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ABSTRACT  

 

Heat generation and its impact on transport of polystyrene beads in the proximity 

of an optofluidic silicon photonic crystal resonator and nanophotonic standing wave 

array traps are studied theoretically and simulated numerically. The temperature rise in 

ambient water for photonic crystal resonator is calculated to be as high as 27 K and 2 K 

for nanophotonic standing wave array trap for 10 mW of input laser power of 1550 nm 

wavelength. The properties of optical trapping and biomolecular sensing of these 

devices are demonstrated to be strongly affected by the combination of buoyancy driven 

flow and thermophoretic drift of particles. Specifically, the region around the 

electromagnetic hot spot is depleted because of a high free energy barrier. Switching to 

1064 nm laser wavelength and correspondingly using silicon nitride instead of silicon 

waveguide structure resulted in two orders of magnitude less potential energy that 

allows easier trapping of beads. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

 

1.1. What is nanophotonics? 

Perhaps, the one of the greatest scientific achievements of the 19th century was 

established by James C. Maxwell’s elucidating “Maxwell’s Equations”, in 1878. These 

equations mathematically describe the propagation of electromagnetic waves in space. 

Maxwell’s equations, and applications derived from them, became the foundation for 

electrical devices and machines, which we call today as “high technology”. Since then 

scientists have made huge progress towards better and faster technology implementing 

the principles behind Maxwell’s equations. The technological needs discovered new 

opportunities and challenges in applying the idea of electromagnetic theories. Starting 

from the very basic idea, this theory lead the scientists from all over the world to more 

advanced concepts.   

Recent advances in studies of light and electromagnetic theory in general have 

shown that the manipulation of light has very broad applications in science and 

technology. The era of nanotechnology is considered to be exciting and challenging at 

the same time. Nanophotonics, defined as the combination of nanotechnology and 

photonics, is an emerging frontier providing challenges for fundamental research and 

opportunities for new technologies. It has captured the imaginations of people 

worldwide and almost every research center in modern world pays attention to the study 

of nanophotonics as it has very useful applications and has already made its impact in 

the marketplace. Nanophotonics is a multidisciplinary field that combines together 

physics, chemistry, applied sciences, engineering, and biology, as well as in biomedical 

technology. 
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Nanophotonics deals with the behavior of light at nanometer scales and its 

interaction with nanometer size objects. Nanoscale materials are particularly interesting 

for photonics. By adding a new parameters to nanoscale science and technology, the 

field of nanophotonics provides challenges for fundamental research and creates new 

opportunities for emerging technologies of the modern world. Researchers of this field 

mainly follow a very wide variety of goals, in fields ranging from medical physics to 

electrical engineering such as optical photodetectors, lasers, photolithography, heat-

assisted magnetic recording, optoelectronics, optical traps, solar cells, spectroscopy and 

microscopy [1].  

Nanophotonics is a recently emerged, but already well defined, field of science 

and technology aimed to establish and make use of the particular properties of light and 

light–matter interaction in various nanostructures. Since we can describe it as the spatial 

confinement of light waves in complex media and electron waves in various 

nanostructured solid materials, it is possible to characterize nanophotonics as the 

science and technology of confined light waves and electron waves.  

The concept of “photonics” already gives some idea that about the science and 

technology related to generation, absorption, emission, accumulation, processing of 

light and their applications in various nanostructures. Visible light is electromagnetic 

radiation which is available for direct human perception, in the wavelength ranging from 

approximately 400 to approximately 700 nanometers. Typically, electromagnetic wave 

of visible light and sometimes adjacent far ultraviolet and near infrared ranges are 

involved in the subject of photonics [2].    

Among many materials that has been used for nanophotonic technology, silicon 

became the leading material for electronics; hence combination of all optical functions 

into silicon technology is practically very important and extensively recognized as a 
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great challenge. Silicon photonics is an emerging field of research and technology, 

where silicon nanostructures play a fundamental role. Research on silicon nanocrystals 

was actively studied by Leigh T. Canham who discovered in 1991 bright visible 

emission of light from porous silicon. Many other studies have been dedicated to the 

understanding of the light-emission mechanisms and a number of models have been 

proposed. An important idea was published by Philippe Fauchet and his co-workers in 

1999 where they brought strong arguments to support surface origin of the light 

emission from oxidized porous silicon. Light amplification in silicon nanocrystals in 

silica was first reported by a research group led by Lorenzo Pavesi in Italy [3]. 

As many things extrapolated from the electromagnetic theory, and moreover 

from the theory and application of nanophotonics, the manipulation and trapping of 

micro- and nanoparticles found its usage in the area of biomolecular engineering and 

chemical reaction processes. Optical traps are extensively known and applied for the 

investigation and manipulation of atoms [4, 5], molecules, DNA or molecular motors 

[6, 7], viruses and cells [8, 9]. The working principle of optical traps is based on a stable 

potential well created by the nonzero gradient electric field of one or more laser beams 

for dielectic particles. Optical tweezers are widely used in this field [10].    

Since their invention just over two decades ago, optical traps have become a 

powerful tool with broad applications in molecular biology and physics. Capabilities of 

this method have evolved from simple manipulation to the application of calibrated 

forces on optically trapped objects allowing the measurement of nanometer-level 

displacements. After Arthur Ashkin’s pioneering works in the field of laser-based 

optical trapping in the early 1970s where he demonstrated that optical forces could 

displace and levitate micron-sized dielectric particles in both water and air, and 

developed a stable, three-dimensional trap based on counterpropagating laser beams 
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[11], this work eventually developed the single-beam gradient force optical traps, or 

more known as “optical tweezers” [12]. Ashkin and co-workers exploited optical 

trapping in an extensive series of experiments from the cooling and trapping of neutral 

atoms [13] to manipulating live bacteria and viruses [14]. The ability to apply 

picoNewton-level forces to microparticles and simultaneously measuring their 

displacement with nanometer-level precision is now actively applied to the study of 

molecular motors at the single-molecule level, the physics of colloids and mesoscopic 

systems. Along with the broad use of the optical trapping, theoretical and experimental 

work on fundamental aspects of optical trapping is being actively studied [15]. 

Optical tweezers have enabled a wide variety of study in biophysics, ranging 

from the mechanical properties of nucleic acids and proteins to the mechanical and 

chemical properties of molecular motors, mainly based on the manipulation of larger 

objects which are tethered to the interested molecule [16]. Besides the conventional 

optical trapping, recently, several near field optical trapping techniques have been 

developed that can provide higher trapping stiffness and higher throughput. It was 

demonstrated by a number of research groups how the evanescent fields surrounding 

photonic structures such as photonic waveguides, optical resonators and plasmonic 

nanoparticles can be used to greatly increase optical forces [17, 18].  

Based on the use of this kind of near field photonics there has been a push to 

develop “lab-on-chip” compatible optical manipulation technique over the last few 

years. The visionary difference between a near-field optical trap and a free space one is 

illustrated in Fig.1. A region of high refractive index (core) is “sandwiched” between 

two low refractive index regions (substrates) in order to confine light through total 

internal reflection. When this kind of system is downscaled to dimensions comparable 

to the wavelength of the light, it is referred as nanophotonic waveguides. Similar to 
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optical fibers, these waveguides can be used to guide light over very long distances on 

a chip with very little power loss of the optical energy. The light is confined to propagate 

in a single direction and a non-propagating, exponentially decaying, component of this 

optical mode (referred to as the evanescent field) extends outside the waveguide. The 

length of this extension depends on the refractive index difference between the 

waveguide and the surrounding media. The extension is generally on the order of 100 

nm. When a particle enters the evanescent field, the gradient of electric field partially 

polarizes it resulting in a very strong electrostatic force similarly to the trapping force 

in traditional optical tweezers. The large contrast in the refractive index of the 

waveguide material and the surrounding medium results in in extremely sharp decay of 

the evanescent field enabling much smaller material to be handled using near field 

photonics as compared to other methods. The electromagnetic waves that exist at the 

interface between a metal and a dielectric are called surface plasmons. These plasmons 

are excited when the frequency of an incoming light beam is matched to the resonant 

condition, which depends on a variety of geometric structures and physical properties 

of the system. At the resonance condition, these plasmons generate extremely large local 

increase of the field strength also enabling much smaller objects to be trapped [19]. 
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Figure 1. Examples of conventional and near field optical trapping techniques showing relevant 

forces. (a) Conventional free-space single trap optical tweezer. (b) Dielectric waveguide based near field 

optical trap [19].  
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1.2. Types of trapping 

1.2.1. Planar waveguide devices 

Solid-core waveguides devices became particularly interesting due to the 

advantages they have in combination with microfluidic systems. Such systems are 

designed so that this interaction generates optical gradient (trapping) forces for 

confinement along the waveguide. This creates a kind of ‘‘optical train tracks’’ for 

nanoparticle transportation and manipulation (Fig. 2). One of the earliest 

demonstrations of this technique was presented by Kawata and Sugiura [20]. They 

showed trapping and propulsion of 6.8 um spheres in the evanescent field of light which 

has been totally internally reflected by a glass surface. The use of these techniques for 

manipulation of even smaller nanoparticle was demonstrated in the 2000s by the series 

of papers by Ng et al. [21] who showed the trapping of gold nanoparticles (in the range 

of 17 nm to 23 nm in diameter) on traditional channel waveguide. Few years later, 

extended use of the technique to Y-branch waveguides for sorting of microparticles and 

trapping and propulsion of biological cells using silicon nitride waveguides were 

demonstrated [22]. Although these and other works have shown propulsion of dielectric 

particles along waveguides within static fluid cells, practical implementation of these 

techniques in a microfluidic system requires one to be able to directly capture particles 

initially carried within a pressure driven flow in a microchannel and transport them 

stably both perpendicular to and opposite to the imposed flow. Erickson’s group (along 

with collaborators in the Michal Lipson lab at Cornell) demonstrated this level of 

integration in 2007 using a platform based on planar SU-8 waveguide integrated with 

PDMS microfluidic channels. The details on the opto-hydrodynamic conditions which 

lead to this stable trapping can be found in Yang and Erickson [23].  
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Figure 2. Optical trapping and transport in the evanescent field of an optical waveguide. A particle 

flowing in a microchannel becomes captured in the evanescent field of the excited waveguide [19]. 

 

1.2.2. Optical resonators 

The more advanced techniques for trapping the nanoparticles and higher forces 

can only be obtained by increasing the intensity of the field and “sharpness” of the 

gradient which can be achieved by designing optical resonators. The easiest way to 

explain the use of optical resonance used for optical trapping is through the ring 

resonator example shown in Fig. 3 developed first by Lin et al. [24]. In this system light 

with a specific wavelength is sent down the bus waveguide. When the light encounters 

the ring besides the waveguide, the light partially couples into it and begins to circulate. 

Constructive interference or resonance occurs when the incoming light is in phase with 

the light circulating in the resonator. This occurs if the distance around the ring is an 

integer multiple of the effective wavelength of the light in the ring. When it is excited 

at resonant frequency (wavelength) there exists a stronger optical intensity confined in 

the resonant structure relative to the bus waveguide.  
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Figure 3. SEM images and transmission spectra of microring resonator. (a,b) SEM image of micro-

ring with radii of (a) 5 μm and (b) 10 μm. (c,d) Transmission spectra of rings with radii of (c) 5 and (d) 

10 μm, respectively. Black squares are the measured output powers. Lines are the Lorentzian fits to the 

measured data. The quality factor (Q) of the 10 μm micro-ring is 1515, which is larger than that of the 5 

mm micro-ring (Q = 860) due to a smaller bending loss. Free spectral range (FSR) and the full width of 

the half-maximum of the resonance peak (Δλ) are also shown in (c, d) [24]. 
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1.2.3. Photonic crystal resonators 

The implementation of an integrated planar waveguide in an on-chip particle 

manipulation system has the advantage of enabling massively parallel handling of 

particles. However, waveguide optical trapping often requires comparatively large input 

power because of the low evanescent field intensity. Since gradient optical force varies 

with the cube of the radius, it decreases fast when scaled down the size of the particle. 

Therefore, trapping particles smaller than 100 nm in diameter is difficult using either 

free-space optics or evanescent trapping mechanism, as it requires high laser power. In 

addition, the comparatively large focused spot of laser beam limits our ability to position 

trapped particles precisely. Resonant enhancement of optical fields efficiently reduces 

the power required for stable trapping. A standing wave trapping inside the resonator 

also excludes the traveling-wave scattering forces. Such a cavity-based trapping device 

can be used for single nanoparticle trapping given the string cavity-enhancement effect 

and the ultrasmall interrogation volume [25]. 

The concept of photonic crystal (PC) (Fig. 4) has been mainly associated with 

the control of the propagation and the spatial confinement of photons. The wide and 

growing interest around PCs comes from their ability to handle the electromagnetic 

environment through the geometric features of the crystal. When it comes to photon 

confinement, one class of PC devices has been particularly prolific: photonic crystal 

structures inscribed in a slab waveguide. This type of structure associates total internal 

reflection with the photonic band-gap effect to achieve enhanced photon confinement. 

It has been demonstrated that such structures confine light effectively within a small 

volume with high capacity. In most studies involving PCs, the radiation dynamics 

associated with enhanced photon confinement is being emphasized. The ability of PCs 

to confine light has nevertheless a large potential interest. An enhanced spatial 
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confinement of light leads to strong variations of electromagnetic intensity that can be 

achieved over a small region of space, thus creating large gradients of the 

electromagnetic field intensity, and therefore large optical forces. The potential use of 

PC structures for optical trapping was noted by Toader and coworkers who have shown 

that the electromagnetic modes of an inverse opal PC could be used to trap cold atoms 

using the gradient force [26]. There are also other types of photonic crystal such as 2D 

and 3D, but they all have the same physical principles. 

 

 

Figure 4. Photonic crystal resonator for enhanced optical trapping. (a) 3D schematic of the one-

dimensional photonic crystal resonator optical trapping architecture (b) 3D FEM simulation illustrating 

the strong field confinement and amplification within the one-dimensional resonator cavity. The black 

arrows indicate the direction and magnitude of the local optical field gradients [19]. 
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1.2.4. Nanophotonic standing wave array traps (nSWAT) 

Another form of nanoparticle manipulation was presented by M. Wang research 

group at Cornell University [27].  This method has achieved a stable three-dimensional 

trapping with controllable repositioning of nanoparticles which is essential for 

manipulation. In their work Soltani et al. (2014) presented a platform enabling high-

throughput three dimensional optical trapping with precise manipulation on chip (see 

Fig. 5). The principle behind this device is a standing-wave interferometer, where light 

in a waveguide is split into two identical waveguide arms of equal light intensity and 

the two arms are then joined, leading to interference of two counter-propagating waves 

creating a standing wave. Thus, in the portion of the waveguide exposed to fluid, stable 

three-dimensional optical traps are formed by the evanescent field at the antinodes of 

the standing wave. They referred to this type of device as a nanophotonic standing-wave 

array trap (nSWAT). In a conventional optical trap, a single laser beam typically traps 

only one particle, so the laser power must be increased in proportion to the number of 

particles to trap. In contrast, in an nSWAT, the same laser beam is ‘recycled’ to form 

an array of periodically spaced traps, so that a large number of traps can be formed. The 

stiffness of each trap is comparable to that of a conventional optical trap without the 

need to increase the laser power.  
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Figure 5. Schematic of device design. nSWATs were implemented with silicon waveguides on a 

silicon-on-insulator (SOI) platform. Laser input to the waveguide is partitioned into two nSWATs using 

a Mach–Zehnder interferometer (MZI). nSWATs have a 50/50 waveguide beamsplitter with output arms 

connected to generate counter-propagating waves. The microheaters located above the waveguides, 

control the partitioning of the laser into the two nSWATs and the trap positions in each nSWAT. The 

microheaters and waveguides are buried in oxide, except for the exposed waveguides in the fluidic pool 

trapping region. The waveguides are exposed in the fluidic pool trapping region and array of traps with a 

DNA molecule suspended between two beads held by nSWATs. The coloured three-dimensional plot 

shows the calculated energy density of standing waves on both waveguides [27]. 
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1.3.   Optical properties of water 

Heating was always a problem accompanying many types of studies in the fields 

of chemistry and biology. It is not reasonable to neglect this sort of physical process that 

can be found in almost any type of study that includes the energy of the light. In this 

thesis we will also mention the heating and the problems that arises from this 

phenomena.    

In nanophotonic trapping technique we rely on the gradient of electric field and 

the potential well that can be used to trap beads. On the other hand, the trapping field is 

partially absorbed by the surrounding environment such as water, and can bring 

different sort of problem. Water molecules are very sensitive for the frequency of the 

laser that is being used to trap molecules and particles. Figure 6 illustrates the absorption 

coefficient of the water depending on the wavelength of the laser input. From this 

illustration we can see that different laser wavelength leads to different absorption of 

the water molecules. Conventional optical traps use 1064 nm wavelength, which is 

actually has very low loss effects. But for the silicon waveguide trapping device, M. 

Wang’s group from Cornell University decided to use 1550 nm, because at 1064 nm the 

silicon material itself starts to absorb the light due to its bandgap structure. On other 

hand, we can also see that at 1550 nm the absorbing effects of the water is very high. In 

their experiment, the members of this group have observed another phenomena that 

results from the heating of the water through abosption. 

In theoretical part I will briefly mention the optical properties of the silicon 

material and try to understand the problems resulted from the absorption of the water. 

In my computational part I will give more accurate results for the solution of the 

nonlinear differential equations that explain the problem coming from the heating of the 

water. 
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Figure 6. Absorption coefficient of water depending on the frequency of the laser that penetrates it. The 

depth of the penetration is also provided on the right column indicating that higher absorption leads to 

less penetration of the laser inside the water. These values were obtained by Hale and Querry in their 

studies from 1973. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

 

As was briefly explained before, optical manipulations of nanoparticles such as 

nano-size beads, viruses and biological molecules play important roles in studying 

molecular behaviors. In order two study these particles we need to have a complete 

picture of the system designed. In this section we will briefly explain the theory of 

working principles of photonic crystal resonator and nanophotonic standing wave array 

trap designs. However, the evanescent electromagnetic field is being partially absorbed 

by water molecules resulting in temperature increase in a zone of absorption. This in 

turn leads to thermophoretic drift of nanoparticles as a result of temperature gradient. 

Consequently, we will also briefly give a description for the geometric structures both 

for photonic crystal resonator and nanophotonic standing wave array trap devices, 

provide equations to calculate the absorbed energy and theoretically predict the 

thermophoretic drift of nanoparticles. In the following section we will provide 

numerical calculations for the equations that are not easy to solve manually and compare 

the results with previous works and theoretical predictions. 

 

2.1.  Photonic crystal resonator design 

One of the pioneering works that suggested the working principle of photonic 

crystal was introduced by E. Yablonovitch [28]. In his work, he made an analogy 

between the behavior of electromagnetic waves in artificial, periodic, dielectric 

structures and the behavior of electron waves in natural crystals. Creating so called 

“photonic crystals” he just translated the concepts of reciprocal space, Brillouin zones 

(BZ), dispersion relation, Van Hove singularities and etc. to photon waves. The BZ of 
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photonic band structure is approximately 1000 times smaller than that of electrons. 

Under specific circumstances a photonic band gap can open up a frequency band in 

which electromagnetic waves are forbidden to propagate in space, thus creating 

photonic traps.  

Later works by Foresi et al. [29] developed this idea applying it to one-

dimensional nanophotonic waveguides. By scattering from a periodic array of scattering 

centers, light can be confined within a volume on the order of (λ/2n)3, where λ is a 

wavelength of the electromagnetic wave. They designed this sort of one-dimensional 

photonic crystals for microwave frequencies (λ=1550nm) used for optical 

communications, the most common frequency used in industry. Photonic crystals, 

which prohibit the propagation of light for frequencies within a band gap, have enabled 

exciting new ways of controlling light.  

Optical resonators are devices in which photons travel along a closed path named 

as Fabry–Pérot resonator, that represent a class of resonators in which light bounces 

back and forth and is consequently confined between two facing mirrors. The allowed 

modes in such cavity are those where the different light rays constructively interfere 

with each other. The resonant condition is given by the constructive interference 

condition that the phase delay in the resonator should be an integer multiple of 2π. In 

photonic crystal resonators, the cavity is sandwiched between two photonic crystal 

mirrors, thus presenting a newer version of the Fabry-Pérot resonator. The sub-

diffraction limited field confinement allows for higher gradients. According to the 

Rayleigh theory, the trapping force is proportional to the gradient of E2. Hence we obtain 

higher forces with tighter field confinement. The stable position is located at the 

maximum of the field. In their movement, the particles will preferably follow the 

streamlines of the gradient of E2 towards the stable position. 
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In this work we will present a photonic crystal resonator that was designed the 

same way as it was presented by Serey et al. [30] which was originally proposed by 

Velha et al [31].  The resonator device presented here is made of bulk silicon (refractive 

index nsilicon = 3.47) and had cross-sectional dimensions of 250 nm high and 450 nm 

wide. Light was coupled into the resonator from another silicon bus waveguide having 

the same geometric cross section which ran alongside the resonator. The devices lie on 

a silica substrate (nglass = 1.45) and are surrounded by water (nwater = 1.33). The photonic 

crystal resonator consists of two identical tapered Bragg mirrors. Each reflector is made 

of seven holes of radius 100 nm separated by a lattice constant a = 390 nm. An eighth 

hole at distance 0.9 ∗ a is added and serves as a taper. The microcavity itself has a total 

length of 2.5 ∗ a. An additional 50 nm radius hole is placed at the center of the cavity 

region (Fig. 7). It serves as an inner cavity in which the light intensity will be increased. 

They observed an enhancement in the field intensity, which peaks in the center of the 

cavity, a third-order resonant mode confined in the cavity, near a wave length of 1.55 

um. They also used tapered boundary regions with locally varied hole spacing to reduce 

the impedance mismatch between the Bloch mode and the waveguide mode. Using 

numerical simulations with a mode solver, they calculated effective refractive index of 

the waveguide to be 2.40. A nanoslot was assembled by introducing a 50 nm radius hole 

in the center of the cavity and contributes to high optical field localization. This 

subwavelength confinement of high field intensity makes it possible to optically trap 

and detect single nanoparticles with sizes down to a few tens of nanometers.  
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Figure 7. Schematic illustration of a nanoslot waveguide photonic crystal cavity. The separation distance 

between the central axes of the waveguide and the photonics crystal is 630 nm. Light is sent to one of the 

ends of the waveguide, and it is later coupled to the photonics crystal cavity resonator. The central hole 

has been introduced as a space to trap beads. The units in the x- and y-axes are in micrometers.  

 

2.2.  Nanophotonic standing wave array design 

The most recent studies performed by Soltani et al. [27] have improved the 

precision and flexibility of the manipulation of trapped beads on nanophotonic 

waveguides. This group presented a platform implementing high-throughput three 

dimensional optical trapping with precise manipulation of nanoparticles on chip. Light 

in a waveguide is split into two arms of equal light intensity and the two arms are then 

joined, leading to interference of two counter-propagating waves forming a standing 

wave. Stable three-dimensional optical traps are formed by the evanescent field at the 

antinodes of the standing wave in the portion of the waveguide exposed to fluid.   

This type of device was named as a nanophotonic standing-wave array trap 

(nSWAT). For this device, the entire trapping array can be precisely repositioned by 

changing the phase difference of the counter-propagating waves, which can be achieved 



20 

 

by using an integrated electric microheater that heats a part of the waveguide, inducing 

a phase change as a result of thermo-optic effect. Two copies of an nSWAT in a single 

device is incorporated to suspend and manipulate single DNA molecules, each 

controlled independently by its own microheater. It was shown that nSWATs are ideal 

device for long-term, low-noise measurements, with no need for extensive drift 

reduction and vibration isolation. They also demonstrated that it is possible to transport 

trapped particles with high precision over many micrometers using an nSWAT applying 

undamagingly low voltage to the microheater (Fig. 5). For this, the advantage of the 

periodic spacing of the traps was taken into account. More details about the 

manipulation of beads and implementation of this technique can be found in the original 

work presented by this group. For now we can just give a simplified model that can be 

studied numerically where a silicon waveguide with a cross-section of 250x450 nm, was 

put on top of a silica glass which is surrounded by water (Fig. 8). Light has been sent 

from both sides in order to create a standing wave that traps beads. A transverse 

magnetic (TM) mode has been used so that the electric field is extended on top of the 

waveguide. More details about the simulation of mode profile and creation of standing 

wave profile will be given in the next section. 
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Figure 8. Design of the nSWAT for the region under the water. Silicon waveguide fabricated on silicon 

oxide substrate is surrounded by water. The light will be sent from both of the ends of the waveguide in 

order to create a standing wave. The silicon waveguide has a cross section of 250 nm height and 440 nm 

width. The units in the x- and y-axes are in micrometers. 

 

2.3.  Absorption of electromagnetic field 

Heating was always a problematic issue in many fields of study such as biology 

and chemistry. Having a lot of advantages and applications, as many other types of 

studies, optical trapping has its own drawbacks. Trying to control and manipulate micro- 

and nano-size particles we should also be concerned about their behavior in aqueous 

environment. The evanescent electromagnetic field which is used to trap beads, is being 

absorbed by the surrounding water resulting in a heat transport in water. The absorption 
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rate is dependent on the frequency of the wave. There are several works have been done 

towards understanding the heating and treating the problems resulted from it. [34-37] 

In both photonic crystal resonator and nanophotonic standing wave arrays, the 

electromagnetic field is partially exposed to ambient water that surrounds these 

structures. This field that is used to trap beads in order to study molecular behavior of 

DNA molecules. As many other materials in nature, water has its own intrinsic optical 

properties. In water both real and imaginary refractive indices change according to 

wavelength (frequency) of the input laser.   

To calculate the energy transfer from the electromagnetic field to ambient water 

we should find the dissipating power using Pointing’s Theorem  

𝐒 = 𝐄 × 𝐇∗          (1) 

which represents the energy flow per unit time. We can relate the Pointing’s vector to 

the power dissipation as 

〈∫ 𝑃𝑑𝑑𝑉〉 = 〈∮ 𝐒 ∙ 𝑑𝐚〉       (2) 

where the integration in the left hand side is taken over the whole volume V enclosed 

by the closed area a in the right side of the integration. Note that the dissipating power 

should be proportional to the time averaged integration of the Pointing’s vector. Using 

Gauss’s law the integration above can be written as 

      𝑃𝑑 = Re〈𝛁 ∙ 𝐒〉 = Re(𝛁 ∙ 〈𝐒〉) = Re[𝛁 ∙ (
1

2
𝐄 × 𝐇∗)]    (3) 

To solve this equation we should start from the fundamental Maxwell’s equations 

𝛁 × 𝐄 = −
𝜕𝐁

𝜕𝑡
       and    𝛁 × 𝐇 = 𝐉 +

𝜕𝐃

𝜕𝑡
        (4) 
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where electric and magnetic fields are expressed as 

𝐄(𝑡) = 𝐄𝑒−𝑖𝜔𝑡   and     𝐇(𝑡) = 𝐇𝑒−𝑖𝜔𝑡     (5) 

For materials such as water  𝐉 = 𝜎(𝜔)𝐄(𝑡), 𝑫 = 𝜀(𝜔)𝐄(𝑡)  and  𝑩 = 𝜇(𝜔)𝐇(𝑡) 

So the equation (4) becomes 

𝛁 × 𝐄 = 𝑖𝜔𝜇(𝜔)𝐇        (6) 

and    

𝛁 × 𝐇 = [𝜎(𝜔) − 𝑖𝜔𝜀(𝜔)]𝐄 = −𝑖𝜔𝜀∗𝐄     (7) 

The conductivity σ(ω), dielectric constant ε(ω) and magnetic permeability μ(ω) are in 

general complex functions of the frequency ω of the radiation. It is common to define a 

complex dielectric constant as 

𝜀∗(𝜔) ≡ 𝜀(𝜔) +
𝑖𝜎(𝜔)

𝜔
≡ 𝜀1(𝜔) + 𝑖𝜀2(𝜔)     (8) 

Here we will take μ as μ0, because magnetic permeability of water is almost the same as 

of vacuum. Using all these expressions and features of vector multiplications we can 

now find an expression for the dissipation power 

𝛁 ∙ (𝐄 × 𝐇∗) = [𝐇∗ ∙ (𝛁 × 𝐄) − 𝐄 ∙ (𝛁 × 𝐇∗)] 

                              = [𝑖𝜔𝜇𝐇 ∙ 𝐇∗ + 𝑖𝜔𝜀∗𝐄 ∙ 𝐄∗] 

      = −𝜔𝜀2𝐄 ∙ 𝐄∗ + 𝑖𝜔(𝜇0𝐇 ∙ 𝐇∗ + 𝜀1𝐄 ∙ 𝐄∗)    (9) 

from which the dissipation power can be expressed as 

𝑃𝑑 = Re〈𝛁 ∙ 𝐒〉 = −
1

2
𝜔𝜀2|𝐄|2    (10) 
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Now we write an expression for the heat conduction as 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) + 𝑃𝑑    (11) 

Finally, for the stationary case, where a constant temperature distribution has been 

established, we obtain the following equation 

𝑘∇2𝑇 =
𝜔

2
𝐼𝑚(𝜀) × |𝐸|2(𝒓)    (12) 

from which we can find the local temperature increase of the water in the region where 

electromagnetic field is absorbed and its distribution. Here, T is a temperature of the 

water, ω is the resonant frequency, k is the thermal conductivity of the water, E is the 

electric field and the Im(ε) is the imaginary permittivity of the water, ε2, which is a 

function of the frequency of the electromagnetic wave. The values of this parameter for 

water where extensively studied by G. M. Hale and M. R. Querry [33] for different 

wavelengths of the electromagnetic waves. The temperature increase has been 

calculated numerically in the following section using Finite Element Methods (FEM) 

analysis. The increase of temperature at some point in water, creates a temperature 

gradient that can bring another physical phenomena named thermophoresis.  

 

2.4.  Thermophoretic drift of nanoparticles 

Thermophoresis, or alternatively known as thermodiffusion or the Ludwig-Soret 

effect is the effect that particles or species migrate in temperature gradients. It was first 

discovered by Ludwig in 1856 and later investigated by Soret in 1897. After 150 years 

there still is limited theoretical knowledge of the microscopic phenomena that cause this 

effect.    
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One of the earliest theoretical works towards understanding the thermal drift of 

particles were presented by Emery A. H. and Drickamer H. G. in 1955 [34]. In their 

works they tried to give physical description for the thermal drift coefficients of 

polystyrene molecules. Later works Joe S. Ham (1960) developed the kinetic theory of 

thermal diffusion in dilute polymer solutions [35]. One of the most recent active 

researchers from Germany, Stefan Duhr and Dieter Braun, worked on understanding the 

thermophoretic drift of nanoparticles in aqueous environment [36]. In their work they 

presented the behavior of different length and size DNA molecules and polystyrene 

beads identifying their Soret coefficient.  

Following the thermal characterization, here we examined the transport 

properties of species near the PC resonator. First we will try to see the mechanical 

behavior of the water when heated by the laser absorption. After examining this process 

we will be able to do necessary assumptions in order to find the approximate solutions 

for the thermophoretic drift of particles. For the mechanical response of the water we 

need numerical simulations to solve the steady state incompressible Navier-Stokes 

equation in the microfluidic environment (Eq. 13). As a result of the thermal 

nonequilibrium the Boussinesq approximation was accounted (Eq. 14). The validity of 

the Boussinesq approximation can be justified by the extremely low Grashoff and 

Rayleigh numbers in 30 um high microfluidic channels [37]. The Grashoff number is 

defined as 𝐺𝑟 = 𝑔𝛽(𝑇𝑚 − 𝑇0)𝐷ℎ
3/𝜈2 < 10−3 and Rayleigh number is 𝑅𝑎 = 𝑔𝛽(𝑇𝑚 −

𝑇0)𝐷ℎ
3/𝜈𝛼 < 10−3 . Here, g is a standard gravity, β, ν, and α, are the thermal expansion 

coefficient, kinematic viscosity, and thermal diffusivity of water, respectively. Tm and 

T0 are the maximum and ambient temperature, and Dh is the hydraulic radius.  

𝜌𝐮 ∙ ∇𝐮 = −∇𝑝 + 𝜇∇2𝐮 + 𝐟     (13) 
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𝐟 = −𝐠(𝜌(𝑇) − 𝜌(𝑇0))     (14) 

In these equations, u is the flow speed, p the pressure, ρ and μ are the density and 

viscosity of water, g is the standard gravity, and f is the Boussinesq buoyancy term. This 

nonhomogeneous non-equilibrium differential equations has to be solved using 

numerical simulations.  

In the presence of temperature gradients, the velocity of particles need to be 

corrected for thermal drift. Thermophoresis is the movement of particles induced by 

temperature gradients, as expressed in equation (15). The peculiar accumulation and 

depletion of particles are best expressed in terms of concentration profile. The steady 

state concentration profile was computed as the solution of the convection-diffusion 

equations (16) corrected for thermophoretic flow: 

𝐮𝐓 = −𝐷𝑇∇𝑇       (15) 

∇ ∙ [𝑐(𝐮 + 𝐮𝐓) − 𝐷∇𝑐] = 0     (16) 

Here, c is the concentration, u the velocity profile imported from the Navier-Stokes 

solution, uT is the thermophoretic flow, and D and DT are the diffusion coefficients and 

the thermophoretic coefficient. This differential equation also needs to be carried out by 

the numerical simulations. But for now, as the theoretical description, we can give some 

estimated values for the concentration profile and compare the results after the results 

of simulation has been obtained. In order to study the thermal drift of nanoparticles first 

we have to analyze the flow of fluid driven by the force f resulted from the temperature 

increase. For this, we studied the ratio of the convective flow of the fluid to the thermal 

mass transport of the nanoparticles in the fluid. This ratio is known in fluid dynamics as 

a Péclet Number and is expressed as 
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𝑃é =
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
=

𝐿∗𝑢

𝐷
    (17) 

where L stands for the typical length of the studied volume, u is typical velocity and D 

is the diffusion coefficient of the mass transport. To estimate the Péclet Number we 

have to simulate the convective flow of the liquid and find the order of magnitude of 

the velocity of convective flow. In the next section it will be shown that the Peclet 

number is truly very small, which means that we can ignore the convective flow of 

liquid and count only the diffusive flow. 

A generally applied assumptions applied for transport phenomenon such as 

microscopic particle-particle potentials, hydrodynamics, or effective force fields should 

be used to describe the thermophoresis [38]. Thermophoresis is the process in which a 

temperature gradient induces a mass transport and is described by linear 

phenomenological relations. The drift current for molecules of low concentration, in 

combination with diffusive back flow, can be expressed as,  

𝑗 = 𝑗𝐷 + 𝑗𝑇𝐷 = −𝐷∇𝑐 − 𝐷𝑇∇𝑇   (18) 

where D is a diffusion coefficient, 𝛻𝑐 is a concentration gradient of molecules,  DT  is a 

thermal diffusion coefficient and 𝛻𝑇 is a temperature gradient in water. In the steady 

state case, both currents compensate (j=0) leading to 

      𝐷∇𝑐 = −𝐷𝑇𝑐∇𝑇       (19) 

or  

∇𝑐 = −𝑆𝑇𝑐∇𝑇      (20) 
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where we have introduced a new coefficient 𝑆𝑇 = 𝐷𝑇 𝐷⁄  as the Soret coefficient. For 

constant ST , the integration of this equation leads to 

∫
𝑑𝑐

𝑐

𝑐(𝒓)

𝑐0

= ∫ −𝑆𝑇𝑑𝑇
𝑇(𝒓)

𝑇0

 

𝑙𝑛 (
𝑐(𝒓)

𝑐0
) = −𝑆𝑇(𝑇(𝒓) − 𝑇0) 

𝑐(𝑟) = 𝑐0exp [−𝑆𝑇(𝑇(𝒓) − 𝑇0)]    (21) 

where c(r) is a concentration of nanoparticles and T(r) is a temperature of the liquid at 

a distance r from the heat source.  A schematic illustration of particles escaping a hot 

spot resulted from absorption is given in Fig. 9. The last equation looks like a Boltzmann 

distribution which represents the concentration profile depending on the temperature. 

For this type of approximation model as long as we have a given distribution of 

temperature gradient, we will be able to describe the distribution of nanoparticles, or 

their concentration profile. 
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Figure 9. Schematic illustration of model for the thermophoretic drift of nanoparticles escaping 

from a hot spot. The size of the particles are not in scale with the size of the waveguide, it is illustrated 

only to visualize the idea of thermal drift. After the particles escape from the hot spot by a thermal drift, 

there will be established a stationary case where escaping particles will be compensated by the particles 

coming back as a result of diffusive flow from concentration gradient. The units in the x- and y-axes are 

in micrometers. 

 

 

Using similar physical description, in this thesis, we will present a work where 

we first numerically simulate and find a temperature increase because of the absorption 

phenomena of the light and a concentration profile of nanoparticles resulted from 

thermophoretic drift both for the photonic crystal resonator and the nSWAT.   
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In the computational part we will be using different molecules and particles as 

being used in real experiments. The diffusion coefficients and thermal diffusion 

coefficients are different for different particles and molecules depending on the size and 

length of the molecules. Their values measured at room temperature are provided in 

works studied by Duhr and Braun (Fig. 10) [36]. 

 

 

Figure 10. Soret coefficient ST and thermodiffusion coefficient DT values measured for different 

size polystyrene bead particles (a, b) and different length of DNA molecules (c, d). (a) For polystyrene 

beads, the Soret coefficient scales with the particle surface over four orders of magnitude. (b) 

Accordingly, the thermodiffusion coefficient DT scales linearly with the bead diameter. (c) The Soret 

coefficient of DNA scales according to ST ~ √𝐿, with the length L of the DNA. (d) Thermoduffusion 

coefficient DT decreases over DNA length with DT ~ 𝐿−0.25, caused by the scaling of diffusion coefficient 

D ~ 𝐿−0.75[36]. 



31 

 

In our studies we have used only positive values for the Soret coefficients. However, 

they can also be negative, in which case the particles accumulate towards the heated 

region. In the same work, it has been shown that the negative values for this coefficients 

can be obtained by reaching certain temperature of the environment. In Fig. 11 we can 

see that the Soret coefficients linearly depend on the temperature of the water. For our 

case of room temperature, we have chosen only the positive values for the Soret 

coefficient. More detailed description can be obtained from the original work [36]. 

 

 

Figure 11. Temperature dependence. (a) The temperature dependence is dominated by the linear 

change in the hydration entropy Shyd. The salt dependent thermodiffusion ST(λDH) was supposed to be 

linear, lines ending at the beginning of the coordinates. However, the hydration entropy shifts the salt 

dependent thermodiffusion to lower values. The particle size is 1.1 μm.  (b) The Soret coefficient ST 

increases linearly with the temperature as expected for a hydration entropy Shyd(T). It depends on the 

molecule species, not its size, as seen from the rescaled Soret coefficients for DNA with different lengths 

[36]. 
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2.5.  Material investigation 

In the computational part, it will be clearly shown that the potential barrier 

created by the temperature increase inside the water for the beads to be trapped is higher 

than the energy of the beads. This is because the absorption coefficient of water is very 

high for 1550 nm wavelength as was shown in previous section (Fig. 6). In order to 

avoid this problem, we proposed to switch to another wavelength that leads to less 

absorption. The absorption rates of water can be seen from the works of Hale and Querry 

where they have shown how the absorption coefficient of the water varies with the 

frequency of the electromagnetic wave [33]. 1064 nm wavelength is being absorbed by 

water much less, for two orders of magnitude, than 1550 nm. On the other hand, if we 

use 1064 nm wavelength laser, it start to be absorbed by the silicon waveguide itself. 

This could be explained by the physical properties of the silicon material. The bandgap 

structure of silicon is about 𝐸𝑏 = 1.1 𝑒𝑉 [39] and room temperature, which is actually 

almost exactly the same as the energy of the photons 𝐸𝑝 = ℎ𝜈 = ℎ𝑐/𝜆 = 1.17 𝑒𝑉 

corresponding to 1064 nm wavelength of the laser. This means that the electrons start 

to absorb photons of the laser and jump to conduction band level leading to temperature 

increase of the silicon waveguide and loss of laser power. In order to avoid this we need 

to change the material of the waveguide to the one that has very big energy bandgap, so 

that the electrons of this material will not be able to absorb laser photons and jump to 

conduction band level. For this, silicon nitride, Si3N4, was introduced as the alternative 

material to design our waveguide and trap beads. It is not a crystal Si3N4 that is being 

used in fabrication process but an amorphous silicon nitride (a-SiNx) that has its own 

advantages when depositing it on a silicon substrate. The energy bandgap of an 

amorphous silicon nitride ranges between 2.5-5 eV depending on the type of deposition 

and elements for impurities and has a very high real refractive index compared to both 
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water and silicon dioxide substrate, meaning that the light can still be well confined 

along the waveguide [40-41].  

There is also another reason why our group has decided to switch to silicon 

nitride material instead of silicon for the fabrication of the waveguide. In our studies we 

are not only interested in trapping beads in z-direction, the direction perpendicular to 

our nSWAT chip, but we are also trying to move them in x-direction, that is along the 

waveguide. The force that could be applied to beads in order to move them along the 

waveguide is directly proportional to the power of the laser input. We might just 

increase the power of the laser to apply higher forces. But the nonlinear properties of 

the silicon comes to center of the major problems. The nonlinear properties of silicon 

have been studied extensively followed by the equations  

𝑑𝐼

𝑑𝑥
= −𝛼𝐼 − 𝛽𝐼2 − 𝛾𝐼3     (22) 

where α is the linear coefficient of intensity change, β and γ are nonlinear coefficients 

of second and third kind respectively responsible for the nonlinear effect in silicon 

material. The effect of nonlinearity of the silicon is illustrated in Fig. 12. From this 

illustration we can see that the silicon becomes highly nonlinear as the power of the 

input laser increases beyond 0.1 W and reaches a plateau of 0.15 W as we go above 0.5 

W for input laser power. This means that the silicon material does not allow us to apply 

a laser power of 0.1 W and more. Silicon nitride, on the other hand, can allow us to use 

a laser power up to 2 W, providing us the opportunity to apply very high force that we 

might need to move beads along the waveguide.  
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Figure 12. (a) The power that propagates beyond 5 mm in the silicon waveguide depending on the 

intensity of the laser (power coupled to the waveguide). It is observed that the silicon becomes highly 

nonlinear when the power sent into the waveguide is above 0.1 W. If we continue increase the intensity 

of the laser we observe that the transmitted power reaches a plateau and does not increase beyond 0.15 

W. (b) Power penetrating the silicon material depending on the depth. Due to the nonlinearity of the 

silicon, the power dies out very fast just at the beginning of its journey through the waveguide resulting 

in very low power left after traveling 5 mm. 
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CHAPTER 3 

COMPUTATIONAL PROCESS 

 

3.1.  Simulation of photonics crystal resonator 

In this work, we will first present a numerical simulation of electromagnetic field 

distributions for different geometric nanostructures such as photonic crystal resonator 

and nanophotonic standing wave arrays. Along with this we will also show simulations 

for local temperature increase and the thermophoretic drift of nanoparticles as a result 

of absorption. We will also present the simulation of convective flow of the water 

molecules using governing stationary Navier-Stokes equation in order to provide 

justifications to use the equations (17) - (21) in previous section. In all simulations a 

commercial software COMSOL has been used which is based on finite element analysis. 

After simulation of the photonic crystal resonator presented in previous section 

we will be able to see the distribution of the electromagnetic field. At any liquid/silicon 

boundary, the field is increased because of boundary conditions and then vanishes as an 

evanescent wave. The superposition of these evanescent waves in the inner cavity hole 

is what allows for the formation of this high field intensity region. The simulations were 

performed using a commercial finite element software (COMSOL). The finite elements 

method (FEM) was used as a method for numerical simulation. Parametric sweep over 

the distance between the waveguide and photonic crystal resonator and wavelength of 

the laser was used in order to get better result of coupling between the two with high 

quality factor. Following equation resulted from the fundamental Maxwell’s equations 

for electromagnetic field was taken care by the COMSOL software 

∇ × (∇ × 𝐄) − 𝑘0
2𝜀𝑟𝐄 = 0     (23) 
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where 𝜀𝑟 = (𝑛 − 𝑖𝑘)2. Here, E is the electric field vector, k0 is the wave vector of the 

electromagnetic field, εr, n and κ are the electric permittivity, real refractive index and 

imaginary refractive index of the corresponding material.   

 

 

Figure 13. Mode analysis of supported modes of both nanophotonic waveguide and photonic crystal 

resonator. The parameters of the cross section are a = 450 nm and b = 250 nm. Effective refractive index 

for the fundamental mode is neff = 2.40. The color bar shows the magnitude of the electric field distribution 

in units of V/m. The units in the x- and y-axes are in micrometers. 

 

In order to maximally avoid any heat loss before the laser is coupled to the 

photonic crystal, we used the most confined mode inside the waveguide. The numerical 

calculations for mode analysis has shown that it should correspond to neff = 2.4 (Fig. 

13). The result of numerical simulation of the trapped electromagnetic field inside the 

photonic crystal is shown in Fig. 14. We see from the picture that the electric field is 
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maximum inside the central hole of the photonic crystal (see the bar of color spectra) 

which is used to trap nano-size beads and molecules that we impose into our system. 

The electromagnetic field in the central hole is exposed to the water and this field is 

partially absorbed by water molecules resulting in a local temperature increase.  

 

 

 

Figure 14. Spatial distribution of electric field after the light has been coupled into the photonics crystal 

resonator from waveguide. Absolute value of the electric field |𝐸𝑦| in units of V/m (see color bar) has 

been depicted since we are using TE mode and it has the electric field mainly in the y-direction. Almost 

all the electric field energy is confined in the middle hole that is being used to trap particles. The units 

along the x- and y-axes are in micrometers.  
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3.2.  Simulation of temperature increase at trapping region 

Now, after knowing the distribution of electromagnetic field, using equation 

(12) we can now calculate the temperature increase around a trapping region, where the 

field is strongly confined. All the imaginary permittivities of the designed materials 

were ignored except for the water (ε2=3.51 * 10-4), because the absorption coefficient 

of water is much higher than the other materials. The parameters of the materials were 

chosen from the material properties list provided by the COMSOL software, except for 

the conductivity k for silicon. In thin silicon, photon-surface interactions cause the 

conductivity to change as compared to bulk silicon, thus setting it to k = 100 Wm-1K-1 

[42]. The result of simulation for temperature increase is shown in Fig. 15. The 

maximum increase of temperature for 10 mW power input is numerically found to be 

27 K.  
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Figure 15. Temperature distribution resulted from the absorption of light in photonic crystal 

resonator. (Top) A view from top of the temperature distribution in water at the close proximity of the 

trapping region. (Bottom) A three-dimensional side view of the same structure cut in all three dimensions. 

The maximum temperature increase is ∆𝑇 = 27 𝐾. The units along the x-, y- and z-axes are in 

micrometers. 
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3.3.  Theoretical estimation and numerical simulation of thermophoretic energy 

barrier 

Now, when we know the temperature increase in evanescent water, we can try 

to find the themophoretic potential barrier for nanoparticles due to the temperature 

gradient. As was mentioned before, we will first try to give some estimated value for 

the potential barrier for stationary case, where we don’t have any imposed horizontal 

flow of liquid. Before using the steady state thermal diffusion equations as were 

presented in previous section (Eq. (19)), we have to justify ourselves that the convective 

flow of the fluid (almost) does not contribute to the motion of the nanoparticles. The 

simulation for the convective flow of the water were performed using Non-isothermal 

fluid flow package that accounts for the local temperature increase and introduces 

corrections for the Navier-Stokes equations based on Boussinesq approximations. The 

simulations were carried out the same way as it was presented by Donner et al. [43] 

where they simulated the temperature increase and velocity field evolution of the 

surrounding fluid as a result of illumination of gold disk at its plasmon resonance 

depending on the height of the system. Knowing the power loss, or the temperature 

increase in microcavity region, we simulated the convective flow of liquid depending 

on the height of the fluid bath and found the approximate velocity magnitude of the fluid 

at the point 1 μm above the trapping region where the temperature is maximum.  Fig.16 

illustrates how velocity reaches plateau as we increase the height of the fluidic chamber. 

We see that the magnitude of the maximum velocity in this convective flow is around  

u = 2 nm/s. Substituting this value into the equation (17) we obtain the Péclet number 

to be around 𝑃é~10−3, which means that the convective flow is much less than the 

diffusive flow of nanoparticles. Thus, our assumption where we ignored the convective 

flow as compared to diffusive flow of particles was justified. Here we used the same 
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values 𝐷~10−12 for 48 kbp DNA molecules as was used in work of Serey et al. [44] 

and 𝐿~10−6 as the order of magnitude of our chamber (or the order of magnitude in 

which the velocity of the water molecules do not change significantly).  

 

 

Figure 16. The magnitude of the velocity of the fluid flow calculated for the point 1 μm above the 

trapping region where the temperature is maximum. The velocity magnitude reaches a plateau as we 

increase the height of the water bath. Beyond 10 μm of water height the velocity does not change 

significantly. Maximum velocity reached is about 2 nm/s.  

 

After justification that the convective flow of the water is negligible compared 

to the diffusion, we can use the equation for the diffusive transport of nanoparticles as 

a result of themophoretic drift. As was derived in previous section (Eq. (21)), the 

concentration distribution of nanoparticles is 

𝑐(𝒓) = 𝑐0exp [−𝑆𝑇(𝑇(𝒓) − 𝑇0)] 
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In the presence of thermal effects the distribution of nanoparticles can also be expressed 

in terms of free energy (or energy barrier) as 

𝑐(𝒓) = 𝑐0exp [−𝐸(𝒓)/𝑘𝐵𝑇]     (24) 

where E(r) and kBT are the total free energy and the thermal energy fluctuation of 

nanoparticles at the position r, respectively. Comparing this with equation (21) we can 

express our free energy in terms of temperature increase and Soret coefficient  

𝑈(𝒓)

𝑘𝐵𝑇
= 𝑆𝑇(𝑇(𝒓) − 𝑇0)     (25)  

From the studies of Duhr and Braun [34], we can get that for 48 kbp DNA molecules 

the Soret coefficient is about 𝑆𝑇 = 1 𝐾−1. Thus, for photonic crystal resonator and 

stationary case of water we get approximate value for the energy barrier to be 30kBT. 

After this we can now perform the actual simulation using the equations (13) - (16). To 

express the result we will draw an imaginary straight line that passes just above the 

trapping region as illustrated in Fig. 17 along which we will see how the energy barrier 

changes. The result of the energy barrier along this line is presented in Fig. 18.  

 

 

 

Figure 17. An illustration of an imaginary straight line that passes just above the trapping region along 

which the potential barrier created by local temperature increase has been investigated. Length unit of 

axes are in micrometers. 
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Figure 18. The thermophoretic potential barrier created by the trapping region of the photonic crystal 

resonator along the imaginary horizontal line for 48 kbp λ DNA molecules. The input power is Pin = 10 

mW. Different energy values correspond to different inflow velocity. The potential barrier decreases as 

we increase the inflow velocity of the water.   

 

The equations has been simulated for different values of flow velocity of water 

starting from 0.1 μm/s till 50 μm/s. The different energy barrier graph corresponds to 

these different values of inflow velocity. Very slow flow (0.1 μm/s) is almost the same 

as if it is stationary case, and we can see from the graph that the maximum energy barrier 

for this flow is about the same as we found in our theoretical predictions. Higher 

velocities lead to lower energy barrier, because higher inflow may impose more initial 

velocity to nanoparticles and decrease the thermophoretic drift in direction opposite to 

inflow. This result is very close to what Serey et al. has presented in their work, where 
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they used 1 μm/s inflow velocity which corresponds to the purple line (Emax ≈ 18) in a 

graph above.   

 

3.4.  Thermophoretic energy barrier in nSWAT  

As the next step for photonic traps we will simulate nSWAT and the temperature 

increase in ambient water. As was mentioned before for nSWAT a light should be sent 

from both sides of the waveguide in order to create a standing wave. Typical power of 

lab laser is around 10 mW. So for nSWAT, each of the counter-propagating lasers 

should be of 5 mW. The mode profile of electromagnetic field distribution for the silicon 

nSWAT, which has a cross section of 440 nm high and 250 nm wide, where we use a 

laser of wavelength λ=1550 nm, has been simulated.  

For this type of trapping, however, we will use different mode, where the 

electromagnetic field is mainly exposed to water above the waveguide (see Fig.19), for 

which the effective refractive index is neff = 1.887. This mode is chosen because we are 

trying to trap beads in nodes of standing wave on top of the nSWAT as illustrated in 

Fig. 20. We will be following exactly the same steps to study the thermophoretic 

potential barrier of particles to be trapped to the nodes as was done for photonic crystal 

resonator. The maximum temperature increase of water for silicon nSWAT, at 10 mW 

of power input, 5 mW each counter propagating laser, was found to be 2 K (Fig. 21). 

Although the temperature increase is relatively low compared to photonic crystal 

resonator, this structure still has a potential barrier for beads to be trapped. For the 

simulation of this design the potential barrier energy for 500 nm in diameter polystyrene 

beads found to be around 6kBT (both theoretical prediction and numerical simulation). 

In numerical simulations we again applied a horizontal flow of fluid so that we can 

observe how the potential barrier changes with the velocity of flow. In Fig. 22 it is 
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shown that even for very high inflow velocity (10 μm/s) the potential barrier still 

remains to be above one unit of kBT. Continuing increasing the flow velocity might lead 

to lower potential energy, but it will also decrease the control over the particles. So it is 

better to apply very low velocity so it just slightly moves the particles along the 

chamber.  

 

 

 

Figure 19. Mode profile of the electromagnetic field distribution for silicon nSWAT (TM mode). 

Dimensions of silicon waveguide are a = 440nm and b = 250nm. The effective refractive index used to 

trap is neff = 1.887. The units along the x- and y-axes are in micrometers. 
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Figure 20. Profile picture of standing wave as a result of counter-propagating electromagnetic waves 

along the silicon waveguide under the water. The beads are trapped at each node of the electric fields on 

top of the waveguide. The units along the x-, y- and z-axes are in micrometers. 
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Figure 21. Temperature increase of water above the nSWAT. Maximum value of temperature increase 

above the waveguide was calculated to be 2 K. The units along the x-, y- and y-axes are in micrometers. 
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Figure 22. The thermophoretic potential barrier created by the nanophotonic standing wave arrays for 

500 nm size polystyrene beads. The maximum temperature increase is calculated to be ∆𝑇 = 2 𝐾. Here 

also, different energy values correspond to different inflow velocities.   

 

As was described in theoretical part, 1550 nm wavelength still creates 

comparatively high temperature increase and is problematic for trapping beads. This is 

because of the high absorption coefficient of water for 1550 nm wavelength of the input 

laser. In order to decrease the absorption we decided to switch to λ=1064 nm laser 

wavelength. At this wavelength the absorption coefficient of water is almost hundred 

times less compared to 1550 nm laser, as was presented by G. M. Hale and M. R. Querry. 

However, as was mentioned before, at this wavelength the material of the waveguide 

(silicon) starts to absorb the energy of laser. For this, we had to switch to another 

material which does not absorb light as much as silicon but has very close physical and 
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chemical properties as of silicon. Amorphous silicon nitride (a-Si3N4) was proposed for 

this as it absorbs electromagnetic field less compared to silicon at 1064 nm. Since we 

are now using different wavelength we also need to adjust the geometry for the 

waveguide in order to get a strong electric field gradient. Thus a cross section geometry 

of 750x300 nm was proven to fit our requirements the best. The mode profile for this 

geometry was also chosen so that it can trap beads at nodes of the standing wave above 

the waveguide as shown in Fig. 23.  

 

 

Figure 23. Mode profile for silicon nitride waveguide nSWAT (TM mode). Parameters of this waveguide 

are a = 750nm and b = 300 nm with correspondence to wavelength used. The effective refractive index 

is neff = 1.563. The units along the x- and y-axes are in micrometers. 
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This type of design has almost exactly the same pattern for distribution of 

electromagnetic field as was obtained for the silicon material nSWAT with the only 

difference that the maximum temperature increase was found to be only about 10-2 K! 

This result is not surprising, since the absorption coefficient of water found to be 100 

times less for 1064 nm than for the 1550 nm laser input. For this temperature increase 

the potential barrier in stationary water is only about 0.06kBT (Fig. 24). Applying a 

horizontal flow of water inside the chamber we can definitely decrease the energy 

barrier. It was not necessary to do the same simulations since 0.06kBT is already very 

small number. For the trapping condition we can say that as long as we have the relation 

𝐸(𝑟)/𝑘𝐵𝑇 ≤ 1 the particles can overcome the potential barrier and easily be trapped by 

our devices.  
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Figure 24. Energy barrier graph for Si3N4 and correspondingly 1064 nm laser wavelength nSWAT. 

Simulations were performed for nearly stationary case only. There was no necessity to increase inflow 

velocity in order to decrease the potential barrier (it is already very small).  
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

In this work we have made a design and numerical simulation of optofluidic 

photonic crystal resonator and nanophotonic standing wave array trap device for 

different wavelength and materials. We firstly studied the photonic crystal design 

exactly the same way as it was performed by Erickson’s group of Cornell University. 

By this we wanted to make sure that our calculations and predictions are on the same 

page with the previous work performed by this group. For the photonic crystal resonator 

design we have confirmed that the values for the thermophoretic potential barrier is 

almost the same as the result from this group with a slight difference. Knowing this we 

wanted to study a different device parameters that share the same problem, a 

thermophoretic drift of nanoparticles, as the photonic crystal resonator.  

A nanophotonic standing wave arrays trap (nSWAT) is one of the recently 

proposed devices designed by a Wang group at Cornell University. This device can trap 

and manipulate nano-size particles making it a useful tool to study biological molecules. 

Heating, as it was a major problem in biological studies, is also present in their first type 

of design where they made the waveguides with a silicon material and 1550 nm 

wavelength laser. Electromagnetic waves that are extended above the waveguides along 

with being used to trap the beads are also being absorbed by water molecules. From the 

optical properties of the water it is known that the absorbing capabilities of the water 

depend on the wavelength of the laser we use. Different laser wavelength are being 

absorbed at different rate, pushing us to search for another wavelength that is optimized 

both for trapping and heating. Strong absorption results in high temperature increase in 

trapping region bringing a problem of thermal drift where particles escape the trapping 
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region. Both theoretical predictions for a simple model and numerical simulations to 

solve nonlinear differential equations were performed in order to understand and 

numerically describe this phenomena. Given that water absorbs differently for various 

laser wavelengths, we had to choose a wavelength that is absorbed less. Thus, a 1064 

nm laser wavelength that is being absorbed much less was proposed instead of the 

previously used 1550 nm. Switching to this wavelength requires us to use another 

material for the waveguide, since at 1064 nm the laser starts to be absorbed by the silicon 

itself. For this, silicon nitride was proposed as a material to match our requirements 

since it has higher bandgap that allows the photons travel though this material without 

absorption.  

We should also note that our main goal in designing this device is to trap beads. 

In optical trapping studies being able to apply strong forces is always an advantage. 

Thus, we shouldn’t forget about the trapping stiffness. The trapping force is generated 

mainly from the gradient of the electromagnetic field, which is extended above the 

waveguide for the nSWAT device. Silicon material has higher refractive index (nSi = 

3.47) compared to that of water (nwater = 1.33) or silica glass (nglass = 1.45), which means 

that the light will mainly remain inside the silicon waveguide. Large contrast between 

the refractive indices indicates that the light will strongly remain inside the waveguide. 

This condition provides a very strong gradient of electromagnetic field extended above 

the waveguide, bringing us a good opportunity to apply strong forces. For the silicon 

nitride material we have the refractive index less than the silicon material (𝑛𝑆𝑖3𝑁4
=

2.0), that is less contrast of refractive indices, which means that the force that we can 

apply during the trapping is limited compared to the silicon waveguide structure. Special 

cases need to be treated independently depending on the type of experiments we perform 

and the condition for the experiment. 
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To optimize this type of trapping methods we need to consider many things. 

Even if we come up with the best wavelength that is optimized both for temperature 

increase of the water and trapping force, we also need to find a material for the 

fabrication of our waveguide so that it remains transparent both for the specific 

frequency and the intensity of the input laser. By transparent we mean that it does not 

absorb light at all. Silicon is very good for 1550 nm wavelength and is also very common 

material used in daily scientific world. But this material is very loss for 1064 nm 

wavelength, the wavelength that corresponds to 100 times less absorption by water. It 

is also very absorbing for high intensities due to its strong nonlinear optical properties. 

For this, we had to switch to another material such as silicon nitride that remains 

transparent for 1064 nm wavelength.  

We have seen from previous studies that optical trapping plays important role in 

investigating biological and chemical processes. Choosing the right material and 

wavelength of monochromatic laser is very crucial to optimize the trapping in order to 

get more precise and accurate results of our studies. In this thesis we have shown that 

for the nSWAT device switching to 1064 nm wavelength instead of 1550 nm and 

correspondingly changing the material from silicon to silicon nitride gives us better 

trapping probability due to less absorption. The main problem of trapping using nSWAT 

at 1550 nm wavelength was that the potential barrier generated by the local heating of 

the water from the laser input. Using 1064 nm laser, gives us a potential barrier that is 

almost negligible compared to the random thermal drift or Brownian motion of 

nanoparticles. We also should note that silicon nitride is not the only material that fits 

our needs. There is no limit for optimization of the device design and material depending 

on the type of experiment we follow and what sort of problem we want to solve.  
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APPENDIX 

 

a. Simulation of waveguide mode profile 

 

Model Wizard 

1. In the New window, click Model Wizard. 

2. In the Model Wizard window, click 2D 

3. In the Select Physics tree, select Optics>Wave Optics>Electromagnetic Waves, 

Frequency Domain (ewfd). 

4. Click Add. 

5. Click Study. 

6. In the Preset Studies, select Mode Analysis.  

7. Click Done. 

 

Geometry 

1. In the Geometry window, under the Length Unit section choose appropriate unit 

you will be working with. In our case we choose μm. 

2. Right click Geometry and choose Rectangle. 

3. Click on Rectangle1 (r1) and in the Size section for Width type 4, for Height 

type 4. 

4. In the Position section select the Base as Center.  

5. Expand the Layers section, and in Layer1 table type 2 μm (you don’t have to type 

the unit, it has already been settled).  

6. Select the Layers on bottom only under the Layers section. 
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7. Click on Build All Objects on top of the Rectangle window. 

8. Right click Geometry and choose Rectangle. 

9. Click on Rectangle2 (r2) and in the Size section for Width type 0.45, for Height 

type 0.25. 

10. In the Position section select the Base as Center and type 0.25/2 in the y position. 

This one will make sure that rectangle 2 is on top of the substrate. 

11. Click on Build All Objects on top of the Rectangle window. 

 

Materials 

1. Right click Materials window and select Add Materials. 

2. You will see a new window opened for materials selection. Expand Built-In and 

select Water, liquid. 

3. Click on Add to Component.  

4. Again in Built-In selection list choose Silicon and click Add to Component. 

5. Choose a Silica glass from the same list and click on Add to Component.  

6. Close the Add Material window. 

7. In the Materials window select Water, liquid (mat1), and locate the Geometry 

Entity Selection. 

8. In the Geometric entity level select Domain and choose domain 2. 

9. Select Silicon (mat2), and select Domain in the Geometric entity level, and select 

Manual for the Selection.  

10. Select domain 3 in the geometry. 

11. Do the same for the Silica glass material and select domain 1.  

 

Electromagnetic Waves, Frequency Domain 
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1. Click on the Electromagnetic Waves, Frequency Domain 

2. Select All domains in the Selection section under the Domain Selection. 

Mesh 

1. Click on the Mesh under the Components window. 

2. Select Extremely fine for the Element size under the Mesh settings section. 

3. Click on Build All. 

Study 

1. Expand the Study window under the Components. 

2. Click on the Step1: Mode Analysis. 

3. Locate the Study Settings and type 4 in the Desired number of modes section.  

4. Choose Effective mode index for the Transform section.  

5. Type c_const/1571[nm] for the Mode analysis frequency section. 

6. Choose Closest in absolute value in the Mode search method around shift 

section. 

7. Click on the Study1 and click Compute. 

 

Results 

1. Click Electric field (ewfd) under the Results window. 

2. Choose the appropriate index in the Effective mode index section. For example, 

in the photonic crystal case we choose 2.4. 

This is the effective index that we will be using in our further calculations. You can 

build different geometry and choose different materials according to your specific 

problem. In the materials section you also can type your own numbers for the material 

parameters. 
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b. Simulation of electromagnetic heating 

 

Model Wizard 

1. In the New window, click Model Wizard. 

2. In the Model Wizard window, click 3D 

3. In the Select Physics tree, select Optics>Wave Optics>Electromagnetic Waves, 

Frequency Domain (ewfd) and click Add. 

4. In the Select Physics tree, select Heat Transfer>Heat Transfer in Solids and 

then click Add. 

5. Click Study. 

6. Expand and click Custom Studies>Preset Studies for Some Physics>Boundary 

Mode Analysis.  

7. Click Done. 

 

Geometry 

1. Under the Components window, click on Geometry and choose the appropriate 

length unit. In our studies we chose μm. 

2. Right click the Geometry and select Block. 

3. In Block1 type Width: 4, Depth: 4, Height: 2, choose center for the Base under 

the Position section and type z: 1 for the position. 

4. In Block1 expand the Layers section, type 0.3 for the Layer 1 and select Left, 

Right, Back and Top under the Layer positions.  

5. Click Build All Objects. 

6. Right click Geometry and select Block. 
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7. In Block2 type Width: 4, Depth: 4, Height: 2, choose center for the Base under 

the Position section and type z: -1 for the position. 

8. In Block2 expand the Layers section, type 0.3 for the Layer 1 and select Left, 

Right, Back and Bottom under the Layer positions. 

9. Right click Geometry and select Block. 

10. In the Block3 type Width: 0.45, Depth: 4, Height: 0.25, choose center for the 

Base under the Position section and type z: 0.25/2 

11. Click Build All Objects. 

 

Materials 

1. Click Materials and select appropriate materials for the objects. Select Silicon for 

the waveguide, Water, liquid for the water and Silica glass for the silicon 

substrate. 

2. For water we have to introduce a new component, imaginary refractive index.  

 

Electromagnetic Waves, Frequency Domain 

1. Click on Electromagnetic Waves, Frequency Domain and select All domains 

for the Selection section under the Domain Selection. 

2. Right Click the Electromagnetic Waves, Frequency Domain and select Port. 

3. Click on the Port and select the boundary 35, 38 and 62 (do not select the 

boundaries at the very edges). These are the boundaries of the waveguide where 

we would like to send the electromagnetic wave.  

4. Select Numeric under the Type of port and On for the Wave excitation at this 

port. 
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Perfectly Matched Layer 

1. Right click the Definitions window and select Perfect Matched Layer.  

2. Select all the domains that are at the periphery of our block, 1 – 9, 12 – 26.  

This will be used if our systems is extended to infinity or very far. Perfectly matched 

will take care of that boundary condition. 

 

Heat Transfer in Solids 

1. Click on Heat Transfer in Solids and select All domains for the Selection under 

the Domain Selection section. 

2. Click Heat Transfer in Solids 1 and select the solid domains: Silicon and Silica 

glass substrate. 

3. Set appropriate Thermal insulation and Initial Values. 

4. Right click Heat Transfer in Solids (ht) and select Heat Transfer in Fluids. For 

this section select the liquid domain from the geometry. 

5. You can also right click the Heat Transfer in Solids (ht) , select Temperature 

and set appropriate temperature for the boundary conditions. 

 

Multiphysics 

1. Right click Multiphysics and select Electromagnetic Heat Source. 

2. Right click Multiphysics and select Boundary Electromagnetic Heat Source. 

3. Right click Multiphysics and select Temperature Coupling. 

4. For Electromagnetic Heat Source select All domains for the Selection. 

5. For Boundary Electromagnetic Heat Source select All boundaries for the 

Selection.    
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Mesh 

1. Click on the Mesh and select Extra Fine. 

2. Click Build All. 

 

Study 

1. Click on Step 1: Boundary Mode Analysis and type 2.4 for the Search for 

modes around, c_const/1571[nm], and type 1 for the Port name.  

2. Under the Physics and Variables Selections section make sure that there is √ for 

the Electromagnetic Waves, Frequency Domain physics and cross X sign for the 

Heat Transfer in Solids physics. 

3. Click on Step 2: Frequency Domain and type c_const/1571[nm] for the 

Frequencies under the Study Settings section. 

4. Under the Physics and Variables Selections section make sure that there is √ for 

the Electromagnetic Waves, Frequency Domain physics and cross X sign for the 

Heat Transfer in Solids physics. 

5. Click on Step 3: Stationary and under the Physics and Variables Selections 

section make sure that there is cross X sign for the Electromagnetic Waves, 

Frequency Domain physics and √ sign for the Heat Transfer in Solids physics. 

6. Expand the Solver Configurations>Solver1>Stationary Solver1 and enable the 

Direct solver instead of Iterative. 

7. Expand the Solver Configurations>Solver1>Stationary Solver2 and enable the 

Direct solver instead of Iterative.  

8. Click on the Study 1 and click Compute.  
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c. Simulation of thermophoretic energy barrier 

 

Model Wizard 

1. In the New window, click Model Wizard. 

2. In the Model Wizard window, click 2D 

3. In the Select Physics tree, select Heat Transfer>Heat Transfer in Solids (ht) 

4. Click Add. 

5. In the Select Physics tree, select Chemical Species Transport>Transport of 

Diluted Species (chds) 

6. Click Add. 

7. Click Study. 

8. In the Preset Studies for Selected Physics click Stationary.  

9. Click Done. 

 

Parameters 

1. Right click Global Definitions and select Parameters. 

2. Click on Parameters and fill the table as follows 
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Geometry 

1. Click on Geometry window and select μm for the Length unit. 

2. Right click Geometry and select Rectangle. 

3. Set Rectangle1(r1) parameters as Width: 30 and Height: 10 in Size section and 

select Center for the Position section.  

4. In Position section type y: 5. 

5. Right click Geometry and select Rectangle 

6. Set Rectangle2(r2) parameters as Width: 30 and Height: 3 in Size section and 

select Center for the Position section.  

7. In Position section type y: -1.5. 

8. Right click Geometry and select Rectangle 

9. Set Rectangle3(r3) parameters as Width: 0.45 and Height: 0.25 in Size section 

and select Center for the Position section.  

10. In Position section type y: 0.125. 

11. Click Build All. 

 

Material 

1. Right click Materials window and select Add Materials. 

2. You will see a new window opened for materials selection. Expand Built-In and 

select Water, liquid. 

3. Click on Add to Component.  

4. Again in Built-In selection list choose Silicon and click Add to Component. 

5. Choose a Silica glass from the same list and click on Add to Component.  

6. Close the Add Material window. 
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7. In the Materials window select Water, liquid (mat1), and locate the Geometry 

Entity Selection. 

8. In the Geometric entity level select Domain and choose domain 2. 

9. Select Silicon (mat2), and select Domain in the Geometric entity level, and select 

Manual for the Selection.  

10. Select domain 3 for this material. 

11. Do the same for the Silica glass material and select domain 1. 

12. The thermal conductivity for silicon waveguide is different due to its small size 

compared to the bulk silicon. So set thermal conductivity for the silicon as 100 

W/(m*K). 

 

Heat Transfer in Solids 

1. Click Heat Transfer in Solids (ht) and select All domains under the Domain 

Selection.  

2. Right click Heat Transfer in Solids (ht) and select Heat Transfer in Fluids. 

3. Click on Heat Transfer in Fluids 1 and set Manual for the Domain Selection.  

4. Select domain 2. 

5. Expands Model Inputs in Heat Transfer in Fluids 1 window and set Velocity 

field as 

6.  

7. Right click Heat Transfer in Solids (ht) and select Temperature. 
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8. Click on Temperature 1, select domains 6-9 and type in the Temperature section 

as Ts. 

9. Right click Heat Transfer in Solids (ht) and select Temperature. 

10. Click on Temperature 2, select domains 2 and 5 and type in the Temperature 

section as 293.15 K. 

11. Or instead of Temperature 1 you can also choose a Heat Source by right clicking 

Heat Transfer in Solids (ht) and under the Heat Source type P for General 

source. 

 

Transport of Diluted Species 

1. Click on Transport of Diluted Species (chds) and select domain 2 only.  

2. Click on Convection and Diffusion 1 and set the Velocity field parameters as 

3.  

4. Click on No Flux 1 and select Apply for… under the No Flux section 

5. Select Species c1. 

6. Click on Initial Values 1 and type 10^-3 for Concentration section. 

7. Right click Transport of Diluted Species (chds) and select Inflow. 

8. Click on Inflow 1, select boundary 3 and type 10^-3 for the Concentration 

section. 

9. Right click Transport of Diluted Species (chds) and select Outflow. 

10. Click on Outflow and select boundary 12. 
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Mesh 

1. Right click Mesh and select Free Triangular. 

2. Click on Free Triangular 1 and select domain 3. 

3. Expand Free Triangular 1, click on Size 1 type 0.1 for the Maximum element 

size after selecting Custom.  

4. Right click Mesh and select Free Triangular. 

5. Click on Free Triangular 2 and select domain 1 and 2. 

6. Expand Free Triangular 2, click on Size 1 and type 0.2 for the Maximum 

element size after selecting Custom. 

 

Study 

1. Click on Study and click Compute. 

 

Results 

1. In Results section we see three different results: Temperature, Isothermal 

contours and Concentration. 

2. Expand the Concentration (chds) and click on Surface. 

3. Type –log(c1/10^-3) in the Expression section and you will see the energy barrier 

profile in the geometry. 

4. Right click Data Sets under the Results window and select Cut Line 2D 

5. Select Two points for the Line Data and enter the following 
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6.  

7. Right click Results and select 1 D Plot Group. 

8. Click on 1 D Plot Group 1 and in Data section select Cut Line 2 D 1. 

9. Right click 1 D Plot Group 1 and select Line Graph. 

10. Click on Line Graph 1 and type –log(c1/10^-3) in the Expression section. 

11. Click on Plot and you should see the energy barrier graph along the horizontal line 

that passes just above the trapping region. 
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