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Abstract: 
 

The special optical properties of subwavelength metallic structures have opened up 
for numerous applications in different fields. The interaction of light with metal 
nanostructures leads to the excitation of collective oscillations of conduction-band 
electrons, known as plasmons. These plasmon excitations are responsible for the high 
absorption and high scattering of light in metallic nanostructures. High absorption of 
light and the subsequent temperature increase in the nanostructures make them 
suitable as point-like heat sources that can be controlled remotely by light.  

The research presented in this thesis focuses on the development and studies of 
hybrid devices that combine light-induced heating in plasmonic nanostructures with 
other materials and systems. Particular focus is put on hybrid organic-inorganic 
systems for applications in energy harvesting as well as in heat and radiation sensing. 
Harvesting energy from light fluctuations was achieved in a hybrid device consisting 
of plasmonic gold nanodisk arrays and a pyroelectric copolymer. In this concept, fast 
and efficient light-induced heating in the gold nanodisks modulated the temperature 
of the pyroelectric layer, which could be used to extract electrical energy from 
fluctuations in simulated sunlight.  

Integrating plasmonic nanostructures with complementary materials can also 
provide novel hybrid sensors, for monitoring of temperature, heat flux and 
radiation. In this thesis work, a hybrid sensor was designed based on the combination 
of a plasmonic gold nanohole layer with a pyroelectric copolymer and an ionic 
thermoelectric gel. The gold nanohole arrays acted both as broadband light absorbers 
in the visible to near-infrared spectral range of the solar spectrum and also as one of 
the electrodes of the sensor. In contrast to the constituent components when used 
separately, the hybrid sensor could provide both fast and stable signals upon heat or 
radiation stimuli, as well as enhanced equilibrium signals. 

Furthermore, a concept for heat and radiation mapping was developed that was 
highly sensitive and stable despite its simple structure. The concept consisted of a gel-
like electrolyte connecting two separated metal nanohole electrodes on a substrate. 
Resembling traditional thermocouples, this concept could autonomously detect 
temperature changes but with several orders of magnitudes higher sensitivity. Owing 
to its promising sensing properties as well as its compatibility with inexpensive mass 
production methods on flexible substrates, such concept may be particularly 
interesting for electronic skin applications for health monitoring and for humanoid 
robotics. Finally, we improved the possibilities for the temperature mapping of the 
concept by modifying the structure from lateral to vertical form. Similar to the lateral 
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device, the vertical temperature sensor showed high temperature sensitivity and 
stability in producing signals upon temperature changes.  
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Populärvetenskaplig sammanfattning: 
 

Nanostrukturer av metall, vars dimensioner är cirka 1000 gånger mindre än vidden 
på ett hårstrå, har egendomliga optiska egenskaperna som möjliggjort många olika 
typer av applikationer. De optiska egenskaperna bygger på att interaktionen mellan 
ljus och metallnanostrukturer ger upphov till kollektiva oscillationer av elektronerna 
i metallen, så kallade plasmoner. Dessa plasmon-excitationer leder bland annat till 
hög absorption och spridningen av ljus i metalliska nanostrukturer. Hög absorption 
av ljus leder i sin tur till värmeutveckling i nanostrukturerna, vilket gör dem till 
effektiva värmekällor som kan kontrolleras på avstånd med ljus.  

I forskningen som presenteras i den här avhandlingen presenteras hybrida system 
som kombinerar värmeutveckling i metallnanostrukturer med andra material och 
koncept. Vi har framför allt utvecklat och studerat hybrida system som kan användas 
för energiutvinning eller som sensorer för ljus och värme. I en första studie visar vi att 
energi kan utvinnas från fluktuationer i ljusintensitet, genom en hybridkomponent 
som kombinerar plasmoniska guldnanodiskar med en så-kallad pyroelektrisk 
polymer. Ljusinducerad uppvärmning av nanodiskarna generatorrade temperaturen i 
det pyroelektriska lagret, vilket kunde generera energi från fluktuationer i simulerat 
solljus under ett fladdrande löv.  

Genom att integrera plasmoniska nanostrukturer med komplementära material var 
det även möjligt att skapa nya sensorer för att monitorera temperatur och 
ljusexponering. Vår hybridsensor kombinerar guldnanohål med en pyroelektrisk 
polymer samt en jonisk termoelektrisk gel. Guldnanohålen användes både för att 
absorbera ljus och som en av elektroderna i sensorn. Hybridsensorn möjliggjorde både 
snabb och stabil avläsning av ljus och värme, som inte är möjligt om de aktiva 
materialen används var för sig.  

Vidare så utvecklades ett koncept för detektion av värme och ljus med hög 
känslighet trots en mycket enkel struktur. Strukturen består av två elektroder med 
nanohål som är sammanbundna med en gel-elektrolyt. Den är därmed lik ett klassiskt 
termoelement, men har en känslighet som är flera storleksordningar högre. Dessa 
sensorer skulle kunna användas till applikationer så som elektronisk hud för 
hälsoövervakning eller inom robotik, och de skulle kunna tillverkas till låg kostnad på 
flexibla substrat. Slutligen så lyckades vi förbättra förutsättningarna för 
temperaturmappningen hos dessa temperatursensorer genom att bygga dem i en 
vertikal struktur. Likt den laterala sensorn så hade även den vertikala 
temperatursensorn hög känslighet och bra stabilitet.  
 



 viii 

 

  



   
 

 ix 

List of publications  
 
Papers included in this thesis 

 
Paper I 
 
Hybrid Plasmonic and Pyroelectric Harvesting of Light Fluctuations 
Mina Shiran Chaharsoughi, Daniel Tordera, Andrea Grimoldi, Isak Engquist, Magnus 
Berggren, Simone Fabiano, Magnus P. Jonsson 
Advanced Optical Materials 2018, 6 (11), 1701051. doi:10.1002/adom.201701051 
 
Contribution: I performed all the processes related to the device fabrication and 
characterization and data analysis. I wrote the first draft and contributed to the final 
editing of the manuscript.  
 
Paper II 
 
Thermodiffusion-Assisted Pyroelectrics—Enabling Rapid 
and Stable Heat and Radiation Sensing 
Mina Shiran Chaharsoughi, Dan Zhao, Xavier Crispin, Simone Fabiano, and Magnus 
P. Jonsson 
Advanced Functional Materials 2019, 29 (28), 1900572. doi:10.1002/adfm.201900572 
 
Contribution: I carried out the experimental work related to the device fabrication 
and characterization, some together with D.Z. I contributed to analyze and interpret 
the data and wrote a large part of the first draft and edited the final version of the 
manuscript. 
 
Paper III 
 
Ultrasensitive Electrolyte-Assisted Temperature Sensor  
Mina Shiran Chaharsoughi, Jesper Edberg, Peter Andersson Ersman, Xavier Crispin, 
Dan Zhao, and Magnus P. Jonsson 
Submitted for publication 
 
Contribution: I conducted the experimental work related to device fabrication and 
optical measurements. I took part in the discussion of the results and contributed to 
writing the first draft and editing the final version of the manuscript. 



 x 

Paper IV 
 
Vertical Hybrid Metasurface Supercapacitors for Heat and Radiation Sensing 
Mina Shiran Chaharsoughi, Ayesha Sultana, Xavier Crispin, Dan Zhao, and Magnus 
P. Jonsson.  
In manuscript  
 
Contribution: I performed the device fabrication and took part in measurements and 
data analysis. I wrote the majority of the manuscript.  

 
 
Papers not included in this thesis 
 

Hybrid Plasmonic Metasurfaces 
Evan S. H. Kang, Mina Shiran Chaharsoughi, Stefano Rossi and Magnus P. Jonsson 
Journal of Applied Physics 2019, 126, 140901 (Perspective). doi:10.1063/1.5116885 
 
Contribution: I contributed to writing the first draft and editing the final version of 
the manuscript. 
 
Conductive Polymer Nanoantennas for Dynamic Organic Plasmonics 
Shangzhi Chen, Evan S. H. Kang, Mina Shiran Chaharsoughi, Vallery Stanishev,  
Philipp Kühne, Hengda Sun, Chuanfei Wang, Mats Fahlman, Simone Fabiano, Vanya 
Darakchieva, and Magnus P. Jonsson 
Nature Nanotechnology 2019. doi:10.1038/s41565-019-0583-y 
 
Contribution: I contributed to the experimental work and editing the final version of 
the manuscript.  

 
 
  



   
 

 xi 

Acronyms 
CL Colloidal Lithography  

EBL Electron Beam Lithography  

EDLC Electric Double-Layer Capacitor  

EMIM 1-ethyl-3-methylimidazolium  

[EMIM][ESO4] 1-ethyl-3-methylimidazolium ethylsulfate 

e-skin electronic skin 

FDTD Finite-Difference Time-Domain 

FEM Finite Element Method  

FIB Focused-ion Beam Lithography 

GDM Green’s Dyadic Method 

HCL Hole-mask Colloidal Lithography  

IL Ionic Liquid  

ITO Indium Tin Oxide 

LSPR Localized Surface Plasmon Resonance  

PNIPAM Poly(N-isopropylacrylamide) 

PMMA Poly(methyl methacrylate)  

PVC Poly(vinyl chloride)  

PVDF Poly(vinylidene fluoride)  

PVDF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene) 

P(VDF-TrFE) Poly(vinylidenefluoride-co-trifluoroethylene)  

PZT Lead Zirconate Titanate 

RTD Resistance Temperature Detector 

SCL Sparse Colloidal Lithography  

SEM Scanning Electron Microscopy 

SPP Surface Plasmon Polariton 

TC Thermocouple 

TEG Thermoelectric Generator 

TEM Transmission Electron Microscopy 

TFSI Bis(trifluoro-methylsulfonyl)imide 



 xii 

  

  

 
 
  



   
 

 xiii 

Table of Content 

Part I ................................................................................................................................................. 1 

Chapter 1: Introduction ............................................................................................................ 3 

Chapter 2: Plasmonics Theory .................................................................................................. 5 
2.1. Optical Properties of Metals .................................................................................................... 6 
2.2. Surface Plasmon Polariton (SPP) ............................................................................................. 7 
2.3. Localized Surface Plasmon Resonance (LSPR).......................................................................... 9 
2.4. Plasmonic Structures .............................................................................................................. 11 
2.4.1. Nanodisks ............................................................................................................................ 12 
2.4.2. Nanoholes ........................................................................................................................... 13 
2.5. Plasmonic Properties of Ensembles ........................................................................................ 15 
2.6. Physics of Plasmonic Heating ................................................................................................. 16 
2.6.1. Plasmonic Heating in Ensembles of Gold Nanodisks or Gold Nanoholes ............................... 18 

Chapter 3: Thermal Energy Harvesting and Sensing ............................................................ 21 
3.1. Heat-Induced Electric Potential Generation in Materials ........................................................ 22 
3.1.1. The Thermoelectric Effect ................................................................................................... 22 
3.1.1.1. The Soret Effect ................................................................................................................ 23 
3.1.1.2. Thermoelectric Materials .................................................................................................. 25 
3.1.1.2.1. Ionic Liquids and Their Derivatives for Use in Thermoelectric Applications ................... 26 
3.1.2. The Pyroelectric Effect ........................................................................................................ 29 
3.1.2.1. Pyroelectric Materials and Their Applications ................................................................... 30 
3.2. Thermal Charging of Supercapacitors ..................................................................................... 33 
3.3. Temperature Sensors .............................................................................................................. 34 

Chapter 4: Methods and Characterization ............................................................................. 37 
4.1. Spin Coating........................................................................................................................... 37 
4.2. Thermal Evaporation .............................................................................................................. 37 
4.3. Sparse Colloidal Lithography .................................................................................................. 38 
4.4. Hole-mask Colloidal Lithography ........................................................................................... 39 
4.5. Extinction Spectroscopy ......................................................................................................... 40 
4.6. Absorption Spectroscopy ........................................................................................................ 41 
4.7. Radiation-induced Voltage Measurements ............................................................................. 42 
4.8. Direct Heating Voltage Measurements.................................................................................... 42 
4.9. Pyroelectric Current Measurement ......................................................................................... 42 
4.10. Seebeck Coefficient Measurement ........................................................................................ 43 



 xiv 

Chapter 5: Summary of the appended papers ....................................................................... 45 
5.1. Harvesting Energy from Light Fluctuations – Paper I .............................................................. 45 
5.2. Three Effects in One Concept for Sensing Radiation and Heat – Paper II ................................ 48 
5.3. Simple Concepts with Outstanding Temperature Sensing Properties – Papers III and IV ........ 49 

Chapter 6: Conclusion and Outlook ....................................................................................... 53 

References ...................................................................................................................................... 57 

Part II.............................................................................................................................................. 69 

 
 

  



   
 

 xv 

Acknowledgement 

A wise proverb says “it takes a village to raise a child”. In the case of this thesis, the 
child is a metaphor for the knowledge, experience and insight, and the village is all 
the people who helped me during the last four years to complete this work. I would 
like to express my gratitude and appreciation to: 

Magnus Jonsson, my main supervisor, for giving me this opportunity to work on this 
interesting project, and for supporting me and shedding light on my way to achieve 
my goals.  

Xavier Crispin and Simone Fabiano, my co-supervisors, for their valuable guidance 
and inspiring discussions.  

Lars Gustavsson, Anna Malmström, Meysam Karami Rad, and Thomas Karlsson 
for their restless efforts in maintaining the lab at its best condition and for helping me 
to optimize my performance in the experiments. 

Lesley G Bornhöft and Kattis Nordlund for always being so kind to me and help me 
to handle administrative issues.  

Dan and Jesper for rewarding collaboration and support in the lab and fruitful 
discussions. 

Shangzhi, Sampath, Ravi, Samim, and Stefano, my colleagues and friends in 
Organic Photonic and Nano-Optics group, for being such amazing and supportive 
labmates. Daniel Tordera, my mentor, for guiding me and being inspiring and 
cheerful. Evan for interesting discussion especially during taking SEM images.  

Johannes, Dan, Evan, Nadia, Fareed, Miriam, and Sämi for your valuable comments 
on the first draft of this thesis.  

All former and current members of the Laboratory of Organic Electronics that 
provided a pleasant and cheerful environment at work.  Zia Ullah Khan and Ujwala 
for helping me out in the lab and being open to answer all my questions. Dagmavi 
and Fareed for cheering me up when I was down and were always there for me when 
I needed help. Donata, Ellen, Felipe, Maria and Elina for making me feel welcome 
when I joined the group. Canyan and Shaobo for their warm friendship and being 
always eager to help and support me both in the lab and outside work.  



 xvi 

Negar and Arash for being supportive and encouraging friends and helping me to 
establish my life when I came to Sweden.  

Andrea and Eva for all the fun moments in the climbing gym where I could free my 
mind. Harpal and Chiara for sharing those delicious and pleasant moments in Burger 
and Bangers after the climbing gym. Nadia for inspiring me and lending me an ear to 
my concerns and suggesting perfect remedies. Roudabeh and Najmeh for making 
ordinary moments extraordinary and all the laughter. Farzaneh and Sämi for being 
nice friends and amazing office neighbors sharing their cookies and jokes with me. 
Mahshid, Niki, and Saghi for your kindness, well-wishes, and being there for me 
whenever I needed a friend.   

A special word of thank to my mother and my brother, for encouraging me to achieve 
my best and filling my heart with their love to overcome the hardships of living distant 
from them. Undoubtedly, the love and support I received from my father, is a major 
source of motivation for me to achieve personal and professional goals. At my early 
age, he instilled in me a strong passion for learning, which ultimately led me to be in 
Sweden and studying my PhD. I owe him a lot and I dedicate this thesis to him and my 
mother. 

 ات دنداد ورین نم ھب ھبئاش یب تبحم و یلد مھ اب ییایفارغج ھلصاف مغر یلع ھک ،منک یم رکشت مزیزع ردارب و ردام زا

 یاھورین نیرتمھم زا ندوب یوق و لقتسم رب ناشیا رارصا و مردپ یاھ تیامح و قیوشت کش نودب .میامیپب اھتنا ات ار هار

 ھمان نایاپ نیا قشع و ،یسانشردق ،مارتحا ھناشن ھب .دوب دھاوخ و  هدوب یملع یلاع تاجرد ھب ندیسر یارب نم ھکرحم

 .منکیم میدقت مردپ و ردام ھب ار

In particular thanks to Johannes (JoJo) who supported me with his unconditional 
love. Thank you for always having faith in me and helping me to overcome stressful 
moments. 

  



   
 

 1 

 

 

 
 
 
 
 

  
 
 
 
 
 
 

 

Part I 

 

Background 
 

  



 2 

  



   
 

 3 

 
 
 
 
 
 
 

Chapter 1:    Introduction 
 
 
 

Metal nanostructures have so-called plasmonic properties, which make them 
attractive tools for manipulation of light at the nanoscale. The interaction of light 
with these structures leads to a large optical field enhancement, high scattering and 
high absorption of light.[1-5] Such interesting optical properties of metal 
nanostructures originate from resonant oscillation of their conduction-band 
electrons upon light illumination, known as localized surface plasmon resonance 
(LSPR).[3, 6] LSPRs and corresponding high absorption of light allow metallic 
nanostructures to efficiently convert light to thermal energy at excitation 
wavelengths which are tunable via manipulating different parameters, such as the 
shape of the nanostructure.[7] The plasmonic photothermal effect enables efficient and 
selective control of heat generation at the nanoscale, which could be useful in many 
applications in various fields.[1, 8, 9] In biomedicine, the effect may enable photothermal 
therapy of cancerous cells and curing disease via delivering drugs to specific parts of 
the human body.[3, 10] In nano-chemistry, plasmonic heating can facilitate or enhance 
chemical reactions at the nanoscale, by varying the local temperature at the reaction 
sites.[11] In optofluidics, manipulation of fluid motion at the nanoscale is feasible 
through photothermal-induced convection by a metallic nanostructure.[12] 

Integration of plasmonic nanostructures with other materials into hybrid systems 
broadens the scope of plasmonic heating applications.[4, 13, 14] The focus of this thesis 
work is to exploit plasmonic heating in hybrid systems that combine metallic 
nanostructures with organic materials that have special functionalities, such as 
pyroelectricity and thermoelectricity. Such hybrid systems provide promising 
applications ranging from energy harvesting from light fluctuations to sensing 
radiation and heat.  

This thesis is divided into two parts. The first part contains 5 chapters, starting with 
this introduction. Chapter 2 describes the basics of plasmonics and its two main 
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components: surface plasmon polaritons and localized surface plasmons. 
Furthermore, this chapter introduces different plasmonic structures employed in this 
thesis and discusses their plasmonic and photothermal properties. Chapter 3 
introduces various physical phenomena and the related materials for converting heat 
to electrical energy and signals. Chapter 4 describes the methods utilized in this 
thesis, including fabrication of plasmonic structures and hybrid devices. It also 
outlines the characterization and measurement methods utilized in this thesis. 
Chapter 5 and 6 discuss main results of this work and future extensions. The second 
part of this thesis presents the result of the scientific work as four appended papers. 
Paper I presents a hybrid concept that takes advantage of plasmonic heating in 
combination with the pyroelectric effect to harvest energy from light fluctuations. 
Paper II deals with integrating plasmonic heating, pyroelectric effect and 
thermoelectric effect into a hybrid device to enable a fast and stable temperature and 
radiation sensing. Paper III and IV present concepts that, despite of their simple 
structures, can detect variations in temperature via strong self-generated signals, 
upon both radiation and direct contact with heat stimuli.   
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Chapter 2:   ) Plasmonics Theory 
 
 
 

The science of plasmonics studies the interaction of electromagnetic fields with the 
collective oscillation of free electrons of metallic interfaces or in metallic 
nanostructures, with one major aim of confining enhanced optical fields at 
dimensions beyond the diffraction limit.[15-17] Depending on the geometry of metallic 
nanostructured surfaces, collective oscillation of free electron gas called plasmons can 
couple to light through surface plasmon polaritons (SPPs) (Chapter 2.2) and localized 
surface plasmon resonance (LSPRs) (Chapter 2.3).[18-21] While the former can be excited 
at the interface of a metal and a dielectric medium, resulting in the confinement of 
the optical fields to the interface, the latter can occur in metallic nanostructures such 
as nano-spheres or nano-voids with the dimensions smaller than the wavelength of 
light.[19, 20, 22-25] Both SPPs and LSPRs in metallic structures are sensitive to small 
changes of the refractive index of the surroundings, which makes them a powerful tool 
for nanosensing.[6, 24, 26]  

 

 
Figure 2-1. a) The Lycurgus cup, 4th-century Roman glass cage cup, appears jade green 

when lit from the front and red when from backwards (from the British Museum free image 
service). b) Stained glass in Nasir al-Mulk Mosque built in 1888 in Shiraz, Iran (from 

reference [27]).  
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The LSPR in subwavelength metallic nanostructures is the reason for their unique 
absorption and scattering optical properties.[28] One of the first attempts to utilize 
metallic nanoparticles dates back to several hundred years ago when the 
manufactures used them as means of coloration and decoration of glass objects. The 
Lycurgus cup (Figure 2-1a) and colorful stained glass in churches and mosques (Figure 
2-1b) are examples of those first attempts that have lasted till present day.[16, 17, 29]  

Until a couple of decades ago, the application of metallic nanoparticles was mainly 
defined based on their scattering properties. In most applications, absorption of light 
by these structures was considered a drawback since it caused photothermal effects 
and made systems less efficient. Only recently, plasmonic heating (section 2.6) in 
metallic nanoparticles has been explored in various areas such as chemistry, physics 
and biology.[4, 10, 30, 31] 

 

2.1. Optical Properties of Metals 

To a first approximation, the optical properties of metals can be explained by 
treating their conduction electrons as free electrons. The behavior of such electrons 
is described by the Drude model similar to classical gas molecules, where a gas of free 
electrons moves against a fixed background of positive ion cores. The interaction of 
light with such electrons can be explained by permittivity or dielectric function	"($) 
as below: [32] 

"($) = 1 − $)*
$* + ,-$															(2 − 1) 

where $ is the angular frequency, $)is the plasma frequency ($) ≈1.4 × 1023 Hz for 

gold), and - is the collision frequency (in the order of 1014 Hz at room temperature for 
gold), which indicates the damping of the oscillation of the electron gas due to 
collision.[32] For metals such as gold and silver with plasma frequencies in the range of 
1015 - 1016 Hz and significantly lower -, electrons oscillate  faster than the collision 
frequency so the effect of collisions can often be neglected and equation (2-1) can be 
rewritten as: [20, 32] 

"($) = 1 − $)
*

$* .															(2 − 2) 
For optical frequencies below the plasma frequency, the permittivity gains negative 

values and the refractive index (56($)) becomes purely imaginary (56($) = "2 *⁄ ). In this 
spectral region, the electric field can penetrate the metal to a certain distance, but not 
propagate further as an oscillating wave. If the metal is thick enough, the whole 
incoming wave will be reflected and the metal shows its familiar shiny and colorless 
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optical properties. According to the Drude model, at frequencies higher than the 
plasma frequency, the dielectric function gains positive values approaching 1 and the 
refractive index becomes real, making the material more transparent in this spectral 
range. For noble metals such as gold and silver, a full d electronic band lying a few 
electron volts below the Fermi level creates a highly polarized environment that adds 
dielectric constant "8 (typically with values 1 ≤ "8 ≤ 10) to the dielectric function, 
which modifies equation (2-1) to: [32, 33] 

"($) = "8 −
$)*

$* + ,-$.															(2 − 3) 
The validity of the Drude model for aforementioned metals is also limited due to 

the interband transitions of electrons. Adding more terms like Lorentz-oscillator 
terms to the dielectric function can improve the validity of this model.[32] 

 

2.2. Surface Plasmon Polariton (SPP) 

In the field of surface science, surface plasmon polaritons (SPPs) are well-known 
following the pioneering work of Ritchie in 1950s.[20] SPPs are electromagnetic surface 
waves created by the interaction of light waves with the conductor’s free electron gas 
on the conductor/dielectric interfaces. In this interaction, the electron gas responds 
collectively by oscillating in resonance with an incoming electromagnetic wave. The 
SPP waves propagating at the interface between a conductor and a dielectric (Figure 
2-2) are transverse magnetic waves with two electric field components: one (;< ) 
parallel to the propagation direction and the other (;=) normal to the plane of the 
interface.  

As shown in Figure 2-2, ;= is highest near the surface and decays exponentially with 
distance away from the interface, both into the metal and the dielectric medium. The 
reciprocal value of the component of the wave vector perpendicular to the interface 
(>= ) of the two media, ?̂ = 1/|>=|, defines the exponential decay length which is 
typically a few hundreds of nanometers.[20] The energy of the SPP waves decays while 
propagating along the interface mainly because of the absorption by the metal. The 
propagation length (C = (2DE[><])H2) is defined as the distance at which the intensity 
of the SPP wave decays by a factor of 1/e, and for metals with low loss such as silver in 
the visible spectrum is typically between 10 to 100 micrometers.[32]  
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Figure 2-2. Schematic representation of SPP waves propagating at the interface between a 

dielectric and a metal. The electric field component is enhanced near the surface and decays 
exponentially with distance away from the interface both into the metal and the dielectric 

medium.[20] 
 
Both the decay length and the propagation length have a strong dependency on 

frequency and the dielectric function of both the conductor (") and the surrounding 
dielectric material ( "I ). In addition, the propagation length depends on the 
metal/dielectric configuration.[32, 34]  

The dispersion relation for SPPs on a metal dielectric interface gives us the relation 
between the wave vector (>JKK) and energy of the SPP:[20, 34] 

>L)) & M
N O

PQ!P
PQRP

!!!!!!!!!!!!!#. ( S%  
where T  is the speed of light in free space. Figure 2-3 shows the dispersion relation 
for SPPs on a metal air interface (black line) and the dispersion line of photons in free 
space (red line, $ & T>, where > is the wave vector). The wave vector of the SPP wave 
is always higher than that of light for any frequency (Figure 2-3). Hence, a light beam 
that hits the metal surface from air cannot excite SPPs at the metal interface unless 
the photon momentum is somehow increased to match the SPP momentum. There are 
two major optical approaches to overcome this momentum mismatch, namely using a 
prism coupler or diffraction gratings.[23] For the prism coupling method, such as the 
Kretschmann configuration and the Otto configuration, the momentum of the photon 
is enhanced by passing through a high refractive index medium at an angle larger than 
the critical angle.[23, 34, 35] The grating contributes with additional momentum within 
the plane and makes it possible to match both momentum and energy of SPPs, even 
at normal incidence.[35, 36]  
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Figure 2-3. Dispersion relation of SPPs on a metal-air interface (black line) and dispersion 

line of a photon in free space (red line).[20] 
 
The possibility to use SPPs to confine optical fields to the interface between metal and 
dielectric layers has brought many applications for SPPs in photonics, biology and 
materials science.[4, 20, 33, 36] For instance, SPP waves have been widely used in 
biosensing applications since they are very sensitive to changes in the dielectric 
constant of the environment.[4, 20] Moreover, the waveguides that support SPP waves 
have many applications in nanocircuits and nanophotonic devices.[33, 36] In-depth  
information about the properties and applications of SPP waves can be found in these 
good reviews.[35, 37]  

 

2.3. Localized Surface Plasmon Resonance (LSPR) 

Another type of surface plasmonic mode is localized surface plasmon resonance, 
which is a non-propagating mode supported by closed surfaces, such as metallic 
nanoparticles smaller than the wavelength of light.[16, 38, 39] Under illumination, the 
time-varying electric field of light induces a force on the electron plasma of the 
nanoparticle and displaces it from its equilibrium position, leading to an 
uncompensated charge at the surface of the nanoparticle (Figure 2-4) and an induced 
dipole moment in the nanoparticle.[38] In the quasi-static approximation, where the 
diameter (D) of the nanoparticle is significantly smaller than the wavelength of 
incident light (D<<U), the field of incident light can be seen as uniform over the whole 
nanoparticle volume at any given time. In this approximation, the polarizability 
(V#$%) of a sphere with dielectric function of "#$% surrounded by a medium with 
dielectric function of "I can be described by:[32] 

V#$% & SW XY.Z
[ "#$% ( "I
"#$% + ."I !4!!!!!!!!!!!#. ( \% 
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Figure 2-4. The time-varying electric field of light applies a force on the electron plasma of 

the nanoparticle and induces a dipole moment in the nanoparticle. 
 
In Fröhlich condition, where ]^F"#$%G! is small, the polarizability reaches a 

maximum when _`F"#$% & (."IG, which gives the resonance frequency $a & $) b:7  

for a Drude material.[32] The collective oscillation of the electrons resonates with the 
incident light, which forms the localized surface plasmon resonance or surface 
plasmon resonance for short.[32, 39] The LSPR frequency is very sensitive to the 
dielectric medium such that increasing the dielectric constant of the surrounding 
medium leads to a redshift to the LSPR. This phenomenon enables the application of 
LSPR for optical sensing, which is especially useful because the phase matching 
between the momentum of the incident light and the plasmon resonance is not 
needed and LSPR can be activated by illumination with an ordinary light beam.[3, 6, 16, 

17, 39, 40]  
Illuminating a nanoparticle at the LSPR causes a resonance enhancement in 

scattering and absorption efficiency of the nanoparticle, which has resulted in many 
applications in various areas, such as staining and coloration,[41, 42] information 
storage,[43] medical therapy,[44] optofluidics,[45] and bio-sensing.[39] The scattering 
(cLNde), absorption (cdfL)  and extinction (cg<e) cross-sections of a nanoparticle can be 
expressed by:[31, 46] 

cLNde & hi

3j BVB*k!!!!!!#. ( l%    
cdfL & >DE#V% ( hi

3j BVB*k!!!!!#. ( m%   
cg<e & cLNde + cdfL & >DE#V%k!!!!!!!#. ( n% 

where > is the wave vector of the incident light. The interaction of light with particles 
smaller than the wavelength of incident light (D<< U ) predominantly leads to 
excitation of dipole modes.[32, 40]  However, for particles with sizes comparable to the 
wavelength of the incident light wavelength, higher order modes such as quadrupole 
oscillations can also contribute to the extinction cross-section. For such large 
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particles, the quasi-static approximation is no longer valid since the particle does not 
experience a uniform electromagnetic field over its volume. This causes a rapid loss 
of the coherent oscillation of the free electrons over the volume of the particle. 
Increasing the size of the particle affects the plasmon resonances, with shifting 
resonance peaks to lower energies and broadening plasmon bands because of an 
increase in the radiation damping.[32, 40]  

The quasi-static approximation also becomes unreliable for very small particles.[32] 
For nanoparticles smaller than the electron mean free path of the metal, elastic 
scattering at the surface of the particle increases the dephasing of the coherent 
oscillation of the electrons. This effect leads to a broadening in the resonance band 
width. For particles with even smaller dimensions in the range or below 1 nm, 
quantum effects should be considered in order to describe their optical properties.[32]  
 

2.4. Plasmonic Structures  

There is a tremendous variety of plasmonic metal nanostructures and 
nanostructured surfaces, which can be distinguished according to the plasmonic 
modes they support: LSPRs or SPPs.[1, 6, 23] The requirement for the structures that 
support LSPRs is to have dimensions smaller than the wavelength of light to 
experience a relatively uniform electric field when excited by light. Spherical 
nanoparticles are likely the most commonly used and well-studied type of 
nanostructures supporting LSPRs.[47] Recent progress in nanoparticle synthesis has 
enabled designing plasmonic structures such as rods, disks, cubes, triangles, shells 
and stars, to support specific spectral resonance positions.[17] Figure 2-5a to e, shows 
transmission electron microscopy (TEM) images of gold nanoparticles with different 
sizes and shapes and Figure 2-5f illustrates their corresponding absorption spectra, 
which shows the tunability of the absorption properties in gold nanoparticles by 
changing their geometry.[48] 

One of the most widely used methods to create SPP waves at the interface of a flat 
metal film and a dielectric medium is to use prism coupling in Kretschmann or Otto 
configurations.[49] SPPs can also be excited by using a periodic distribution of 
nanoridges or grooves in the metal’s surface, for which the resonance condition 
depends not only on metal properties thickness and surrounding materials, but also 
on the grating periodicity and details of the nanostructures.[20, 37] Likewise, a 
convenient way to generate SPPs is via scattering from topographical defects on the 
surface, such as a subwavelength array of bumps or nanoholes.[34] 
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Figure 2-5. (a-e) TEM images of different gold nanoparticles. a) Nanospheres, b) Nano-

cubes, c) Nano-triangles, d) Nanorods, e) Nano-stars, f) Normalized absorption spectra of 
the nanostructures shown in the TEM images from a) to e. Reprinted with permission from 

reference [48]. 

 
Noble metal layers perforated with nanohole arrays can couple to incident light 

through SPPs and LSPRs, propagating on the continuous surface and localized inside 
the holes, respectively.[50] SPP and LSPR wavelength is tunable by modifying the 
thickness and the diameter of the nanoholes.  

In this thesis, gold nanodisk and nanohole arrays have been used in different 
devices for photothermal heating to harvest solar energy and for sensing of radiation. 
In the following sections, the optical properties of these structures will be discussed 
in more detail. 

 

2.4.1. Nanodisks  

Nanodisks are one of the most well-studied plasmonic structures.[15, 51, 52] Their 
plasmonic resonance wavelength can be tuned from the visible to the near-infrared 
range by modifying the diameter (o & .p) or height (.T). Nanodisks are considered as 
oblate spheroids (Figure 2-6a) which have two axes of equal length (p & q r T). Under 
the quasi-static approximation, where T s U , the oblate spheroids are treated as 
discrete dipoles excited by an external field which is parallel to the major axis of the 
spheroid.[15, 51]  

The dipole polarizability!V for such spheroid can be described as: 

V & SWp*T " ( "I
:"I + :Cd#" ( "I%!!!!!!!!!!!!!#. ( t% 
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where "! and !"I  are the dielectric function of the spheroid (the metal) and the 
surrounding media, respectively, and Cd is a geometrical factor that is a function of 
the aspect ratio of the nanodisk (pAT).[46] Figure 2-6b illustrates how increasing the 
aspect ratio of a nanodisk reduces the geometrical factor.  

 

 
Figure 2-6. a) Schematic illustration of a gold nanodisk and its axes. b) The relation between 

the geometrical factor (uv) and aspect ratio (vAw). 
 
To achieve the condition for plasmon resonance, the real part of the denominator 

in equation (2-9) should be equal to zero. The scattering, absorption and extinction 
cross-sections can be calculated using equations (2-6), (2-7), and (2-8), respectively. 
The plasmon resonance wavelength in a nanodisk is tunable by modifying the aspect 
ratio of the nanodisk. In the visible range where the dielectric function of gold can be 
described by " / >U + E , where >  and !E  are real valued constants, the plasmon 
resonance wavelength can be calculated by Uxd< & >H2F#"ACd% + " ( EG .[53, 54] This 
shows that the plasmon resonance wavelength is inversely proportional to the 
geometrical factor and consequently depends on the aspect ratio of the nanodisk. For 
instance, increasing the aspect ratio of the nanodisk shifts the plasmon resonance to 
higher wavelengths.[53]  

 

2.4.2. Nanoholes 

In analogy to nanodisks, interaction of light with nanosized holes in noble metal 
films can also lead to pronounced optical resonances in the visible to near infrared 
spectral ranges. Interestingly, both LSPR and SPP modes can occur in metal nanohole 
systems, due to the localization of charges at the nanohole edges and through SPPs 
travelling on the continuous metal layer.[50, 55]  
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Figure 2-7. Illustration of a nanohole in a metal film. 

 
To describe the optical properties of a single nanohole (Figure 2-7) in an optically 

thin metal film, it is necessary to consider both the diameter of hole and the thickness 
of metal film. Studies of the interaction of light with a single (gold) nanohole show 
that the hole plasmon resonance depends on the aspect ratio (diameter/height) of the 
hole.[25] Increasing the aspect ratio shifts the hole plasmon resonance to longer 
wavelengths. This dependence is similar to that of nanodisks, although the underlying 
mechanisms are partly different.[55] Nanoholes in optically thick metal films (a few 
hundreds of nanometers) strongly enhance the transmission of light, leading to 
extraordinary optical transmission which is not observed for the bare metal film.[22, 56] 
However, this behavior is not valid for an optically thin metallic film with and without 
nanoholes. In thin semitransparent metallic films,  transmission reduces by 
introducing nanoholes in the film.[56] 

Figure 2-8a illustrates simulated cases of these conditions, for 10 nm and 200 nm 
thick silver films perforated with arrays of nanoholes. The transmission peak for the 
optically thick perforated silver film and the transmission dip for the optically thin 
perforated film represent the plasmonic resonance positions in each film. As Figure 
2-8b shows, increasing the thickness of silver nanohole arrays from optically thin to 
optically thick layers leads to the formation of a dip-peak pair in the transmission 
spectra, which corresponds to only one resonance (positioned in between dip and 
peak) that is interfering with the continuum (direct transmission) state. This agrees 
with the Fano interference effect and makes it difficult to distinguish the correct 
positions of the plasmon resonances from transmission or extinction spectra of 
nanohole arrays.[56] This matters specially in applications related to plasmonic 
heating, as studied in this work, for which absorptive plasmon resonances should be 
accurately designed and identified. Measuring the absorption spectra using an 
integrating sphere can help to determine the plasmonic resonance positions of such 
systems (will be discussed in detail in Chapter 4).[56] 
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Figure 2-8. a) Transmission of light from a 10 nm silver film with nanohole array (solid 

black line) and without nanohole array (dashed black line) and from a 200 nm silver film 
with nanohole array (solid red line) and without nanohole array (dashed red line). b) 

Transmission spectra of various silver nanohole arrays with thickness from 10 to 200 nm. 
Adapted with permission from reference [56].  

 

2.5. Plasmonic Properties of Ensembles 

Plasmonic resonances for a single particle mainly depend on the particle shape and 
size as well as the dielectric constant of the particle itself and the surrounding.[5] In 
practice, using an ensemble of nanostructures is more common. The plasmonic 
resonances of periodic ensembles of nanoparticles or nanoholes are affected by the 
interaction between neighboring nanostructures. Near-field and far-field coupling are 
two types of interactions that govern the plasmonic resonances in an array of 
nanoparticles or nanoholes.[53] Overlapping of the electromagnetic near-fields of 
metal nanostructures with very small interparticle spacing results in the generation 
of a new plasmonic modes with strongly enhanced electromagnetic near-fields 
between the structures.[53, 57, 58] Nanostructures can also interact at longer distances via 
their far fields to form collective radiation, originating from the scattered fields by the 
nanostructures. Owing to a combination of near-field and far-field coupling, the 
plasmon lifetime and resonance wavelength strongly depend on the grating constant 
defined by the geometrical distribution of the nanostructures in the periodic arrays.[53, 
58]  

Fabricating long-range ordered plasmonic structures with high resolution often 
requires utilizing complicated, slow, energy consuming and expensive methods, such 
as electron beam lithography (EBL) and focused-ion beam lithography (FIB).[53] For 
applications where perfectly ordered arrays are not necessary, short-range ordered 
arrays can be a suitable alternative, which can be fabricated by relatively cost-effective 
and simple methods such as colloidal lithography (discussed in more detail in Chapter 
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4).[59-61] This method is specifically suitable to rapidly produce large areas (> TE*) of 
nanostructures (such as disks or holes) distributed in short-range order.[60, 61] Short-
range ordered nanostructures are not spread randomly, but there is a characteristic 
distance between neighboring nanostructures, which can be controlled during the 
fabrication process.[62]  For arrays with a short-range order larger than a few tens of 
nanometers, the effect of near-field coupling is minimized. The lack of nearfield and 
far-field coupling in these structures makes their optical properties less dependent on 
interparticle spacing and more reliant on the single particle properties.[53] The 
plasmon resonance wavelength for short-range ordered nanodisks is known to be 
almost independent on the interparticle spacing.[53] On the contrary, reducing the 
interparticle spacing in a short-range ordered nanohole array blue shifts the 
plasmonic wavelength, which indicates a larger inter-hole coupling through the metal 
film for short-range ordered nanoholes compared with discrete structures distributed 
in the same manner.[53, 62]  
 

2.6. Physics of Plasmonic Heating 

Noble metal nanostructures interact strongly with light via the excitation of surface 
plasmons. The plasmons decay through radiative and non-radiative channels, which 
represent scattering and absorption, respectively.[15, 32, 63, 64] The non-radiative damping 
is attributed to the electronic structure of the metal through its dielectric function, 
which has contributions from both intraband (electron scattering processes inside the 
nanoparticle) and interband excitations.[15] As it is clear from equations 2-5 to 2-7, 
absorption and scattering cross-sections are related to the polarizability and size of 
nanostructure. The absorption cross-section increases slower with particle size than 
the scattering cross-section.[9] This relation makes small plasmonic particles primarily 
absorptive, while larger particles are more efficient scatterers.[9]  

For nanoparticles with negligible quantum yield (i.e. they are very weak light 
emitters), there is a direct relation between the amount of light that is absorbed by a 
nanoparticle (absorption cross-section) and the amount of heat that is generated (y) 
in the nanoparticle. This can be expressed as:[65, 66] 

y = DcdfL																																											(2 − 10) 
where D is the irradiance of the incident light (power per unit area). The generated 
heat can also be separated into the heat power density z({) inside the nanoparticle 
as:[66, 67]   

y = | z({)o[{
	

}~�
																											 (2 − 11) 
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where the integral runs over the nanoparticle volume (ÄÅK). On the other hand, the 
mechanism of plasmonic heating can be described by the Joule effect, originating from 
the optically-induced current in the metal as:[9] 

z({) = 1
2Re[Ç

∗	({). ;({)]														(2 − 12) 
where 	Ç∗({) is the complex amplitude of the current density and ;({) is the inner 
electric field created in the particle due to the plasmonic excitation. This equation can 
be re-written as:[9] 

z({) = $"
2 ImÑ"($)Ö|;({)|*							(2 − 13) 

which shows that there is a direct relation between the heat generation density inside 
the nanoparticle and the imaginary part of the dielectric constant of the metal 
nanoparticle and the square of the inner electric field amplitude.[9] 

The power generated in nanoparticles with simple geometries can be calculated 
analytically using their cross-section expressions using equations 2-6 to 2-8 and 
known polarizabilities (for a nanosphere, it can be derived from equation 2-5).[9, 66] For 
more complicated geometries, for which there are no straightforward analytical 
expressions for the absorption cross-section, the heat generated in the nanoparticle 
can be obtained by optical simulations, either by directly providing the optical cross-
section or by computing the inner electric field amplitude followed by calculating the 
absorption using equations (2-10, 2-11 and 2-12).[9] Examples of simulation 
techniques that can be used to simulate the optical response are the finite-difference 
time-domain (FDTD) and the finite element methods (FEM).[68, 69] The amplitude of the 
electric field inside a nanoparticle can also be investigated numerically and 
quantitatively using Green’s dyadic method (GDM).[66] This method helps to 
understand the thermal mapping in nanoparticles with complicated geometries.  

The temperature distribution inside and outside a single spherical nanoparticle of 
radius (Ü) at different distances from the particle center ({) can be described by:[9] 

áà({) = áàÅK âä ,						{ > Ü (outside particle)  (2 − 14) 
áà({) ≈ áàÅK,										{ < Ü (inside particle)  (2 − 15) 

where áàÅK  is the temperature increase inside the nanoparticle upon illumination. 
Due to the uniform dissipation of heat in all directions from the sphere, áà decreases 
inversely with distance from the particle. For a spherical nanoparticle,	áàÅK is related 
to the absorbed power and inversely proportional to the thermal conductivity of the 
surrounding medium (	>L) according to:[9] 

áàÅK =
y

4W>LÜ.										 (2 − 16) 
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Inside a nanoparticle the heat power density (z({)) can be quite non-uniform, 
however, the temperature remains quasiuniform due to the high thermal conductivity 
of the metal compared with that of the surroundings.[9]  

The steady state temperature of the particle is dependent on the amount of 
absorbed heat, the particle size, and the thermal conductivity of the surrounding 
medium. The heat generated by the nanoparticle and the thermal conductivity of the 
surrounding medium determine the temperature elevation of the surrounding 
medium through plasmonic heating by the plasmonic nanoparticle.[9]  
 

2.6.1. Plasmonic Heating in Ensembles of Gold Nanodisks or Gold 

Nanoholes 

Plasmonic heating of an individual nanoparticle such as a nanodisk can be 
considerably enhanced by the presence of nearby nanoparticles. If those nearby 
nanostructures are also illuminated, the heat dissipated from them can contribute 
significantly to the temperature increase of the nanoparticle. Hence, plasmonic 
nanostructures in ensembles heat up each other through collective effects.[70] The 
average temperature increase of such plasmonic arrays highly depends on particle 
density in the ensemble, that can be interpreted as the density of heat sources.[9, 66] 

Discrete plasmonic structures like nanodisks have been widely used in 
thermoplasmonic systems as point-like heat sources, due to their high photothermal 
heating efficiency, tunability of their absorption resonance wavelength, narrow peak 
width, and possibility to use them in solution.[10, 30, 53, 71, 72] On the contrary, continuous 
plasmonic structures, such as perforated metal layers, have been mostly utilized as 
heat sinks to minimize plasmonic heating, by effectively dissipating heat generated 
from a small area illuminated by focused light.[73] However, for uniform illumination 
of larger arrays, the metal film can no longer act as a heat sink. For such conditions, 
plasmonic nanoholes systems can generate higher temperature increase compared to 
discrete plasmonic structures.[74] This was recently shown through a comparison 
between optically thin gold nanohole arrays and gold nanodisk arrays of the same 
dimensions. The gold nanohole arrays absorbed more light than the nanodisk arrays 
at shorter wavelengths since they contain more metal and provide higher material 
absorption due to interband transitions. The nanohole arrays also absorbed more light 
than a non-perforated gold film due to plasmon excitation at longer wavelengths and 
associated absorption losses.[74] From an application point of view, it should also be 
noted that high electrical and thermal conductivity of metal nanohole structures allow 
them to provide thermoplasmonic systems with electrical contacts for collecting 
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signals and rapid and uniform heating, respectively. These properties make metal 
nanohole arrays good candidates for use as broad-range absorbers in 
thermoplasmonics systems, such as for applications that uses broad-band light source 
like the sun.[74]  
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Chapter 3:    Thermal Energy Harvesting and 
Sensing 

 
 
 

Temperature is one of the most familiar physical variables and it plays a vital role 
in controlling and affecting a broad range of processes in organic biological systems 
as well as in inorganic systems.[75, 76] The first attempts of humans to control 
temperature for specific application dates back to the bronze and iron ages when they 
used fire to make tools out of those metals. For thousands of years, human beings have 
been developing ways to measure and control temperature. One of the very 
preliminary methods that are still used to measure temperature is based on the 
thermal expansion of materials such as mercury.[75] New methods and approaches have 
been developed to address the need for more accurate and quick temperature 
evaluation of different systems, for use in diverse applications such as controlling 
temperature-dependent chemical reactions, fire alarms and food processing.[75, 76]   

Biological systems utilize a sophisticated sensory system to detect variations in 
temperature to interact with the outside world.[76-80] Some types of animals such as 
snakes,[81] frogs,[82] and fishes[82] can also detect thermal radiation from a warm object, 
which enables them to navigate and hunt in murky environments. Our skin also 
enables us to sense heat from both touching a warm object and absorbing light 
radiation.[83-86] Attempts to mimic such fascinating system have led to developing a 
platform technology called electronic skin or e-skin.[87-91] 

Heat flux and thermal radiation sensing in e-skin concepts can give the sense of 
touch and heat of sun light to prosthetic limbs and enables remote healthcare 
monitoring.[83, 84, 89, 92-94] For e-skin applications, it is essential to reduce the bulkiness 
and power consumption of the functional systems through designing self-powered 
sensors that can detect various stimuli.[95, 96] Thermal sensitive materials that generate 
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electric response upon temperature variations can play an effective role to accomplish 
such goals. Moreover, the ingratiation of these functional materials with plasmonic 
structures in a hybrid system can enable sensing temperature variations from direct 
heating and radiation heating.  

Hybrid systems also enable harvesting energy from heat. Temperature gradients 
and heat fluxes are considered as environmental energy sources that can be converted 
directly to electricity using pyroelectric and thermoelectric systems.[97-99] These 
sources of thermal energy can range from the heat of human body for energizing 
wearable electronics, to solar light for hybrid thermoelectric generators.[100, 101] This 
chapter introduces materials and means that were employed in this thesis to convert 
temperature variations from direct heating and photothermal heating into an electric 
signal for energy harvesting and sensing. Then, it discusses thermal-induced charging 
processes as another method to harvest thermal energy from heat sources with low 
temperatures (< 250	℃). The chapter ends with a discussion on different types of 
temperature sensors.  

 

3.1. Heat-Induced Electric Potential Generation in Materials 

3.1.1. The Thermoelectric Effect 

Thermoelectrics describes the Seebeck effect and the Peltier effect resulting from 
coupling between heat transfer and electricity in conductor and semiconductor 
materials.[102] The Seebeck effect was discovered in 1821 by Thomas Johann Seebeck, 
who observed that a temperature difference (∆à) between two junctions of dissimilar 
materials (a thermocouple (TC)) induces an electric potential ( ∆Ä ) across the 
junctions, which is proportional to the temperature difference and can be described 
by the Seebeck coefficient (ç).[103, 104] The Seebeck coefficient is an intrinsic property of 
materials and describes the ratio of the established voltage for a given temperature 
difference (∆Ä ∆à⁄ ) across the material.[105] Generally, a material can have a negative 
or a positive Seebeck coefficient depending on the type of the majority of charge 
carriers in the material, that can be electrons or holes.[106-108] In a conductor with a 
negative Seebeck coefficient, electrons as the majority charge carriers migrate from 
the hot side to the cold side of the conductor subjected to a temperature gradient. 
Hence, it is established an electron-density gradient and a corresponding electric 
potential across the hot and cold ends of the conductor.[108, 109]  

The Seebeck effect is the working principle of thermoelectric generators (TEGs), 
which are solid-state energy harvesting devices that can convert static temperature 
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gradients to electricity without any moving parts. Figure 3-1a illustrates the structure 
of a typical TEG, consisting of a pair of p-type and n-type thermoelectric legs. These 
legs are connected by metal electrodes such that they are electrically in series and 
thermally in parallel.[110] A temperature gradient over the p and n legs leads to 
thermodiffusion of charge carriers from the hot side to the cold side, which induces a 
thermoelectric potential and can drive a current through a load in an external 
circuit.[110] 

In 1834, Jean Peltier observed that flowing an electric current through the junction 
of dissimilar materials establishes a temperature difference between the junctions and 
interestingly the temperature increase at the junction with higher temperature could 
not be explained by Joule heating alone. He also observed that the temperature of the 
junction could increase or decrease depending on the electric current direction. The 
phenomenon was later termed the Peltier effect, which is the working principle of 
Peltier coolers.[105] Figure 3-1b schematically depicts the structure of a Peltier cooler, 
which is analogous to the TEG. Applying an electric potential to the legs of a Peltier 
cooler leads to the movement of charge carriers and generation of a temperature 
gradient over the legs. 

 

 
Figure 3-1. Schematic illustration of thermoelectric generators. a) A thermoelectric 

generator consisting of a pair of p-type and n-type materials which their ends are kept in 
cold and hot condition. It generates electric potential over the connected load. b) A Peltier 

cooler with similar structure as in (a) connecting to a power supply. 
 

3.1.1.1. The Soret Effect 

A temperature gradient over a material consisting of two or more components can 
act as a driving force for mass diffusion. This so-called thermodiffusion effect, or Soret 
effect, occurs in gases, liquids and even some solid systems.[111, 112] Figure 3-2a 
illustrates the concentration gradient ( ŽT ) of particles in a diluted colloidal 
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suspension subjected to a temperature gradient ( Žˆ ), where the heat and the 
concentration gradients affect the mass flux of particles (‚):[112] 

!‚ & (TYèŽˆ ( YŽT4!!!!!!!!#: ( '% 
where Yè  and Y  are thermodiffusion coefficient and diffusion coefficient, 
respectively. In the steady state condition where the mass flux ( ‚ ) is zero, the 
concentration gradient is constant and can be read as:[112] 

ŽT & (TçèŽˆ!!!!!!#: ( .% 
in such condition, the magnitude of thermodiffusion, the Soret coefficient (çè ), is 
determined by the ratio of the thermodiffusion coefficient and the diffusion 
coefficient as:[112] 

 çè & ê‘
ê 4!!!!!!#: ( :%  

The sign of çè  determines if the particle drifts preferentially towards colder or 
hotter regions.[113] For systems with çè r 1, the particles drift towards the cold side, 
and if çè s 1, the particles accumulate on the hot region.[113] The sign and magnitude 
of the thermodiffusion depend on the specific properties of the system such as surface 
charge of the particles, particle size and concentration, and the interaction between 
particles and solvent.[111, 113, 114]  
In electrolytes and other liquid systems containing positive and negative charged 
particles (cations and anions, respectively), the Soret effect results in a concentration 
gradient of charged particles (Figure 3-2b) along the temperature gradient (Œˆ) and 
consequently an internal electric field (;) across the material.[115, 116] This electric field 
is manifested as an open circuit electric potential (€’N ) generated by a system 
containing a non-redox-active electrolyte subjected to a temperature gradient and 
sandwiched between two electrodes.[116] 

 

 
Figure 3-2. Schematic illustration of thermodiffusion of particles in a diluted colloidal 
suspension (a), and thermodiffusion of positive and negative ions in an electrolyte (b) 

subjected to a temperature gradient. 



   
 

 25 

In analogy to conventional inorganic thermoelectric materials, the ionic Seebeck 
coefficient of the electrolyte can be derived as çì = ÄíN ∆à⁄ .[116] Hence, these systems 
can be used as a type of ionic thermoelectric materials.  

The open circuit voltage generated by such system depends on the temperature 
difference and the profiles of the concentration gradients of both cations and anions 
across the electrolyte.[116] In turn, these concentration gradients rely upon the 
diffusion and Soret coefficients of cations and anions as well as the concentration of 
dissociated ions.[116]  

 

3.1.1.2. Thermoelectric Materials 

The thermoelectric properties of materials are commonly evaluated by their 
dimensionless figure of merit (îà), defined as:[102]  

îà = Jïñè
h 								 (3 − 4)     

where c and > are the electrical and thermal conductivity, respectively, and à is the 
temperature. According to îà, materials can provide maximum efficiency in TEGs 
only if they have a high electrical conductivity to contain sufficient amount of charge 
carriers, a high Seebeck coefficient to produce large electric potential, and a 
minimized thermal conductivity to sustain a large temperature difference over the 
material. However, it is challenging to achieve that high îà  due to the 
interdependency of these three parameters.[102] 

The Seebeck coefficient and electrical conductivity have an inverse dependency on 
the charge carrier (electron and hole) concentration, so that increasing the charge 
carrier concentration in a material reduces the former and increases the latter.[102, 110] 
Moreover, two sources contributing to heat transfer in materials are charge carriers 
transporting heat and phonons travelling through the lattice.[101, 117] Therefore, 
increasing charge carrier density has a positive effect on the thermal conductivity of 
the material. After all, to achieve a high thermoelectric power factor (ç*c ) and 
consequently a high îà in a material, one parameter or more should be enhanced 
while preventing the deterioration of the others.[101, 110, 117]  This has led to the design 
and production of various materials and structures, some of which are presented in 
Figure 3-3. This figure outlines approximate regions for the Seebeck coefficient and 
the electrical conductivity of various thermoelectric materials. 

A wide variety of semiconductors and semimetals, such as metal alloys, ceramics, 
conducting polymers and their derivatives have been extensively explored for 
thermoelectric applications.[101, 110]  
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Figure 3-3. Approximate ranges for the Seebeck coefficient as a function of electrical 

conductivity of some common types of thermoelectric materials.[116, 118-120] 

 
Another class of materials that have similar conductivity to semiconductors but 

higher Seebeck coefficient are redox-active electrolytes (purple area) and non-redox-
active electrolytes (green area). While these ionic thermoelectric materials show a 
relatively low conductivity, their high Seebeck coefficients make them suitable 
candidates for non-conventional thermoelectric applications such as heat sensing.[116, 

121, 122]  
Redox-active electrolytes are used in thermogalvanic cells, in which an oxidation-

reduction reaction occurs between the electrodes and the electrolyte as long as a 
temperature gradient exists between the two electrodes. In these types of cells, ions 
circulate within the cell and exchange electrons with electrodes.[123] On the other hand, 
non-redox-active electrolytes, such as some ionic liquid electrolytes, are inert 
electrolytes that can be used in thermoelectric devices without involving any chemical 
reactions,[123] as the one chosen for this work.   
 

3.1.1.2.1. Ionic Liquids and Their Derivatives for Use in Thermoelectric 

Applications 

More than a century has passed since Paul Walden in 1914 was searching for molten 
salts for his equipment, which led to the discovery of ionic liquids (ILs).[124]  Ionic 
liquids generally consist of organic cations and organic or inorganic anions with 
melting point below 100 ‹.[125] The bulkiness of the compounds in ILs leads to weak 
ionic bonds, because the ions are separated and the ionic strength is mainly based on 
the Coulomb force that decreases in strength with distance.[124]  
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Figure 3-4. Chemical structure of a) 1-ethyl-3-methylimidazolium ([EMIM]) bis(trifluoro-

methylsulfonyl)imide ([TFSI]) and b) 1-ethyl-3-methylimidazolium ethylsulfate 
[EMIM][ESO4]. c) Schematic illustration of the polymer gel composition and structure.[116] 

 
Ionic liquids have attracted significant attention due to their interesting properties, 

such as low vapor pressure, high ionic conductivity, high thermal stability, ability to 
dissolve various type of materials, non-toxicity and environmental friendliness 
compared to hazardous volatile organic solvents.[118, 124, 126] ILs are furthermore referred 
to as “designer solvents” owing to the wide variety of cation-anion combinations that 
can be designed and used to tune the polarity, hydrophilicity, and hydrophobicity for 
use in specific applications.[124] Despite all positive properties that ILs have, the 
sensitivity and physical properties of some types tend to change by moisture and 
oxides impurities.[124] This introduces some limitations such as the necessity of 
providing an inert atmosphere or using glovebox in the process of fabrication and 
usage of the samples containing ILs. A group of ILs, such as 1-ethyl-3-
methylimidazolium (EtMeim+) salts, was designed with more stable properties against 
humidity, which allows broad usage of ILs as electrolytes in different 
environments.[127] 

1-ethyl-3-methylimidazolium ([EMIM]) bis(trifluoro-methylsulfonyl)imide 
([TFSI]) and 1-ethyl-3-methylimidazolium ethylsulfate [EMIM][ESO4] are two specific 
types of EtMeim+ salts that we used in the work of this thesis. Figure 3-4a and b show 
the chemical structure of their consisting anions and cations, respectively.[116, 124] 

ILs have relatively high Seebeck coefficients (about 0.35 ^—!˜H2 for [EMIM][ ESO4]) 
and typically low thermal conductivities (about 0.18 ™!^H2!˜H2 at room temperature 
for [EMIM][ ESO4]).[118, 128-130] These properties make ILs suitable candidates to be used 
in the TEGs and temperature sensors for low-grade temperature harvesting and 
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sensing applications in wearable electronics or e-skin.[128]  However, utilizing these 
materials in thermoelectric devices is challenging because the devices require proper 
sealing and encapsulation due to the liquid phase of these electrolytes. On the 
contrary, polymer-based electrolytes are more attractive since they can be made as 
free-standing gels while showing a high Seebeck coefficient.[118] For temperature 
sensing applications based on the Seebeck effect, it is preferable to use a material with 
a high Seebeck coefficient and a low thermal conductivity.[131] Using such material 
enables generating higher electric signals in response to a defined temperature 
change compared to a material with lower Seebeck coefficient and higher thermal 
conductivity at the same condition.[131]  

In this thesis, a composite thermoelectric gel (Figure 3-4c) was used, containing 
copolymer poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) as a solid 
matrix and [EMIM][TFSI] as the electrolyte (from now on, it is named as ionic 
thermoelectric gel), with a negative Seebeck coefficient of -4 to -5 mV	KH2.[132] The 
negative sign of the Seebeck coefficient comes from dissociated anions that 
thermodiffuse towards the colder side of the gel, when it is subjected to a temperature 
gradient. The thermodiffusing ions in ionic thermoelectric materials cannot pass into 
an external circuit of a TEG, instead they accumulate at the interface of the metal 
electrode and the ionic thermoelectric material.[116] Similar to a charge storage 
process, this accumulation process induces an electric current in the external circuit 
that decays over time. This concept can be used to charge supercapacitors (discussed 
in section 3.2) or batteries by increasing the accumulated charge density using 
electrode materials with high ionic conductivity and large surface area.[116, 119, 133] In 
2016, Zhao et al.[133] reported the conversion of heat into stored charge in a so-called 
ionic thermoelectric supercapacitor, consisting of a polymeric electrolyte with high a 
Seebeck coefficient (10 mV	KH2 ) working as the ionic thermoelectric material and 
carbon nanotubes as electrodes with high surface area. The stored energy can later be 
used to power an external circuit whenever it is needed.[133] 

A typical thermoelectric generator needs both n-type and p-type thermoelectric 
materials that are connected electrically in series and thermally in parallel.  In 2019, 
Zhao et al.[116] showed an ionic thermoelectric generator consisting of thermoelectric 
gels with negative and positive Seebeck coefficients, working analogous to the 
semiconductor thermoelectric generator.[116] One attractive feature of this ionic 
thermoelectric generator is the possibility of low-cost mass production by roll-to-roll 
printing, making the concept interesting also for use as high-resolution temperature 
sensors for flexible and large-area applications such as e-skin.[116] 
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3.1.2. The Pyroelectric Effect 

 Pyroelectricity is another phenomenon that is commonly used to convert heat 
stimuli to electric signals. Any material with polar point group crystal structure can 
show the pyroelectric effect, for which a change in temperature over time alters the 
spontaneous electrical polarization of the material.[134-137] The change in the 
spontaneous polarization with temperature is described by a vector called the 
pyroelectric coefficient (ö) that under constant electric field (;) and stress (c), can be 
defined as:[138]  

ö = (õúLõà )ñ,ù 									(3 − 5) 
where úL  is the magnitude of the electric polarization vector. A polar pyroelectric 
material sandwiched between two electrodes, with úL perpendicular to the electrode 
surfaces, can be considered as a capacitor that can store screened charges (y) on the 
electrodes.[136, 137] The internal arrangement of the electric dipoles in the pyroelectric 
material varies with a change in temperature, through reorientation of the molecules 
or displacement in the atomic arrangement. The temporal change in temperature and 
corresponding changes in the spontaneous polarization cause a variation in the 
screened charge on the electrodes. The exceeding surface charge can flow into an 
external circuit as a transient pyroelectric current (,)) given by:[135-137, 139] 

,) =
dy
dü = †ödàdü 												(3 − 6) 

where † is the electrode surface area, and dà dü⁄  is the rate of temperature change 
over time. Thus, pyroelectric devices can be responsive to any energy input that 
generates a temperature change to the pyroelectric element.[135, 136] The pyroelectric 
effect has been known for many years and has since about 1960 been used in fire 
alarms and for electromagnetic radiation detection in thermal imaging devices, as 
well as for pollution monitoring and gas analysis.[135, 136] 

Ferroelectric crystalline polar dielectric materials provide large pyroelectric 
coefficients, which is related to their lack of inversion symmetry and strong 
spontaneous polarization due to the difference in the electronegativity of the building 
atoms.[140] These materials show spontaneous polarization up to a certain 
temperature. Above a critical temperature called the Curie temperature (àN), an order-
disorder phase transition occurs, which disturbs the spontaneous polarization such 
that the material loses its pyroelectric properties.[141] The resulting polycrystalline 
material has randomly assembled domains with dipoles oriented in different 
directions and therefore does not provide the net polarization necessary for 
pyroelectricity.[141] Through a poling process, applying an electric field greater than 
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the so-called coercive field over the material rearranges the polar axes of the domains 
and aligns them along the applied electric field to restore the net spontaneous 
polarization and hence the pyroelectric effect.[135, 136] Ferroelectric materials can 
maintain their net spontaneous polarization even after removing the applied external 
electric field.[142] Ferroelectric materials possess piezoelectric properties apart from 
pyroelectric properties, which enable them to also convert mechanical stimuli to 
electrical signals and vice versa.[142]  

 

3.1.2.1. Pyroelectric Materials and Their Applications 

There is a wide variety of intrinsic pyroelectric materials in the form of single 
crystals, ceramics, and polymers that are suitable for specific applications and 
working temperatures depending on their N̂, mechanical and chemical properties.[135, 

136] Although the pyroelectric coefficients of polymer pyroelectrics are lower than that 
of the inorganic pyroelectric materials, such as the well-known lead zirconate titanate 
(PZT), organic pyroelectrics have become popular for different applications due to 
their mechanical flexibility as well as their inexpensive and low temperature 
fabrication processes.[143] Among all, ferroelectric polymer materials such as poly(vinyl 
chloride) (PVC) and Nylon 11, poly(vinylidene fluoride) (PVDF) and its copolymer, 
poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)), have attracted much 
attention for use in pyroelectric applications lower than 100 ‹.[144-146] These materials 
can be deposited and patterned in the form of pyroelectric arrays on different 
substrates.  

PVDF is one of the most promising ferroelectric polymer thanks to its high chemical 
stability, non-toxicity, highly compact structure, and relatively large permanent 
dipole moment. Polar vinylidene fluoride monomers (-[CH2-CF2]-) are elementary 
repeating units in PVDF. The polar property in PVDF originates from the large 
difference in electronegativity between fluorine, carbon and hydrogen atoms, creating 
a dipole moment of 2.1 Debye across the monomer.[147]  

 

 
Figure 3-5. Schematic illustration of the molecular structure of P(VDF-TrFE) and the 

polarization direction pointing from fluorine to hydrogen atoms.[148] 
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Typically, PVDF has low crystallinity and it is polymorphous, consisting of both an 

amorphous phase and one or more crystalline phases.[147] Ferroelectricity and 
pyroelectricity of PVDF originate from the presence of the so-called ¡ phase, which is 
a minority phase in this material. Obtaining the ¡  phase in PVDF needs relatively 
complicated procedures, such as electrical poling combined with mechanical 
stretching.[147]  

The presence of PTrFE in the copolymer P(VDF-TrFE) (Figure 3-5) enhances the 
crystallinity such that thin films with more than 90% crystallinity can be obtained 
from simple solution processing methods such as spin coating followed by thermal 
annealing at 130 ‹.[147]  

As prepared solvent-formed P(VDF-TrFE) copolymer film consists of ¡  phase 
polycrystalline grains and amorphous regions. In such film, the polarization of 
different domains (areas with similar polarization) cancels out each other, leading to 
a nearly zero residual spontaneous polarization over the film (Figure 3-6a). To prepare 
a polarized film, it is necessary to obtain domains with similar polarization direction, 
which is attainable through a so-called poling process.[139, 149]  

Figure 3-6b shows the electrical current as a function of applied electric field over 
a P(VDF-TrFE) film sandwiched between two metallic electrodes. This figure shows 
that for applied electric fields lower than the coercive field (100 V µm-1) the current is 
low. Applying an electric field larger than the coercive field establishes an electric 
current owing to the alignment of the dipoles and corresponding changes of the 
surface charge on the electrodes.  
 

 
Figure 3-6. a) Schematic illustration of dipoles in a P(VDF-TrFE) film sandwiched between 
two metal electrodes before (top) and after (bottom) poling process. b) Cyclic voltammetry 

of P(VDF-TrFE) copolymer film presented in (a) which is showing the repolarization current 
as a function of applied voltage. The inset shows switching of the dipoles in the P(VDF-

TrFE) film by changing the sign of applied voltage. Adapted with permission from reference 
[149].  
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The current reduces to lower values when all dipoles are aligned with the applied 

electric field. The absence of an electric current when reducing the applied electric 
field to zero again indicates that the dipoles stay aligned. Hence, there is a residual 
spontaneous polarization over the P(VDF-TrFE) film. The alignment of the dipoles 
and the polarization remain unchanged until an electric field is applied, which is as 
large as the coercive field with opposite polarity.  

The ferroelectric, pyroelectric, and piezoelectric properties of P(VDF-TrFE) have 
made this material a suitable candidate for nonvolatile memory applications, 
temperature and radiation sensors, tactile sensors, strain and acceleration 
measurement devices to name but a few.[143] Another interesting and fast-growing area 
for using P(VDF-TrFE) is energy harvesting. Although the first attempts to use P(VDF-
TrFE) for converting heat to electricity in 1963 by Hoh and Beam et al.[150] resulted in 
very low conversion efficiency, theoretical work by Drummond and Gonzalo suggested 
that much higher efficiency might be achievable.[151] A simple approach to harvest 
energy from a pyroelectric material such as P(VDF-TrFE) copolymer film is to connect 
it to an electrical resistor and apply a temperature change.[152] The change in 
temperature with time generates an electrical current through the resistor.[152] The 
output power generated by such system enhances with increasing amplitude and 
frequency of the temperature changes and using materials with high pyroelectric 
coefficient.[152] The pyroelectric response of a pyroelectric capacitor subjected to a 
temperature change is fast, but the generated signal is transient and it decays as the 
pyroelectric element reaches a temperature equilibrium. Hence, these systems cannot 
provide energy at constant temperatures, but provide means to harvest energy from 
changes in temperature.[152]  

The transient signal upon temperature changes can also be used for sensing 
applications. P(VDF-TrFE) copolymer strongly absorbs light in the infrared range with 
wavelength higher than 7 µm.[153] This copolymer has been widely used in infrared 
radiation detectors due to its high absorption of light and good pyroelectric 
properties.[135, 136] Light detection by pyroelectric systems is not limited to utilizing the 
absorption properties of the pyroelectric material itself, but can also be based on other 
radiation  absorbing methods. Implementing different absorbing electrodes, such as 
carbon-black, can increase the absorption of incident light and modify the spectral 
range of light detection.[135, 136] In paper I and II, we took advantage of light-induced 
plasmonic heating in gold nanodisk arrays (paper I) and a perforated gold layer (paper 
II) to absorb visible light in pyroelectric devices consisting of P(VDF-TRFE) 
copolymer, which itself is transparent in the visible and near infrared spectral ranges.  
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3.2. Thermal Charging of Supercapacitors 

Supercapacitors are rechargeable energy storage devices with high power densities 
and long cyclic life, which store charge through one or a combination of two possible 
mechanisms.[154] Figure 3-7 illustrates a typical electric double-layer capacitor (EDLC) 
in which the charge storage mechanism involves reversible physical absorption of ions 
in an electrolyte on the surface of electrodes with high surface area. When a voltage 
is applied between the two electrodes, positive and negative ions in the electrolyte 
accumulate at the interface of the electrolyte with the anode and the cathode, 
respectively. This results in effectively storing electrical energy as surface charges. 

Pseudocapacitors use another mechanism to store charges, based on reversible 
chemical reactions between electrolyte ions and chemically active materials on the 
electrodes.[154] Another class of supercapacitors called hybrid supercapacitor is merged 
from the integration of the two aforementioned supercapacitors, which consists of an 
electric-double layer electrode and a pseudocapacitive electrode.[154, 155] 

 

 
Figure 3-7. schematic illustration of an EDLC capacitor.[154] 

 
Supercapacitors have been studied to harvest and store energy from heat through 

thermally induced charging processes.[133, 154, 156] A layer of ions can be spontaneously 
formed at a metal/electrolyte interface. The excess ions at the interface induce surface 
charge in the electrode, which affects the electrode potential. A temperature change 
modifies the electrode potential through, for example, changes in the mobility of the 
ions and consequently the density of the surface ions.[157] Figure 3-8 shows a thermally 
chargeable supercapacitor, which utilizes this process to harvest energy from heat. 
Each half-cell corresponds to the half of a supercapacitor, consisting of an electrode 
immersed in an electrolyte solution.[123] Applying a temperature difference between 
the two half-cells induces an electric potential between the electrodes due to 
differences in the density of surface ions. In turn, this induced potential difference 
can drive a current of surface charges from the electrode at higher potential to the one 
at lower potential. 
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Figure 3-8. Schematic illustration of a thermally-chargeable supercapacitor consisting of 
two cells maintained at different temperatures and connected through a salt bridge.[158] 
 
The conversion of thermal energy to electricity via this capacitive process is 

independent of thermoelectric or thermogalvanic effects.[123, 158]  
Energy conversion and charge storage properties of the device mostly depend on 

some factors related to the electrodes and electrolyte, such as the work function and 
surface area of the electrodes, and the size and mobility of the ions in the 
electrolyte.[123] Due to the limitations of using liquid electrolyte at high temperatures, 
such devices can primarily be used to harvest energy from heat sources with low 
temperatures (less than 200 ˚C for devices with ionic-liquid electrolytes).[123] 

 

3.3. Temperature Sensors 

There are many types of temperature sensors, with different temperature operating 
ranges, accuracy and working principles. Choosing the most suitable sensor depends 
on the intended application. Temperature sensors can be divided into two categories: 
contact temperature sensors and non-contact temperature sensors. While the former 
needs to be in contact with the target object to evaluate the temperature, the latter 
can detect the temperature remotely based on radiation emitted by the object.[75]  

A thermostat is a contact temperature sensor or switch, consisting of two different 
metal bars (such as nickel, copper, aluminum, or tungsten) bonded together to form a 
bi-metallic strip. The difference in the expansion rates of these metals puts tension 
on the metal with lower expansion rate leading to a mechanical bending when the 
system is subjected to a temperature increase. This type of temperature sensor can 
work as a temperature switch in an electric circuit and is widely used in domestic 
appliances.[159, 160]  
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Some other types of contact temperature sensors such as resistance temperature 
detectors (RTDs) and thermistors monitor the electrical resistance of materials as a 
function of temperature.[75] In RTDs, metals, such as platinum and constantan (an 
alloy of 45 % Ni and 55 % Cu), are used as probes which have a stable and almost linear 
temperature response.[83] A resistance temperature detector with platinum probe has 
a working temperature range from -100 to +800 ˚C and thermal sensitivity of about 
0.39 Ω		KH2.[161] In thermistors, the resistive element is a semiconductor which has a 
typical exponential temperature response and the temperature range of -100 to +300 
˚C.[75, 161] The sensitivity and stability of thermistors are lower than RDTs, however 
their low cost and wide variety of shapes and sizes have made them popular resistive 
temperature sensors.[162] Thermistors and RDTs are active resistive devices because 
they need a power supply to maintain a constant current to pass though the probe, 
while monitoring the voltage drop.[163] RTDs and thermistors are widely used in various 
areas such as medical electronics,[164] automotive,[165] computers, and consumer 
electronics.[166] 

Thermocouples (TCs) are one of the most inexpensive and most common type of 
temperature sensors, and their working principle is based on differences in 
thermoelectric properties of different conductors.[161] As illustrated in Figure 3-9, TCs 
consist of two dissimilar electrical conductors, such as iron and constantan, which 
form electrical junctions at the position of the measurement (measuring junction) and 
at a reference position (reference junction). If the measuring junction and reference 
junction are at different temperatures, the difference in Seebeck coefficient of the two 
conductors leads to an electric potential between the junctions, which can be used to 
evaluate the temperature at the measurement point. There are different types of TCs 
based on different combinations of conductors, which cover a wide working 
temperature range from -270 to +1260 ˚C with temperature sensitivity of several tens 
of µÄ	℃H2.[161]  

Regarding non-contact temperature sensors, pyroelectric detectors discussed in 
the previous section are widely used for radiation sensing and thermal imaging 
applications. Thermopiles can also detect thermal radiation via connecting several 
TCs in series and placing their hot junctions on a thermal radiation absorber and their 
cold junctions on a heat sink.[167] Radiation thermopiles are used in large spectral range 
pyranometers to measure the solar irradiance.[168]   
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Figure 3-9. Schematic illustration of a thermocouple.[169] 

 
Bolometers or calorimeters are another type of non-contact thermal detector that 

detect the electromagnetic radiation through resistive temperature sensors. There are 
a wide variety of bolometers such as cooled, uncooled, and composite bolometers that 
detect infrared and millimeter wavelengths with applications ranging from thermal 
cameras to astronomical missions.[170]  

Recently, the concept of self-powered or passive systems has attracted much 
attention for sensing different stimuli.[91, 95, 171-176] These sensors eliminate the need for 
a power supply by generating an electric signal upon an external stimulus.[163] Hence, 
they can perform all their functions by harvesting energy from the surrounding.[95]  
Among the temperature sensors mentioned above, TCs, radiation thermopiles and 
pyroelectric detectors are self-powered in the sense that the sensor signals are 
generated automatically without the need for external power input. These systems 
have potential applications in technologies such as wearable electronics, humanoid 
robotics, internet-of-things and medical patches to control health condition of 
wounds.[91, 96, 172] 
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Chapter 4:    Methods and Characterization 
 
 
 

This chapter begins by describing the methods used in this thesis work to deposit 
organic and inorganic materials on substrates and the techniques employed to 
produce plasmonic nanohole and nanodisk arrays. Next, the measurement techniques 
used for evaluating the optical properties of the plasmonic nanostructures are 
discussed. Finally, the electrical measurement methods employed in this work to 
evaluate open-circuit voltage, short-circuit current, and the Seebeck coefficient are 
described.  

 

4.1. Spin Coating 

Spin coating is a simple and commonly used method to apply uniform thin films of 
a polymer from solution onto substrates. In this work, this method was employed to 
obtain thin films of P(VDF-TrFE) copolymer or poly(methyl methacrylate)(PMMA) on 
different substrates. A substrate is placed on the spinner and a solution containing 
the polymer is pipetted onto the substrate. Rotation of the spinner (and hence, the 
substrate) distribute the solution uniformly over the substrate and removes excess 
solution due to the centrifugal force. The thickness of the final polymer layer depends 
primarily on the viscosity of the solution and the spin rate.[177]  

 

4.2. Thermal Evaporation 

Thermal evaporation is a physical vapor deposition method for applying metallic 
thin films on substrates. This method utilizes a vacuum chamber, in which the target 
metal is placed in a so-called crucible and heated up to its evaporation temperature 
by passing a high current through the crucible. Under vacuum conditions, vaporized 
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atoms of the metal move in a straight lines and deposit on substrates placed upside 
down some distance away from the crucible, which leads to the creation of a uniform 
metal layer all over the substrates. Shadow masks can be used during deposition to 
achieve specific patterns in the metal film.[178]  
 

4.3. Sparse Colloidal Lithography  

A vast amount of research has been dedicated to use various top-down and bottom-
up techniques to apply plasmonic nanostructures on surfaces.[49] These approaches 
varies from electron beam lithography and focused ion beam mainly for the 
fabrication of arbitrary nanostructures, to more scalable methods such as colloidal 
lithography.[52, 53]  

Self-assembly of colloidal nanoparticles on surfaces can be utilized as a fast and 
cost-effective method to make large areas of nanostructured surfaces.[61, 179] In general, 
the term colloidal lithography (CL) refers to methods for fabricating such 
nanostructures using lateral self-organization of colloidal spheres. Sparse colloidal 
lithography (SCL) is a CL method that was used in this work to fabricate nanohole 
structures with short-range order on large surfaces. Figure 4-1 shows the process of 
fabrication of metal nanohole arrays on glass substrates.  

Electrostatic interaction between a positively charged substrate and negatively 
charged polystyrene nanoparticles leads to forming a short-range ordered assembly 
of the polystyrene nanoparticles on the substrate.[179] Thermal evaporation of a thin 
metal layer uniformly covers the exposed surface of the polystyrene beads and the 
interparticle space between them on the glass substrate. Removing the thin-metal-
layer deposited polystyrene beads with a tape leaves the glass substrate with a uniform 
metal layer with nanohole arrays screening the position of the polystyrene beads on 
the surface.  

The interparticle distance between the nanoholes can be modified by adding salt 
(e.g. NaCl) to the polystyrene suspension.[61, 179, 180] The diameter of the nanoholes can 
be modified by varying the original polystyrene particle size. The thickness of the 
perforated metal film can be controlled during thermal evaporation of the metal. In 
paper II and IV, 30 nm-thick gold nanohole arrays with diameters of 160 nm and 
characteristic interparticle distance of 325 nm thickness of 30 nm were fabricated.  

In Paper III, nanohole arrays of gold and aluminum with diameter of 107 nm and 
thickness of 20 nm were obtained by the SCL method. For samples with gold nanohole 
arrays, a 3 nm-thick titanium was evaporated before depositing gold layer to increase 
the adhesion of gold to glass substrate.  
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Figure 4-1. Schematic illustration of different steps for fabricating gold nanohole arrays on a 

glass substrate.[180] 
 

4.4. Hole-mask Colloidal Lithography 

Hole-mask colloidal lithography (HCL) can be considered as an extension of the CL 
method. This method was employed in paper I to fabricate uniform distribution of 
short-range ordered gold nanodisk arrays on glass ITO substrates (Figure 4-2). 
Compared to the CL method, HCL includes two new essential features which are a 
sacrificial layer and a thin metallic nanohole mask.[179] Before depositing polystyrene 
beads, it is necessary to apply a sacrificial layer such as PMMA layer on the substrate. 
Through CL method, a metallic mask with nanoholes is deposited on the sacrificial 
layer. Oxygen plasma treatment allows transferring the hole-mask pattern into the 
sacrificial layer and remains a thin film mask supported by perforated sacrificial layer 
(PMMA) on the substrate surface. Deposition of another metal layer and subsequent 
lift-off of the sacrificial layer result in fabrication of a short-range ordered metallic 
nanodisk arrays on the substrate.[179]  

Similar to SCL, the dimeter of nanodisks and the characteristic particle distance 
between them can be controlled by changing the original polystyrene particle size and 
adding salt to polyelectrolyte solution, respectively. 
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Figure 4-2. Fabrication process of gold nanodisk arrays using hole-mask colloidal 

lithography. 
 

4.5. Extinction Spectroscopy  

As discussed in Chapter 2, interaction of light with plasmonic nanostructures 
typically results in high resonant absorption ( ) and scattering (ç) and consequently 
a corresponding reduction in the transmitted light around the resonance frequency. 
In extinction spectroscopy, absorption and scattering are measured together as the 
amount of light not transmitted through the sample.[181]  

Extinction (;) is determined by measuring the ratio of transmitted (D) to incident 
(D¤) irradiance, and has values from 0 (no extinction) to 1 (no transmission):[46] 

!; & ' ( D
D¤ !!!!!!!!#S ( '% 

where the ratio D D¤7  is the transmittance (ˆ ). Figure 4-3 depicts the extinction 
measurement setup used in paper I. In this setup, light from a white light source (300 
W, Xe lamp, Newport) is collimated using a lens and transmitted through the sample 
and detected using an optical light guide attached to a spectrograph (Andor Shamrock 
303i, Newton CCD detector).  
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Figure 4-3. Photograph of the measurement setup used in this work to measure the 

extinction of nanodisk samples. 
 

4.6. Absorption Spectroscopy 

Since the extinction is the sum of absorption and scattering (; &   + ç),[46] only 
using extinction spectroscopy is not enough to determine the relative contribution of 
absorption and scattering to extinction. To determine the individual contributions, an 
additional independent observation is needed, such as measuring the absorption with 
an integrating sphere. An integrating sphere is a hollow spherical cavity for measuring 
optical radiation.[56] The interior of the sphere is covered with a diffuse reflective 
coating. There are some openings in the sphere for light to enter, to insert the sample 
and exit ports to collect light and send it to a detector such as a spectrograph. For the 
absorption measurements in paper II, III, and IV, samples were placed in the middle 
of the integrating sphere (Figure 4-4a). In this manner, light transmitted through the 
sample and light reflected or scattered by the sample were both collected and 
transferred to the spectrograph using the optical guide (Figure 4-4b).  

 

 
Figure 4-4. a) Schematic illustration of a scattering/transmission measurement in the 

integrating sphere to evaluate the absorption of the nanohole arrays. b) Photograph of the 
measurement setup used in this thesis work, which includes integrating sphere. 
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The absorption could then be obtained directly from this measurement as:[46, 56] 
; = † + ç = 1 − à,														(4 − 2)	  
† = 1 − (ç + à)																				(4 − 3) 

where the values for absorption varies from 0 (no absorption) to 1 (no total scattering). 
 

4.7. Radiation-induced Voltage Measurements  

To measure the voltage generated by different devices upon irradiation (in paper I, 
II, III and IV), we used a solar simulator (LCS-100, Oriel Instruments, 300 W Xe lamp, 
AM1.5G filter) calibrated to an irradiance of 1 Sun (1000 W m-2) as the source of light 
and a Keithley 2182A nano-voltmeter for measuring the generated voltage. In Paper 
I, the voltage over an external load (9 MΩ resistor) was measured and a manual shutter 
was employed to block the light over the hybrid device, except for two measurements 
where a leaf of a plant was used instead of the shutter. The power generated by the 
device was calculated using: 

• = Ä*
Ü 																													(4 − 4) 

where Ä  is the measured voltage and Ü is the resistance of the load (9 MΩ) in the 
circuit. 

In paper II, III and IV, we measured open-circuit voltages generated by the devices 
upon irradiation. Light on and off states were controlled using an optical beam shutter 
(SH, Thorlabs). 

 

4.8. Direct Heating Voltage Measurements  

In paper II, III and IV, open-circuit voltages generated by the devices were 
measured using a Keithley 2182A nano-voltmeter during controlled temperature 
cycles enabled by placing the samples on a LabVIEW-controlled Peltier element.  

 

4.9. Pyroelectric Current Measurement  

In paper I, short-circuit current generated by the devices upon light fluctuations 
was measured using a Keithley 4200-SCS parameter analyzer provided with two high-
resolution SMUs. For this measurement, a solar simulator (LCS-100, Oriel 
Instruments, 300 W Xe lamp, AM1.5G filter) calibrated to an irradiance of 1 Sun (1000 
W m-2) was used as the source of light, while the light on and off states were controlled 
manually.  
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4.10. Seebeck Coefficient Measurement 

A lateral device as depicted in Figure 4-5 was used to measure the Seebeck 
coefficient of the polyelectrolytes used in paper II and III. The samples where drop-
casted onto a glass substrate with two gold electrodes (deposited via shadow mask 
evaporation) and placed on two Peltier elements to apply controlled heat cycles. A 
nanovoltmeter monitored the open-circuit voltage ( Œ€ ) while the temperature 
difference (Œˆ) between the two electrodes was measured using two TCs. The Seebeck 
coefficient was calculated from the slop of a linear fit of Œ€ versus Œˆ. 

 
Figure 4-5. Schematic illustration of the Seebeck coefficient measurement setup.[132] 
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Chapter 5:    Summary of the appended 
papers 

 
 
 

5.1. Harvesting Energy from Light Fluctuations – Paper I 

In paper I, fast and efficient plasmonic heating in 
combination with the pyroelectric effect allow a 
plasmonic-pyroelectric (plasmo-pyro) hybrid device 
to harvest energy from light fluctuations. The device 
consisted of an array of gold nanodisks deposited by 
hole-mask colloidal lithography on a glass ITO 
substrate, a spin-coated layer of P(VDF-TrFE) 
copolymer, and a gold top electrode deposited by shadow mask evaporation. 
Plasmonic heating in the nanodisks leads to increasing the temperature of the 
nanostructure and its surrounding media upon light illumination. The plasmo-pyro 
hybrid device could translate the temperature variations to an electric output signal 
through changing the polarization strength of P(VDF-TrFE) because of the thermal 
movement of the molecules in the copolymer layer. Later in the absence of light, the 
plasmo-pyro hybrid device generated another transient pyroelectric current with 
opposite polarity.  

The polarization status of the P(VDF-TrFE) copolymer is found as a vital factor 
influencing the response of the plasmo-pyro hybrid device. As discussed in Chapter 3, 
a P(VDF-TrFE) film has zero residual dipole moment (non-polarized) after spin 
coating, because of the random orientation of the dipoles. The light blue line in Figure 
5-1 indicates the response of the non-polarized hybrid device upon temperature 
changes originated from the plasmonic heating.  
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Figure 5-1. Short-circuit current density generated by a polarized plasmo-pyro hybrid device 
(black line), a control device (dark blue line), and a non-polarized plasmo-pyro hybrid device 
(light blue line) upon fluctuating simulated solar illumination (1 Sun, light on/off). Adapted 

with permission from reference [149].   

 
The lack of residual dipole moment in the non-polarized hybrid device disables it 

from converting plasmonic heating into electric signals. However, the dipoles could 
be aligned with an applied electric field through pooling process. This gave a 
permanent residual dipole moment across the P(VDF-TrFE) film and resulted in a 
polarized plasmo-pyro hybrid device which could convert the light-induced 
temperature fluctuations to electric signals (black line in Figure 5-1). 

The plasmonic heating in the gold nanodisk arrays is another influential factor on 
the current density generated by the plasmo-pyro hybrid device. Figure 5-1 compares 
the short-circuit current density of such hybrid device (black line in Figure 5-1) with 
that of a control device (dark blue line in Figure 5-1) consisting similar structure as 
the plasmo-pyro hybrid device, but without gold nanodisk arrays. These results show 
that the plasmo-pyro hybrid device could produce higher current density due to the 
fast and efficient plasmonic heating in the gold nanodisk arrays under light 
illumination.  

Fluctuations of solar irradiance due to natural processes, such as tree branches 
swinging in the wind or clouds moving over the sky can negatively affect the efficiency 
of conventional photovoltaic solar cells, whereas it is a necessary condition for our 
plasmo-pyro hybrid device to generate power. Figure 5-2b shows that the polarized 
plasmo-pyro hybrid device could generate electric power in an external circuit upon 
illumination of light from a solar simulator which was randomly interrupted by a leaf 
swinging in the wind above the device (Figure 5-2a).  
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Figure 5-2. a) The image of the experimental setup for random light fluctuation upon 

plasmo-pyro hybrid device (Image by Thor Balkhed). b) The power density generated by the 
polarized plasmo-pyro hybrid device (black line) upon random light fluctuation using a 

swinging leaf blocking light from solar simulator (1 sun illumination/shade). Adapted with 
permission from reference [149].  

 
Harvesting energy from light using plasmonic nanostructures in inorganic hybrid 

systems have been studied earlier. There are some reports on utilizing high optical 
scattering properties of metallic nanoparticles in photovoltaic solar cells that 
enhances the absorption of light through light trapping and consequently improves 
the efficiency of photovoltaic solar cells.[182-184]  

In another work by Xiong Y, et al., the high absorption of light in metallic 
nanoparticles and corresponding heat generation induces a temperature gradient over 
an inorganic thermoelectric generator which enables the generation of a 
thermoelectric power.[13] Similar to our hybrid device, these systems benefit from 
plasmonic properties of metallic nanostructures, but the efficiency in these systems 
tends to reduce under fluctuation of light.   

Pyroelectric materials have piezoelectric properties as well. In a subsequent work, 
the light-induced plasmonic heating and piezoelectric interaction for energy 
harvesting applications were investigated by Ghim Wei Ho group.[185] They reported a 
piezo-response enhancement in a PVDF film because of the thermal-expansion-
induced local strain of the polymer originated from the plasmonic photothermal effect 
of silver nanoparticles embedded in the PVDF.[185]   
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5.2. Three Effects in One Concept for Sensing Radiation and Heat – Paper II 

 Ionic thermoelectric materials are suitable for 
sensing temperature in e-skin applications thanks to 
their high temperature sensitivity and good mechanical 
flexibility. However, they are slow in sensing 
temperature variations, due to low mobility and slow 
thermodiffusion of the ions. In contrast, temperature 
sensors consisting of pyroelectric are quick in tracing 
variations in temperature by generating transient signals, but incapable of detecting 
equilibrium temperatures.  Paper II introduces a hybrid device called integrated 
pyroelectric-ionic thermoelectric (pyro-iTE) device to address these deficiencies. The 
concept combined an ionic thermoelectric material with a pyroelectric capacitor. 
More precisely, the integrated pyro-iTE device consisted of a thin pyroelectric layer 
(P(VDF-TrFE)) sandwiched between two electrodes, and an ionic thermoelectric gel 
([EMIM][TFSI]) was placed on top of the upper electrode. Results from open-circuit 
voltage measurement in Figure 5-3b show that this system provides both quick initial 
(pyroelectric) response and stable (thermoelectric) signals (orange line) upon 
prolonged heating (temperature cycles are shown in Figure 5-3a). The stable signals 
at equilibrium generated by the integrated pyro-iTE device were enhanced compared 
with signals expected from the Seebeck coefficient of the ionic thermoelectric 
material (red line in Figure 5-3b).  

 

 
Figure 5-3. a) Temperature cycles applied to the ionic thermoelectric and integrated pyro-

iTE device. b) Open-circuit voltage generated by the ionic thermoelectric material (red line) 
and integrated pyro-iTE device (orange line). The inset shows the magnification view of the 

first signal that the ionic thermoelectric material generated upon the first temperature 
cycle. Adapted with permission from reference [132]. 
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This enhancement of the signals at equilibrium is primarily attributed to the 
interactions between ions in the electrolyte and the high density of charges at the 
P(VDF-TrFE)/electrode interfaces.Moreover, continuous bottom electrode of the 
pyroelectric compartment of the integrated pyro-iTE device was replaced by a gold 
nanohole layer. Plasmonic heating in such metasurface electrode enabled the concept 
to efficiently detect heat from radiation upon solar light illumination. The hybrid 
concept can sense heat from a warm touch, radiation, and direct changes in 
temperature of the environment. These promising properties may find use in 
applications such as e-skin and humanoid robotics. 

 

5.3. Simple Concepts with Outstanding Temperature Sensing Properties – 
Papers III and IV 

TCs are suitable temperature sensors for skin-inspired 
wearable applications owing to the ease of use and 
autonomous sensing properties.[186] However, the 
sensitivity of TCs is limited to a few tens of microvolt 
per kelvin, which might be insufficient for 
applications such as health monitoring and soft 
robotics that require temperature sensing with higher 
sensitivity as well as ease of signal detection.[92, 95] 
Paper III presents a concept called electrolyte-assisted temperature sensor (EATS) 
which analogously to a traditional TC can autonomously generate signals upon 
temperature changes but with about 300 times higher magnitudes. As shown in Figure 
5-4, the EATS has orders of magnitude higher sensitivity compared to that of a 
traditional TC made up of aluminum and gold metal electrodes and that of commercial 
TCs. 

Studies on the mechanism of the device in sensing temperature indicated that the 
generation of the large and autonomous signals is independent of a specific 
temperature gradient, and that it is related to the variations in the temperature of the 
redox-active aluminum electrode while being connected through the electrolyte to 
the inert gold electrode. The EATS is also sensitive to humidity since it affects the 
total resistance of the sensor.  
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Figure 5-4. Open-circuit voltage vs temperature plot of EATS (green dots) and a commercial 

thermocouple (red rectangles). 

 
For some applications, such as e-skin, it is important to decouple the signals. We 

showed that, encapsulating the devices enabled EATS to monitor temperature without 
an influence from other stimuli, especially humidity variations. Moreover, the 
encapsulated temperature sensor has a higher sensitivity to a human’s finger touch 
than a commercial TC, regardless of the humidity level of the surroundings. The 
simple structure of the EATS together with its promising sensing properties make the 
concept suitable for applications requiring temperature mapping.  

 

 
Figure 5-5. a) Photograph of four electrolyte-assisted temperature sensors consisting of 

perforated gold and aluminum electrodes on a glass substrate. b) SEM images of aluminum 
(upper image) and gold (bottom image) nanohole electrodes. c) Open-circuit voltage 

generated by pixel 1 (black line), 2 (canyon line), 3 (dark blue line), and 4 (light blue line) 
shown in the image of the arrays in (a) while illuminating pixel 1 with visible light from a 

solar simulator (1 sun). 
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Figure 5-6. Open-circuit voltage generated by vertical temperature sensor with perforated 

gold electrode upon solar simulator illumination (1 sun). 

 
An array consisting of four electrolyte-assisted temperature sensors on a substrate 

(Figure 5-5a) allows the mapping of an applied temperature profile. Augmentation of 
the EATS sensing properties to detect heat from radiation may be favorable for e-skin 
and other applications. Replacing the continuous metal electrodes with plasmonic 
aluminum (Figure 5-5b upper panel) and gold (Figure 5-5b bottom panel) nanohole 
electrodes increases the sensitivity of the devices to visible light (Figure 5-5c) through 
plasmonic heating of the illuminated metasurface electrodes.  

It is crucial that the temperature sensitivity of the individual temperature sensors 
and temperature mapping resolution are optimized to achieve a temperature mapping 
matrix with suitable mapping properties. The main aim in paper IV was to increase 
the resolution of the temperature mapping of the sensor matrix presented in paper III 
by modifying the structure of the temperature sensors from lateral form to vertical 
form. In such configuration, the ionic liquid-based electrolyte was sandwiched inside 
a cavity between the two dissimilar electrodes (aluminum and gold). The temperature 
sensitivity of the vertical temperature sensors is similar to that of the EATS. A 3x3 
matrix of such temperature sensors was capable of mapping temperature 
autonomously with better resolution compared to the EATS. Replacing the 
continuous gold electrode with perforated gold layer in the temperature sensor 
allowed it to detect the heat from visible light radiation (Figure 5-6) more effectively. 
Similar to the other hybrid plasmonic sensors presented in this thesis work, such 
hybrid plasmonic sensor could detect variation in temperature through both 
radiation-induced heating and direct heating. 
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Chapter 6:    Conclusion and Outlook 
 

 
 
The emphasis of this thesis work has been on developing hybrid plasmonic systems 

for energy harvesting and heat and radiation sensing applications.  In particular, we 
have utilized the strong light absorption of plasmonic metal nanostructures for 
photo-thermal conversion processes, and combined such optical heating with other 
functional materials.  

To harvest energy from light fluctuations, we designed a system made up of gold 
nanodisk arrays and pyroelectric P(VDF-TrFE) copolymer (presented in Paper I) that 
takes advantage of the fast light-induced plasmonic heating in the plasmonic 
nanostructure and the pyroelectric conversion in the copolymer. This system is an 
example of a hybrid plasmonic system that can deliver a property that is achievable 
only if the components are combined together into one system. The short range-
ordered metal nanodisk arrays have a relatively narrow plasmonic resonance band and 
their resonance wavelength can be tuned in the visible to near infrared wavelength 
ranges by varying the geometry of the nanodisks.[53] Owing to this tunability, such 
hybrid plasmo-pyroelectric devices could be designed to generate voltages in response 
to specific ranges of wavelengths. Indeed, a recent study by Stewart et al. 
demonstrated ultrafast inorganic pyroelectric photodetection using plasmonic 
spectral filters.[187] Placing different wavelength responsive plasmo-pyro hybrid 
devices together as an array could, for example, be used as spectrally sensitive light 
sensors.  

As example of other possible future application of plasmo-pyro hybrid devices, they 
could be used as energy harvesting windows, by fabricating nanodisk arrays of 
inexpensive and abundant metals such as aluminum. Similar to gold nanodisk arrays, 
the plasmon resonance of the aluminum nanodisks can be tuned to absorb light in the 
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near-infrared range and transmit the visible light, through choosing proper 
dimensions and inter particle distance.[15] I believe such concept can potentially also 
harvest energy from mechanical vibrations caused by rain drops hitting the window, 
since the P(VDF-TrFE) layer has piezoelectric properties as well.  

Through the work of this thesis we have developed and studied several hybrid 
plasmonic systems for detection of direct heating and light-induced heating (Papers 
II-IV). These studies utilized gold nanohole arrays for plasmonic photothermal 
conversion while they also served as electrodes to collect electric signals. In paper II, 
we combined a pyroelectric and a thermoelectric material with gold nanohole arrays 
to detect heat from visible light radiation as well as from direct contact with a warm 
object. The merits of such system (i.e. the combination of pyroelectrics and ionic 
thermoelectrics) over its individual components was that it could rapidly detect heat 
stimuli and also generate enhanced stable signals upon continuous heating. Such 
concept may have some applications in e-skin to provide humanoid robotics and 
prosthetic limbs with sensation of radiation and touch of warm objects. E-skin can 
also be used for monitoring different parameters on human skin. In that case it 
performs as a “second skin” in humans, so it should preferably hold some similar 
mechanical properties as human skin has.[188] As a future outlook, to fulfil such 
requirement, the hybrid device could be incorporated into flexible arrays. Moreover, 
despite our efforts to explain the mechanism of signal generation in such hybrid 
device, further studies are needed to gain better understanding of the interactions 
between ions and surface charges and local electric potential, by using methods such 
as Kelvin probe force microscopy. Such comprehensive understanding will probably 
help to further enhance the hybrid device performance.  

We also showed that temperature sensors with high sensitivity can be constructed 
with rather simple structures. This temperature sensor is a hybrid plasmonic system 
made of nano-perforated thin metal film combined with a gel-like electrolyte (Paper 
III) and it could generate high open-circuit voltage upon heat and radiation stimuli. 
In terms of future applications, it is worth noting that the electrolyte that was used in 
those devices is compatible with printing techniques. This can allow for fast and 
inexpensive production of such temperature sensors, for example, for medical care 
applications. As continuation of this thesis work, it would be interesting to study the 
sensing properties and performance of hybrid sensors produced though such printing 
techniques. We showed that a device consisting of an array of such sensors could map 
heat distribution generated by direct heating or radiation stimuli. In paper IV, we 
improved the conditions for temperature mapping by modifying the device from 
lateral to vertical structure. Good temperature sensing and mapping properties 
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together with simple structure and low production costs could make the concept 
interesting for many applications requiring contact and/or non-contact temperature 
sensors, such as in smart buildings to monitor and control the temperature, in smart 
agriculture industry to supervise the irrigation of farm fields at proper time based on 
the weather conditions, in electrical devices such as mobile phones and monitors to 
automatically adjust the brightness of the screen, or to work as receivers for remote 
control devices. Further investigations may study effects of the Seebeck coefficient of 
the gel-like electrolyte on the temperature sensitivity of these types of sensors. This 
can be done by modifying the thickness of the spacer between the two electrodes of 
the vertical temperature sensor and measuring the open-circuit voltage generated by 
the sensors upon applying controlled temperature cycles. These investigations may 
help to understand the mechanism of signal generation and optimizing the 
performance of the sensor.  

As an outlook for utilizing plasmonic heating in hybrid systems, one could consider 
many other applications, such as light-responsive devices based on combining 
thermoplasmonic surfaces with polymers that change volume upon temperature 
changes (such as poly(N-isopropylacrylamide) (PNIPAM)).[189, 190] Such hybrid 
thermoplasmonic systems could enable systems with optical properties that change 
(or adapt) to illumination conditions.  

In summary, the work presented in this thesis introduced novel applications and 
perspective for the plasmonic heating effect through integrating metal 
nanostructures with organic functional materials. Those were some of the numerous 
directions and possibilities to benefit from plasmonic heating in hybrid systems, and 
there are many interesting future studies to undertake. 
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