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Abstract 

In this work theoretical and experimental study of dielectrophoresis (DEP) was carried out to 

manipulate alkane-thiol functionalized gold nanoparticles in nanogaps. Theoretical 

simulations were performed on 20 nm spaced gold electrodes to obtain optimal conditions for 

AC-DEP trapping of 1-dodecanthiol coated 10 nm gold nanoparticles. In the numerical 

studies, the effect of medium conductivity on DEP force showed that the negative DEP cannot 

be generated in non-conductive liquid media such as toluene. From the experimental part, 

successful trapping of nanoparticles in ~20 nm spaced gold electrodes in toluene medium 

verified the simulated results. Furthermore, the chain formations of nanoparticles in the gold 

electrodes gaps were attributed to either direct DEP or mutual DEP. 
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Chapter 1  

1.1 Introduction 

Scaling down the size of electronic devices to overcome the limitations appeared in silicon 

industry, simpler and more readily fabrication techniques are required. 
1
 One possibility to 

fabricate nanosystems is by the manipulations of nanometer sized particles into the nanogaps 

of electrodes. 
2
 To miniaturize such kind of systems, common manipulation methods are 

optical trapping,
3
 electrokinetics,

4
 optoelectronic tweezers,

5
 photothermal methods,

6
 self-

assembly technique
7
 and Dielectrophoresis (DEP).

8
 Among these, DEP is most widely used 

technique in life sciences and molecular electronics applications.
 9-10

 Since it is a noninvasive 

and non-destructive technique, it offers great advantages for the fast and control assembly of 

nano-objects in between metallic electrodes such as nanoparticles or molecules.
11-12

 In 

addition, the nano-devices prepared by DEP have shown potential for open environment 

applications
13

 compared to other techniques such as Scanning Tunneling microscopy break 

junctions
14-15

, Conducting Atomic Force microscopy 
16

 and Mechanically Controllable break 

junction
17-18

.  

In DEP process gradient of electrical filed lines are generated at sharp conducting edges or at 

small nanogaps of metallic electrodes and the motion of polarized particles suspend in a 

medium is controlled. 
8
 Though the DEP manipulation of suspended nanoparticles/molecules 

is well established technique, still some factors require to be investigated. For example, high 

strength electric fields required to move sub-nanometer particles to overcome the thermal 

Brownian motion (which becomes greater as the particle size is reduced) can cause 

destruction of small nanogaps. Additionally, often by increasing the applied electrical 

potential produces a force on the suspending medium resulting electro-osmotic effect as well 

joule heating problem. This has prompted researchers to investigate the DEP trapping of 
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nanoparticles in electrodes gaps and many exciting results have been reported.
9,19,20,21

 The 

common research interest among most of the investigators was the trapping of gold 

nanoparticles (AuNPs) dispersed in conductive liquid media such as water. However, less 

attention has been paid to observe the assembling of nanoparticles in non-conductive medium 

(toluene) using DEP technique. 

In the present work, theoretical and experimental studies of DEP were carried out on gold 

electrodes spaced by 20 nm in toluene medium. Initially theoretical simulations were 

performed using Comsol and Matlab to estimate optimum conditions for the effective DEP 

manipulation of AuNPs suspended in toluene media. Finally, by following the simulated 

results and numerical calculations, AC-DEP technique was employed to assemble alkane-thiol 

functionalized ~ 5-6 nm AuNPs in ~ 20 nm gaps of gold electrodes.  

The purpose of this project was to investigate how the gradient of electric field affects the 

small nanogap (20 nm) of gold electrodes as well as the effect of applied electric potential on 

generated field. The practical motivation behind the project was to build a reproducible and 

stable nano-device for molecular electronics applications that could investigate the electronic 

properties of tiny organic ligands (~1-2 nm). 
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Chapter 2  

The basic theory about dielectrophoresis (DEP) is explained in this chapter. 

2.1 Dielectrophoresis theory  

DEP force on an uncharged (neutral) dielectric particle can be derived either from point-

dipole method
22-23

 or Maxwell-stress tensor formulation.
24

 For the case of homogenous 

spherical particle of radius ‘r’, both methods ended with same expression which can be 

written as 

𝐅DEP =  2πεmr3(𝑘(ω)) ∇|𝐄|
2
 (1) 

where εm is the permittivity of suspending medium, r is the radius of particle, |E| is the electric 

field magnitude and k(ω) is the Clausius-Mossotti (CM) factor. The CM factor depends on 

medium permittivity (εm) and particle permittivity (εp) i.e.  

𝑘(ω) =  
𝜀𝑝−𝜀𝑚

𝜀𝑝+2𝜀𝑚
   (2) 

From eq. (2) one can conclude that the CM factor has numerical limits from -0.5 (when εm 

∞) to 1 (when εp ∞). 

2.1.1 DEP in AC field 

In case of a non-uniform electric field (AC) with angular frequency ω, the time-averaged DEP 

force F (t) for a homogenous spherical particle of radius ‘r’ turns to
25

  

FDEP(t)  = 2πεmr
3
Real[k(ω)] ∇|Erms|

2
 (3) 

and the permittivity terms in CM factor will be replaced with complex permittivities i.e.  

𝑘(ω)  =  
𝜀𝑝

∗  (𝜔)− 𝜀𝑚
∗  (𝜔)

𝜀𝑝
∗  (𝜔)+ 2𝜀𝑚

∗  (𝜔)
   (4) 

where ε
*
 is the complex permittivity and defined as  
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𝜀∗ = 𝜀 −  𝑗 
𝜎

𝜔
     (5) 

Combining equations (4) and (5)  

𝑘(ω) =  
(𝜀𝑝−𝜀𝑚)− 

𝑗

𝜔
 (𝜎𝑝−𝜎𝑚)

(𝜀𝑝+2𝜀𝑚)− 
𝑗

𝜔
 (𝜎𝑝−2𝜎𝑚)

  (6) 

where 𝑗 = √−1 and σp and σm are the conductivities of particle and medium respectively. 

From expression (6) one can observe that the in an AC electric field, the CM factor depends 

on both permittivities and conductivities of particle and medium and hence the generated DEP 

force can be positive, negative or zero (for identical permittivity or conductivity of both the 

particle and medium). This induces the particle to move either towards the region of higher 

electric field (positive DEP) or towards the region of weaker electric field (negative DEP).
26

 

The transition frequency between these two regimes occurs at Real[k(ω)] = 0 and is called 

crossover frequency.  

As a direct dependence of the complex permittivity ε* (Eq. 5) on the applied electric field 

frequency, one can switch the behavior of DEP force from positive to negative or vice versa 

simply by changing the frequency. However, at lower frequencies the polarizability of 

suspended particles is higher than the medium and the conductivities terms become dominant 

which results positive DEP (pDEP). The negative DEP (nDEP) occurs at high frequencies 

where the polarizability of suspended medium becomes higher than the particle. Nevertheless, 

the conductivity of the solution can be adjusted in defining the frequency ranges where the 

particles experience positive or negative DEP.   

2.1.2 DEP in DC field 

In case of DC electric field the DEP force expression will remain the same as in case of AC 

electric filed. However, the CM factor only depends on electrical conductivities of particle 

and medium (like low frequency AC electric field) and is expressed as
27

  



6 

 

𝑘 =  
𝜎𝑝−𝜎𝑚

𝜎𝑝+2𝜎𝑚
     (7) 

From DEP force expression (3), it can be seen that the DEP force is; 

- directly proportional to electric field strength (∇|E|
2
), volume of particles and electrical 

properties of particle and medium  

- and inversely proportional to the electrode distance (gap between two electrodes) 

This indicates that by choosing correct values of frequency and applied voltage trapping of 

nano-entities in between nano/micro spaced electrodes can be accomplished.
28
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Chapter 3 

3.1 Materials and methods  

The section is divided in two parts. First part covers a brief summary about the experimental 

techniques used at different steps under this project. Second part is about the fabrication and 

synthesis of nanoelectrodes and nanoparticles. 

3.1.1 Electron beam lithography (EBL) 

EBL is a serial process that can be used to fabricate very small patterns in few nanometers 

(nm) range for integrated circuits. This technique consists of scanning a beam of electrons 

across a surface covered with a resist film, which is sensitive to electrons. Thus for the desired 

pattern, the energy is deposited on the resist film that can subsequently be transferred to the 

substrate material.
29-30

 In this work Electron beam lithography was used to write desired 

patterns. 

3.1.2 Photolithography (PL) 

PL is a conventional technique and used to fabricate the large contacts in the range of sub-

microns. PL is a fast and parallel process and carried out in the mask alligner where the 

photomask is placed at the top of the sample. To develop PL pattern UV-light is shine on the 

photo-resist coated substrate through the photomask which is transferred on to the 

substrates.
31

 In order to make easy access for the electrcial connections with nanoelectrodes 

miron sized gold contact pads were developed with the help of PL.   

3.1.3 Focused ion beam (FIB)  

In FIB a fine focused beam of Gallium ion (Ga
+
) is used for the analysis of site specification, 

deposition and ablation of materials. The setup and the operating principle of FIB are quite 

similar to the scanning electron microscopy except, ion beam is used in FIB while electrons 
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beam in SEM. FIB can be operated at low beam current for imaging or high beam current for 

site specific sputtering or milling.
32-33

 FEI Strata DB235 FIB/SEM was used in this work to 

cut the gap in few nanometers range. 

3.1.4 Scanning Electron Microscopy (SEM) 

SEM is an imaging technique used for the topographical analysis of materials down to ~2 nm 

in size. In principle, an electron beam produced from an electron gun typically of an energy 

ranging 0.5-30 keV, is focused on a specimen about 0.4 nm to 5 nm in diameter by a set of 

magnetic lenses. These electrons interact with the specimen surface and lose energy through 

repeated scattering, results in an emission of secondary electrons from specimen surface. 

These secondary electrons carry topographical information which is detected by a detector.
34

 

A Merlin (Zeiss instrument) high resolution SEM equipped with a field emission gun (FEG) 

and an excellent in-lens detector was used for surface imaging at different steps. 

3.1.5 Dynamic Light Scattering Microscopy (DLS) 

DLS is a relatively fast technique used to characterize size of various particles in scale range 

down to sub nanometers. In DLS measurement, the statistics of the scattering light are 

analyzed with a correlator. Since the fluctuations are directly related to the rate of diffusion of 

the molecules through the solvent, therefore by inverting the resulting correlation function, 

hydrodynamic radius for the sample can be determined. This means the size will be larger 

than measured by electron microscope. In this work Zeta-sizer Nano-system was used at a 

fixed scattering angle to get as estimation about the size of functionalized gold nanoparticles 

(AuNPs) with organic ligands. Data was collected from 3 μL solution of AuNPs suspended in 

toluene medium placed in a quartz cuvette. The light scattering was detected at 173
o
 at room 

temperature. The resulting data was analyzed using built in software. 
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3.2 Fabrication of nanoelectrodes 

The gold nanoelectrodes platform was fabricated in three steps with combined three 

experimental techniques: Electron beam lithography (EBL), photolithography (PL) and 

Focused Ion beam lithography (FIB).  

In the first step smaller and thinner gold lines were made by using EBL technique. Initially 

Polymethylmethacrylate (PMMA) 495k A4 as bottom layer and PMMA 950k A4 as top layer 

was spin coated at 5000 rpm on a small piece (approximate 2 x 2cm) of silicon wafer. The 

excessive solvents were removed from wafer surface by heating the wafer at 170
o
 C for 1 

minute. Then the desired pattern was written on PMMA (as PMMA is electron beam 

sensitive) by exposing the defined area with electron beam. Typically a group of 8 columns 

with 12 patterns in each column were written. The dimensions of each pattern are ~130μm 

long, ~ 5-10 μm wide from sides and ~ 150 nm narrow in center. These patterns were then 

developed by placing the wafer in a mixture of (1:3) of Methyl Isobutyl Ketone (MBK) and 

Isopropanol (IPA) for 1 min to dissolve the broken chains of resist and then rinsed in pure 

IPA for 1 min. Finally, ~60-70nm thick gold layer was deposited by resist evaporation 

followed by a 3nm thick adhesion layer of chromium underneath.
35

 SEM image of one gold 

nanowire is shown in Fig. 1. 

 

Figure 1. SEM image of the center part of the EBL pattern after metal deposition and lift-off 

process 
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In the second step, ~ 250-300 nm gold pads developed at both ends of each EBL gold line by 

photolithography. The process was carried out on spin coated photo resist by using chromium 

mask in the mask aligner Karl Süss MA6 and patterns were developed in developer solution. 

Following the same procedure of metal deposition as done for the case of EBL gold line, 

~250-300 nm and ~150 nm thicker gold contact pads were prepared.
37

  

In third and last step, a gap of few nanometer ranges (~20nm) was created with Ga
+ 

ion beam 

by operating dual beam FIB/SEM FEI Strata DB235 at 30kV. Initially the ion beam was 

finely focused and aligned by digging a micron meter hole at the surface of SiO2 wafer. To 

achieve smaller beam size, the emission current value was set at ~1.0 μA with lowest ion 

beam current (1pA) value. Few test lines were made on gold surfaces using 50% dwell time to 

find proper ion milling. Finally, a gap of ~ 20 nm was made on EBL developed line and 

analyzed with SEM as shown in Figure 2. 
37

 Following the same procedure a series of gold 

nanoelectrodes were fabricated. 

 

Figure 2. (left) SEM image of the of test lines, cut by 1pA ion beam at 30kV using emission 

currents of 1.0 μA with varying milling time (50% overlap and 1μs dwell time) (right) SEM 

image of ~20nm gap. 
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3.3 Synthesis of gold nanoparticles (AuNPs)  

AuNPs functionalized with 1-dodecanethiols were synthesized by following procedure. A 

solution of HAuCl4 (0.1 mmol) and 1-dodecanethiol (0.1 mmol) in 10 mL of THF was 

vigorously stirred for 0.5 h at room temperature. To the resulting yellow solution, 

triethylsilane was added dropwise to form a dark red solution immediately. After stirring for 6 

h, ethanol was added to the solution to precipitate gold nanoparticles. The partially re-

dissolved gold nanoparticles (THF/toluene) were again filtered and diluted to a working 

concentration. SEM and DLS analysis of synthesized AuNPs is presented in Fig. 3 & 4. The 

hydrodynamic radius of these nanoparticles was found to be in the range of 10 ± 2.1 nm with 

~6-7 nm spherical core gold nanoparticles. 

 

Figure 3. DLS analysis of 1-dodecanethiol coated AuNPs 
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Figure 4. SEM characterizations of 1-dodecanethiol coated AuNPs. Sample was prepared by 

blow drying a 5 μL AuNPs solution on the surface of Si/SiO2. The operating voltage was 

10kV. 
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Chapter 4 

4.1 Measurements and results  

This section contains two parts. In first part, numerically simulations of the DEP force under 

the influence of 20 nm spaced gold electrodes are summarized. The second part is on the 

experimental setup and experiments for evaluating the molecular electronic platform. 

From equation (3) it can be seen that DEP force have direct dependence on the real part of 

CM factor and the gradient of electric field (∇|E|
2
). Therefore, to calculate the DEP force, the 

values of these two parameters must be known. Here, the real part of CM factor was 

calculated in Matlab. However, to estimate the values of gradient of electric filed (∇|E|
2
), 

finite element method (FEM) simulations were carried out on 20 nm spaced gold electrodes. 

Finally, using these simulated results, the DEP force and other parameters such as Brownian 

velocity, thermal force, etc. were calculated for1-dodecanethiol coated 10 nm AuNP. 

4.1.1 Matab calculations   

The real part of CM factor was calculated in Matlab considering the AuNPs dispersed in three 

different media toluene, ethanol and water. The electrical conductivities and permittivities of 

all these three liquid mediums are listed in table (1). Following Eq. (6) and using the 

conductivity and permittivity of AuNPs from literature (σp = 4.5x10
11

 (μS/cm), εp = 6.9εo, 

where εo = 8.85 x 10
-12

 vacuum permittivity)
36

, Real[k(ω)] versus frequency plots are shown 

in Fig. 5. 

It was observed that the crossover to the negative Real[k(ω)] for conductive mediums (water 

and ethanol) occurred up to few THz frequency. However, for non-conductive liquid medium 

(toluene) Clausius-Mossotti factor showed interesting results where no negative range of 

Real[k(ω)] appeared (see figure 5c) i.e. no negative DEP. To estimate the crossover point for 

toluene the calculations were repeated by assuming different permittivity values and found 
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that the liquids having values lower than 7εo do not show negative Real[k(ω)]. This is 

favorable condition for trapping of nanoentities because positive DEP led the nanoentities 

trapped in gaps. The results plotted in Fig. 5 satisfy the trend of the Eq. (6) that the crossover 

frequency increases with lower medium conductivity, higher particle conductivity, lower 

particle permittivity and higher medium permittivity and vice versa.
29

 

Table 1 Conductivities and permittivities of water, ethanol and toluene at T = 298K and 

respective crossover frequency (Real[k(ω)] = 0) where the behavior of Clausius-Mossotti 

factor changes from positive to negative 
37-38 

 

Medium σm (μS/cm) εm Crossover frequency (Hz) 

Water ~1
 

80 7.5 x 10
15

 

Ethanol 1.35x10
-3

 24.5 2.5 x 10
16

 

Toluene <1x10
-8

 2.38 No –ve range 

 

A crossover of Real[k(ω)] to the negative range at few THz frequencies indicates that the 

positive DEP could remain active up to few gigahertz frequencies. However, in this work, as 

described previously, the surface of the gold nanoparticles was functionalized with organic 

ligands (1-dodecanethiols). These ligands shells can effect on the electrical conductivity of 

core gold nanoparticle
39

 hence a change in effective gold nanoparticles conductivity could 

shift the crossover frequency. Other factors that can also effect on crossover frequency are the 

residuals from synthesis process of gold nanoparticles and higher nanoparticles permittivity as 

compared to bulk gold. However, these effects are so small that even considering them into 

count, the values of Real[k(ω)] would still remain positive up to few MHz frequency. Matlab 

calculations suggested that it can assume the frequency value in range from few kHz to 1MHz 

while AC DEP trapping of AuNPs suspended in water, ethanol or in toluene. 
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(a) 

(b) 

(c) 
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Figure 5. Variation in Real[k(ω)] versus frequency for gold nanoparticles dispersed in  (a) 

water (b) ethanol (c) toluene (d) to see the transition in Real[k(ω)] from positive to negative, 

medium permittivity was assumed 7εo and observed that the crossover Real[k(ω)] = 0 

occurred above 10
15

 Hz. 

 

4.1.2 Comsol simulations   

The second unknown DEP parameter, the gradient of square of electric field (∇|E|
2
) was 

estimated using Comsol Multiphysics
®
 5.3a. The simulations were carried out on two 

coplanar electrodes spaced by 20 nm, modelled in xyz plane with dimensions150 nm wide 

and 70 nm thin. Two and three dimensional geometry of modeled electrodes on 300x300 nm 

and 150 nm thick SiO2 substrates is shown in Fig. 6. Gold material was assigned to electrodes 

and the effect of different medium (toluene, water and ethanol) on the model was studied 

accordingly.  

The model was densely meshed into finite elements. AC/DC electric current (ec) physics in 

frequency domains was used to simulate the distributions of electric field and gradient of 

electric field ∇|E|
2
 across the nanogap. Applied electric potential was increased up to 5V with 

a step of 1V at fixed frequency of 1MHz. 

(d) 
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Figure 6. Comsol geometry of two electrodes separated by a distance of 20 nm placed in 

liquid medium (top) 3D view (below) 2D view  

 

 

From Comsol simulations, two results; distribution of (i) magnitude of electric field intensity 

and (ii) gradient of electric field intensity (∇|E|
2
) in toluene medium is presented in Fig. 7. A 

non-uniform and stronger ∇|E|
2
 field appeared at the sharp edges of electrodes (Fig. 7b). The 

most interesting effect from the three dimensional simulations was the values of ∇|E|
2 

at the 

central region of electrodes faces inside the nanogap are almost zero unlikely |E|. This effect 

cannot be examined in two dimensional geometries.  
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Figure 7. Electric field intensity distributions across 20 nm gap at an applied AC of 5V at 100 

kHz frequency for toluene medium (a) 3D view of magnitude of electric field |E| (b) 3D view 

of gradient of electric filed (∇|E|
2
). For water and ethanol media see Appendix Fig. 1 & 2. 

 

The higher field near to electrodes/liquid interface further extended into the solution and 

became weaker. To visualize the effect of distance on generated field a 2D slice view 

snapshot of the electric field analysis was captured from top side of the electrodes (Fig. 8a) 

and extracted ∇|E|
2
 values were plotted against distances in x and y-coordinates respectively. 

In the x-direction, these values are across the nanogap while in y-direction it is along the 

electrode’s top edge (plots 8b & 8c)).  To estimate the strength of field extended in the 

solution, similar to Fig. 8(c) the values of ∇|E|
2
 were extracted at different heights (10, 20, 30, 

40 and 50 nm) in vertical position (z-axis) and plotted against distance shown in Fig. 9. 

Additionally, the effect of higher electric potential on gradient of electric field can be seen in 

plots 8b & 8c. Except an increase in amplitude, ∇|E|
2
 kept the same shape with increasing the 

(a) 

(b) 
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applied electric potential. It was useful to calculate the value of lowest possible potential 

required for assembling of AuNPs in the gaps while having the same effect of electric field 

intensity.  

 

Figure 8. (a) 2D slice view of gradient of square of electric filed (∇|E|
2
) across 20 nm gap at 

the top surface of gold electrodes. The extracted values of ∇|E|
2
 are plotted (b) across the 

nanogap in x-direction and (c) along the electrode surface in y direction.    

(a) 

(b) 

(c) 
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(a) 

(c) 

(b

) 

 (c) 

(d) 
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Figure 9. The strength of gradient of electric field (∇|E|
2
) extended in toluene solution from 

distances (a) 10 nm (b) 20 nm (c) 30 nm (d) 40 nm (e) 50 nm away from electrodes surface in 

vertical direction (z-axis) 

 

4.1.3 DEP force calculations  

Once the values of real part of CM factor and gradient of square of electric field are known, 

the DEP force can be calculated. In this work, using the extracted values of ∇|E|
2 

from Comsol 

and real part of CM factor from Matlab, the DEP force was calculated for 1-dodecanethiol 

functionalized spherical AuNPs. The average diameter of AuNPs including ligand shell was 

considered 10 nm (DLS results). The Real[k(ω)] assumed to be 1 since it’s behavior was 

found to be positive up to few GHz for all liquid media. Equating Eq. (3) for these values, the 

maximum DEP force that can be generated at electrodes surface in different fluid media is 

plotted against applied electric potential and presented in Fig. 10. For an ease of comparison, 

an average of ∇|E|
2
 was taken from its non-uniform field distribution. The maximum average 

DEP force at the electrode surface in toluene medium was found to be 2.64nN at applied 

potential of 5V, approximately one and two orders in magnitude lower as compared to the 

field appeared in ethanol and water respectively. Also, the DEP force became stronger 

approximately four times when the applied electric potential increased to two times. 

Similarly, the extended average DEP force at different heights in toluene medium was 

estimated and plotted against distance presented in Fig. 11. 

(e) 



22 

 

 

Figure 10. Effect of applied electric potential on DEP force generated at the electrode surface 

in water, ethanol and toluene   

 

However, to trap small nanoparticles, it is necessary to know how the DEP force behaves 

away from electrodes surface since the nanoparticles suspended in a solution are always in 

Brownian motion. To bring these nanoparticles into the gaps of two electrodes, the velocity of 

the nanoparticles should be sufficiently large to overcome the velocity due to the Brownian 

motion which has an average zero value over the time interval. However, the random 

displacement of the particles follows a Gaussian profile and the rms displacement does not 

vanish. In case of one dimension, the rms displacement for a given time ‘t’ is given by  

𝛥𝑥𝐵 = √2𝐷𝑡     (8) 
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Figure 11. DEP force as a function of distance in vertical axis (z-axis) in toluene medium, 

(Inset: zoon in to see the required minimum force to overcome maximum thermal force) 

 

where D is the diffusion coefficient and for a spherical particle of radius ‘r’ the diffusion 

constant from Stokes–Einstein equation is; 
40

  

𝐷 =  
𝑘𝐵𝑇

6πηr
     (9) 

η is the dynamic viscosity. From Eq.’s (8) and (9) the rms velocity due to Brownian motions 

can be simplified as 

𝑣𝐵 ≈ 0.5 √
𝑘𝐵𝑇

3𝜋𝜂𝑟𝑡
    (10) 

Using the dynamic viscosity of toluene 0.00059 [kg/m.s], the rms velocity of 10 nm particle 

due to Brownian motion was estimated to be 6.03 x 10
-6

 [m/s] and the diffusion constant 7.28 

x 10
-11

 [m
2
/s]. 

41
 

However, the velocity induced by the DEP on a spherical nanoparticle of radius ‘r’ (particle’s 

drift velocity) can be estimated using Stock’s law,   

𝑣𝐷𝐸𝑃 =  
𝐹𝐷𝐸𝑃

6πηr
     (11) 

Using the evaluated acting DEP force at a distance of 50 nm away from electrode boundary 

plotted in Fig. (10), the average drift velocity was calculated for 10nm AuNP and listed in 

table 2. 
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Table 2. Effect of applied electric potential on average velocity of 10 nm AuNP suspended in 

toluene medium. The velocities were calculated for the nanoparticles placed at a distance of 

50 nm away from electrodes boundary  

 

Potential [V] DEP force [N] Avg. velocity [m/s] 

1 3.37x10
-14

 6.05x10
-4

 

2 1.35x10
-13

 2.42x10
-3

 

3 3.03x10
-13

 5.45x10
-3

 

4 5.39x10
-13

 6.69x10
-3

 

5 8.41x10
-13

 1.51x10
-2

 

 

Another factor for effective assembly of nanoparticles in spaced planner electrodes using DEP 

technique is, the generated DEP force extended in the solution should be larger enough to 

overcome the force due to the thermal motion which for a special particle of radius ‘r’ is;   

𝐹𝑡ℎ =
𝑘𝐵𝑇

2𝑟
     (8) 

where 𝑘𝐵 is the Boltzmann’s constant, T is the ambient temperature. Considering room 

temperature (T=293K) and 𝑘𝐵 = 1.3807 x 10
-23

 [m
2
.kg/s

2
.K], the maximum thermal force on a 

spherical 10 nm gold particle was estimated to be ~ 0.4 pN. From numerical calculations it 

was observed that during AC DEP trapping of nanoparticles both factors drift velocity and 

thermal force must be considered. For example, for 10 nm AuNP dispersed in toluene 

medium, the drift velocity from a distance of 50 nm away from electrodes boundary at an 

applied potential of 1V is approximately two orders of magnitude higher than the Brownian 

velocity, but at the same time the maximum generated DEP force from electrodes boundary is 

approximately 0.04pN (Fig. 11), about 1 orders of magnitude smaller than the thermal force 

limitations. In this case, a minimum of 4V potential (generated DEP force ~0.54pN) is 

required to overcome the force due to the thermal motion (~ 0.4 pN). 

Finally, time required for a particle to cover distance away from electrodes boundary was 

estimated simply dividing distance by velocity. For example, when a DEP force of 0.84pN is 
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applied on a 10 nm AuNP placed at a distance of 50 nm away from electrodes boundary, the 

particle will move with a velocity of 1.51 x 10
-2

 ms
-1

 and should trap in electrodes gap 

approximately in 4 μs. To see how far the concentration was dispersed in toluene medium 

during a period of time under the influence of the DEP force. A comparison of obtained drift 

velocity of the particle was taken account with diffusion length which is defined as  

𝐿 =  √2𝐷𝑡     (12) 

Replacing the diffusion constant values for 10 nm AuNP (7.28 x 10
-11

 [m
2
/s]) provided 

diffusion value 1.2 x 10
-5

 m in one second.  

4.2 Trapping of AuNPs in nanogaps  

In this part, details about DEP set up, trapping procedure to assemble ligand coated AuNPs 

using AC DEP technique and trapping results are summarized.   

A 4- point Karl Suss probe station equipped with a light optical microscope was used for 

trapping purpose. The tungsten probe needles with a movement precision of about 10-20μm 

(depending on radius of curvature) in x, y and z directions, enabled to make connections with 

small contact pads of nanoelectrodes. These probe needles were electrically connected with 

function generator and probe station was placed inside a faraday cage to prevent noise and 

vibrational effects (Fig. 12). 
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Figure 12. Trapping set up. 4-point Karl Suss probe station placed inside a Faraday’s cage 

(inset in a close up of the tungsten probe needles and a function generator Tektronic AFG 

3102) 

 

Prior to perform DEP assembling of AuNPs in ~ 20 nm gaps, 3x6 mm sized wafer contained 

pair of 12 nanoelectrodes were passed through oxygen plasma (UV-ozone photo-reactor: PR-

100, UVP Inc.) for 30 min. Thereafter, the wafer was placed in 99.9% ethanol for 10 min to 

remove the organic contaminations, which would be left during the fabrication process. 

Finally, the electrodes were rinsed with deionized water and blow dried with N2. Trapping 

was carried out in toluene liquid media where 1-dodecanethiol coated AuNPs dispersed with 

concentration of 1x10
14

/mL and the experiment was carried out by following procedure.  

The contact pads of nanoelectrodes were electrically contacted with function generator via 

tungsten probe needles. Subsequently, a drop of 10μl AuNPs solution was placed on the 

nanogap by using micropipette and an electric potential was applied at selected frequency. A 

10 MΩ resistor was placed in series to reduce excessive current. After trapping of each 

nanogap, immediately the wafer was rinsed with deionized water and blow dried with 

nitrogen to remove the excessive solution. Finally, the trapped devices were observed in 

SEM. The schematic illustration of the DEP process is presented in figure 13.
42
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Figure 13. Schematic illustration of the AC DEP process   

 

To select suitable values of DEP parameters such as applied electric potential, frequency and 

time for nanoparticles got trapped a comparison of diffusion value was made with numerical 

simulated values and listed in table 2. The simulated results showed more speed of AuNPs 

due to generated DEP force as compared to diffusion, which means that trapping of 

nanoparticle is seemed to be plausible even at least applied voltage (1V). Considering these 

results and to prevent destruction of nanogaps, trapping was tested at lower AC potential of 

1Vp-p & 2Vp-p applied at a frequency of 1MHz for shorter and longer period of time. The 

reason to fix frequency at 1MHz was to avoid other unwanted effects such as electro-osmotic 

and charge relaxation frequency which can be appeared at frequencies below 50 kHz 
26, 39

. 

4.2.1 Trapping results 

From the SEM analysis interesting assemblies of nanoparticles in ~ 20 nm gaps of gold 

electrodes were observed under different DEP experimental conditions. It was found that the 

AuNPs bridged the two electrodes either forming linear chains or ring shapes. Multiple linear 

chains having minimum of two nanoparticles in one dimension formed, when 1V of AC 

potential applied at 1MHz frequency for 5s. SEM analysis of one such a gap is shown in Fig. 

14a. Under the same DEP conditions, a ring shape of nanoparticles observed in the nanogap 

(Fig. 14b). These linear chains of AuNPs increased by increasing the applied electric potential 

or trapping time (see Fig. 14(c-e)). These nanoparticles assemblies in electrodes gaps can be 

attributed to positive DEP effect which led the nanoparticles trapping.  
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The different geometries of trapped AuNPs under AC DEP trapping could be due to two 

possibilities i.e. in the presence of positive DEP (i) either the nanoparticles directly bridges 

the nanogap (direct DEP) or (ii) first the nanoparticles chain together at some distance away 

from electrode surface and subsequently bridges the nanogap called mutual DEP. 
36

 Mutual 

DEP effect is much weaker than the direct DEP and can be explained as; in the presence of 

non-uniform electric field, the nanoparticles experience a field near each other and due to 

inhomogeneity in field two or more nanoparticles attract one another and then bridge the 

nanogaps.  However, to form linear chains of nanoparticles in the presence of an AC electric 

field, mutual DEP force must overcome electrostatic or double layer repulsion which is 

possible only when the magnitude of electric field exceeds a threshold field defined by  

ǀ𝐸ǀ𝑡ℎ =  
1.7

Real[𝑘(ω)]
√

𝑘𝐵𝑇

𝜀𝑝𝑟3
   (13) 

 

Figure 14. SEM images of trapped 1-dodecanethiol functionalized AuNPs in ~20 nm gaps of 

gold electrodes using AC DEP technique. DEP process was carried out by maintaining 

frequency at 1MHz and applied peak to peak potential (a & b) 1V for 5s (c) 1V for 15s (d) 2V 

for 15s (e) 2V for 30s. 

 

Equating Eq. (13) for 10 nm AuNPs and Real[k(ω)] = 1 (from Matlab calculations), the 

magnitude of threshold field was found to be 3.91x 10
7
 [V/m]. A comparison of threshold 

(a) (b) 

(e) (d) 

(c) 
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field with the simulated results of electric field magnitude away from electrodes surface is 

listed in table (3). It can be assumed that the AuNPs would have bridged the gaps by direct 

DEP phenomena at applied potentials below 2Vp-p. This is because the generated electric field 

at 1Vp-p was not strong enough in favor of mutual DEP. These observations were also in 

consistent with SEM analysis (Fig. 14(a-c)). 

Table 3. Comsol simulation results of magnitude of electric field (ǀEǀ) at a distance of 5 nm 

and 10 nm away from electrodes surface 

 

Potential 

 [V] 

ǀEǀ at distance of 5 nm 

[V/m] 

ǀEǀ at distance of 10 nm 

[V/m]  

1 9x10
7
 3.8x10

7
 

2 3x10
8
 7.7x10

7
 

3 3.3x10
8
 1.2x10

8
 

4 3.6x10
8
 1.5x10

8
 

5 4.5x10
8
 1.9x10

8
 

 

However, trapping tests at an applied electric potential of 2Vp-p or higher, the corresponding 

field strengths were much higher than threshold limit suggested that, first the AuNPs would 

have formed linear chains away from the electrodes boundary, then move to the area of 

strongest electric field and then get trapped into the gap (see SEM images Fig. 14(d-e)). From 

the analysis of the results presented in this work, one can attribute different geometries 

formation of AuNPs in the gap of electrodes to both direct and mutual DEP.   
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Chapter 5 

5.1 Conclusion 

AC DEP trapping of AuNPs was studied using Matlab and Comsol followed by experimental 

validation. Matlab calculations helped to estimate the optimal frequency range for trapping of 

1-dodecanethiol coated ~ 6-7 nm AuNPs in 20 nm spaced gold electrodes. The Real[k(ω)] 

versus frequency plots showed no negative range of CM factor for non-conductive liquid 

medium even above THz frequencies. This indicated that the generated force in toluene was 

positive DEP as well the suitable trapping frequency was to be found 1 MHz. Subsequently, 

in Comsol, the effect of gradient of square of electric field across 20 nm gap of gold 

electrodes was studied by varying applied electric potential at fixed frequency 1MHz. The 

results showed that except an increase in amplitude at higher electric potentials, field lines 

kept the same shape. Moreover, the generated DEP force at the electrodes surface in toluene 

medium was found much weaker as compared to ethanol and water. Finally, following the 

estimated results, trapping of 1-dodecanethiol coated AuNPs was practically performed in 

toluene media. Successful assemblies of AuNPs in ~ 20 nm spaced gold electrodes proved the 

numerically simulated results.   
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Appendix  

 

Figure 1. 3D field distribution across 20nm gap at an applied AC potential of 2V at 

1MHz in water media (left) magnitude of electric field |E| (b) gradient of square electric 

filed (∇|E|
2
)  

 

 

Figure 2. 3D field distribution across 20nm gap at an applied AC potential of 2V at 

1MHz in ethanol media (left) magnitude of electric field |E| (b) gradient of square 

electric filed (∇|E|
2
) 
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