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ABSTRACT 

Applications of Nanophotonic Photothermal Effects and Their 
Theoretical Modeling 

 by 

Jian Yang 

Many of the fascinating applications of nanophotonics utilize the 

photothermal effects in which nanophotonic resonances enhance optical absorption 

and generate heat. The resulting high temperature in nanostructures has been 

applied in water purification1,2, medical treatment3,4 and chemical reactions5,6. 

However, theoretical modeling of nanophotonic thermal effects is often challenging 

because of the involved multi-physical processes. Here, we demonstrate three novel 

applications of nanophotonic photothermal effects with a particular emphasis on 

theoretical modeling: plasmon-accelerated photothermal curing of epoxy, optical-

force-dominated directional reshaping of photothermally softened nanoparticles, 

and photothermoelectric effect in a semiconductor device. Our models successfully 

explained the experimental findings and gave us deeper understanding of the 

nanoscale photothermal systems. 



 

 

Acknowledgments 

Pursuing a PhD degree is a long journey with lots of ups and downs. It 

improves my academic intelligence, but more importantly, it makes me more 

confident, motivated and determined. I want to thank all the people who support me 

along the journey. Without their help, I am unable to make my way here. 

I would like to thank my girlfriend Zhou for her love and care through the 

years. We’ve been in love for more than three years, but most of the time we are 

physically apart across the ocean. We always love, understand and encourage each 

other whenever any of us feels lonely or discouraged. I want to thank my mother 

Zhiping and my father Wenbin who consistently love and support me. They always 

care about my safety and happiness abroad. Even if they don’t know about the field I 

am working on, they encourage me to pursue my goal. 

I would like to thank Dr. Peter Nordlander for his guidance in the past four 

and a half years. He is very nice to students and cares about their happiness. As a 

researcher he is always energetic and motivated, and he sets a great example to me. 

Although I may not be working on the field of nanophotonics after graduation, the 

skills and ideas I learned from him will always be invaluable. I want to thank Dr. 

Naomi Halas for her important support and inspiring comments on many of my 

projects. She is brave to question whatever theory that does not convince her and 

designs experiments to prove her idea, which I believe makes her a great scientist. I 

want to thank Dr. Han Pu for being in my committee. I know he is a very nice 

professor ever since I took his quantum mechanics course in my first year. 



iv 
 

I would like to thank all my colleagues for the fruitful collaborations and 

discussions. I especially want to thank Dr. Alessandro Alabastri and Michael 

Semmlinger who worked with me on many interesting projects. I want to thank all 

my colleagues who worked or currently work in Dr. Peter Nordlander’s research 

group: Dr. Hui Zhang, Dr. Luca Bursi, Dr. Arash Ahmadivand, Dr. Yao Cui, Dr. Jun Liu, 

Dr. Yue Zhang, Dr. Xiao Yang, Dr. Hangqi Zhao, Dr. Runmin Zhang, Dr. Chizuko M. 

Dutta, Dr. Manvir S. Kushwaha, Ming Zhang, Minhan Lou, Huatian Hu, Yage Zhao, and 

Burak Gerislioglu. I also want to thank all the collaborators in other research 

groups: Dr. Henry Everitt, Dr. Minglun Tseng, Dr. Thejaswi Tumkur, Dr. Chao Zhang, 

Dr. Weikang Liu, Dr. Samuel Gotheim, Dr. Kyle Smith, Dr. Adam Roberts, Dr. Zhi 

Zhao, Benjamin Clark, Christian Jacobson, Pratiksha Dongare, Shu Tian, Charlotte 

Evans and so on. 

Finally, I encourage all those who are still working towards the degree to 

keep pursuing their goals and wish them realize their dreams. 

 



 

 

Contents 

Acknowledgments ..................................................................................................... iii 

Contents .................................................................................................................... v 

List of Figures ........................................................................................................... vii 

Introduction ............................................................................................................... 1 

Plasmonic Nanoparticle-Based Epoxy Photocuring: A Deeper Look ............................. 5 

2.1. Introduction .............................................................................................................. 6 

2.2. Experiment ............................................................................................................... 7 

2.2.1. Optical Characterization of Epoxy Film and Gold Nanoparticles ...................... 7 

2.2.2. Temperature Measurement Setup .................................................................... 9 

2.2.3. Temperature Measurement Results ............................................................... 10 

2.3. Theoretical Modeling ............................................................................................. 11 

2.3.1. Multi-Physical Model Description ................................................................... 11 

2.3.2. Curing Process Analysis ................................................................................... 14 

2.3.3. Influence of Parameters .................................................................................. 17 

2.4. Cost Reduction by Using Aluminum Nanoparticles ............................................... 20 

2.5. Conclusion .............................................................................................................. 22 

Optical-Force-Dominated Directional Reshaping of Au Nanodisks in Al-Au 

Heterodimers ........................................................................................................... 24 

3.1. Introduction ............................................................................................................ 25 

3.2. Experiment ............................................................................................................. 27 

3.2.1. Heterodimer Optical Spectra and Mode Analysis ........................................... 27 

3.2.2. Optical Reshaping measurements ................................................................... 30 

3.2.3. Temperature Controlled Experiments and Dark Field Spectroscopy .............. 34 

3.3. Theoretical Modeling ............................................................................................. 36 

3.3.1. Multi-Physical Model Description ................................................................... 36 

3.3.2. Calculated Temperature Increase, Optical Forces and Reshaping .................. 38 

3.3.3. Controllable Reshaping with the Silicon Tip .................................................... 41 

3.4. Conclusion .............................................................................................................. 44 



vi 
 

Photothermoelectric Effect Driven by Carrier Temperature Gradients in Silicon 

Nanobelt Photodetectors ......................................................................................... 45 

4.1. Introduction ............................................................................................................ 46 

4.2. Experiment ............................................................................................................. 48 

4.2.1. Silicon Nanobelt Fabrication ............................................................................ 48 

4.2.2. Distinguish PTE and PV by I-V and Photocurrent Scanning ............................. 51 

4.2.3. Power Dependent Photocurrent and Photovoltage........................................ 56 

4.3. Theoretical Modeling ............................................................................................. 57 

4.3.1. Multi-Physical Model Description ................................................................... 57 

4.3.2. Simulated I-V Characteristics and Saturation Effects ...................................... 59 

4.3.3. Influence of Parameters .................................................................................. 62 

4.4. Conclusion .............................................................................................................. 63 

Conclusion ............................................................................................................... 64 

References ............................................................................................................... 68 

 

 



 

 

List of Figures 

Figure 1.1 Poynting vectors around a 60 nm silver nanoparticle when the light 

frequency is (a) off and (b) on resonance with the plasmon mode. On 

resonance, the extinction cross section of the nanoparticle is significantly 

larger than its physical cross section. ............................................................................... 3 

Figure 2.1 Cartoon illustration of plasmon-assisted epoxy glue photocuring. 

Gold nanoparticles were embedded into the epoxy and the system was 

illuminated with laser. Plasmon resonance in the gold nanoparticles enhanced 

light absorption and heated up the epoxy base. At this elevated temperature, 

epoxy was gradually cured. .................................................................................................. 7 

Figure 2.2 Optical characterization of the epoxy film and the gold 

nanoparticles. (a) Absorption spectra of the epoxy film before (black) and 

after (red) curing. Before curing, the film had an absorption dip at around 500 

nm, thereby showing green color. After curing, the dip disappeared and the 

film turned black. (b) Transmission spectrum of gold nanoparticles in 

solution. The particles had plasmon resonances at around 530 nm and 

absorption was significantly enhanced. The solid green line indicates our laser 

wavelength of 532 nm. ........................................................................................................... 8 

Figure 2.3 (a) Schematic of the experimental measurement setup. Gold 

nanoparticles were deposited onto a glass slide and then covered with the FM 

300 epoxy film. Laser was scanned across the sample area from the glass side, 

and a thermal camera was focused on the sample plane from the air side. (b) A 

typical thermal camera image. The large light blue square region indicates the 

glass slide. The small black square indicates the area where temperature was 

averaged and reported. .......................................................................................................... 9 

Figure 2.4 Measured temperature evolution curves. (a) The blue dotted line 

shows a typical temperature evolution curve measured in the experiment. The 

temperature of epoxy increased rapidly initially, reached a plateau and 

remained at the plateau for a while. After that it experienced a second slower 

rise before reaching the final temperature. (b) Temperature evolution curves 

for a series of different nanoparticle concentrations. For the no-nanoparticle 

case, the temperature of the system remained low and no second rise was 

observed. For all cases with nanoparticles, there was a second rise in 

temperature. Note that the plateau temperature and time were not 

monotounous with nanoparticle concentration. ........................................................ 11 



viii 
 

Figure 2.5 Our proposed theoretical model that consists of the plasmonic 

heating (pink box), heat transfer (black box), epoxy curing reaction (orange 

box), curing self heating (green box) and epoxy optical absorption (blue box). 

The dependency relations are indicated by arrows and each inset curve shows 

the evolution of the corresponding physical quantity. ............................................. 12 

Figure 2.6 (a) Contributions from different heating sources. Plasmonic heating 

QP was constant throughout the process. Epoxy intrinsic absorption QE was 

initially smaller than QP but eventually larger because of the increase in epoxy 

optical absorption coefficient upon curing. The curing reaction heat release QS 

was much smaller in magnitude compared with the other sources. (b) The 

curing process was divided into four stages: plasmonic heating stage, curing 

start stage, curing acceleration stage and curing end stage. Note that the time 

axis is in log scale. (c) E1 and E2 components of the curing rate. The E1 

component was initially driving the curing reaction, but was later 

overwhelmed by the E2 component. ................................................................................ 15 

Figure 2.7 Effect of different parameters on the curing temperature evolution 

curve. (a) Activation energy E1 = 50, 55, 60, 65, 70 kJ/mol, (b) activation 

energy E2 = 35, 40, 45, 50, 55 kJ/mol, (c) nanoparticle concentration NP = 3.34, 

1.11, 0.555 × 1010 cm-2, (d) laser power P = 5, 5.55, 6.16 W/cm2, (e) 

aggregation parameter b = 0.2, 0.35, 0.5, 0.65, 0.8, and (f) convection 

coefficient h = 1, 3, 5, 10, 20 W/(m2K). ........................................................................... 18 

Figure 2.8 Measured temperature evolution curves with (a) different 

nanoparticle concentrations NP under IL = 6 W/cm2 and (b) different laser 

intensities IL with NP = 2.22 × 1010 cm-2. ........................................................................ 20 

Figure 2.9 Stacking aluminum nanoparticles to achieve photocuring. (a) 

Schematic of stacking different number of layers of nanoparticles. (b) 

Temperature evolution curves for different number of layers. Overall, more 

layers resulted in faster curing and higher temperature. (c) Transmission and 

absorption for different number of layers. ................................................................... 22 

Figure 3.1 Illustration of the optical-force-dominated directional reshaping of 

a photothermally softened gold nanodisk in a gold-aluminum nanodisks 

heterodimer. ............................................................................................................................ 26 

Figure 3.2 Plasmon hybridization model. (a) Cartoon illustration of the 

plasmon hybridization model. (b),(c) SEM images of (b) 38 nm gap and (c) 5 

nm gap heterodimers. The Al disks are on the left and the Au disks are on the 



ix 
 

right. (d)-(f) Measured extinction spectra of (d) isolated Al and Au disks, (e) 38 

nm gap heterodimers and (f) 5 nm gap heterodimers. (g)-(i) Calculated 

extinction spectra of (g) isolated Al and Au disks, (h) 38 nm gap heterodimers 

and (i) 5 nm gap heterodimers. Scale bar: 200 nm for all SEM images. Figure 

reproduced with permissions.60 ....................................................................................... 28 

Figure 3.3 Charge distribution of the heterodimer system. (a),(b) Charge 

distribution at 480 nm for (a) longitudinal and (b) transverse excitation. 

(c),(d) Charge distribution at 630 nm for (c) longitudinal and (d) transverse 

excitation. For all except (c), the charge magnitude was multiplied by 2 to be 

more visible.............................................................................................................................. 29 

Figure 3.4 (a) Schematic of the laser reshaping. The Au nanodisk grew taller 

but thinner and moved towards the Al nanodisk, while the Al nanodisk 

remained unchanged. (b) The absorption spectra for longitudinal and 

transverse excitation of the heterodimer and for excitation of a monomer. 

(c),(d) SEM images of heterodimers before and after pulse illumination of (c) 

178 µJ/cm2 at 500 nm and (d) 153 µJ/cm2 at 600 nm. Noticeable reshaping 

occurred in both illumination conditions. (e) SEM images of heterodimers 

before and after pulse illumination of 234 µJ/cm2 at 600 nm. The Au 

nanodisks became completely deformed and merged entirely onto the Al 

nanodisks. Scale bar: 100 nm for all SEM images. ...................................................... 31 

Figure 3.5 Quantitative measurement of reshaping. (a)-(c) Change in height 

and diameter after pulsed laser illumination with (a) 178 µJ/cm2 at 500 nm, (b) 

153 µJ/cm2 at 600 nm and (c) 169 µJ/cm2 at 760 nm. (d) Dependence of the 

degree of reshaping on initial gap size for different wavelenghs. Closer gaps 

resulted in stronger interactions and therefore more drastic reshaping. ........ 33 

Figure 3.6 Dark field scattering spectra for heterodimers before and after 

illumination of different conditions. (a) Measured scattering spectra of 

heterodimers. The solid black curve shows the scattering spectrum before the 

reshaping experiments. The following four curves show the spectra after 600 

nm longitudinal, 500 nm longitudinal, 600 nm transverse and 500 nm 

transverse, respectively. Laser power for each case was adjusted so that the 

temperature increase of the Au nanoparticle for each case was similar. (b) 

Corresponding SEM images. (c) Corresponding calculated scattering spectra. 

The simulation results are in great agreement with the experiment. Scale bar: 

100 nm for all SEM images. ................................................................................................. 35 



x 
 

Figure 3.7 (a) Calculated temperature increase spectra for Al and Au 

nanodisks. The heterodimer was excited with a longitudinally polarized laser 

pulse of intensity 167 µJ/cm2. The vertical dashed lines indicate the excitation 

wavelengths of 500, 600, and 760 nm. (b) Calculated force distribution on the 

Au surface. The Al nanodisk is plotted in gray color and the Au nanodisk is 

plotted in orange color, and a silicon tip is on top of the Au nanodisk, 10 nm 

above. Calculated forces were greatest upon 600 nm excitation. (c) Calculated 

deformation of the Au nanodisk. Maximal deformation occurred at 600 nm 

excitation. ................................................................................................................................. 39 

Figure 3.8 (a) Optical forces and (b) Au nanodisk deformation without the 

silicon AFM tip. The upward forces and deformation on the Au nanodisk upper 

surface were significantly reduced. ................................................................................. 41 

Figure 3.9 Comparison of reshaping with and without the tip. Reshaping of the 

Au nanodisk without the tip was significantly reduced. .......................................... 42 

Figure 3.10 Possibility of using the AFM tip to precisely control the geometry 

of the nanodisk. (a) Reshaping became more drastic when the tip was closer to 

the nanodisk vertically. (b) Reshaping occurred in the direction of the tip. (c) 

The effect of the tip was only drastic for a broad excitation cone. ....................... 43 

Figure 4.1 (a) The schematic cross section of our device. The Si nanobelt was 

18 µm long, 2.75 µm wide and 220 nm thick. (b) False color scanning electron 

microscopy (SEM) image of the prepared sample. (c) The fabrication process 

of the device. (d) Schematic illustration of the hot carriers generation in Si 

band diagram and their dynamics in the nanobelt. The hot carriers diffused 

and relaxed through interaction with the lattice. ...................................................... 50 

Figure 4.2 (a),(b) Rectified I-V characteristic of the Schottky device and its 

corresponding spatially resolved photocurrent scanning excited by 633 nm 

laser. The photocurrent was mostly induced by the PV effect. (c),(d) Linear I-V 

characteristic of the Ohmic device and its corresponding spatially 

photocurrent scanning. In the flat energy band, the diffusion of photocarriers 

was driven by the carrier temperature gradient directly produced by laser 

excitation and the photocurrent was mostly induced by the PTE effect. ........... 52 

Figure 4.3 (a) I-V characteristic of a sample with a stronger rectification on the 

right junction than the left one. (b) Power dependent photocurrent with laser 

spot fixed at two points on the left and right sides of the nanobelt, respectively. 

The contribution from the PTE effect gradually increased and dominated over 



xi 
 

that of the PV effect for high laser power. (c) Spatially resolved photocurrent 

scanning with laser intensity from 0.96 W/cm2 to 16.2 W/cm2. On the left side 

of the nanobelt, the photocurrent sign inversion was observed. ......................... 55 

Figure 4.4 Measured power dependence of (a) photocurrent and conductance 

and (b) photovoltage with 633 nm light focused on the left side of the Si 

nanobelt. Saturation effects were clearly visible. The photovoltage 

responsivity reached up to 100 mV/µW. ....................................................................... 56 

Figure 4.5 Simulated I-V characteristics of the (a) Schottky and (b) Ohmic 

devices. The results are in great agreement with Figure 4.2. ................................ 59 

Figure 4.6 (a),(b) Calculated power dependence of (a) temperature difference 

between two ends of the Si nanobelt and (b) photovoltage. (c) Calculated 

electric potential, carrier concentration and carrier temperature profiles for 

laser intensity of 16.2 W/cm2. ........................................................................................... 61 

Figure 4.7 Calculate photovoltage dependence on laser power with different (a) 

hot carrier cooling time scales and (b) nanobelt doping levels. ........................... 62 



 

1 
 

Chapter 1 

Introduction 

  



 

The discovery of nanophotonic effects traced back to as early as the 4th 

century when the Lycurgus Cup, a Roman glass cage cup made of a dichroic glass, 

came into being. This amazing cup displays distinct colors under different 

illumination conditions: green when illuminated from the front and red when 

illuminated from the back. Later it was realized that the mystery lies in the silver 

and gold nanoparticles embedded in the glass. These metal nanoparticles support 

surface plasmon resonances which make them interact strongly with green light.  

 Nanophotonics is the study of light-matter interactions at the nanoscale. One 

of the most important topics in nanophotonics is the surface plasmon, which is the 

collective oscillation of free electrons in the conduction band of a metal. The 

intrinsic plasmon mode of a nanoparticle is determined by its material, geometry 

and environment. When the external driving radiation frequency coincides with the 

mode frequency, localized surface plasmon resonance (LSPR) is excited and the 

nanoparticle-light interaction is significantly enhanced. Figure 1.1 shows the 

Poynting vectors of the electromagnetic waves near a silver nanoparticle of 

diameter 60 nm. When the excitation wavelength is off-resonant at 600 nm, the 

interaction between light and the nanoparticle is weak. However, when the 

excitation is on-resonant at 368 nm, Poynting vectors are bent towards the 

nanoparticle and its optical cross section is much larger than its physical cross 

section.  



 

 

Figure 1.1 Poynting vectors around a 60 nm silver nanoparticle when the light 

frequency is (a) off and (b) on resonance with the plasmon mode. On 

resonance, the extinction cross section of the nanoparticle is significantly 

larger than its physical cross section.  

LSPR concentrates light beyond the diffraction limit7,8 and produces extreme 

electric field hot spots9. In the meanwhile, LSPR is sensitive to particle geometry and 

environment, making it promising for a wide range of applications. The large 

electric field produced by LSPR is ideal for single-molecule spectroscopies like 

surface-enhanced Raman spectroscopy (SERS)10–13 and surface-enhanced infrared 

absorption spectroscopy (SEIRA)14,15. The sensitivity of LSPR to the environment 

makes it useful for sensing11,16–18. LSPR also has applications in the fields of medical 

treatment3,4, water purification19, photocatalysis20,21, photodetectors22,23, display 

technologies24,25 and optical devices26,27. Among the fascinating applications of 

LSPR, many of them utilize the resonance-enhanced absorption and the heat 



 

generated in nanoparticles. Therefore, it is important to understand photothermal 

effects and make better use of them. 

However, nanophotonic thermal effects are often complicated because of the 

multi-physical processes involved. Plasmonic heating involves electromagnetic 

interactions, while thermal effects involve heat transfer in the system. For specific 

applications, it may also involve chemical reactions, structural deformation and 

electric transport. These physical processes are often coupled to each other and 

cannot be investigated independently, which particularly makes theoretical 

modeling complicated. Therefore, being able to model coupled physical processes is 

crucial to the understanding of nanophotonic photothermal effects. 

Here, we demonstrate three novel applications of nanophotonic 

photothermal effects, with a particular emphasis on theoretical modeling. In the 

second chapter, we examine LSPR-enhanced photothermal curing of epoxy glue, 

where photothermal effect is coupled with the curing chemical reaction. In the third 

chapter, we study photothermal softening of gold nanoparticles and the following 

optical-force-induced reshaping, where photothermal effect is coupled with 

structural deformation. In the fourth chapter, we investigate photothermoelectric 

effect in semiconductor nanobelts, where photothermal effect is coupled with 

electric transport. Our work demonstrates novel applications of photothermal 

effects as well as theoretical modeling approaches to the multi-physical processes. 

 



 

Chapter 2 

Plasmonic Nanoparticle-Based Epoxy 

Photocuring: A Deeper Look 

 

This chapter was reproduced with permission from Elsevier based on work 

that was published on Materials Today28. A. T. Roberts, J. Yang, M. E. Reish, A. 

Alabastri, N. J. Halas, P. Nordlander, and H. O. Everitt. Plasmonic Nanoparticle-Based 

Epoxy Photocuring: A Deeper Look. Materials Today, 27, 14-2. 

 https://www.sciencedirect.com/science/article/pii/S1369702118305352 

 



 

2.1. Introduction 

The need to reduce weight for machine and devices has led to the popularity 

of composite materials in many industries29–31. These materials not only make the 

devices light and compact, but are also strong enough to sustain high strain. 

Composite materials often require heating as part of the assembly process29,30. 

Epoxy glue, as an example, cures upon heating and sticks components attached to it. 

Traditional heating of epoxy glue requires putting the whole device into an 

oven. While this approach is straightforward, it is inefficient because components 

that need to be attached are unnecessarily heated. In the meanwhile, the bulk 

heating can damage temperature-sensitive parts like electronics and sensors. It may 

also degrade the material properties32. Therefore, a localized heating approach that 

only heats up the glue at the junction is very necessary. 

Photothermal effects in plasmonic nanoparticles enable localized heating 

with laser illumination. Previous literature has shown the possibility of using 

nanoparticles to accelerate composite curing33. However, a clear and quantitative 

theoretical model was absent. Here, we demonstrate plasmon-assisted 

photothermal curing of epoxy glue, as shown in Figure 2.1. More importantly, a 

multi-physical model that takes into account electromagnetic interactions, heat 

transfer and curing chemical reactions was proposed. Our model successfully 

explained the experimental findings and helped us further understand the effects of 

different parameters. 



 

 

Figure 2.1 Cartoon illustration of plasmon-assisted epoxy glue photocuring. 

Gold nanoparticles were embedded into the epoxy and the system was 

illuminated with laser. Plasmon resonance in the gold nanoparticles enhanced 

light absorption and heated up the epoxy base. At this elevated temperature, 

epoxy was gradually cured.   

 

2.2. Experiment 

2.2.1. Optical Characterization of Epoxy Film and Gold Nanoparticles  

We used FM 300 epoxy film from Cytec Engineered Materials throughout the 

study. FM 300 is a commonly used adhesive film which cures in one hour at 177 oC. 

For our study, the dimension of the film was 6.35 mm × 6.35 mm × 0.2 mm. Figure 

2.2(a) shows the measured absorption spectra of the film before (black curve) and 

after (red curve) curing. Before curing, the absorption spectrum shows a dip at 

around 500 nm, thereby causing the epoxy film to exhibit green color. However, 



 

after curing, the epoxy film absorbed almost all light in the visible and turned black. 

The solid green line indicates our laser wavelength of 532 nm. 

Spherical gold nanoparticles of diameter 40 nm (Sigma Aldrich 753637-

100ML) were used to enhance light absorption. Transmission spectrum of the 

particles in 0.1 mM phosphate-buffered saline solution was measured, as shown in 

Figure 2.2(b). The particles in solution had plasmon resonances exactly at our laser 

wavelength 532 nm. On resonance, optical absorption was significantly enhanced.  

 

Figure 2.2 Optical characterization of the epoxy film and the gold 

nanoparticles. (a) Absorption spectra of the epoxy film before (black) and 

after (red) curing. Before curing, the film had an absorption dip at around 500 

nm, thereby showing green color. After curing, the dip disappeared and the 

film turned black. (b) Transmission spectrum of gold nanoparticles in 

solution. The particles had plasmon resonances at around 530 nm and 

absorption was significantly enhanced. The solid green line indicates our laser 

wavelength of 532 nm. 

 



 

2.2.2. Temperature Measurement Setup 

Figure 2.3(a) shows the experimental measurement setup. The gold 

nanoparticles were deposited onto a glass slide and then covered with the FM 300 

epoxy thin film. Laser of 532 nm was scanned across the sample from the glass side, 

and a thermal camera was focused onto the sample plane from the air side. Figure 

2.3(b) shows a typical thermal camera image obtained by the thermal camera. The 

large light blue square region indicates the glass slide. The small black square (2.5 

mm × 2.5 mm) indicates the area where temperature was averaged and reported in 

the following discussions. For this figure we were scanning across the black box 

region, while in later experiments laser was scanned across the whole sample area. 

 

Figure 2.3 (a) Schematic of the experimental measurement setup. Gold 

nanoparticles were deposited onto a glass slide and then covered with the FM 

300 epoxy film. Laser was scanned across the sample area from the glass side, 

and a thermal camera was focused on the sample plane from the air side. (b) A 

typical thermal camera image. The large light blue square region indicates the 

glass slide. The small black square indicates the area where temperature was 

averaged and reported. 



 

2.2.3. Temperature Measurement Results 

A typical measured temperature evolution curve is shown in Figure 2.4(a) 

(blue dotted line). Interestingly, we saw a two-plateau line shape. The temperature 

of the epoxy film increased rapidly to Tp initially, and then remained at that 

temperature for a while before a second slower rise to the final temperature Tf. The 

final temperature of the system reached around 240 oC in 10000 s. 

Figure 2.4(b) shows the temperature evolution curves for a series of 

nanoparticle concentrations. With no nanoparticles, as shown by the black curve, 

the temperature of the system remained low and no second rise in temperature was 

observed within 800 s. For all nanoparticle concentrations investigated here, we 

saw a higher temperature together with a second rise, clearly indicating 

nanoparticles were enhancing light absorption. Note that the plateau temperature 

and time did not depend monotonously with nanoparticle concentration, suggesting 

there may be a saturation threshold above which more particles do not help. A 

theoretical model is clearly needed to explain these interesting but non-intuitive 

behaviors. 



 

 

Figure 2.4 Measured temperature evolution curves. (a) The blue dotted line 

shows a typical temperature evolution curve measured in the experiment. The 

temperature of epoxy increased rapidly initially, reached a plateau and 

remained at the plateau for a while. After that it experienced a second slower 

rise before reaching the final temperature. (b) Temperature evolution curves 

for a series of different nanoparticle concentrations. For the no-nanoparticle 

case, the temperature of the system remained low and no second rise was 

observed. For all cases with nanoparticles, there was a second rise in 

temperature. Note that the plateau temperature and time were not 

monotounous with nanoparticle concentration.  

 

2.3. Theoretical Modeling 

2.3.1. Multi-Physical Model Description 

To understand the underlying physics of the system, we need a theoretical 

model that takes into account electromagnetic interactions, heat transfer and curing 

reactions. Our theoretical model can be illustrated by Figure 2.5. 



 

 

Figure 2.5 Our proposed theoretical model that consists of the plasmonic 

heating (pink box), heat transfer (black box), epoxy curing reaction (orange 

box), curing self heating (green box) and epoxy optical absorption (blue box). 

The dependency relations are indicated by arrows and each inset curve shows 

the evolution of the corresponding physical quantity. 

In the first part of the model, we simulated the interaction between light and 

gold nanoparticles embedded in the epoxy glue (pink box in Figure 2.5). We 

approximated the random distribution of gold nanoparticles with a periodic 

nanoparticle array with the lattice constant consistent with the experimental 

particle concentration. The gold nanoparticles were embedded in epoxy with 

refractive index n = 1.5 and absorption coefficient k determined from Figure 2.2(a). 

Plane wave incidence with the experimental average intensity was assumed and 

perfect matched layer was implemented to absorb transmitted and reflected light at 

the simulation boundary. Absorption and transmission of light were calculated by 

solving Maxwell equations and served as input to the later heat transfer simulations. 



 

In the second part of the model, we simulated heat transfer between the 

epoxy film and the environment (black box in Figure 2.5). Since the nanoparticle 

dimension was much smaller than the thickness of the epoxy film, the effective 

nanoparticle plasmonic absorption per area QP was treated as a surface heat source 

between epoxy and glass. Together with the heat sources from curing reaction Qs 

and epoxy intrinsic absorption QE, plasmonic absorption QP heated up the system 

and heat dissipated into the environment following heat transfer equations. 

Convection boundary condition was implemented between air and the device. 

The heat transfer simulations solved for temperature T, which served as 

input to the curing reaction module (orange box in Figure 2.5). The curing reaction 

can be described empirically by the following formula34,35: 

��

��
= (�1 + �2��)(1 − �)� 

�1 = �1 exp �−
�1

��
� 

�2 = �2 exp �−
�2

��
� 

where � is the degree of curing, E1 and E2 are curing reaction activation energies, R 

is the gas constant and T is temperature. A1, A2 are pre-exponent parameters and m, 

n are power parameters. E1, E2, A1, A2, m and n have their empirical ranges, but since 

our epoxy was different from the literature ones, they needed to be fitted according 

to experimental measurements. 



 

 The curing reaction solved for the degree of curing � and curing rate 
��

��
, 

which determined epoxy intrinsic absorption QE and curing reaction self-heating QS. 

As shown in Figure 2.2(a), the light absorption coefficient of the epoxy film changed 

upon curing, so epoxy light absorption QE depended on � and served as a feedback 

channel to the heat transfer module. On the other hand, the curing reaction released 

heat QS and it served as another feedback channel, although it was later determined 

to be negligible. 

2.3.2. Curing Process Analysis 

Figure 2.4(a) (solid black line) shows the simulation result of our theoretical 

model. After fitting the above-mentioned curing reaction parameters to the 

experimental curves, we were able to reproduce the observed two-plateau behavior. 

To understand what’s going on under the hood, we performed a detailed analysis of 

the simulation result. 

Figure 2.6(a) shows the relative contributions of different heating sources. 

Plasmonic heating QP (pink curve) was constant throughout the process. Although 

the absorption coefficient k of the epoxy changed upon curing, it was always small. 

Therefore, its influence on the interaction between light and the gold nanoparticles 

was negligible. As long as the nanoparticles did not melt, which was likely under our 

experimental temperature ranges, the plasmonic heating QP should hold constant. 

On the other hand, the epoxy intrinsic absorption QE (blue curve) changed 

significantly upon curing. Before curing, the epoxy absorption coefficient was small 

(Figure 2.2(a)), so QE was smaller than QP. After curing, the absorption coefficient 



 

increased significantly and QE became larger. The third component of heating, the 

heat release from the curing reaction QS, turned out to be much smaller in 

magnitude compared with the other two heating sources and therefore was 

neglected. 

 

Figure 2.6 (a) Contributions from different heating sources. Plasmonic heating 

QP was constant throughout the process. Epoxy intrinsic absorption QE was 

initially smaller than QP but eventually larger because of the increase in epoxy 

optical absorption coefficient upon curing. The curing reaction heat release QS 

was much smaller in magnitude compared with the other sources. (b) The 

curing process was divided into four stages: plasmonic heating stage, curing 

start stage, curing acceleration stage and curing end stage. Note that the time 

axis is in log scale. (c) E1 and E2 components of the curing rate. The E1 

component was initially driving the curing reaction, but was later 

overwhelmed by the E2 component.  



 

Figure 2.6(b) shows the evolution of the degree of curing � (dashed red line) 

and curing rate 
��

��
 (dashed blue line) together with temperature (solid black line) 

with a logarithmic scale in the time axis. The curing process was divided into four 

stages: 

(a) Plasmonic heating stage (pink region). At this stage, the epoxy remained 

uncured. The plasmonic nanoparticles absorbed light and generated heat. 

The system quickly heated up to the plateau temperature Tp. Note that 

time is in logarithmic scale and this stage was relatively short. 

(b) Curing start stage (green region). At this stage, the temperature of the 

system remained at the plateau and the curing reaction gradually started. 

(c) Curing acceleration stage (gray region). Since the curing rate depended 

on the degree of curing itself, curing (the E2 component) accelerated when 

the degree of curing accumulated to a certain degree. Therefore, we saw a 

peak in the curing rate at this stage. In the meantime, the absorption 

coefficient of the epoxy increased with the degree of curing, which caused 

a second temperature increase in the system.  

(d) Curing end stage (blue region). At this stage, curing finished and curing 

rate dropped to zero. The temperature of the system remained at the final 

temperature. 

The contributions of the E1 and E2 components to the curing rate were also 

analyzed, as shown in Figure 2.6(c). According to the curing reaction formula, the E1 

component depends only on the uncured portion of epoxy, while the E2 component 



 

depends on both the cured and the uncured portion. Initially, the cured portion was 

zero, so the curing reaction was dominated by the E1 component (black curve). 

When the degree of curing accumulated to a certain value, the E2 component (green 

curve) took over and curing was significantly accelerated.  

2.3.3. Influence of Parameters 

After understanding the physics, it would be beneficial to study the influence 

of different parameters on the curing process so as to optimize the system. In Figure 

2.7, we show the temperature evolution curves when we changed 6 parameters. In 

each panel, the gray arrow indicates the direction on which the corresponding 

parameter increases. 

Figure 2.7(a),(b) show the influence of the activation energies E1 and E2, 

respectively. These two parameters show similar effects on the curing process: 

increasing activation barriers slowed down the curing process but did not change 

the final temperature. Indeed, the steady state temperature was solely determined 

by the energy balance between the system and the environment. Although E1 and E2 

are material intrinsic properties and cannot be directly controlled, we observed 

some evidence of their effects in the experiment. In Figure 2.4, the curing time scales 

in (a) and (b) were very different. The reason for this discrepancy lay in the age of 

the epoxy used, and this might cause the activation energies to be different. 



 

 

Figure 2.7 Effect of different parameters on the curing temperature evolution 

curve. (a) Activation energy E1 = 50, 55, 60, 65, 70 kJ/mol, (b) activation 

energy E2 = 35, 40, 45, 50, 55 kJ/mol, (c) nanoparticle concentration NP = 3.34, 

1.11, 0.555 × 1010 cm-2, (d) laser power P = 5, 5.55, 6.16 W/cm2, (e) 

aggregation parameter b = 0.2, 0.35, 0.5, 0.65, 0.8, and (f) convection 

coefficient h = 1, 3, 5, 10, 20 W/(m2K).  

Figure 2.7(c) shows the influence of nanoparticle concentration on curing. In 

our theoretical model, nanoparticle concentration was reflected in the lattice 

constant of the nanoparticle array. Changing nanoparticle concentration changed 



 

both the absorption and transmission of the nanoparticle layer. While transmission 

decreased almost monotonously with increasing nanoparticle concentration, 

absorption saturated and even dropped when nanoparticles were too dense. In the 

curing temperature curve, the first rise in temperature depended more on 

absorption and the second rise was only dependent on transmission. Therefore, the 

first rise was initially increasing and later decreasing with nanoparticle 

concentration, and the second rise was decreasing monotonously. 

Changing laser power had a less complicated effect on the curing process. As 

shown in Figure 2.7(d), increasing laser power accelerated curing and made the 

system reach a higher temperature. Too much laser power would scorch the epoxy, 

so there was an upper limit on it. 

Experimentally, nanoparticles might aggregate on the glass substrate. 

Aggregation would damp the plasmon resonance and reduce absorption, so we 

introduced a multiplicative factor b to the absorption to account for this reduction. 

In the meanwhile, transmission was increased by the same amount. Figure 2.7(e) 

shows the effect of this parameter b. It had a similar effect with laser power. 

Finally, we investigated the effect of convection. Convection coefficient h 

describes how fast heat in the system dissipates into the environment. Heat flux 

between the system ���������� = ℎ(� − ����)�, where Tamb is ambient temperature 

and A is the surface area. Figure 2.7(f) shows the effect of h, and as expected, 

increasing h made the system dissipate more and reach a lower temperature. 

Experimentally, parameter h can be controlled by wind (using fans). 



 

 

Figure 2.8 Measured temperature evolution curves with (a) different 

nanoparticle concentrations NP under IL = 6 W/cm2 and (b) different laser 

intensities IL with NP = 2.22 × 1010 cm-2.  

To validate our simulation results, we performed experiments where 

nanoparticle concentration and laser power were changed. Figure 2.8 shows the 

measurement results and they are in great agreement with our theoretical 

predictions (Figure 2.7(c),(d)). 

 

2.4. Cost Reduction by Using Aluminum Nanoparticles 

Gold is one of the most popular materials for plasmonics because of its great 

plasmonic properties and stability, but it is expensive. To apply our method in real 

industry, we need a cheaper material. Aluminum has recently gained interests as a 

plasmonic material36–38. It has advantages of low cost, wider plasmonic spectral 



 

range and having a protective oxide layer. A natural idea is to replace gold with 

aluminum in our system. 

With our theoretical model, we can easily test whether aluminum works. 

Unfortunately, no matter how dense we deposited our aluminum nanoparticles on 

the substrate, under the same laser power, we did not see the start of curing within 

our observation time window. The reason for this was the mismatch in plasmon 

energy. For aluminum nanoparticles of the same size (40 nm in diameter), their 

plasmon energy lies in the ultraviolet and they do not have much absorption at 532 

nm. If we make the particles larger to match the wavelength, they scatter too much 

and do not absorb enough. 

However, we can enhance absorption by going beyond one layer and stacking 

several layers of aluminum nanoparticles.  Figure 2.9 shows the effect of stacking 0-

5 layers of aluminum nanoparticles. With 2 or more layers of particles, we started to 

see curing in the observation time window. Overall, more layers resulted in faster 

curing and higher temperature. However, the dependence on the number of layers 

was not monotonous and the details had to do with the interplay between 

absorption and transmission (Figure 2.9(c)). Nevertheless, the possibility of using 

aluminum nanoparticles makes plasmon-assisted photocuring more promising in 

real applications.  



 

 

Figure 2.9 Stacking aluminum nanoparticles to achieve photocuring. (a) 

Schematic of stacking different number of layers of nanoparticles. (b) 

Temperature evolution curves for different number of layers. Overall, more 

layers resulted in faster curing and higher temperature. (c) Transmission and 

absorption for different number of layers. 

 

2.5. Conclusion 

In this chapter, we illustrated plasmonic-nanoparticle-based photothermal 

curing of epoxy. Plasmonic resonances enhanced photothermal heating in the 



 

nanoparticles and the resulting high temperature could be used in composite 

material curing. A comprehensive theoretical model that takes into account 

electromagnetic interactions, heat transfer and curing reactions was built, and it 

successfully reproduced our measured two-plateau temperature evolution curve. 

Careful analysis of the model proved that the curing process could be divided into 

four stages: plasmonic heating, curing start, curing acceleration and curing end 

stages. Contributions from different heating mechanisms and curing rate 

components were also analyzed. 

With our theoretical model, we could easily study the influence of different 

parameters on the curing process. Our simulation results suggest that using fresh 

epoxy, higher laser power, reducing particle aggregation and air convection can 

accelerate curing. Moreover, we found that there was an optimal nanoparticle 

concentration that gave the best curing performance. Our model also helped us 

study the possibility of replacing gold with a cheaper plasmonic material, aluminum. 

Although one layer of aluminum nanoparticles might not be enough, stacking 2 or 

more layers of particles achieved curing within a reasonable time. Our work 

demonstrates the possibility and advantages of using plasmonic nanoparticles in 

composite material thermal processing. 
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Chapter 3 

Optical-Force-Dominated Directional 

Reshaping of Au Nanodisks in Al-Au 

Heterodimers 

This chapter is based on work that was published on Nano Letters39. 

Reproduced with permission from C. Zhang, T. Tumkur, J. Yang, M. Lou, L. Dong, L. 

Zhou, P. Nordlander and N. J. Halas. Optical-Force-Dominated Directional Reshaping of 

Au Nanodisks in Al-Au Heterodimers. Nano Lett. 2018, 18, 6509-6514. Copyright 2018 

American Chemical Society. https://pubs.acs.org/doi/10.1021/acs.nanolett.8b03033 

  



 

3.1. Introduction 

The optical properties of nanostructures are largely determined by their size, 

morphology and arrangement. Therefore, being able to actively control the 

geometry of nanostructures is important to the field of plasmonics and its 

applications. While electrical40 and mechanical24,41 approaches appear more 

controllable, optical control is often preferred because it is fast and contact-free42–44. 

Optical control of nanostructure morphology has been demonstrated45–50, but in 

most cases particles simply melt under high laser power and reshape into a more 

spherical shape due to surface tension. A more controllable reshaping approach is 

necessary for applicable active plasmonics51,52. 

Apart from photothermal melting, optical forces may be another degree of 

freedom in optical reshaping. Optical forces have already been applied in optical 

traping53, optomechanical actuation54 and optical migration55. In the meanwhile, 

coupled plasmonic systems support strong local optical forces on resonance56–59. We 

recently reported measurements of large optical forces between plasmonic 

nanoparticles and a tip60, as well as between coupled plasmonic nanoparticles61. If 

we can combine photothermal softening and optical forces, controllable reshaping 

of nanoparticles is very promising. 

Plasmonic heterodimers serve as a great platform for studying optical 

reshaping. Heterodimers consist of two nanoparticles of distinct materials and/or 

sizes. On the one hand, heterodimers are coupled plasmonic systems that support 

large photothermal heating and optical forces. Their resonances can be well 



 

understood based on the plasmon hybridization model62. On the other hand, 

studying heterodimer systems helps us understand how reshaping depends on 

material thermal and mechanical properties as well as laser wavelength and 

polarization. 

In this chapter, we examine optical-force-dominated directional reshaping of 

a gold nanodisk in a gold-aluminum nanodisks heterodimer (Figure 3.1). 

Photothermal effect raised the temperature of the gold disk well below the melting 

point of gold and only softened the nanodisk. Subsequently, strong local optical 

forces reshaped the nanodisk. This process was modulated by the heterodimer gap 

size and a nearby atomic force microscope (AFM) tip. We theoretically modelled the 

reshaping and the simulation results agree well with the experimental observations. 

 

Figure 3.1 Illustration of the optical-force-dominated directional reshaping of 

a photothermally softened gold nanodisk in a gold-aluminum nanodisks 

heterodimer. 



 

3.2. Experiment 

3.2.1. Heterodimer Optical Spectra and Mode Analysis 

Al-Au nanodisk heterodimers were fabricated on a glass coverslip using hole-

mask colloidal lithography63,64. This heterodimer system can be well understood 

based on the plasmon hybridization model62. Figure 3.2(a) shows its basic idea. 

Isolated Al and Au disks have their own plasmon resonance energy levels, with the 

plasmon energy of Al a little higher. When two disks are in close proximity and 

excited longitudinally, two plasmon modes interact strongly and their energy levels 

become hybridized. The antibonding mode has higher energy with electrons in two 

disks oscillate out of phase, and the bonding mode has lower energy with electrons 

in two disks oscillate in phase.  

To demonstrate the hybridization experimentally, heterodimers with two 

distinct gap sizes 38 nm and 5 nm were fabricated, as shown in Figure 3.2(b),(c). 

Figure 3.2(d) shows the measured extinction spectra of isolated Al and Au disks. The 

Al disk had a plasmon mode at around 400 nm, higher in energy than the Au 

plasmon mode at around 600 nm. Figure 3.2(e) shows the measured extinction 

spectra of the long gap heterodimers. The longitudinal polarization spectrum looked 

very similar to the transverse polarization case, indicating the interaction between 

nanodisks was weak. This was also confirmed by the positions of the energy modes 

which did not change much compared with the isolated disks case. Indeed, the 38 

nm gap was too long for near-field coupling to be strong. 



 

 

Figure 3.2 Plasmon hybridization model. (a) Cartoon illustration of the 

plasmon hybridization model. (b),(c) SEM images of (b) 38 nm gap and (c) 5 

nm gap heterodimers. The Al disks are on the left and the Au disks are on the 

right. (d)-(f) Measured extinction spectra of (d) isolated Al and Au disks, (e) 38 

nm gap heterodimers and (f) 5 nm gap heterodimers. (g)-(i) Calculated 

extinction spectra of (g) isolated Al and Au disks, (h) 38 nm gap heterodimers 

and (i) 5 nm gap heterodimers. Scale bar: 200 nm for all SEM images. Figure 

reproduced with permissions.60 

Figure 3.2(f) shows the extinction spectra of the short gap heterodimers.  

While the transverse spectrum remained similar to the long gap case, the 

longitudinal spectrum changed significantly. The lower energy mode became much 

more enhanced and the mode position red-shifted to around 630 nm. This 



 

enhancement in extinction was due to the bonding nature of the lower energy mode 

and the red shift agreed with the hybridization picture. Figure 3.2(g)-(i) show the 

corresponding calculation results and they are in great agreement with the 

experiments. 

A better understanding of the hybridization can be obtained by looking at the 

charge distribution. Figure 3.3 show the charge distribution of the system for 

different excitation polarizations and wavelengths. For the longitudinal polarization, 

we saw an antibonding pattern at 480 nm and a bonding pattern at 630 nm. For the 

transverse polarization, little interaction between the disks was observed. 

 

Figure 3.3 Charge distribution of the heterodimer system. (a),(b) Charge 

distribution at 480 nm for (a) longitudinal and (b) transverse excitation. 

(c),(d) Charge distribution at 630 nm for (c) longitudinal and (d) transverse 

excitation. For all except (c), the charge magnitude was multiplied by 2 to be 

more visible. 



 

3.2.2. Optical Reshaping measurements 

Figure 3.4(a) shows a cartoon illustration of the reshaping experiments. After 

laser illumination, the Au nanodisk grew taller but thinner and moved towards the 

Al nanodisk, while the Al nanodisk remained unchanged. Unless otherwise stated, 

the Al nanodisk diameter was 99 ± 8.9 nm, the Au nanodisk diameter was 65 ± 9.6 

nm, the gap was 8.4 ± 6.5 nm and the thickness was around 35 nm. Figure 3.4(b) 

shows the absorption spectra for this heterodimer system. For longitudinal 

excitation, the bonding plasmon was at around 600 nm and absorption was 

significantly enhanced compared with the transverse plasmon. 

Laser reshaping of the heterodimers was performed using a customized AFM 

(Vistascope Molecular Vista, Inc.). An AFM cantilever with a silicon tip of radius 10 

nm (TAP300GD-G, Budget Sensors) was placed on top of the heterodimers with an 

average distance of about 20 nm. Laser illuminated the sample from the substrate 

side through an oil-immersed objective (NA = 1.4, PlanApo, Olympus). The laser was 

focused onto the heterodimers under a confocal configuration with the AFM tip. The 

light source was a supercontinuum laser (SuperK Extreme, NKT Photonics, pulse 

duration: 10 ps, repetition rate: 78 MHz), and a bandpass filter with a bandwidth of 

10 nm was used to select desired wavelengths. For each illumination condition, a 5 × 

5 µm2 area containing around 50 heterodimers was raster scanned through the 

confocal point at a speed of 1.8 µm/s. 



 

 

Figure 3.4 (a) Schematic of the laser reshaping. The Au nanodisk grew taller 

but thinner and moved towards the Al nanodisk, while the Al nanodisk 

remained unchanged. (b) The absorption spectra for longitudinal and 

transverse excitation of the heterodimer and for excitation of a monomer. 

(c),(d) SEM images of heterodimers before and after pulse illumination of (c) 

178 µJ/cm2 at 500 nm and (d) 153 µJ/cm2 at 600 nm. Noticeable reshaping 

occurred in both illumination conditions. (e) SEM images of heterodimers 

before and after pulse illumination of 234 µJ/cm2 at 600 nm. The Au 

nanodisks became completely deformed and merged entirely onto the Al 

nanodisks. Scale bar: 100 nm for all SEM images. 

Figure 3.4(c),(d) show the SEM images of heterodimers before and after 

pulsed laser illumination of (c) 178 µJ/cm2 at 500 nm and (d) 153 µJ/cm2 at 600 nm. 

Noticeable reshaping of the Au nanodisks occurred in both illumination conditions. 

The Au nanodisks grew taller and moved towards the Al nanodisks, while the Al 

nanodisks remained unchanged. When we illuminated the heterodimers with an 



 

even higher intensity of 234 µJ/cm2 at 600 nm, the Au nanodisks became completely 

deformed and merged entirely onto the Al nanodisks. Controlled experiments with 

transverse polarizations were performed, but the reshaping was negligible 

compared with the longitudinal case. Off-resonant excitation at 760 nm with 169 

µJ/cm2 also showed little reshaping effect. We also performed the same experiments 

with Al-Al and Au-Au nanodisk dimers. For the Al-Al dimers, no reshaping was 

observed under 520 nm illumination, while for the Au-Au dimers, both disks 

reshaped under 600 nm illumination. 

To quantify the reshaping, we measured the change of height and diameter of 

the Au nanodisks for the three illumination conditions. Figure 3.5(a)-(c) show the 

change of Au disk morphology under (a) 178 µJ/cm2 at 500 nm, (b) 153 µJ/cm2 at 

600 nm and (c) 169 µJ/cm2 at 760 nm. Reshaping was most drastic for the 600 nm 

on-resonance illumination, less drastic for the 500 nm illumination and not 

observable for 760 nm off-resonance illumination, in agreement with the previous 

observations. We define a quantity, the degree of reshaping, as 

DoR = �(∆����ℎ�)� + (∆��������)� 

and plot its dependence on illumination condition and heterodimer initial gap size, 

as shown in Figure 3.5(d). Apart from the fact that reshaping was largest for 600 nm 

pulses, we also observed that smaller heterodimer initial gap resulted in more 

drastic reshaping due to enhanced interaction. 



 

 

Figure 3.5 Quantitative measurement of reshaping. (a)-(c) Change in height 

and diameter after pulsed laser illumination with (a) 178 µJ/cm2 at 500 nm, (b) 

153 µJ/cm2 at 600 nm and (c) 169 µJ/cm2 at 760 nm. (d) Dependence of the 

degree of reshaping on initial gap size for different wavelenghs. Closer gaps 

resulted in stronger interactions and therefore more drastic reshaping. 

 



 

3.2.3. Temperature Controlled Experiments and Dark Field Spectroscopy 

Although optical forces were enhanced at the longitudinal bonding plasmon 

mode where reshaping was most drastic, Au nanodisk absorption was also 

enhanced for this mode. To distinguish the effect from pure heating and optical 

forces, we need to perform control experiments where heating is the same but 

optical forces are different. Since Au nanodisk optical absorption cross section 

differs for different polarizations and wavelengths, laser power needs to be adjusted 

for different excitation conditions so that Au nanodisk total absorption and 

temperature increase remain the same. 

On the other hand, apart from looking directly at the SEM images, dark field 

scattering measurement is another way of quantifying how much reshaping occurs. 

Change in Au nanoparticle morphology results in change in its optical properties, 

which will be reflected in the dark field scattering spectra. 



 

 

Figure 3.6 Dark field scattering spectra for heterodimers before and after 

illumination of different conditions. (a) Measured scattering spectra of 

heterodimers. The solid black curve shows the scattering spectrum before the 

reshaping experiments. The following four curves show the spectra after 600 

nm longitudinal, 500 nm longitudinal, 600 nm transverse and 500 nm 

transverse, respectively. Laser power for each case was adjusted so that the 

temperature increase of the Au nanoparticle for each case was similar. (b) 

Corresponding SEM images. (c) Corresponding calculated scattering spectra. 

The simulation results are in great agreement with the experiment. Scale bar: 

100 nm for all SEM images. 

 Figure 3.6(a) shows the dark field scattering spectra for heterodimers before 

and after illumination of different conditions. An ensemble of fabricated 



 

heterodimers was divided into four groups and each of them was illuminated under 

a different condition. The solid black curve shows the dark field scattering spectrum 

before illumination. The bonding plasmon mode lay at 600 nm. After illuminating 

with longitudinal pulsed laser at 600 nm, the dark field spectrum shows a clear blue 

shift (solid orange curve), in agreement with the reduction in Au disk diameter. 

Longitudinally polarized pulses at 500 nm also caused a blue shift but with a smaller 

magnitude (solid green curve). On the contrary, transverse polarizations did not 

cause any observable blue shift at either 600 nm (dashed orange curve) or 500 nm 

(dashed green curve). Note that for this set of experiments, the pulse energy for 

each illumination condition was adjusted so that the overall absorption remained 

similar. Therefore, the difference in reshaping was caused not by pure photothermal 

melting but also optical forces. 

 

3.3. Theoretical Modeling 

3.3.1. Multi-Physical Model Description 

To provide some theoretical insight into the reshaping process, a theoretical 

model that takes into account electromagnetic interactions, heat transfer and 

mechanical deformation was built. Our model had two major approximations. First, 

ideally, we would want the deformation to serve as feedback to the electromagnetic 

and heat transfer simulations, but this was difficult and might not be necessary for 

this study. Second, we assumed that the Young’s modulus of the Au nanodisk did not 



 

change with temperature. Since absorption was larger for on-resonance excitations, 

this assumption would underestimate the difference between reshaping for 

different excitation conditions. Therefore, in our model, the coupling between 

different modules was one-way and could be solved sequentially. 

To account for the large NA of the objective used in our experiments (NA = 

1.4),  cases with plane wave incident angles from -60o to 60o were simulated and the 

results were summed up incoherently. Light excited the heterodimer from the 

substrate side and absorption in the Au nanodisk was calculated by integrating Joule 

heating in the particle volume. Perfect matched layers were implemented to absorb 

light at the simulation boundary. The geometrical parameters of the heterodimers 

were set according to the experimental SEM images. Following the electromagnetic 

calculations, the nanoparticles absorption was used as heat sources in solving heat 

transfer equations in the heterodimer system.  A fixed room temperature boundary 

condition was implemented at the simulation boundary and the distance between 

the heterodimers and the boundary was set large enough to ensure convergence. 

The final step involved solving solid mechanics equations in the Au nanodisk. 

Although the Young’s modulus of Au should change with temperature and this was 

the reason we could reshape it at elevated temperatures, we simplified the model 

and assumed a constant Young’s modulus to only capture the qualitative reshaping. 

Therefore, this step was actually independent with the heat transfer simulations and 

only depended on the optical forces calculated from the Maxwell’s equations. 

Previous work has demonstrated the use of Maxwell’s stress tensor to calculate the 



 

total optical forces applied on an object7,60,61,65,66. However, Maxwell’s stress tensor 

approach is only capable of calculating total force, but not the force distribution on 

the object. Therefore, we used the Lorentz formula directly in calculating the forces 

applied on the Au surface. Mechanical deformation was adjusted until the elastic 

forces balanced the optical forces. This final balancing deformation was used as an 

approximation to the real deformation. We also fixed the bottom 3 nm of the Au 

nanodisk to account for surface adhesion. 

3.3.2. Calculated Temperature Increase, Optical Forces and Reshaping 

Figure 3.7(a) shows the calculated temperature increase spectra in both Al 

and Au nanodisks under longitudinal polarized pulses of 167 µJ/cm2. The Al 

nanodisk showed negligible temperature increase compared with the Au disk. The 

Au disk had a maximum temperature increase of about 280 oC when excited at 600 

nm (dashed orange line) and had a temperature of around 140 oC when excited at 

500 nm (dashed green line). These temperatures were much lower than the bulk 

melting temperature of Au (1064 oC), but approached the melting temperature 

range observed for multicrystalline Au nanostructures67,68. To further test the 

possibility of purely photothermal reshaping, we heated the heterodimers in a 

furnace under dark conditions to temperatures of 400 oC and 700 oC. At each 

temperature, the heterodimers were heated for 1.5 min, corresponding to the total 

illumination time for one heterodimer in the laser heating experiment. At 400 oC, no 

significant morphology changes were observed, while at 700 oC, all heterodimers 



 

reshaped into hemispheres. Therefore, the photothermal effects only softened the 

Au nanodisks and optical forces caused the reshaping. 

 

Figure 3.7 (a) Calculated temperature increase spectra for Al and Au 

nanodisks. The heterodimer was excited with a longitudinally polarized laser 

pulse of intensity 167 µJ/cm2. The vertical dashed lines indicate the excitation 

wavelengths of 500, 600, and 760 nm. (b) Calculated force distribution on the 

Au surface. The Al nanodisk is plotted in gray color and the Au nanodisk is 

plotted in orange color, and a silicon tip is on top of the Au nanodisk, 10 nm 

above. Calculated forces were greatest upon 600 nm excitation. (c) Calculated 

deformation of the Au nanodisk. Maximal deformation occurred at 600 nm 

excitation. 



 

Calculated optical forces on the Au nanodisk surface are shown in Figure 

3.7(b). The Al nanoparticle is plotted in gray color and the Au nanoparticle is plotted 

in orange color. A silicon tip is 10 nm above the Au nanodisk. Although the average 

tip-particle distance was 20 nm in the experiments, the tip was oscillating and we 

estimated the smallest tip-particle distance to be around 10 nm. Optical forces are 

plotted in red arrows, with arrow length proportional to the force magnitude. For 

600 nm excitation, the optical forces were the strongest. Forces were strong on the 

gap side and pointed towards the Al nanodisk, which agreed with the experimental 

observation that Au nanodisks moved towards the Al nanodisks. Another interesting 

observation was that the tip exerted a force on the top surface of the Au nanodisk. 

We will discuss the effect of the tip in a later section. 

Figure 3.7(c) shows the calculated deformation that balanced the optical 

forces. For the 600 nm excitation, the Au nanodisk showed the largest deformation 

and it grew taller but shrunk in the horizontal direction. This was in agreement with 

the experimental observation. Under 500 nm and 760 nm excitation, the Au 

nanodisk also showed noticeable reshaping. However, under these excitation 

wavelengths, especially 760 nm, the temperature increase of the nanoparticle was 

minimal. Since we were assuming a constant Young’s modulus, the calculated 

deformation was overestimated for these two cases. The temperature increase and 

deformation of the Al nanoparticle were minimal and neglected. 



 

3.3.3. Controllable Reshaping with the Silicon Tip 

As discussed in the previous section, the silicon AFM tip resulted in the 

upward forces on the Au nanodisk upper surface. This was an interesting 

observation that could lead to controllable reshaping of nanoparticles. To further 

confirm the effect of the AFM tip, we calculated the forces and deformation of the Au 

nanoparticle under the same excitation conditions but without the AFM tip. Figure 

3.8 shows the calculation results. The upward forces on the Au nanodisk upper 

surface were significantly reduced compared with Figure 3.7, and the upper growth 

of the Au nanodisk became less. 

 

Figure 3.8 (a) Optical forces and (b) Au nanodisk deformation without the 

silicon AFM tip. The upward forces and deformation on the Au nanodisk upper 

surface were significantly reduced. 

To verify the effect of the AFM tip, reshaping experiments without the tip 

were performed with similar excitation conditions. Figure 3.9 shows the 



 

comparison of quantitatively measured reshaping of the nanodisks with and 

without the tip. In agreement with our simulation results, reshaping without the tip 

was weaker than that with the tip.  

 

Figure 3.9 Comparison of reshaping with and without the tip. Reshaping of the 

Au nanodisk without the tip was significantly reduced. 

Figure 3.10 further shows the possibility of using the AFM tip to precisely 

control the geometry of the nanodisk. Figure 3.10(a) shows the reshaping of the Au 

nanodisk depending on the vertical distance of the tip. Reshaping became much 

more drastic when the tip was closer to the nanodisk top surface. Figure 3.10(b) 

shows the reshaping of the nanodisk depending on the horizontal position of the tip. 

Interestingly, the reshaping occurred in the direction of the tip, showing that the 

attraction from the tip played an important role in the nanodisk reshaping. By 

placing the tip at different horizontal positions, we could reshape the nanodisk 

accordingly. Figure 3.10(c) shows the reshaping of the nanodisk with different 



 

excitation cones. With larger cones, the upward reshaping became more apparent 

and the effect of the tip was more important. With normal incidence, the tip did not 

exert much force on the nanodisk. Therefore, to utilize the tip as a nanowelding tool, 

we need a broad excitation cone. The clear effect of the tip on Au nanodisk 

reshaping was an important finding that could point to nanoscale controllable 

manipulation of nanostructure morphologies. 

 

 

Figure 3.10 Possibility of using the AFM tip to precisely control the geometry 

of the nanodisk. (a) Reshaping became more drastic when the tip was closer to 

the nanodisk vertically. (b) Reshaping occurred in the direction of the tip. (c) 

The effect of the tip was only drastic for a broad excitation cone. 



 

3.4. Conclusion 

In this chapter, we examined photothermal softening and optical-force-

dominated directional reshaping of Au disks in Al-Au heterodimers. Reshaping was 

characterized with both SEM images and dark field spectroscopy. Systematic study 

of the dependence of reshaping on excitation wavelength and polarization was 

conducted. Temperature controlled experiments were performed by both carefully 

adjusting the excitation power and furnace heating. Reshaping induced by optical 

forces on softened Au nanodisk was unambiguously confirmed. 

Theoretical simulations were performed to further understand the 

reshaping. Electromagnetic interactions solved for the fields, charges and currents 

on the nanoparticle surface, and optical forces were calculated based on the Lorentz 

formula. After that, mechanical deformation of the nanoparticle was calculated so 

that it balanced the optical forces. The obtained reshaping was in great agreement 

with experiments. Further improvement on the theoretical model includes making 

the Young’s modulus temperature dependent as well as feeding back the reshaping 

into electromagnetic calculations. 

 An interesting finding was that the AFM tip had a significant effect on the 

optical forces and induced reshaping, and it was confirmed both theoretically and 

experimentally. The tip effectively attracted the Au nanodisk upwards, making the 

nanodisk taller after excitation. This was an example of nanoscale control of particle 

geometry by photothermal effects and optical forces, and it could lead to potential 

applications in precise nanostructure morphology manipulation. 



 

Chapter 4 

Photothermoelectric Effect Driven by 

Carrier Temperature Gradients in 

Silicon Nanobelt Photodetectors 

This chapter is based on ongoing work in collaboration with Dr. Hongxing 

Xu’s research group in Wuhan University. Experiments were performed by Wei Dai, 

Dr. Weikang Liu, Dr. Zhiqiang Guan and Dr. Hongxing Xu. Theoretical models were 

built by Chao Xu, Dr. Alessandro Alabastri, Dr. Peter Nordlander and me. 

  



 

4.1. Introduction 

Photodetection has important applications in sensing and automatic systems, 

and high conversion efficiency of photodetectors has long been pursued. One key 

aspect in light-electricity conversion is the loss of energy through heat, which is an 

unavoidable energy loss mechanism in photovoltaic (PV) devices resulting in limited 

responsivity of photodetectors and energy conversion efficiencies of solar cells69. On 

the other hand, thermoelectric effects directly use thermal energy as the energy 

source. It utilizes the thermal diffusion of carriers as the electromotive forces to 

drive the electric currents. However, direct thermal heating is often non-localized 

and requires contact with the device, limiting both the efficiency and versatility. 

Photothermoelectric (PTE) effect uses light to generate heat in devices, and 

has the advantage of being contactless and localized with light focusing. In a PTE 

process, light is absorbed directly by carriers and raises the temperature of the 

carrier system. Depending on whether the carrier temperature is significantly 

higher than the lattice temperature, PTE effects can be classified into two categories: 

hot carrier driven PTE effects and photon-induced thermoelectric (P-TE) effect70. 

The hot carrier driven PTE effect takes advantage of the much faster time scale of 

interband transitions than carrier-lattice interactions, therefore creating a local 

temperature increase of hundreds of Kelvins and producing a large carrier 

temperature gradient. Thus its photoresponsivity is much higher than that of the P-

TE effect. 



 

The field of PTE effect has seen significant progress in recent years. PTE 

effect has been reported in a wide range of materials including carbon nanotubes71–

74, semiconductor nanowires70, graphene based photodetectors75–79, transition 

metal dichalcogenides80,81, strontium titanate82, metal nanowires83 and silicon84–86. 

Two-dimensional materials show promising PTE effects, but these devices are hard 

to apply because of uncontrollable sample preparation and unstable material 

properties. From the perspective of light detection and applications, we prefer 

materials that are easy for large-scale fabrication and integration and also with 

great optoelectronic properties. Silicon is CMOS compatible and widely used in the 

semiconductor industry. More importantly, silicon nanostructures have great 

potential in thermoelectrics87,88. Understanding the PTE properties of silicon is 

crucial for real applications in optoelectronics. 

Despite the great progress in the experimental study of the PTE effect, 

theoretical modeling and comprehensive understanding of the systems were often 

missing70,73,75,80,82,84,86,89. Theoretical models that take into account heat transfer and 

carrier transport were initially proposed to study the kinetics of high-density 

photogenerated plasma in silicon90 and laser damage of the material91. Theoretical 

models of the PTE effect focused on the thermal current created by the Seebeck 

effect and did not take into account the possible diffusion and drift of carriers under 

laser illumination71,72,74,77,81,92. These theoretical models of the PTE process are still 

not enough for a systematic understanding when all diffusion, drift and thermal 

contributions to the overall photocurrent need to be considered. Comprehensive 



 

theoretical model with the full transport description was reported in graphene93. 

However, similar study of silicon has yet to be reported. 

Here, we study the PTE response in silicon nanobelts both experimentally 

and theoretically. The different PV and PTE responses in silicon caused by different 

contact types (Schottky or Ohmic) were clearly distinguished in the I-V 

characterization and spatially resolved photocurrent scanning. In samples with 

hybrid contact types, PTE and PV effects coexisted under laser illumination and the 

relative contributions from PTE and PV effects changed significantly with incident 

power. A multiphysics model was built that involves hot carrier generation, 

semiconductor transport and a two-temperature heat transfer model. Our 

comprehensive theoretical model successfully reproduced the photovoltage 

saturation observed in the experiment and served as a versatile tool for optimizing 

the system. 

 

 

4.2. Experiment 

4.2.1. Silicon Nanobelt Fabrication 

Our device was a Si nanobelt on an insulator substrate prepared by 

microfabrication processing. The schematic cross section of our sample is shown in 

Figure 4.1(a). On the basis of a commercial SOI (Si on insulator) substrate, a 220 nm 

thick Si nanobelt was on top of a 3 µm thick silica layer which served as an electric 



 

insulating layer. The nanobelt was 18 µm long and 2.75 µm wide. The Si nanobelt 

was p doped at around 1012 cm-3. Gold electrodes with thin chromium adhesion 

layers connected the nanobelt to outside probes. Figure 4.1(b) shows the false color 

SEM image of the final device. 

Figure 4.1(c) shows the fabrication process. We started with the commercial 

SOI substrate, defined the pattern of nanobelts on a PMMA resist by electron beam 

lithography (EBL), and then performed reactive ion etching (RIE) to etch away the 

unprotected Si, thus creating Si nanobelts on the silica substrate. Next, the electrode 

patterns on both ends of the nanobelts were formed based on the alignment marks 

on the substrate. Before depositing gold, RIE was used to thin the ends of the 

nanobelts to form a tiny stair step (around 80 nm) to ensure good connection 

between metals and Si, and a thin chromium adhesion layer was deposited. Finally, 

the gold films were deposited as the electrodes. 

 



 

 

Figure 4.1 (a) The schematic cross section of our device. The Si nanobelt was 

18 µm long, 2.75 µm wide and 220 nm thick. (b) False color scanning electron 

microscopy (SEM) image of the prepared sample. (c) The fabrication process 

of the device. (d) Schematic illustration of the hot carriers generation in Si 

band diagram and their dynamics in the nanobelt. The hot carriers diffused 

and relaxed through interaction with the lattice. 

Figure 4.1(d) shows a cartoon illustration of the process. When the 633 nm 

focused laser illuminated one part of the Si nanobelt (left side in the figure), a large 

number of electron-hole pairs were generated in the laser spot. These hot carriers 

quickly thermalized through carrier-carrier interactions, and their temperature was 



 

higher than that of the lattice. For samples with ideal Ohmic contact, there was no 

carrier drift induced by energy band bending, so these photogenerated carriers 

diffused from the excitation region to the far ends due to the concentration gradient. 

In the meanwhile, since Si has a high Seebeck coefficient, the thermoelectric process 

caused by the carrier temperature gradient had a significant contribution. In the p 

type Si we used, the holes contributed more in the thermoelectric process, thus 

forming a net current from the excitation region to the far ends. 

4.2.2. Distinguish PTE and PV by I-V and Photocurrent Scanning 

Distinguishing PTE effects from PV effects is important in PTE studies. In 

principle, the PV photocurrent is the result of electron hole separation in the space 

charge region, while the PTE photocurrent is driven by the light-induced 

temperature gradient. These two effects compete with each other depending on the 

metal-semiconductor contact types. The lightly doped Si used in our experiments 

was susceptible to interface states and charge transfer in the contact region. 

Together with the fact that the chromium adhesion layer thickness was not 

precisely controllable, Ohmic and Schottky as well as intermediate contacts were 

found in our devices. The metal-semiconductor contact types for different devices 

were confirmed by their measured I-V characteristics. In Figure 4.2, we show the I-V 

curves and photocurrent scannings for two devices with different contacts. In the 

photocurrent scannings, photocurrent was measured with no external bias voltage 

and the focused 633 nm laser scanned from the left to the right of the sample. 

Current flowing from left to right in the sample was defined to be positive. 



 

 

Figure 4.2 (a),(b) Rectified I-V characteristic of the Schottky device and its 

corresponding spatially resolved photocurrent scanning excited by 633 nm 

laser. The photocurrent was mostly induced by the PV effect. (c),(d) Linear I-V 

characteristic of the Ohmic device and its corresponding spatially 

photocurrent scanning. In the flat energy band, the diffusion of photocarriers 

was driven by the carrier temperature gradient directly produced by laser 

excitation and the photocurrent was mostly induced by the PTE effect. 

For the sample with Schottky contacts, the I-V curve had a strong saturated 

rectification characteristic as shown in Figure 4.2(a). Figure 4.2(b) shows the 

corresponding photocurrent scanning result. The maximum value of the 

photocurrent occurred close to the electrode and at the edge of the Si nanobelt with 

a negative photocurrent on the left side and a positive photocurrent on the right 

side. The direction of the photocurrent indicated a downward energy band bending 

in the device as shown in the inset. These observations indicated electron hole 

separation in the Schottky junction, so the photocurrent was caused by the PV effect.  



 

In the device with Ohmic contacts, however, a clear linear I-V curve was 

observed (Figure 4.2(c)) which indicated no significant band bending, so the 

photocurrent was induced by the PTE effect. The photocurrent scanning result 

(Figure 4.2(d)) was completely opposite to the device with Schottky junction. Since 

p-doped Si has a positive Seebeck coefficient S, the net photocurrent should flow 

from the hot side to the cold side. Therefore, when laser illuminated the left side of 

the sample, photocurrent flowed from left to right leading to a positive value, and it 

was reversed when laser illuminated the right side. Although the conductance of the 

Ohmic device was larger than that of the Schottky device, the scanning photocurrent 

was ten times less because the internal quantum efficiency of carrier separation by 

built-in electric field was much higher than the thermal diffusion. By studying the I-

V and photocurrent scanning properties of our device, we could distinguish between 

PV and PTE effects.  

Despite these two extreme cases where one effect dominates the other, there 

are cases where both effects coexist. It has been reported that PV and PTE effects 

coexist in MoS281 and WSe280. In some of our Si nanobelts, as shown in Figure 4.3(a), 

the rectified IV characteristic of the device indicated the existence of Schottky 

barriers, and the asymmetry suggested that the barrier in the right junction was 

stronger than the one on the left. Figure 4.3(b) shows the photocurrent as a function 

of laser power when the laser spot was fixed at two points on the left and right of 

the nanobelt, respectively. The photocurrents at both positions increased to a 

certain value but then started to decrease, with that on the left side even reversed at 

high laser power. Due to the rectifying characteristics of the sample, the 



 

photocurrent driven by the PV effect was negative when laser illuminated on the left 

and positive on the right, while the photocurrent caused by the PTE effect was 

opposite. For illumination on the left side of the device, the PV effect dominated at 

low laser power and the PTE effect dominated at high power. 

Figure 4.3(c) shows the laser power dependent photocurrent scanning result. 

When the incident laser power was 0.96 W/cm2, the photocurrent scanning profile 

was similar to that of the Schottky Si nanobelt in Figure 4.2(b). At this power, the 

device exhibited a photoelectric conversion process dominated by the PV effect. The 

photocurrent increased until the laser power reached 12.2 W/cm2 when the 

photocurrent on the left side reversed, indicating PTE current started to play a role. 

As the laser power increased to 16.2 W/cm2, the positive photocurrent on the left 

side further increased, indicating the contribution of PTE effect increased. These 

experimental results proved that the PV and PTE effects both existed in our Si 

nanobelts. For a weak Schottky junction, the PTE effect dominated over the PV effect 

at high laser power, as the photothermal electromotive force overcame the 

electromotive force caused by the Schottky barrier. 



 

 

Figure 4.3 (a) I-V characteristic of a sample with a stronger rectification on the 

right junction than the left one. (b) Power dependent photocurrent with laser 

spot fixed at two points on the left and right sides of the nanobelt, respectively. 

The contribution from the PTE effect gradually increased and dominated over 

that of the PV effect for high laser power. (c) Spatially resolved photocurrent 

scanning with laser intensity from 0.96 W/cm2 to 16.2 W/cm2. On the left side 

of the nanobelt, the photocurrent sign inversion was observed. 



 

 

Figure 4.4 Measured power dependence of (a) photocurrent and conductance 

and (b) photovoltage with 633 nm light focused on the left side of the Si 

nanobelt. Saturation effects were clearly visible. The photovoltage 

responsivity reached up to 100 mV/µW. 

4.2.3. Power Dependent Photocurrent and Photovoltage 

Clearly, Ohmic contact devices involve less PV contribution and serve as a 

neat platform for studying the PTE effect. In Figure 4.4, we investigated the power 

dependent photoelectric response of an Ohmic device. The p-type doping 

concentration of the device was 1.72 × 1012 cm-3. Figure 4.4(a) shows the power 

dependence of the photocurrent and conductance when light illuminated on the left 

side of Si nanobelt. The response was linear for laser power up to around 2.5 W/cm2 

but gradually became sublinear after that. A more pronounced saturation was 

observed in the power dependent photovoltage, which was directly associated with 

the PTE effect. From Figure 4.4(b), the photovoltage was linear when laser power 



 

was less than 3 W/cm2 but reached a rapid saturation and increased gently above 4 

W/cm2.  Our device shows a photoresponsivity as high as 100 mV/µW. 

 

4.3. Theoretical Modeling 

4.3.1. Multi-Physical Model Description 

To understand the photovoltage saturation in the device, we built a 

comprehensive, multi-physical theoretical model. Based on semiconductor 

transport equations, the device current was composed of both electron and hole 

currents, and each of them consisted of three components: J = J����� + J��������� +

J�������. The drift current J����� was induced by and proportional to the electric field 

within the material which came from both the applied bias and charge 

redistribution. The diffusion current J��������� was induced by the gradient of carrier 

concentrations ∇n and ∇p which were caused by electron-hole pairs generated from 

inhomogeneous light illumination. The thermal current J������� came from the 

Seebeck effect and was induced by the temperature gradient ∇T. All these currents 

were proportional to carrier mobilities μ� and μ� which were both concentration 

and temperature dependent94. Apart from transport equations, carrier generation 

and recombination were also considered. Carrier generation was proportional to 

the absorption of light in the nanobelt and at our relevant carrier concentrations, 

the permittivity value did not change and was set constant. Three recombination 

mechanisms existed in semiconductors: direct, trap-assisted and Auger 



 

recombination. However, in our device, all three recombination characteristic time 

scales were much longer than the time needed for carriers to reach the electrodes. 

In the PTE process, energy flowed from light to carriers, lattice and finally the 

surrounding environment. Although the system reached a steady state through the 

balance of all energy flow rates, it was not in equilibrium: the carrier and lattice 

temperatures might be significantly different. The carrier temperature was relevant 

for all the semiconductor transport properties. Therefore, we needed a two-

temperature model to account for this difference89. In our case, since the laser 

power used in our experiment was low and nanobelt was thermally connected to 

the environment well enough, there was negligible temperature increase in the Si 

lattice and its temperature T�  was safely assumed to be room temperature. 

Therefore, the carrier temperature T�  could be described by the following 

dynamics90,91: C�
���

��
= ∇(κ�(T�)∇T�) −

�����

�
∇ ∙ J − γ��(T� − T�) + S . Here, C�  is the 

thermal capacity of the carriers and follows C� =
�

�
k�(n + p). κ� is the thermal 

conductivity of the carriers and follows κ� =
���

� ��

�
(μ�n + μ�p). γ�� describes the 

interaction strength between carriers and the lattice and γ�� = C�/τ�, where τ� is 

time scale for carrier-phonon interaction. Finally, S  is the heat source term 

corresponding to the laser illumination determined by the absorption of Si at 633 

nm laser illumination.  

Electromagnetic simulations were first carried out to obtain the Si 

absorption profile and it served as input to the semiconductor transport and heat 

transfer modules. Since the carrier temperature T� entered the transport equations 



 

and carrier concentrations n  and p  entered the heat transfer equations, the 

transport module and heat transfer module were coupled. Therefore, the system of 

equations was solved iteratively, and convergence was checked carefully. All of the 

simulation settings closely resembled our experimental conditions. 

4.3.2. Simulated I-V Characteristics and Saturation Effects 

Before simulating the power dependence of photovoltage, we first 

reproduced the I-V characteristics of the Schottky and Ohmic devices. The 

parameters used for the Schottky device were n doping of 1.7 × 1014 cm-3 and 

electrode work function of 4.52 V. The parameters used for the Ohmic device were p 

doping of 4.5 × 1012 cm-3 and electrode work function of 4.8 V. Since chromium has a 

work function of 4.5 V and gold has a work function of 5.1 V, we believe any value 

between these two is reasonable. Therefore, the contact of the Schottky device was 

more chromium-like while that of the Ohmic one was more gold-like. 

 

Figure 4.5 Simulated I-V characteristics of the (a) Schottky and (b) Ohmic 

devices. The results are in great agreement with Figure 4.2. 



 

Figure 4.6(a),(b) show the simulated power-dependent temperature 

difference between the two ends of the Si nanobelt and the photovoltage. In Figure 

4.6(a), the temperature refers to the carrier temperature. The temperature 

difference between two ends of the Si nanobelt quickly saturated to around 60 K at 

4 W/cm2. This saturation was largely due to the almost linear increase of the 

interaction strength γ��  with power that limited the temperature increase. 

Intuitively, the carrier concentration n and p in the nanobelt increased almost 

linearly with power, thereby causing an enhanced heat transfer with the lattice. 

Figure 4.6(b) shows the simulated photovoltage with power. The curve was 

obtained by fitting the carrier-lattice interaction timescale τ� to match the final 

photovoltage with what we observed in the experiment. This time scale was 

determined to be 160 ps and it was in reasonable agreement with reported 

values95,96. Our simulation results successfully captured the observed saturation 

effect and provided an explanation for this behavior. Note that effects such as 

energy band state filling97,98 could also contribute to the saturation. 

Figure 4.6(c) shows the simulated photoinduced potential, carrier 

concentration and carrier temperature profile. Laser illumination heated up the 

carrier system on the left side of the Si nanobelt, forming a temperature distribution 

in the device (bottom). The temperature had its maximum at the laser spot center (-

5.5 µm) and decreased towards two ends of the nanobelt. Overall, temperature was 

high on the left side and low on the right side. In the meanwhile, laser excited 

excessive carriers (middle). These carriers were driven by the net temperature 

gradient, inducing a net thermal current flowing to the right. Under open-circuit 



 

condition, charges accumulated at two ends of the device which caused a voltage 

(top). This voltage served as a negative feedback and prevented further net carrier 

diffusion. Finally, the system reached a steady state. 

 

Figure 4.6 (a),(b) Calculated power dependence of (a) temperature difference 

between two ends of the Si nanobelt and (b) photovoltage. (c) Calculated 

electric potential, carrier concentration and carrier temperature profiles for 

laser intensity of 16.2 W/cm2.  

 



 

4.3.3. Influence of Parameters 

Our model also served as a tool to investigate the system beyond our 

experiments. Figure 4.7(a) shows the dependence of photovoltage on carrier-lattice 

interaction time scales or cooling time. Longer carrier cooling time corresponded to 

slower carrier-phonon heat transfer thereby causing higher carrier temperature 

and larger photovoltage. Therefore, it could be useful looking for material with large 

carrier cooling time in PTE devices. The photovoltage was also sensitive to the 

chemical doping levels as shown in Figure 4.7(b), and our current doping 

concentration was optimized. Lower doping levels reached lower final photovoltage 

values because of the poor conductance of the device, while higher doping levels 

made the temperature increase smaller because of the enhanced interaction 

between carriers and the lattice. With our model, we also confirmed that the 

nanobelt geometrical parameters such as width and thickness did not play a big role 

in its photoresponse. 

 

Figure 4.7 Calculate photovoltage dependence on laser power with different (a) 

hot carrier cooling time scales and (b) nanobelt doping levels.  

  



 

4.4. Conclusion 

In this work, we studied the PTE effect driven by hot photocarriers in Si 

nanobelts. Photothermal effects heated up the carrier systems and generated 

photovoltage with a high responsivity. The electrical contact type of the device and 

the photoelectric mechanism were distinguished by measuring the I-V 

characteristics and the photocurrent scanning profiles of the devices. It was proved 

that the PV and PTE effects could coexist in a device, and PTE effect dominated over 

the PV effect under high laser power for a weak Schottky barrier. The saturation 

effect of photovoltage with increasing laser power was observed in an Ohmic device. 

A multiphysics model based on the semiconductor transport equation and a two-

temperature model was proposed. Our theoretical model successfully explained the 

saturation effect and served as a versatile tool for further investigating and 

optimizing the system. 

 

 

 

 

 

 

  



 

Chapter 5 

Conclusion 

 

 

  



 

 In this thesis, we demonstrated three novel applications of nanophotonic 

photothermal effects. In the first application, we showed plasmonic-resonance-

accelerated photothermal curing of epoxy glue. Gold nanoparticles were imbedded 

in the epoxy, illuminated with laser and the temperature change of the epoxy was 

monitored with a thermal camera. We observed a counter-intuitive two-plateau 

temperature increase profile. To explain our experimental findings, we built a multi-

physical theoretical model that takes into account electromagnetic interactions, heat 

transfer and curing chemical reaction. Our model reproduced the temperature 

evolution curve and proved that the second increase in temperature was due to the 

change of the absorption coefficient of the epoxy upon curing. We demonstrated 

that plasmonic gold nanoparticles accelerated the photothermal curing of the 

material significantly and investigated the influence of different parameters on the 

process. The possibility of using aluminum nanoparticles was also studied with the 

theoretical model. Our photothermal heating approach localized heating, improved 

the curing efficiency and protected the integrity of the whole device. 

 In the second application, we demonstrated photothermal softening of gold 

nanodisks and the following optical-force-dominated directional reshaping. We 

used an aluminum-gold nanodisks heterodimer in an atomic force microscope setup 

as a model system which could be well-understood based on the plasmon 

hybridization model. We observed that the gold nanodisks grew in thickness, 

shrunk in diameter and moved towards the aluminum nanodisk based on change in 

scanning electron microscopy images as well as dark field spectra. Careful 

comparison experiments were designed to confirm that the reshaping was not a sole 



 

thermal melting effect but a combination of photothermal softening and optical-

force-induced reshaping. A multi-physical model that takes into account 

electromagnetic interactions, heat transfer and structural deformation was built to 

understand the experimental observations. Calculated temperature increase was 

well below the bulk melting point of gold and calculated optical forces distribution 

and reshaping clearly agreed with the experiments. The AFM tip played an 

important role in the reshaping process by exerting upward forces on the top 

surface of the gold nanodisk. This interesting finding could point to controllable 

reshaping of nanoparticles by both photothermal softening and optical forces. 

 In the third application, we studied photothermoelectric effects in a silicon 

nanobelt. Photothermoelectric and photovoltaic effects were unambiguously 

distinguished by I-V characteristics and photocurrent scanning measurements. 

Ohmic devices with flat band structures were favorable for photothermoelectric 

effects while Schottky devices with built-in electric fields were in favor of 

photovoltaic effects. The two effects coexisted in hybrid contact devices and their 

relative contributions changed with laser power. Photovoltage saturation with laser 

power was observed, and to explain it, we built a theoretical model that takes into 

account electromagnetic interactions, heat transfer and electric transport in 

semiconductors. We observed a saturation effect in the temperature increase due to 

the increase of carrier-lattice interactions with laser power, which explained the 

observed photovoltage saturation. With our model, we could study the influence of 

material carrier-lattice interaction strength and doping level so as to optimize the 

device responsivity. 



 

 These three examples demonstrated the application of nanophotonic 

photothermal effects in composite material curing, nanostructure welding and 

nanoscale photodetectors. Moreover, we proposed systematic approaches to 

simulating the coupled multi-physical processes theoretically. Our work improved 

the understanding of nanophotonic photothermal effects and their theoretical 

modeling, and paved the way for localized and controllable nanoscale applications. 
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