a local semiconductor nanowire. This type 

of device is also previously demonstrated by our group to have near-zero sub-threshold 

swing and a small switching window less than 2V [71].  
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5.5.1 Introduction  

 

Figure 5.21: (a) Side-view SEM image of a Nano-Electro-Mechanical Field Effect 

Transistor (NEMFET) with a local metal gate (yellow) and a suspending nanowire 

channel (blue) connected to source/drain (green). The scale bar is 500 nm. (b) 𝐼𝑑 − 𝑉𝑔 

plot showing the pull-in an pull-out performance of this device. The intersect shows that 

during switching the sub-threshold swing can be as small as 6 mV/dec. (c) Side-view 

schematics of the NEMFET. (d) Schematics showing the working principle.  

 

The Nano-Electro-Mechanical Field Effect Transistor (NEMFET) is a 

combination of field effect transistors (FET) and nano-electro-mechanical-systems 

(NEMS). Unlike the structure in a conventional MOSFET, the gate electrode in a 

NEMFET is separated from the FET channel with an air gap, and they only connect 



107 

       

through mechanical attachment when the gate is biased with sufficient “pull-in” voltage. 

Therefore, the gating effect on the channel only occurs at the sudden “pull-in”, leading 

to a steep change for the current in the FET channel. On the other hand, when the gate 

bias is decreased, the gate will also have a rapid release from the channel, terminating 

the gate modulation at the same “pull-out” moment. As a result, the shifts between the 

“ON” or “OFF” states are both very fast and abrupt, leading to a near-zero sub-threshold 

swing that breaks the theoretical limit of 60 mV/dec in a MOSFET. 

 In previous research from our group [71], a NEMFET is built with local metal 

gate and a suspending Ge/Si core/shell nanowire channel (Figure 5.21). In this device, 

the nanowire serves as the FET channel with both ends anchored to the taller 

source/drain electrodes. A gate electrode with smaller thickness lies below the 

suspending nanowire, and a thin layer of HfO2 is deposited with ALD to prevent gate 

leakage current. The p-type Ge/Si core/shell nanowire is very conductive and turns off 

with positive gate bias. Thus at the positive pull-in voltage 𝑉𝑝𝑖, the nanowire is attracted 

by the electrostatic force onto the gate, and is immediately “turned OFF” by the gating 

effect, with a subthreshold swing as small as 6 mV/dec. As the gate bias sweeps down, 

a “pull-out” behavior occurs and the nanowire “turns ON” by returning to its suspending 

status. The switching window between “pull-in” and “pull-out” is remarkably small 

(less than 2V). Therefore low power device operation is possible by fixing the reference 

voltage level of the system slightly below the pull-out voltage. 

Motivated by this research, we consider the possibility of applying the gray-EBL 

technique to construct a similar NEMFET device, with simplified fabrication processes 
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and greatly improved yield. We will next present the design with gray-EBL and 

preliminary fabrication results  

 

5.5.2 Design of NEMFET with nanowires channel 

using Gray-EBL  

 

Figure 5.22: Schematics of gray-EBL fabricated Nano-Electro-Mechanical Field Effect 

Transistor (NEMFET) with suspending gate and a local nanowire channel. (a) Side-

view showing the doubly-clamped beam as the suspending gate on top of the nanowire. 

(b) Titled-view showing the source and drain electrode of the nanowire FET, and gate 

above the nanowire channel.  

 

A similar structure of our doubly-clamped beam NEM-switch is applied to the 

construction of NEMFET with nanowire channel (Figure 5.22). The detailed fabrication 
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processes are as following: first, Ge/Si core-shell nanowires (csNWs) are synthesized 

in low-pressure-chemical-vapor-deposition (LPCVD), and dispersed onto Si substrate 

with 100nm thermal SiO2 layer. Next, source and drain electrodes are patterned at both 

ends of the nanowire with conventional EBL, and deposited with Cr + Au by an e-beam 

evaporator. Afterwards, a doubly-clamped suspending metal gate is fabricated with 

gray-EBL over a nanowire lying on the substrate. Finally, a thin-layer of HfO2 is 

deposited by ALD on both surfaces of nanowire and gate electrode. 

By applying external bias on the suspending gate, there will be capacitive 

attraction forces between the gate and the nanowires, resulting in the “pull-in” condition. 

Once the bias is removed, the metal gate will easily “pull-out” from the nanowire due 

to the stronger mechanical stiffness of doubly-clamped beam. The major difference 

between this design and the previously introduced NEM-FET structure is that the 

nanowires are now local on the substrate, with the metal gate electrode suspending 

instead. In comparison, the previous design has the bottom electrodes are first fabricated 

and nanowires are then dispersed onto them. However the position of nanowires are not 

guaranteed to be over the channels across the source/drain. The randomness in nanowire 

dispersion significantly reduces the yield of fabrication. Fortunately, with the new 

design we are able to locate any nanowire on the substrate with SEM and fabricate 

suspending gate over each one of them to improve the overall yield. In addition, the air 

gap over each nanowire can be readily customized by varying the e-beam doses, giving 

us more freedom to control the switching behavior.  
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5.5.3 Fabrication and Electrical Characterization for 

Ge/Si Nanowire FET 

Before constructing the suspending metal gate using gray-EBL, the nanowire 

FET is fabricated with LPCVD, conventional EBL and e-beam evaporator. First, Ge/Si 

Core/Shell nanowires (csNWs) are synthesized by chemical vapor deposition process 

using gold nanoparticles with 15-40nm diameter as catalysts (gold colloids from Ted 

Pella). The Ge core is grown on Si substrates with 2% of GeH4 in hydrogen precursor 

gas at 290˚C and 300 torr for 2 hours. The Si shell is deposited immediately using 2% 

SiH4 in hydrogen as precursor gas at 465˚C, 100 torr for 10 min. The as-made csNWs 

are then immersed in IPA solution and sonicated for further dispersion process. The 

csNWs-IPA mixture solution is drop-casted onto the target Si substrate with 100 nm 

thermal SiO2 layer on top. After drying in air, each NW is located under SEM of the 

JOEL 6400 SEM/NPGS e-beam lithography system, and source/drain electrodes are 

patterned at both ends of the NW with conventional EBL. Finally, 50nm thick Ni is 

patterned and deposited to make the source/drain contact electrodes. The material of Ni 

is chosen to match the fermi level of Ge/Si csNWs to ensure Ohmic contact. By biasing 

the Si substrate as the back gate, the csNW FET is now ready for electrical 

measurements in a probe station with semiconductor analyzer HP4155.  
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Figure 5.23: (a-b) Overview and zoom-in SEM images for an exemplary Ge/Si csNW 

FET. The scale bars are 1μm and 200nm. (c-d) 𝐼𝑑𝑠 − 𝑉𝑑𝑠 plot and 𝐼𝑑𝑠 − 𝑉𝑔 plot for a 

more conductive csNW FET (70 nm diameter) at various gate or drain biases shown in 

the graphs. (e-f) 𝐼𝑑𝑠 − 𝑉𝑑𝑠 plot and 𝐼𝑑𝑠 − 𝑉𝑔 plot for a less conductive csNW FET (25 

nm diameter) at various gate or drain biases shown in the graphs. 

  

The representative SEM images for a Ge/Si csNW FET are displayed in Figure 

5.23(a-b). This particular nanowire in the figure has a diameter of 70 nm, and both of 

its ends are in good connection with the 50 nm-thick Ni source/drain contacts. These 

contacts are connected through metal wires to larger pads outside the SEM image for 
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electrical measurements in a probe station. The diameter of a NW is controlled by the 

size of gold catalysts used in CVD growth. Our experimental value of NW diameter 

varies from 20 nm to 80 nm. The FETs based on different sizes of NWs exhibits a wide 

range of conductivity in electrical measurements. Generally, assuming the same 

condition of csNW-Ni contact, larger NW diameter leads to lower channel resistance 

and higher output current. In the 𝐼𝑑𝑠 − 𝑉𝑑𝑠 plot (Figure 5.23c) for a csNW FET with 

larger diameter (70 nm), the output current 𝐼𝑑𝑠 reaches 3.4 μA at 𝑉𝑑𝑠 = 1 V and back 

gate bias 𝑉𝑔−𝑏𝑎𝑐𝑘𝑔𝑎𝑡𝑒 = −10V. Compared with the csNW FET with smaller diameter 

(25 nm), at the same gate and drain biases its output current is much less at 500 nA 

(Figure 5.23e).  

In addition, it can be seen from the 𝐼𝑑𝑠 − 𝑉𝑔 plots (Figure5.23 d,f) that these 

NWs exhibits p-type I-V characteristic and could be only turned off (𝐼𝑑𝑠   0) at 

positive gate bias. These devices are typically turned off at back gate bias around 10V, 

and for a top gate the turn-off voltage is expected to be smaller (<10V). Therefore, to 

transform these NW FETs into NEMFET, the pull-in voltage of the suspending top gate 

should be carefully designed to be larger than the “turn-off” voltage. This can be 

achieved with ease in gray-EBL by varying the doses on the suspending beam region.  
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5.5.4 Preliminary result of NEMFET with Suspending 

Metal Top Gate and Ge/Si csNW Channel  

 

Figure 5.24: Side-view SEM images showing four different NEMFET devices with 

doubly-clamped suspending beams fabricated by gray- EBL. (a) NEMFET with 50 nm 

thick Ti beam as gate, 20 nm air gap. (b) 90˚-rotated SEM showing the source/drain and 

suspending gate in a device with 60 nm thick Cr + Au beam, 50 nm air gap (c) 60 nm 

thick Ti beam, very small air gap <17 nm. (d) 60 nm thick Ti beam, very large air gap > 

200 nm. 

 

Once a NW FET is produced, it takes only one more process of gray-EBL to put 

a suspending gate over the NW channel and convert it into a NEMFET. The fabrication 

procedure is identical to that of creating the suspending beam in a NEM-switch, which 

is discussed in detail in Section 5.3.1 and Section 5.4.1. The only modification is that 
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after the metal suspending gate is finished, an additional ALD process is commenced to 

deposit ~10 nm HfO2 on both nanowire and the gate to prevent gate leakage at their 

contact during pull-in. A few representative results are shown in Figure 5.24. Here we 

see four NEMFET structures with different designs in the suspending beams and air 

gaps between the beam and the nanowire. From the side-view SEMs, impressively the 

nanowire channel clearly runs through the suspending gate (Figure 5.23b) with 

adjustable air gaps varying from less than 20 nm (Figure 5.23a, c) to over 200 nm 

(Figure 5.23d). The structure is proven to be very robust during most sample treatments 

and intensive electrical measurements. 

 

Figure 5.25: Preliminary 𝐼𝑑𝑠 − 𝑉𝑔 test for two NEMFET devices with gate leakage. (a) 

Pull-in voltage 𝑉𝑃𝑖 = 4.3 𝑉, with 𝑉𝑑𝑠 = 100 𝑚𝑉 and current compliance at 200 nA. (b) 

Pull-in voltage 𝑉𝑃𝑖 = 19.2 𝑉, with 𝑉𝑑𝑠 = 100 𝑚𝑉 and current compliance at 4 μA. 

 

Switching behavior in these NEMFETs is successfully confirmed in our initial 

I-V tests. Figure 5.25 represents the performance of two NEMFETs with controllable 

pull-in voltages as low as 𝑉𝑃𝑖 = 4.3 𝑉 and as high as 19.2 𝑉. However, both devices 

are compromised with gate leakage currents, which is probably caused by insufficient 
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isolation from the 10nm ALD-grown HfO2 layer. Further investigations and 

experiments to resolve this issue is still underway. The final performance without gate 

leakage is expected to be comparable to the previous type of NEMFET developed in 

our group.  

 

5.6 Conclusion 

      In this chapter, we have reviewed the development in NEM-switches and 

fabricated both single cantilever type and doubly-clamped beam type NEM-switches 

with grayscale e-beam lithography (gray-EBL). The single cantilever device has lower 

pull-in voltage as small as 1.6V at the cost of reliability, while the doubly-clamped 

structure provides better consistency for switching and improved resistance to stiction 

or gate leakage. At the end, an outlook for perspective NEMFET device fabricated with 

gray-EBL is discussed. Prototypes of NEMFET with metal suspending gate and Ge/Si 

Core/Shell nanowire channel are demonstrated in experiments. The suspending gates 

are successfully made over the nanowires and initial test result confirms the pull-in 

behavior between them.  
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Chapter 6: 

AFM characterization of synthetic DNA molecules 

with site-specific decoration of proteins 

6.1 Site-Specifically Arraying Small Molecules or 

Proteins on DNA 

DNA is receiving increasing attention for different in vitro applications ranging 

from aptamer and DNAzyme evolution[73] to nanomaterial development.[74] The 

utility of DNA for these applications follows from two unique properties, its template-

directed amplification and its predictable structure that, together with site-specific 

modification, offers unprecedented nanometer scale spatial control that could be used 

to array small molecules or proteins in specific patterns or spatial relationships. 

However, current applications fail to take advantage of both of these properties because 

the product of template directed (i.e., PCR) amplification cannot be site-specifically 

modified, and site-specifically modified synthetic fragments cannot be PCR amplified. 

One approach toward circumventing this limitation is rooted in efforts to expand the 

genetic alphabet,[75] and thus provide unnatural nucleotides with unique functionality 

as potential sites for site-specific modification within an oligonucleo- 

ACHTUNGTRENUNGtide.[75e, 76] For example, Hirao and co-workers have used an
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unnatural base pair and Click chemistry[77] to site-specifically attach a single small 

molecule biotin tag or fluorophore to PCR amplified DNA.[78c]  

 

Figure 6.1: a) Parental unnatural base pairs, and b) previously reported linker modified 

analogues. Sugar and phosphate backbone are omitted for clarity. 

 

As part of an effort to expand the genetic alphabet, the Romesberg group at The 

Scripps Institute have developed a class of unnatural base pairs formed between d5SICS 

and either dMMO2, dDMO, or dNaM (Figure 6.1a).[75g] Pairing of these unnatural 

nucleotides is mediated only by packing and hydrophobic forces; nonetheless, DNA 

containing them is efficiently PCR amplified[75a,b, 78]and transcribed,[79] and linkers 

may be attached that allow for further,site-specific modification.[76a] Although it is 

shown that d5SICS – dNaM is more efficiently replicated and transcribed than 

d5SICS–dMMO2,[75f,79] early efforts toward linker-derivatized nucleotides focused 

on d5SICS and dMMO2, in part because they both may be modified at positions 



118 

     

analogous to the C5 position used to attach linkers to the natural pyrimidine 

triphosphates.[80] A variety of d5SICS and dMMO2 analogues bearing propargyl 

amine-based linkers were examined and several were identified that allowed for PCR 

amplification and transcription, and shown to allow for the site-specific modification of 

the resulting oligonucleotide (Figure 6.1b).[76a] However, the dMMO2 analogues were 

generally replicated less efficiently than the d5SICS analogues. As part of a continued 

optimization effort we synthesized dEMO and dFEMO (Figure 6.2), which both possess 

an ethynyl group as part of their core structure that might also be used for derivatization 

by Click chemistry.[77] Interestingly, we found that DNA containing either d5SICS– 

dEMO or d5SICS–dFEMO is more efficiently PCR amplified than DNA containing 

d5SICS–dMMO2,[81] suggesting that they might provide routes for the efficient 

production of site-specifically modified DNA. 

 

Figure 6.2. Linker modified analogues examined in this study (including previously 

reported dEMO and dFEMO[9]). Sugar and phosphate backbone are omitted for clarity. 
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Figure 6.3. Schematic diagram showing the dimensions of synthetic DNA molecules 

with site-specific decoration of proteins. The width of the DNA backbone is 

approximately 2 nm and its length is 44 nm. The two site-specifically arraying proteins 

are designed to be located 15 nm apart from each other on the DNA backbone with a 

diameter of 3 nm. 

 

The proposed structure of the site-specifically modified DNA is depicted In 

Figure 6.3. The 2 nm-wide, 44 nm-long DNA template serves as a backbone with two 

protein molecules with diameter 3 nm located at designate distances 2.8 nm on each 

side of the DNA. The separation between the proteins coupled by d5SICSCO–dNaM 

is approximately 15 nm. Finally, this double-labeled product is visualized by atomic 

force microscopy (AFM) to confirm that the resultant structure is consistent with our 

design.  

 

6.2 AFM Characterization 

To visualize the arrayed proteins, we employed atomic force microscopy (AFM). 

The double labeled product was first gel purified and then quantified by fluorescent dye 

binding. NiCl2 was added (10 mm final concentration) to a solution of this DNA (0.1 

ngmL-1), or to a control sample of unmodified DNA (1 ngmL-1), and 10 mL was 

transferred onto freshly cleaved mica, incubated for 10 min, washed with 2 mL of NiCl2 
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solution (5 mm), and dried under a stream of compressed air.[82] AFM images were 

acquired in ambient air on a Veeco Nanoscope IV multimode AFM in tapping mode 

using silicon probes with force constant of 5 N/m and resonant frequency approximately 

150 kHz (Ted Pella, Inc.). 

 

Figure 6.4: AFM images of: a), b) unmodified DNA, and c), d) double-nSH3 labeled 

DNA (tenfold lower concentration). The circled objects in panels A and C are magnified 

in panels B and D, respectively, and the corresponding height profiles are included. 

 

AFM topographic images of DNA in the unlabeled sample (Figure 6.4 a and b) 

clearly show DNA spreading on the mica substrate, and the commonly observed end-
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to-end contacts.[83] The average duplex length is 55 nm based on the full-width-half-

maximum of the cross-section profiles, which is in good agreement with the expected 

length of 44 nm, and the average height is 0.51 nm, consistent with previous studies of 

duplex DNA.[84] Note that the apparent length and width of each DNA is convoluted 

by the imaging AFM tip radius of approximately 15 nm. Significantly, the nSH3 

domains in the labeled sample were readily apparent and appeared as spherical objects 

with an average height of about 1 nm (Figure 6.4 c and d). Importantly, a significant 

number of the nSH3 domains appear as pairs separated by about 30 nm by a DNA linker 

of approximately 0.5 nm in height. Given the expected radius of nSH3, the distance 

between unnatural base pair sites of attachment, and the structure of the linkers, these 

observations confirm that the DNA is labeled with two nSH3 domains.  

 

6.3 Correction to AFM-tip Induced Artifacts in the 

AFM Imaging of DNAs  

Since the sizes of biological entities such as DNAs and proteins are usually 

comparable or even smaller than the radius of an AFM tip, the mechanical interaction 

between AFM tip and the sample often causes significant imaging artifacts such as 

topography convolution and tip indentation during the scanning process. The 

convolution generally leads to the broadening of width or diameters measured in AFM 

images, and the tip indentation into soft biological materials such as protein molecules 

usually results in inaccurate height measurement or modified surface profiles. Here we 
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discuss the artifacts observed in our AFM imaging for the site-specifically modified 

DNA and their correction to reflect the real dimensions of the sample.  

 

 
Figure 6.5: Modelling tip induced broadening in atomic force microscopy (AFM) 

images. (A) Tip induced broadening (black interrupted line) of real sample features 

(grey shaded area with black contour). (B) Increase in measured sample dimensions for 

different sample to tip size ratios. Simulations were carried out with Mathematica for a 

spherical tip shape with radii between 0.5 and 15 nm, particle diameters between 2 and 

15 nm and particle heights between 0.5 and 6 nm. (C) Transmission electron micrograph 

(TEM) of an AFM tip. The zoom in the inset shows a tip apex with approximately 3.5 

nm final diameter for this tip. The similar sizes for typical sample particles and tips 

place AFM experiments on protein–DNA systems in the range of ratios 0.5–2 in (B). 

[72] 

 

A geometrical model for AFM tip induced topography convolution [72] is 

demonstrated in Figure 6.5a. By shaping the AFM tip with spherical profile, it is evident 

that as the tip moves over a sample with a comparable size, the sideway contour of the 

tip (instead of the center of the tip) will make contact with the sample first, and its height 

will rise before the tip center is directly above the actual sample edges. Because the 

AFM topography image is generated on the basis of tip position, this broadening will 

create an over-estimation by the AFM in the measurement of sample geometry, making 

the measured sample width/height larger than its real values. The simulations based on 
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this model and a TEM image for a typical AFM tip are also given in Figure 6.5(b,c). 

Therefore, in our experiment, although the expected duplex length of the DNA is 44 nm, 

the measured value exceeds that and reaches 55 nm. The real length can be roughly 

approximated by subtracting the known tip width (~15 nm) from the measured value 

(55 nm), which lands in the vicinity of 40 nm, which is very consistent with the 

theoretically predicted DNA length 44 nm. In addition, the average width of the DNA 

in Figure 6.5 is also much wider (16.5 nm) than the expected value (2 nm). However 

with the consideration in tip convolution, the corrected value (~1.5 nm) is a more 

realistic estimation.   

 

Figure 6.6: Diagram of sample deformation and height anomaly of soft surfaces studied 

with an AFM. [85] 

 

Another common AFM-tip induced artifact is the indentation of rigid AFM tip 

into soft samples such as proteins or gel materials (Figure 6.6) [85]. The repulsive Van-

der-Waals force from AFM tip at close distance may deform the sample surface and 
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modify its topography. Therefore, it crafts a “dent” in the surface and the observed 

sample height is normally lower than the actual value. This phenomenon is particularly 

serious in contact-mode AFM or tapping-mode AFM at small sample-tip working 

distance, and is also dependent on the scanning frequency (movement speed) of the tip. 

In other words, to reduce this artifact, aggressive scanning process should be avoided 

and a tapping-mode setup with larger working distance is favored. 

 

Figure 6.7: 2-D topography images and height profiles for the site-specifically modified 

DNA (a) with and (b) without AFM-tip induced indentation.  

 

The tip indentation observed in our site-specifically modified DNA is shown in 

Figure 6.6a. Compared with a similar DNA sample without this effect (Figure 6.7b), we 

can see from both the 2-D topography image and the height profile that there is a “dent” 

(darker color in the AFM image) with lower height in the attached protein on the left. 
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This dent is most probably a defect caused by higher AFM-tip scanning speed and lower 

working distance during that AFM scan. By lowering the sweep frequency and adjust 

better feedback parameters, we corrected this artifact for all the other AFM experiments.  

  

6.4 Conclusion  

We have developed synthetic DNA molecules with site-specific decoration of 

proteins and visualized the product with atomic force microscopy (AFM). With proper 

corrections to AFM-tip induced artifacts such as topography convolution and surface 

indentation, we have measured and compared DNA molecules with and without the 

unnaturally placed pair of proteins. Their dimensions are consistent with our 

theoretically expected values, and these observations confirm that the DNA is 

successfully labeled with two designated molecules (nSH3 domains) at the defined 

locations.  
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Chapter 7: 

Conclusion  

Nanotechnology and nanofabrication has seen dramatic development in the past 

two decades. In particular, 3-D nanostructure fabrication has been intensively studied 

for the creation of novel devices, the scaling of existing systems, and the improvement 

in utilities and reliabilities. However, there are many new nanoscale phenomenon to be 

thoughtfully studied, such as the universal spontaneous attraction, in order to overcome 

the challenges in nano-device manufacturing and reliability.  

First, we introduced the research on nanoscale spontaneous attraction, and 

proposed our simple capacitive force model to analyze this problem. Simulation results 

are given in chapter 2 which indicate that the attraction comes from the nanoscale 

capacitive electrostatic interaction caused by inevitable size variance among the 

nanostructures.  

In chapter 3, the dependence on various physical parameters of the nanostructure, 

as well as the threshold conditions of attraction, is explored in a series of systematic 

experiments. With the decent consistency between abundant data and theoretical 

prediction, our model is experimentally verified. This result shall shine light on 

perspective nano-device design and fabrication. It also demonstrates that the precision 

and accuracy in nanofabrication can be the determining element to the success of 

scientific research or practical realization of functional devices or systems. 
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Next, we take advantage of the nanoscale electrostatic interaction and applied 

innovative grayscale electron beam lithography (gray-EBL) to fabricate low-voltage 3-

terminal NEM switches. The detailed studies for controlling 3-D nanostructure 

geometries with gray-EBL is illustrated in chapter 4. A variety of suspending 

nanostructures with different shapes and accurately controlled air gaps are readily 

created with this fabrication method.  

In chapter 5, we fabricate NEM-switches of both single cantilever type and 

doubly-clamped beam type with gray-EBL, and demonstrate that the single cantilever 

device has lower pull-in voltage as small as 1.6V at the cost of reliability, while the 

doubly-clamped structure provides better consistency for switching and improved 

resistance to stiction and gate leakage. An outlook for perspective NEMFET device 

created by gray-EBL is also discussed, with experimental data from the as-made 

prototypes of NEMFET with metal suspending gate and Ge/Si Core/Shell nanowire 

channel. 

Finally, a practical application of nano-metrology in bio-medical engineering is 

illustrated in chapter 6. We apply ambient condition AFM to characterize the synthetic 

individual DNA molecules with site-specific decoration of proteins. The AFM-

measured geometry for the artificially modified DNA matches well with our 

theoretically expected values, confirming that the DNA is successfully labeled with a 

pair of protein molecules (nSH3 domains) at the designated locations.  
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