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ABSTRACT 

 

The number of applications of nanoplasmonic heating is increasing rapidly. Not too 

long ago, nanoplasmonic heating was considered to be a wasteful by-product that 

needed to be controlled, or better yet, reduced. The positive change in perception has 

brought about remarkable applications such as photothermal cancer therapy, 

photothermal imaging, and photothermal drug delivery. This in turn has led to the 

emergence of the field of thermoplasmonics. The improvement of current applications 

of thermoplasmonics and the facilitation of new ones, demands the need for sensitive 

and reliable tools to probe nanoplasmonic heating at the nanoscale. However, most of 

the currently available techniques are either too invasive or suffer from drawbacks 

such as low resolution, lengthy calibration or the inability to probe structures with 

nanogaps. 

The rapid advancement in nanofabrication techniques has led to development of 

micromechanical string resonators that have been shown to possess extraordinarily 

high quality factors, high temperature sensitivity and responsivity. Moreover, these 

microstructures can be fabricated using standard cleanroom manufacturing 

techniques. Silicon nitride string resonators have already been used to probe 

nanoplasmonic heating in a single gold nanoslits and a single gold nanorod. The aim 

of this Ph.D. project was to explore the use of silicon nitride strings to probe more 

complex plasmonic systems. 

For the first time, silicon nitride string resonators have been used to probe 

nanoplasmonic heating in widely used metal nanoparticles such as nanospheres, 

nanostars, nanocubes and shell-isolated nanoparticles. The nanoparticles were 

deposited on the strings followed by their subsequent probing using a 633 nm laser. 

A single nanoparticle and a dimer was probed for each of the four types. We compare 

the nanoplasmonic heating in the four sets of probed nanoparticles and observe that 

gold nanospheres generate the highest heating while gold nanostars generate the 
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lowest. A closer look at the results reveal that surface morphology and nanogap sizes 

influence nanoplasmonic heating strongly. Through the experiments, the strings 

exhibit an excellent sensitivity of ~2.4 Hz/μW. 
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DANSK RESUMÉ 

 

Antallet af applikationer for nanoplasmonisk opvarmning er hurtigt stigende. For kort 

tid siden blev nanoplasmonisk opvarmning betragtet som et biprodukt, som skulle 

kontrolleres, eller endda reduceres. En ændring af den opfattelse har medført 

bemærkelsesværdige applikationer såsom fototermisk cancerterapi, fototermisk 

imaging og fototermisk drug delivery. Dette har ført til det spirende forskningsfelt; 

termoplasmonik. Forbedringen af nuværende termoplasmoniske applikationer og 

faciliteringen af nye, kræver sensitive og pålidelige værktøjer til undersøgelsen af 

nanoplasmonisk opvarming på nanoskala. De fleste nuværende teknikker er enten for 

invasive eller har andre ulemper såsom lav opløsning, lange kalibreringer eller en 

manglende evne til at undersøge strukturer med nanohuller.  

Den hurtige fremgang indenfor nanofabrikationsteknikker har ført til udviklingen af 

mikromekaniske resonator-strenge, som har vist sig, at have ekstraordinært høje 

kvalitetsfaktorer og høj temperatur sensitivitet. Derudover kan disse mikrostrukturer 

fabrikeres med standard renrums fabrikationsteknikker. Silicium nitrid resonator-

strenge har allerede været brugt til undersøgelsen af plasmonisk opvarmning i en 

enkelt guld nanoslid og en enkelt guld nanostav. Målet med dette PhD projekt var, at 

udforske brugen af silicium nitrid strenge til undersøgelsen af komplekse plasmoniske 

systemer.  

For første gang har plasmoniske silicium nitrid resonator-strenge været brugt til at 

undersøge nanoplasmonisk opvarmning i alment benyttetede metal nanopartikler, 

såsom nanosfærer, nanostjerner, nanoterninger og skalisolerede nanopartikler. 

Nanopartiklerne blev deponeret på strengene efterfulgt af belysning med en 633 nm 

laser. En enkelt nanopartikel og en dimer blev undersøgt for hver af de fire typer af 

nanopartikler. Vi sammenlignede den nanoplasmoniske opvarming for de fire sæt af 

undersøgte nanopartikler og observerede at guld nanosfærer genererer den højeste 

opvarmning, mens guld nanostjernerne genererer den laveste opvarmning. Et 
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nærmere kig på resultaterne afslører, at overflademorfologien og størrelsen på 

nanohullerne har stor betydning for nanoplasmonisk opvarmning. Igennem disse 

forsøg viser vi også at strengene udviser en fremragende sensitivitet på ~2.4 Hz/μW. 
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CHAPTER 1: 

INTRODUCTION 

1.1 THERMOPLASMONICS 

Nanoplasmonics deals with the resonant interaction of photons with the 

free electron oscillations of metal nanostructures [1–3]. These collective oscillations 

of free electrons are known as surface plasmons (SPs) or localized surface plasmons 

[1,4–6] and the phenomenon of their resonant interaction with photons is called 

surface plasmon resonance (SPR) or localized surface plasmon resonance (LSPR) [7]. 

Through LSPR, metal nanostructures demonstrate the remarkable ability to focus 

light beyond its diffraction limit [3,5,8], resulting in significant electromagnetic (EM) 

near-field enhancements and strong scattering and absorption of light [6,9,10]. This 

enhanced scattering of light can manifest itself in rather spectacular ways and has 

been employed for centuries. The Romans (knowingly or unknowingly) mixed gold 

(Au) colloids in glass, resulting in the glass appearing in two distinct colors in reflected 

and transmitted light [11]. An example of this is the exquisite Lycurgus Cup (Fig. 1.1a), 

which depicts the myth of King Lycurgus. Another example of such wondrous effects 

of enhanced scattering is provided by the stained windows in The Sainte-Chapelle in 

Paris (Fig.1.1b), which is most likely caused by Au, silver (Ag) and copper (Cu) 

nanoparticles (NPs) in the glass. The enhanced absorption, on the other hand, leads 

to the generation of heat [8,12]. The oscillating free electrons collide with the lattice 

atoms, resulting in Joule heating which, at LSPR, reaches a maximum value [12]. For 

a long time, this enhanced absorption and the subsequent generation and dissipation 

of heat has been treated as an unavoidable nuisance that needs to be controlled and 

managed [13,14]. Recently, however, there has been a shift in perception. Plasmonic 

nanostructures are now seen as nano-sources of heat that offer an opportunity to 

control and manipulate temperature increase at the nanoscale [10]. The result of this 

shift in perception has been the emergence of the field of thermoplasmonics. This 

relatively young field has begun to garner much attention lately, due to its huge 
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potential in a variety of applications such as photothermal cancer therapy [15–22], 

photothermal drug delivery [23–27], photothermal imaging [28–33] and heat-assisted 

nanochemistry [34].    More than 300 journal articles mentioning thermoplasmonics 

or plasmonic heating were published  in 2018 alone, according to Web of Science Core 

Collection [35].

 

Figure 1.1: (a) The Lycurgus Cup (The British Museum, 4th century AD) appears green in  reflected 

light and ruby red in transmitted light [11]. © Trustees of the British Museum and used under CC BY-

NC-SA 4.0 license. (b) The stained glass windows at The Sainte-Chapelle in Paris. Photo Credit: 

Oldmanisold and used under CC-BY-SA-4.0 license.  

Clearly, the field of thermoplasmonics has far ranging applications and the 

number of applications will only continue to rise. To further facilitate the applications 

of thermoplasmonics, it is important develop reliable techniques to accurately 

measure plasmonic heating in metal NPs, particularly on their surfaces and in their 

vicinities. This, however, is far from being trivial. The diffusive, non-propagative 

nature of heat means that probing temperatures at such a small scale is extremely 

challenging, even with the present advancements in technology [36]. The 

experimental methods developed so far can broadly be classified into near-field or far-

field techniques. Near-field techniques include the scanning thermal microscopy 

technique [37]. However, these techniques are too invasive [36] and may damage the 

probed nanostructures. Far-field techniques include, among others, measuring 

thermally induced refractive index changes in surrounding media [38,39],  

fluorescence polarization anisotropy (FPA) [40], surface-enhanced Raman 

spectroscopy [41] and photoluminescence [42]. These techniques suffer from a slow 
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readout rate, low resolution, and a complex lengthy calibration process, etc. 

Moreover, techniques that involve measurements in liquid media cannot be used to 

probe plasmonic systems such as dimers, which feature nanogaps. 

1.2 MEMS BASED TEMPERATURE SENSORS 

The techniques mentioned above all strive to probe plasmonic heating 

through various temperature induced phenomena. It is perhaps only logical that 

another class of highly sensitive measurement tools are introduced into the fold. These 

tools are the micro- and nanoelectromechanical systems (MEMS/ NEMS) based 

temperature sensors. These temperature sensors are particularly interesting because 

they exhibit high sensitivity, a short response time and low thermal mass [43]. 

Advances in micro- and nanofabrication techniques have led to MEMS and NEMS 

devices being very cost-effective too. MEMS based temperature sensors can be used 

to measure temperature changes through static deflections or by changes in their 

dynamic properties, for example, resonance frequency of a resonating microstructure. 

The advantage of tracking the dynamic properties is that as the size of the sensors is 

reduced, static deflections tend to be less pronounced [43]. 

Of the resonators, micro- and nanomechanical string resonators have 

received significant attention due to their extraordinarily high quality factors (Q-

factors) [44,45], a feature that makes them ideal platforms for ultra-sensitive sensing 

[45]. Recently, it has been shown that micro- and nanomechanical string resonators 

made of silicon nitride (SiN), aluminum (Al) and nickel (Ni) show excellent 

temperature sensitivity [43,46]. Exploiting this temperature sensitivity of the SiN 

micro-strings, ultra-sensitive photothermal probing of single plasmonic 

nanostructures (a single Au nanoslit and a single Au nanorod) has been carried out in 

our group [47].  

1.3 THE IDUN SENSOR PROJECT 

This Ph.D. project is a part of IDUN - a center of excellence for intelligent 

drug delivery and sensing using microcontainers and nanomechanics which has been 
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financed by The Danish National Research Foundation and Villum Fonden and is 

headed by Prof. Anja Boisen (www.idun.dtu.dk). IDUN is a combination of two 

parallel running projects: IDUN Drug and IDUN Sensor. One of the main goals of the 

IDUN Sensor project is to explore nanomechanical sensors as tools in biological and 

pharmaceutical research, focusing on high-impact applications. 

1.4 AIM OF THIS Ph.D. PRJOECT 

As part of the IDUN Sensor goal to explore the use of nanomechanical 

sensors, this Ph.D. project aims to build on the results from [47] and focus on the 

photothermal probing of more complex plasmonic systems such as dimers featuring 

nanogaps. Moreover, string resonators have not been used so far for the photothermal 

probing of widely used NPs such as Au nanospheres (AuNSs), Au nanostars, shell-

isolated Au NPs and Ag nanocubes (AgNCs). This project aimed to bridge this gap as 

well. 

1.5 OUTLINE OF THE THESIS 

The major results of this Ph.D. project are attached as a submitted manuscript 

titled “Probing Plasmonic Heating in Monomers and Dimers of Widely Used 

Nanoparticles Using SiN Micromechanical String Resonators” in Appendix A.1 and do 

not form a part of the discussion in the main body of the thesis. 

Chapter 2 is used in part to introduce the reader to the theory describing the 

resonant behavior of micromechanical string resonators. The context of the 

subsequent sections in this chapter revolves around the temperature dependent 

behavior of these strings as well the concept of responsivity. 

Chapter 3 introduces the basics of LSPR, focusing on nanoplasmonic heating. 

Using quasi-static approximation, the LSPR of a single metallic nanosphere is 

discussed in detail, followed by simulation of the thermoplasmonic behavior of a 

metal NP on a substrate. 

http://www.idun.dtu.dk/
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Chapter 4 is largely dedicated to the fabrication process of the 

micromechanical string resonators which follows the discussion about the choice of 

SiN as the preferred material for the strings. 

Chapter 5 details the various experimental approaches that were adopted 

during the course of this project. It starts with the focused ion beam (FIB) milling of 

complex nanostructures on top of SiN resonators followed by methods that were 

found to be more feasible. The rest of the chapter contains details of the measurement 

and data treatment process. 

Chapter 6 is a short chapter detailing a couple of results that set the project 

along the trajectory it finally ended up on. This chapter is also used to extol the 

temperature sensitivity of SiN string resonators through their use as tools to observe 

α- and β-relaxation in pharmaceutical formulations with a sample size in the range of 

nano- and picograms. 

Chapter 7 provides the conclusions drawn from the results in this Ph.D. project 

and provides an outlook for some future work. 
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CHAPTER 2:  

MICROMECHANICAL STRING RESONATORS 

This project aims to exploit the high temperature sensitivity of pre-stressed 

micro-string resonators for the photothermal probing of widely used plasmonic NPs. 

To understand how this feature can be used and where its origins lie, it is important 

to have some understanding of the underlying principles of the resonant behavior of 

micro-strings, which are a special case of micro-beams [1]. It must be noted, that this 

chapter only deals with concepts that pertain to the usage of string resonators as 

temperature sensitive tools to probe plasmonic heating.  

This first section in this chapter is dedicated to beam theory, where the 

starting point will be the equation of motion of a thin, undamped beam. The next 

section deals with real vibrating systems with damping losses and the concepts of 

resonance frequency and quality factor (Q). Next, the temperature dependent 

eigenfrequency is deduced. Finally, responsivity of the string resonators is touched 

upon. These terms will be periodically referred to in later chapters. 

2.1 BEAM THEORY AND EIGENFREQUENCY 

Swiss mathematicians Leonard Euler and Daniel Bernoulli finalized the beam 

bending theory in the eighteenth century. This theory, aptly named Euler-Bernoulli 

beam theory, can be used to model bending behaviors in beams under the assumptions 

that the beam is slender (L/h > 10) and that both rotational inertia and shear 

deformation can be neglected. The equation of motion of a stress-free beam, depicted 

by Fig. 2.1, is given by the Euler-Bernoulli beam equation [2]: 

 
𝐸𝐼

𝜕4𝑈(𝑥, 𝑡)

𝜕𝑥4
+  𝜌𝐴

𝜕2𝑈(𝑥, 𝑡)

𝜕𝑡2
= 0 (2.1) 

 

     where U(x,t) is the displacement of the beam as a function of the position along the 

beam and time, E the Young’s modulus, I the area moment of inertia, ρ the mass 
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density and A = wh the cross sectional area of the beam. This model assumes that the 

beam is made from a linear elastic material and the deflections are small. To solve the 

above differential equation, the displacement function U(x,t) can be separated into a 

position-dependent and time-dependent term using separation of variables: 

 
𝑈(𝑥, 𝑡) =  ∑ 𝑈𝑛(𝑥) cos(𝜔𝑡)

∞

𝑛=1

 (2.2) 

     where ω is the frequency of motion and n is the nodal number. A general solution 

to the displacement function of the beam can be found. It contains two terms with 

trigonometric functions representing standing waves at the center of the vibrating 

beam and two hyperbolic terms describing the behavior of the beam at the two 

clamped ends and is as follows: 

 𝑈𝑛(𝑥) = 𝑎𝑛𝑐𝑜𝑠𝛽𝑛𝑥 + 𝑏𝑛𝑠𝑖𝑛𝛽𝑛𝑥 + 𝑐𝑛𝑐𝑜𝑠ℎ𝛽𝑛𝑥 + 𝑑𝑛𝑠𝑖𝑛ℎ𝛽𝑛𝑥 (2.3) 

     Here, βn  is the wavenumber. Since the beam is clamped at both ends, the following 

boundary conditions apply: 

 
𝑈𝑛(0) =  𝑈𝑛(𝐿) =

𝜕

𝜕𝑥
𝑈𝑛(0) =

𝜕

𝜕𝑥
𝑈𝑛(𝐿) = 0 (2.4) 

 

 

Figure 2.1. Schematic of a doubly-clamped, stress-free beam of length L, width w, and height h. The 

beam is considered slender if (L/h > 10)  
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Using equation (2.4), equation (2.3) can be simplified to: 

 𝑈𝑛(𝑥) = 𝑎𝑛(𝑐𝑜𝑠𝛽𝑛𝑥 − 𝑐𝑜𝑠ℎ𝛽𝑛𝑥) + 𝑏𝑛(𝑠𝑖𝑛𝛽𝑛𝑥 − 𝑠𝑖𝑛ℎ𝛽𝑛𝑥) (2.5) 

 

Substituting equation (2.5) into equation (2.2) and substituting that into equation 

(2.1), the differential equation (2.1) can be rewritten as: 

 −𝜌𝐴𝜔2𝑢(𝑥, 𝑡) + 𝐸𝐼𝛽𝑛
4𝑢(𝑥, 𝑡)) = 0 (2.6) 

The above equation results in the dispersion relationship, which relates the 

eigenfrequency Ω to the wavenumber, as given below: 

 

𝛺 = 𝜔 = 𝛽𝑛
2√

𝐸𝐼

𝜌𝐴
 (2.7) 

For a beam with a rectangular cross-section, the eigenfrequency is given by: 

 

𝛺 = 𝜔 = 𝛽𝑛
2 ℎ√

𝐸

12𝜌
 (2.8) 

Equation (2.1) and its solutions only hold true as long as there is no tensile 

stress in the structure. The use of thin films in microfabrication tends to introduce a 

process related tensile stress. Doubly clamped beams, like the string resonators used 

in this project, are manufactured using thin films and are therefore pre-stressed. This 

pre-stress increases the eigenfrequency of the beams and must, therefore, be 

accounted for in the Euler-Bernoulli beam equation: 

 
𝐸𝐼

𝜕4𝑈(𝑥, 𝑡)

𝜕𝑥4
+  𝜌𝐴

𝜕2𝑈(𝑥, 𝑡)

𝜕𝑡2
− 𝑁

𝜕2𝑢(𝑥, 𝑡)

𝜕𝑥2
= 0 (2.9) 

     where N = σA is the tensile force. This modified equation accommodating the stress 

component can be solved in exactly the same way as equation (2.1). However, the 

introduction of tensile stress now requires the boundary conditions to be changed too, 

so that an approximated solution for a tensile stressed doubly clamped beam may be 

obtained. The boundary conditions are [1]: 
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𝑈𝑛(0) =  𝑈𝑛(𝐿) =

𝜕2

𝜕𝑥2
𝑈𝑛(0) =

𝜕2

𝜕𝑥2
𝑈𝑛(𝐿) = 0 (2.10) 

Solving equation (2.9) using boundary conditions specified in equation (2.10), a 

dispersion relationship is obtained in the form: 

 

𝛺𝑛 = 𝜔 = √
𝜎

𝜌
𝛽𝑛

2 +
𝐸𝐼𝛽𝑛

4

𝜌𝐴
  (2.11) 

     where σ is the tensile stress. Equation (2.11) can be rearranged to read: 

 

𝛺𝑛 = 𝜔 = 𝛽𝑛
2√

𝐸𝐼

𝜌𝐴
+ √1 +

𝜎𝐴

𝐸𝐼𝛽𝑛
2
 (2.12) 

If a wavenumber that satisfies the boundary conditions in equation (2.10) is chosen, 

such as: 

 𝛽𝑛 =
𝑛𝜋

𝐿
  (2.13) 

     two conditions arise. Firstly, if 

 𝜎𝐴

𝐸𝐼

𝐿2

(𝑛𝜋)2
 ≪ 1 (2.14) 

Equation (2.12) reduces to equation (2.7) and simply represents an unstressed simply 

supported beam. On the other hand, if 

 𝜎𝐴

𝐸𝐼

𝐿2

(𝑛𝜋)2
 ≫ 1 (2.15) 

     the flexural rigidity can be neglected and equation (2.12) reduces to 

 
𝛺𝑛 = 

𝑛𝜋

𝐿
√

𝜎

𝜌
 (2.16) 

Equation (2.16) gives the eigenfrequency of a pre-stressed string without flexural 

rigidity. It is clear from equation (2.16) that the eigenfrequency of a string depends 

on its length, L and tensile stress, σ. 
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2.2 RESONANCE FREQUENCY AND QUALITY FACTOR 

The previous section dealt with the eigenfrequency of freely vibrating 

(undamped) doubly clamped beams both with and without stress. When mechanical 

structures vibrate at their eigenfrequencies, there is a periodic conversion of kinetic 

energy into potential energy and vice versa. Potential energy is stored by virtue of the 

system’s deformation form its rest state, while kinetic energy is generated in the 

process of returning (restoring) the system to its rest state after deformation occurs 

[1]. This conversion of energy would be perennial in the absence of dissipative forces 

and the total energy of the system would remain constant at any time. This situation 

only describes the behavior of an ideal system in ideal conditions. 

In real vibrating systems, however, not all energy commutes between kinetic 

and potential energy. Some of the energy is lost in each vibrational cycle. In other 

words, a vibrational system is always accompanied by dissipation of energy that can 

be caused by a variety of damping mechanisms. These mechanisms have been 

explained in detail in [1,3]. In vibrational systems with inherent energy losses, the 

frequency at which energy commutes between potential and kinetic energy is known 

as resonance frequency. When the damping is marginal, the resonance frequency of 

a vibrating system is observed very close to (but lower than) the eigenfrequency of 

the system.  

Another important term that describes the behavior of a resonator is the 

Quality factor (Q), sometimes also known as the Q-factor. The Q of a resonator 

indicates the sharpness of the resonance peak. The physical definition of quality factor 

states that it is the ratio of the total energy stored in the system to the energy lost 

during one cycle of oscillation at resonance: 

 
𝑄 = 2𝜋

𝑊

∆𝑊
  (2.17) 

     where W is total energy stored in the system and ΔW is the energy lost during one 

cycle of oscillation. Equation (2.17) is valid for unstressed beams. For the case of pre-
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stressed beams (strings), dismissing the contribution of elongational damping 

mechanisms, the Q-factor of a string resonator can be described by [3]: 

 
𝑄𝑠𝑡𝑟 = 2𝜋

𝑊𝑡𝑒𝑛𝑠𝑖𝑜𝑛 + 𝑊𝑏𝑒𝑛𝑑𝑖𝑛𝑔

∆𝑊𝑏𝑒𝑛𝑑𝑖𝑛𝑔

  (2.18) 

     where Wtension is the elastic energy stored in the string tension and Wbending and 

ΔWbending are energies stored and lost during bending, respectively. The energy stored 

in the flexural bending can be neglected, assuming the magnitude of the tensile pre-

stress is dominating. The above equation clearly suggests that the quality factor of the 

string is enhanced by the stored tensile energy in the string. 

The Q is also a measure of the damping in a system. The more damped a 

system is, the lower the Q. A lower Q corresponds to a wider resonance peak. 

Therefore, resonators with very high Q-factors are preferred for sensor applications 

because a sharper resonance peak enables higher frequency resolution [4]. 

2.3 TEMPERATURE DEPENDANCE 

Section 2.2 established that the eigenfrequency of a pre-stressed, doubly 

clamped beam becomes string-like provided the tensile stress in the beam is very high. 

The equation (2.16) shows that the eigenfrequency of a string resonator is a function 

of its length, its mass density and the tensile stress. By virtue of their tensile stress, 

strings show a particularly strong response to change in temperature [1]. There are 

two main scenarios through which strings might experience a change in temperature. 

(1) when the chip containing the strings is heated, i.e. the change in temperature is 

experienced by the strings and the frame they are clamped to. (2) when the string 

experiences local heating, for example, by a laser (Fig. 2.2). Both cases are discussed 

in the following sub-sections. 

2.3.1 CASE 1. HEATING OF THE ENTIRE CHIP 

When the strings and the frame that supports them are made of different 

materials, their respective thermal expansion coefficients will be different. This 
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results in different thermal expansion of both structures and causes the strain in the 

beam to be temperature dependent. Consequently, the tensile stress becomes 

temperature dependent, which further causes the dependency of eigenfrequencies on 

temperature. Provided the string and the frame expand linearly with temperature, the 

temperature dependent strain can be written as: 

 휀(𝑇) = 휀0 − (𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)(𝑇 − 𝑇0)  (2.19) 

     where ε0 is the strain at temperature T0, T the temperature, αstr and αfr are the 

coefficients of thermal expansion of the strings and the frame, respectively. If the 

string is made of a linear elastic material, then the stress and strain are related to each 

other by Hook’s laws, provided the strain does not exceed elastic limits. If the above 

conditions hold, then the temperature dependent stress is given by: 

 𝜎(𝑇) = 𝐸휀(𝑇)  

𝜎(𝑇) = 𝐸(휀0 − (𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)(𝑇 − 𝑇0)) 

 𝜎(𝑇) = 𝜎0 − 𝐸(𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)(𝑇 − 𝑇0) (2.20) 

Inserting the temperature dependent stress in equation (2.16), the temperature 

dependent eigenfrequency can be obtained: 

 

𝛺𝑛(𝑇) =  
𝑛𝜋

𝐿
√

𝜎0 − 𝐸(𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)(𝑇 − 𝑇0)

𝜌
 (2.21) 

It must be noted that in this approximation, temperature induced changes in 

length, coefficients of thermal expansion, Young’s modulus and density have been 

neglected. In the case of a real beam, it is expected that the length and coefficients of 

thermal expansion will increase with temperature, while the Young’s modulus and 

mass density will decrease. Neglecting these changes introduces a small error in the 

approximation of eigenfrequencies. 
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If equation (2.21) is divided by 2π, the eigenfrequency is obtained in Hertz: 

 

𝑓𝑛(𝑇) =  
𝑛

2𝐿
√

𝜎0 − 𝐸(𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)(𝑇 − 𝑇0)

𝜌
 (2.22) 

From equation (2.22), it is possible to calculate the temperature sensitivity of a tensile-

stressed string resonator: 

 
𝑆 =

𝜕𝑓𝑛
𝜕𝑇

= −
𝑛𝐸(𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)

4𝐿𝜌√
𝜎0 − 𝐸(𝛼𝑠𝑡𝑟 − 𝛼𝑓𝑟)(𝑇 − 𝑇0)

𝜌

 
(2.23) 

From equation (2.23) it follows that to increase the string sensitivity, a string material 

with a large Young’s modulus must be chosen. The string and the frame material must 

be such that the difference in their coefficients of thermal expansion is large, the mode 

number n should be high and the length of the strings should be short. 

2.3.2 CASE 2. LOCALIZED HEATING ON THE STRING 

The other case where the strings experience a change in temperature is the 

case of localized heating at any point on string using a laser. This situation arises 

particularly during the photothermal probing of plasmonic nanoparticles and forms 

the crux of this thesis. A key difference between this case and the case described in 

the previous sections is that, in measurements where the strings and the frame are 

heated together, the change in temperature (T-T0) is often controlled by the user 

either as a means of calculating temperature sensitivity of strings [5,6] or to study 

temperature induced processes where precise temperature control is key [7,8]. 

However, in the case of localized heating on the strings using a laser to probe 

plasmonic nanoparticles, it is often the change in temperature that forms the 

unknown quantity. In thermoplasmonics, this temperature is of great interest and 

needs to be determined. When the string is locally heated using a laser, the frame that 

supports the strings undergoes no thermal expansion, unlike in case 1. Therefore, 

equation (2.21) can be modified to reflect this: 
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𝑓𝑛(𝑇) =  
𝑛

2𝐿
√

𝜎0 − 𝐸𝛼𝑠𝑡𝑟∆𝑇

𝜌
  (2.24) 

     where ΔT represents the average change in temperature as a result of localized 

heating. In the absence of a temperature change, equation (2.24) can be modified to 

read: 

 

Figure 2.2. Localized heating of string resonators by laser. Such a case may arise during the 

photothermal probing of nanoparticles  

      
𝑓𝑛 = 

𝑛

2𝐿
√

𝜎0

𝜌
 (2.25) 

The shift in resonance frequency of a string Δfn, as a result of localized heating, is 

given by: 

 ∆𝑓𝑛 = 𝑓𝑛(𝑇) − 𝑓𝑛 (2.26) 

The relative shift in frequency, δfn is denoted by: 

 
𝛿𝑓𝑛 = 

𝑓𝑛(𝑇) − 𝑓𝑛
𝑓𝑛

 (2.27) 

To calculate the maximum change in temperature that brings about the 

corresponding change in resonance frequency of the string, equations (2.24) and 

(2.25) can be substituted into equation (2.27) and rearranged to the form: 
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∆𝑇𝑚𝑎𝑥 = 2

𝜌(2𝐿𝑓𝑛)
2

𝐸𝛼𝑠𝑡𝑟

[1 − (𝛿𝑓𝑛 + 1)2] (2.28) 

Using equation (2.28), the maximum temperature change can be calculated. This 

change in temperature can be attributed to the heat generated by the plasmonic 

nanoparticles. Besides the relative frequency shift term, δfn, all other parameters are 

already known through material properties and design specifications. The relative 

frequency shift is a term that is obtained experimentally during measurement. Being 

a relatively small value, it is expressed in parts per million (ppm). 

2.4 RESPONSIVITY 

When string resonators are used as temperature sensors, as they are in this 

project, they are expected to respond to a given temperature stimuli. The response can 

be a change in resonance frequency (as described in section 2.3). The term 

responsivity describes the response of a sensor to any particular stimulant. 

Mathematically, responsivity (ℜ) is the local slope of a sensor output as the function 

of an input parameter [1] (Fig.2.4). The responsivity in this case would be given by: 

 
ℜ = 

𝜕𝑓

𝜕𝜉
 (2.29) 

 

Figure 2.4. Responsivity of a sensor given by the slope of its output (f) as a function of an input 

parameter (ξ). 
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When adapted to this project, the responsivity of the string resonators is the 

change in resonance frequency as a function of temperature. The temperature field in 

the string and the responsivity of the string resonator when the center of the string is 

heated locally has been described in detail in [1]. According to [5], the maximum 

temperature change at the center of a string of length L, area of cross section A and 

thermal conductivity κ, due to absorbed power P is given by: 

 
∆𝑇 =

1

4𝜅

𝐿

𝐴
𝑃 (2.30) 

 

Equation (2.30) can be modified to reflect the maximum temperature change at any 

point ‘x’, along the length of the string, due to absorbed power: 

 
Δ𝑇 =

𝑃

𝐴𝜅 (
1
𝑥

+
1

𝐿 − 𝑥
)

 (2.31) 

Substituting the average value of ΔT (〈ΔT 〉 = (ΔT)/2) in equation (2.24), and 

considering (f) at the fundamental node (n = 1), we have: 

 

𝑓(𝑇) =  
1

2𝐿

√
𝜎0 −

𝐸𝛼𝑠𝑡𝑟𝑃

2𝐴𝜅 (
1
𝑥

+
1

𝐿 − 𝑥
)

𝜌
  

(2.32) 

The responsivity is then given by: 

 𝜕𝑓(𝑇)

𝜕𝑃
≈  − 

𝐸𝛼𝑠𝑡𝑟

8𝐿𝐴𝜅𝜌 (
1
𝑥

+
1

𝐿 − 𝑥
)√

𝜎
𝜌

 
(2.33) 

Clearly, from equation (2.33) it follows that the responsivity of the string resonator 

varies along the length of the resonator (Fig. 2.5). It is maximum at the center of the 

string and minimum near the string edges where it joins the frame. 
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Figure 2.5. Responsivity of a string resonator along its length. It is maximum at the string center (L=L/2) 

and minimum when (L=0 or L=L). 

2.5 SUMMARY 

This chapter provided a brief introduction to the theory of beams (structures 

that are clamped at both ends) insofar as these principles apply to this project. The 

eigenfrequency of a pre-stressed doubly clamped beam was followed by the 

introduction to the concepts of resonance frequency and Quality factor coupled with 

their physical significance.  The effect of temperature change on the resonance 

frequency of a string resonator was discussed. There are two ways temperature change 

can be factored into the behavior of string resonators. 1) when the entire chip is 

heated by means of a heating element and 2) the strings experience localized heating 

as result of irradiation by laser (for example, plasmonic heating). The final section 

introduced the responsivity of a string resonator and how it varies across the string.  
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CHAPTER 3:  

LOCALIZED SURFACE PLASMON RESONANCE AND 

NANOPLASMONIC HEATING 

Localized surface plasmon resonance (LSPR) is the trapping of light beyond 

its diffraction limit in the very close vicinity of nanostructures due to resonant 

collective oscillation and redistribution of charges in the nanostructures under light 

excitation [1–3]. The resulting heat, i.e., nanoplasmonic heat, generated in the 

nanostructures, has become the centerpiece of thermoplasmonics [4–6]. The 

applications of thermoplasmonics are increasing each year, while efforts are made to 

understand, control and manipulate nanoplasmonic heating [7–12]. This chapter 

covers the basics of LSPR, with an emphasis on nanoplasmonic heating. First, the 

frequency dependent complex dielectric function of metals is introduced using the 

Drude model. Next, LSPR of a single metallic nanosphere is discussed in detail under 

quasi-static approximation. Then, LSPRs of some widely used nanoparticles are briefly 

discussed. Finally, the thermoplasmonic behavior of a metal nanostructure on a 

substrate is simulated and compared to experimental results. 

3.1 COMPLEX DIELECTRIC FUNCTION OF METALS 

The free electrons in metals largely determine their dielectric functions, 

which in turn dictate their optical properties. Therefore, any discussion about the 

complex dielectric functions of metals must first begin with electron transport in 

metals. In 1900, a German physicist, Paul Drude, proposed the Drude model to explain 

electron transport in metals [13,14]. The model is an application of the kinetic theory 

of gases and assumes that the microscopic behavior of the electrons in solid may be 

likened to that of the submicroscopic particles in gases. To that end, Drude assumed 

the following: 
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1. Only electron-metal ion collisions are taken into account. A collision is 

regarded as an instantaneous event that changes the velocity of the electron 

involved in the collision. The average time elapsed between two successive 

collisions is known as the mean free time, 𝜏. 

2. The electrons are treated as free and independent between collisions. This 

means that the effects of electron-electron and electron-ion interactions are 

ignored. When no external electromagnetic field is applied, the electrons are 

assumed to travel in a straight line between collisions. Between collisions, in 

the presence of an externally applied electromagnetic field, the movement of 

the electrons is governed by Newton’s law of motion. 

3. After a collision, the velocity of the electron is a function of the local 

temperature distribution, while its direction is random.  

The Drude model can be used to compute DC and AC conductivities of metals, 𝜎0 and 

𝜎, respectively. They are given by [17]: 

 
𝜎0 =

𝑁𝑒2𝜏

𝑚𝑒

 (3.1) 

and 

 𝜎 =
𝜎0

1 − 𝑖𝜔𝜏
 (3.2) 

where in equation (3.1), 𝑁 is the number electrons in the Drude system, 𝑒 is the charge 

of an electron, 𝑚𝑒 is the mass of an electron and in equation (3.2), 𝜔 is the angular 

frequency of the externally applied time-dependent AC electrical field.  When the 

calculated AC conductivity is applied to Maxwell’s equations, the complex dielectric 

function of metals is obtained [15]. 

 
휀(𝜔) = 1 + 

𝑖𝜎

𝜔휀0

 (3.3) 

Here, 휀(𝜔) =  휀1(𝜔) +  𝑖휀2(𝜔)is the frequency dependent complex dielectric 

function of the metal and 휀0 is the permittivity of free space.  

The 휀 of a metal, is related to the metal’s refractive index 𝑛 by the relation: 𝑛 = √휀. 

Therefore, the complex refractive index of metal, 𝑛 can be written as: 
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 𝑛 =  𝑛1 + 𝑖𝑛2 (3.4) 

in which the real part of 𝑛, 𝑛1 = 𝑐 𝑣⁄  is the ratio denoting the decrease in speed of 

light (𝑐 in vacuum and 𝑣 in the metal) when propagating in the metal. The imaginary 

part, 𝑛2, denotes loss of optical energy during propagation. In other words, 𝑛2 is the 

measure of optical attenuation. 

Consider a plane wave propagating in metal with a complex refractive index 

𝑛. Using the expression of its electrical field: 

 𝐸(𝑥, 𝑡) = 𝐸0𝑒
𝑖(𝑘𝑥−𝜔𝑡) (3.5) 

where 𝐸0 is the amplitude, 𝑥 is position along the x-axis, 𝑡 is time, 𝑘 is wavenumber 

and 𝜔 is angular frequency. The wavenumber, 𝑘 and the complex refractive index, 𝑛 

are related by: 

 𝑘 =
𝜔

𝑐
(𝑛1 + 𝑖𝑛2) (3.6) 

Substituting equation (3.6) in equation (3.5), the following expression is obtained: 

 𝐸(𝑥, 𝑡) = 𝐸0  𝑒
−
𝜔
𝑐
𝑛2𝑥  𝑒𝑖(

𝜔
𝑐
𝑛1𝑥−𝜔𝑡)

 (3.7) 

The highlighted part in equation (3.7), is known as the attenuation constant. The 

attenuation is due to the generation of heat in the metal as a result of collisions among 

electrons and ions.   

3.2 LSPR OF A SPHERICAL NANOPARTICLE 

The LSPR in metal nanoparticles forms half of the crux of this project; the 

other half being the string resonators discussed in Chapter 2. The resonantly enhanced 

absorption in metal nanoparticles as a result of LSPR is the source of nanoplasmonic 

heating in these particles. These nano-sized sources of heat have lately gained much 

attention because of their use in applications such as photothermal cancer therapy, 

photothermal drug delivery, etc., as described in Chapter 1.  

The simplest system supporting LSPR is a metallic spherical nanoparticle. To 

arrive at its LSPR condition, its optical response must be calculated. In 1908, Gustav 

Mie proposed the Mie theory which provides the analytical solution of Maxwell’s 
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equations for the scattering of electromagnetic radiation by a sphere [16].  An easier 

approach is to use quasi-static approximation. The approximation is valid when the 

size of the particle is much smaller than the wavelength (𝑎 ≪ 𝜆), as shown in Fig. 3.1 

below. 

 

Figure 3.1: A representation of the LSPR in spherical metal nanoparticles driven by an oscillating 

electric field which induces the collective oscillation of the electron clouds   

In such a case each point of the nanoparticle is assumed to experience the 

same incident electric field without retardation. In other words, the electromagnetic 

field is assumed to be constant over the particle volume [15]. Therefore, the spatial 

field distribution can be calculated by regarding that the nanoparticle experiences an 

electrostatic field (Fig. 3.2). Consequently one solves the Laplace equation of 

electrostatics (∇2Φ = 0) to calculate the optical response of the nanoparticle instead 

of the full Maxwell equations. The frequency dependent components are applied to 

the solutions once the field distributions are calculated. 

 

Figure 3.2: The quasi-static approximation applied to a metal nanoparticle. The origin of the polar 

coordinate system is at the center of the nanoparticle. 
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The solution of the electrical fields to the Laplace equation under the quasi-

static approximation for a nanosphere is [17]  

 
𝐸1
⃗⃗⃗⃗ =

3휀2

휀1 + 2휀2

𝑒𝑥⃗⃗  ⃗ 
3.8 

 
𝐸2
⃗⃗⃗⃗ = 𝐸0𝑒𝑥⃗⃗  ⃗ + 𝐸0

휀1 − 휀2

휀1 + 2휀2

 
𝑎3

𝑟3
 (2 𝑐𝑜𝑠𝜃 𝑒𝑟⃗⃗  ⃗ + 𝑠𝑖𝑛𝜃 𝑒𝜃⃗⃗⃗⃗ ) 3.9 

where 𝐸1
⃗⃗⃗⃗  and 𝐸2

⃗⃗⃗⃗  are the electrical fields inside and outside the nanoparticle, 

respectively. 𝑒𝑥⃗⃗  ⃗, 𝑒𝑟⃗⃗  ⃗, and 𝑒𝜃⃗⃗⃗⃗  are unit vectors. From equations (3.8) and (3.9), the 

following conclusions can be drawn: 

1. The LSPR condition is achieved when Re[휀1(𝜔)] = −2휀2. This relationship is 

called the Fröhlich condition. At LSPR, both electric fields 𝐸1
⃗⃗⃗⃗  and 𝐸2

⃗⃗⃗⃗  attain 

maximum amplitudes. In the context of equation (3.8), achieving LSPR means 

that the coupling efficiency from the excitation field to the electron 

oscillations in the nanosphere reaches maximum. In the context of equation 

(3.9), at LSPR, the coupling from the electron oscillations in the nanosphere 

back to photons reaches maximum. 

2. Near LSPR condition, there is a significant amplification in the electric field 

(�⃗� ). As a result, the attenuated amplitude of the electric field is greatly 

increased (see equation 3.7). This implies that there is a significant increase in 

optical loss leading to a dramatic increase in heat generated. To quantify, the 

absorption cross-section (𝜎𝑎𝑏𝑠) is given by [15]: 

 
𝜎𝑎𝑏𝑠 = 

8𝜋2𝑎3

𝜆
 𝐼𝑚 [

휀1 − 휀2

휀1 + 2휀2

] (3.10) 

            showing that at LSPR,  nanoplasmonic heating becomes the strongest. 

3. LSPR becomes stronger for a smaller Im[휀1(𝜔)]. Noble metals such as gold 

(Au) and silver (Ag) have a small Im[휀1(𝜔)] in the visible to NIR region [18]. 

Therefore, both Au and Ag are preferred materials for nanoplasmonic 

applications such as sensing and imaging using SERS and metal-enhanced 

fluorescence [19,20]. 
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4. 𝐸2
⃗⃗⃗⃗  reaches maximum at 𝜃 = 0 or 𝜃 = 𝜋. At LSPR, we have an approximate 

proportionality given by: 

 
|𝐸2
⃗⃗⃗⃗ | ∝

1

𝑟3
 (3.11) 

meaning 𝐸2
⃗⃗⃗⃗  is highly confined, breaking the diffraction limit. This is depicted 

very well in the EM field distribution simulation of a spherical Au nanoparticle 

shown in Fig. 3.3 

 

Figure 3.3: Simulated electrical field enhancement distribution of a 200 nm Au spherical nanoparticle 

in its center cross section under 633 nm excitation. COMSOL MULTIPHYSICS 5.4 was used. 

3.3 LSPR OF WIDELY USED NANOPARTICLE SYSTEMS 

Despite Gustav Mie proposing the exact analytical solution to Maxwell’s 

equations for the scattering of electromagnetic radiation by a sphere more than a 100 

years ago, it is a very complex and tedious process to analytically compute the optical 

response of nanoparticles of other shapes. Moreover, as systems become increasingly 

complex, for example, when the nanoparticles are on a substrate, obtaining a full 

analytical solution becomes much more complicated. In some cases, an analytical 

solution might not even exist. 
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To circumvent the challenges, numerical simulations can be employed. The 

advantages of such methods lie in their ability to compute optical responses of 

complicated systems comprising of nanostructures of different geometries in complex 

media or on a substrate. Numerical simulations can also be performed to verify 

experimental results and often shed further light on an observation made during 

experiment. Therefore, it can be said that numerical simulations and experiments, 

when performed complementarily, can combine to form an effective tool to study 

nanoplasmonics.  

A finite element method (FEM) software (COMSOL MULTIPHYSICS 5.4) 

was used to simulate electrical field enhancements (EEF) in three different systems. 

(i) an Au nanosphere (AuNS) dimer on a silicon nitride (SiN) substrate, (ii) a dimer of 

shell-isolated Au nanoparticles on a SiN substrate and (iii) an Ag nanocube (AgNC) 

and a dimer of AgNCs on a SiN substrate. A SiN substrate was employed to emulate 

the string resonator. All the materials were modeled by their complex refractive 

indices as functions of wavelength [21–23]. Fig. 3.4 shows the simulation results.  Fig. 

3.4(a and b) show polarization dependent EEF of an AuNS dimer. Fig. 3.4(a) shows 

the EEF when the excitation is polarized along the axis of the dimer, whereas Fig. 

3.4(b) shows the EEF when the excitation is polarized perpendicular to the axis of the 

dimer. The significant increase of EEF when the excitation is polarized along the axis 

of the dimer indicates the presence of stronger LSPR coupling through the nanogap. 

A stronger LSPR coupling would lead to stronger absorption, causing more heat to be 

generated. Fig. 3.4(c and d) represent the EEF in the case shell-isolated Au 

nanoparticles. These Au nanoparticles are covered with a thin layer of silica (~15 nm). 

Similar to the case of the AuNS dimer, shell-isolated Au nanoparticles show a 

polarization dependent EEF. Again, when the dimer is irradiated with light polarized 

along the dimer axis, the EEF is much higher as compared to when the polarization is 

perpendicular to the axis of the dimer. Interestingly, the difference in polarization 

dependent EEF in the case of the shell-isolated Au nanoparticle dimer, is lower than 

that of the AuNS dimer. This can be attributed to the fact that the presence of the 
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silica shell introduces a larger nanogap between the two nanoparticles, thereby 

diminishing the LSPR coupling. In Fig. 3.4(e and f) the EEF for a single AgNC is 

simulated in two polarizations. The polarization of the excitation light in Fig. 3.4(e) is 

along the sides of the cube, while it is along the diagonal of the cube in Fig. 3.4(f). 

 

Figure 3.4: Simulated EEFs across the center plane of different nanoparticle systems. (a, b) an AuNS 

dimer.  (c, d) a dimer of shell-isolated Au nanoparticles. (e-f) an AgNC. (g-h) an AgNC dimer 

 Here, the diagonal LSPR modes can be considered as the superposition of 

two symmetric side LSPR modes. Finally, Fig. 3.4(g and h), as expected, show that the 

EEF of the AgNC dimer is stronger when the polarization is along the axis of the dimer 
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as compared to when it is perpendicular to the axis of the dimer, due to the coupling 

through the nanogap.  

3.4 HEAT TRANSFER FROM A NANOPARTICLE TO A SUBSTRATE 

This section deals with the transfer of the generated plasmonic heat in a 

nanoparticle to a substrate, which can be a string resonator. We consider a 100 nm 

AuNC resting on a substrate made of SiN. A plane wave is used for excitation. The 

electric field (�⃗� ) of the plane wave is polarized along the diagonal of the AuNC (Fig. 

3.5a). The wavelength λ of the incident plane wave is 633 nm and its intensity I0 = 1.7 

kW/cm2. 

 

Figure 3.5: Schematic of the thermoplasmonic simulation. (a) top view of the AuNC resting on a SiN 

substrate. The incident EM field is polarized along the diagonal of the AuNC. (b) side view  including 

the boundary conditions. 

Fig. 3.5(b) gives the boundary conditions for heat transfer between the AuNC 

and the underlying SiN substrate. They are: 

1. The entire structure is placed in vacuum. There is no heat transfer between 

the structure and the surrounding vacuum. This is governed by the boundary 

condition:  

 𝐾∇𝑇 = 0 (3.12) 

where ∇𝑇 is the temperature gradient. 

2. The transfer of heat from the AuNC to the SiN substrate is governed by: 

 𝐾𝐴𝑢∇𝑇 = 𝐾𝑆𝑖𝑁∇𝑇 = 𝐺∆𝑇 (3.13) 
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where 𝐾𝐴𝑢 is he thermal conductivity of Au, 𝐾𝑆𝑖𝑁 is the thermal conductivity 

of SiN, 𝐺 is the interfacial thermal conductance between Au and SiN, and ∆𝑇 

is the difference in temperature between the AuNC and the SiN substrate.  

3. All the heat that is transferred to the SiN substrate from the AuNC is assumed 

to flow towards the side ends of the substrate. Therefore, the temperature at 

the substrate edges is assumed to be 𝑇 = 𝑇0 = 300 K. 

The simulated temperature increase for both the AuNC and SiN (at the AuNC 

and SiN interface) is plotted in Fig. 3.6. The plot shows that the temperature reaches 

equilibrium after continuous excitation for ~200 ns. The difference between 

temperatures in the AuNC and the SiN at the AuNC-SiN interface is caused by the 

interfacial thermal conductance, 𝐺 between Au and SiN. Therefore, experimentally, 

to more accurately probe the temperature of a nanoparticle on a string resonator, one 

way would be to increase 𝐺.  

 
Figure 3.6: Plot showing the temperature versus time for the AuNC and the AuNC-SiN interface when 

illuminated by a 633 nm plane wave, of intensity 1.7 kW/cm2 and polarized along the diagonal of the 

AuNC. 

Fig. 3.7 shows the simulated temperature increase for the structure after 1000 

ns of excitation. Fig. 3.7(a) shows the temperature increase on the AuNC and on the 

SiN substrate whereas Fig. 3.7(b and c) show the heat distribution at the AuNC-SiN 

interface. It must be noted that in Fig. 3.7(c), the gradient of temperature is very sharp.  
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Figure 3.7: FEM simulations of the temperature increase in the setup after 1000 ns of excitation with a 

633 nm plane wave of intensity 1.7 kW/cm2. (a) shows the heat distribution on the AuNC and the SiN 

substrate. (b and c) show the heat distribution at the interface between the AuNC and SiN substrate, 

with different scales.  

This is due to the small solution domain used to achieve much faster computation 

time. At this point, a comparison between the thermoplasmonic simulation carried 

above and the experiments performed in this project (Fig. 3.8) can be made to provide 

more insights. From Fig. 3.7(b), a temperature rise at the interface between the AuNC 

and the SiN substrate of ~3.4 K is obtained. In the experiment, when a single AgNC 

was probed using a 633 nm laser of power 120 μW (same as intensity 1.7 kW/cm2 

considering the NA of the lens) and polarized along the diagonal of the AgNC, a 

temperature rise of ~2.2 K was observed.  

 

Figure 3.8: Plot showing temperature rise at the interface between AgNC and SiN string obtained 

through experiments. The blue plot line represents laser polarization along the diagonal of the AgNC 

while the red plot line represents laser polarization along the sides of the AgNC. At Plaser = 120 μW, the 

corresponding temperature rise is found to be ~2.2 K. The left hand side y-axis shows the increase in 

relative frequency shift (δf) as a result of plasmonic heating (Adapted from the manuscript in A.1)  
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This experimentally observed temperature rise was found to be comparable 

to the one obtained through simulation, indicating that the use of SiN string 

resonators is a reliable method of probing plasmonic heating in nanoparticles. Note 

that, in the simulation, an AuNC instead of an AgNC is used, because the interfacial 

thermal conductance 𝐺 between Ag and SiN is not available. 

3.5 SUMMARY 

The chapter presented the basic concepts of LSPR, focusing on 

nanoplasmonic heating. The Drude model was used to introduce the concept of 

frequency dependent complex dielectric function of metals followed by a discussion 

of the LSPR of a single metallic nanosphere using quasi-static approximation. When 

the Fröhlich condition (condition for LSPR) is met, there is a significant amount of 

heat generated in the nanosphere, which is highly confined at the nanoscale. The 

simulated temperature rise in the AuNC is comparable to the temperature rise 

observed experimentally in the AgNC, indicating that string resonators are a reliable 

tool to probe nanoplasmonic heating. 

 

    

. 
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CHAPTER 4:  

FABRICATION OF STRING RESONATORS 

Thus far, we have discussed the basic equations that govern the behavior of 

vibrating structures, specifically in the case of a doubly-clamped beam, that under 

special circumstances, can be considered as a string. The concepts touched upon in 

Chapter 2 discussed the effects of variation of pre-stress and difference in coefficient 

of thermal expansion of strings and supporting frame on features such as Q-factors 

and responsivity/sensitivity to change in temperature. To exploit this ultra-

temperature sensitivity of strings to measure plasmonic heating (localized heating), 

these structures needed to be fabricated in the cleanroom. In the following sections, 

the choice of the material of the string resonators and the reasons for doing so are 

discussed followed by detailed accounts of the fabrication processes involved. 

4.1 CHOICE OF STRING MATERIAL 

The choice of material plays a critical role in the performance of the 

fabricated string resonators as sensors. The sensitivity of these sensors is influenced 

by tensile pre-stress, mass density, the Young’s Modulus, and coefficient of thermal 

expansion all of which are material properties. Therefore, in order to choose the right 

material for the fabrication of string resonators, all of these factors must be considered 

along with the nature of measurements that need to be carried out. The sensing 

principle of string resonators is reliant on the change in tensile stress in the resonator. 

As established in Chapter 2, the string sensitivity is inversely proportional to the 

tensile pre-stress in the resonator. To achieve higher sensitivity, a lower pre-stress is 

required. Similarly, to increase the sensitivity, a material with a lower mass density 

must be chosen. Additionally, the difference in the coefficients of thermal expansion 

of the string and the substrate (frame) must be large in order to obtain high sensitivity. 

Materials such as SiN, nickel (Ni) and aluminum (Al) have been used to fabricate 

string resonators and their sensitivities have been calculated [1]. From this work, it 
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was concluded that Al strings are the most sensitive by virtue of significantly low 

tensile pre-stress, the lowest mass density among the three materials and the largest 

difference in the coefficients of thermal expansion of the string and the frame. SiN 

strings were found to be the least sensitive of all three materials. However, it was 

concluded that SiN strings were the most reproducible among the three and exhibit 

better temperature resolution of the three.  It must be noted that the tensile pre-stress 

can vary depending on the type of silicon nitride deposited. For example, the silicon 

nitride used in [1] was low-stress, low pressure chemical vapor deposition (LPCVD) 

silicon nitride, whereas stoichiometric LPCVD silicon nitride tends to be highly 

stressed after deposition (>800 MPa) [2] 

Another key factor when it comes to choosing the right material is the Q-

factor of the string resonator. A higher Q-factor means a sharper resonance frequency 

peak. This enables a more accurate measurement of the resonance frequency of the 

vibrating structure, while also making it that much easier to track the resonance peak. 

Doubly clamped beams with pre-stress, of which string resonators are an example, 

generally show higher intrinsic quality factors as compared to non-stressed beams [3]. 

The intrinsic quality factor depends on the material of the string. Silicon nitride string 

resonators have been shown to exhibit Q-factors as high as a million in vacuum at 

room temperature [4]. 

Perhaps the most important criteria to consider when choosing the right 

material to fabricate string resonators with, is the nature of measurements that need 

to be carried out. To be able to successfully record and probe plasmonic heating, 

which is highly localized, the string material should be one which allows the heat 

generated by the nanoparticles to be confined in the vicinity of the said nanoparticles 

at least for the duration of the measurement. In other words, the string material 

should have fairly low value of thermal conductivity. Al and Ni, being metals, have 

comparatively high values of thermal conductivity (205 W/mK and 90 W/mK, 

respectively) and are therefore not suitable for probing localized heating in strings. 

On the other hand, thermal conductivity values of SiN have been recorded to be as 
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low as ~2.5 W/mK , making them excellent candidates for probing plasmonic heating 

[5]. 

Taking into account reproducibility, high Q-factors, good sensitivity and 

extremely low thermal conductivity, low stress SiN was chosen as the material for the 

strings. 

4.2 FABRICATION OF LOW STRESS SILICON NITRIDE STRINGS 

The fabrication of the micromechanical string resonators was carried out 

inside a class 10-100 cleanroom facility at DTU Nanolab (formerly DTU Danchip). 

Silvan Schmid (former assistant professor in the group) developed the fabrication 

process, described in detail in Appendix B.  

Fig 4.1 provides a schematic overview of the fabrication process. It begins 

with a 350 μm, thick, double-side polished 4-inch silicon (100) wafer. (a) A 200 nm 

thick layer of low stress, silicon rich nitride (SiN) is deposited on both sides of the 

wafer using the low-pressure chemical vapor deposition (LPCVD) method. The 

thickness of the deposited SiN layer is measured using an ellipsometer. (b) A 1.5 μm 

thick layer of AZ MiR 701 positive photoresist is spin coated onto the silicon wafer 

using the Gamma 2M spin coater (Süss MicroTec SE, Germany) and subjected to a 

subsequent UV lithography step using the MA6 Aligner (Süss MicroTec SE, 

Germany). The photoresist is exposed through a mask, with a 500 W Hg(Xe) lamp of 

wavelength 365 nm. The mask used in the exposure steps is carefully aligned to the 

wafer flat. (c) A post-exposure development step follows. The exposed photoresist is 

developed using a Gamma 2M developer (Süss MicroTec SE, Germany), following 

which the wafer is subjected to visual inspection using a microscope (Fig. 4.2a). (d) 

Once visual inspection is complete and no design discrepancies are observed, the 

pattern on the photoresist is then transferred to the underlying silicon nitride layer 

with the help of an anisotropic reactive ion etching (RIE) process (CF4: 20 sccm, H2: 

10 sccm, power 25 W and pressure: 3 mTorr). During this process, the photoresist acts  
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Figure 4.1: Schematic of the fabrication of SiN string resonators. (a) LPCVD silicon nitride deposition 

(b) spin coating of photoresist and exposure (c) post exposure development (d) RIE of LPCVD silicon 

nitride (e) photoresist strip (f) PECVD silicon nitride deposition (g) back side photoresist coating and 

exposure (h) post exposure development (i) RIE of LPCVD silicon nitride (j) photoresist strip (k) KOH 

etch (l) buffered HF etch 

as the mask. The section of silicon nitride layer protected by the resist mask is what 

will eventually form the strings. (e)  Following the dry etching process, the resist is 

stripped away using a Plasma Asher, (PVA TePla, Germany). (f)  Next, a ~500 nm 

thick layer of silicon nitride is deposited on the patterned front side of the wafer by a 

plasma enhanced chemical vapor deposition (PECVD) process. This step serves a 

twofold purpose. Firstly, it protects the etched LPCVD silicon nitride during 

subsequent processing steps on the back side of the wafer. Since the LPCVD silicon 
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nitride will eventually form the strings, they need to be in pristine condition. Second, 

the PECVD silicon nitride acts as a mask for the front side of the wafer during the 

final string release step. (g) A 1.5 μm thick layer of AZ MiR 701 positive photoresist 

is spin coated onto the silicon wafer using the Gamma 2M spin coater and exposed 

through a mask designed for the back side in a process similar to (b). (h) The exposed 

photoresist is then developed using the Gamma 2M developer to reveal a window-

like opening. (i) The back side is then subjected to an RIE process to etch away the 

LPCVD silicon nitride using the patterned resist as mask. (j) The remaining 

photoresist is then stripped away in the Plasma Asher. (k) The penultimate step is a 

potassium hydroxide (KOH) etch (28 wt%, at 80 °C and time: 4.5 h) which etches 

through the exposed silicon in the wafer from the back side to release the strings. The 

KOH etch is anisotropic and its direction is controlled by the creation of (111) crystal 

planes in the silicon wafer that have very slow etch rates in KOH. (l) Once the strings 

are released, the final step is the removal of the protective PECVD silicon nitride layer 

by immersing the wafers in buffered HF (hydrofluoric acid) bath. The wafer is then 

examined under a microscope to inspect quality of released strings (Fig. 4.2b).  

 

Figure 4.2: Microscope images of the strings during (a) first visual inspection after development and (b) 

second visual inspection after release of strings  

A schematic of a chip containing the fabricated strings is shown in Fig. 4.3. 

Each chip is 10 mm long and 7 mm wide and contain 25 strings divided into sets of 5. 

In any given chip all 25 strings are of the same length. However, they vary in width.  

The designed widths are 3, 6, 14, 30 and 50 μm. A scanning electron microscope (SEM) 
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image of the strings can be seen in Fig. 4.4(a). The lengths of the strings across the 

wafer vary between 100 and 1500 μm (Fig. 4.4b). It must be noted that the dimensions 

of the strings can differ from the design dimensions as the KOH etch release step is 

sensitive to misalignment of the photolithography mask with respect to the wafer. 

 

Figure 4.3: Schematic of a chip containing fabricated strings. There are 25 strings in each chip. They 

are divided into 5 sets of 5 strings each. All strings in a chip have the same length. However, each set 

of strings has a different width. They are 3 μm, 6 μm, 14 μm, 30 μm, and 50 μm. The length of the 

strings across the wafer varies from 100 μm to 1500 μm. Adapted from [2]  

 

Figure 4.4. Images of the fabricated strings. (a) An SEM image of a section of a chip. The sample was 

tilted at an angle of 40 degrees to get this image. (b) A macroscopic image of an array of chips on a 

wafer. The variation of string lengths across different chips is clearly visible. 
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 4.3 SUMMARY 

This chapter concerned itself with the choice of material and the fabrication 

process involved in the manufacturing of string resonators. First, the reasons for 

selecting low-stress silicon nitride to fabricate string resonators were enumerated. It 

was chosen as the preferred material for the strings because it has an extremely low 

value of thermal conductivity compared to other materials (Al and Ni), which makes 

it ideal for probing plasmonic heating. Moreover, silicon nitride has been found to be 

more reproducible than the other candidates. To end the chapter, a detailed account 

of the fabrication process has been provided.  
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CHAPTER 5:  

EXPERIMENTAL METHODS 

This chapter details the approaches that were adopted during the course of 

this project. Procedures that were trialed and did not succeed are also described. The 

first section deals with the use of fabrication (milling) of nanostructures using FIB 

technique. This section also describes an alternative approach - deposition of 

commercially available metal NPs onto the strings using two different techniques. The 

next section deals with the choice of the NPs themselves followed by their post-

deposition imaging using a SEM. Next, the process of photothermal probing of the 

deposited metal NPs using the Vibrometer setup and the RXY stage is described. The 

last section deals with obtaining the relative frequency shift δf, in the string resonator 

as a result of plasmonic heating. 

5.1 NANOSTRUCTURES ON THE STRING 

To probe plasmonic heating using string resonators, the first step would be 

introducing nanostructures/ NPs on the string resonators. Three methods were tried: 

1) fabrication/ milling of nanostructures using FIB, 2) deposition of NPs onto the 

strings using a sampling system and 3) manual deposition of NPs onto the strings using 

a pipette. The following sub-sections elaborate these methods and showcase the 

results obtained, while establishing the preferred method of the three. 

5.1.1 MILLING OF NANOSTRUCTURES USING FIB 

Photothermal probing of plasmonic nanostructures on SiN string resonators 

has been described in [1], where Au nanoslits and nanorods were milled on gold 

coated SiN strings using FIB milling technique. To build on their results, the first 

method included milling more complex structures such as bow-tie antennae and 

nanorod dimers (a pair of nanorods with an extremely small gap between them). The 

suitable dimensions of the structures were obtained through simulation such that at 
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these dimensions and nanogaps, the LSPR in these structures is stronger when using 

a 633 nm HeNe laser (Fig 5.1). 

To check the feasibility of this approach, a 200 nm thick SiN membrane (1 x 

1 mm) was used for the milling process. A 50 nm thick layer of Au was deposited on 

top of the SiN membrane with a 5 nm titanium (Ti) layer sandwiched in between to 

act as an adhesion layer. Both the metal layers were deposited using a thin film 

deposition machine (QCL 800 from Wordentec, Shebbear, UK). The structures were 

milled on the strings using the Helios NanoLab 600 DualBeam (FEI, USA). In order to 

mill any structure using the FIB, an image of the target structure is imported into the 

onboard computer of the FIB. The dimensions of the imported image can be scaled up 

or down depending on preferences just prior to the milling step. The results of the FIB 

milling can be seen in Fig. 5.2. Fig. 5.2(a) shows a bow-tie structure with poor 

structural integrity when compared to the intended bow-tie structure. The milled 

bow-tie structure has significantly rounded edges. Moreover, the size of the milled 

structures is larger than the input dimensions (specified just prior to milling) provided 

to the machine. Further reduction in input dimensions worsened the shape of the 

bow-tie considerably. A poor structure was also observed when milling a nanorod 

dimer (Fig. 5.2b). The milled structure was found to be much larger than the input 

dimensions and similar to the case of the bow-tie structures, the nanorods began 

losing their shape when the input dimensions were decreased. 

 

Figure 5.1: Dimensions of the nanostructures to be milled using FIB such that their LSPRs are stronger 

around 633 nm. (a) Bow-tie structures (b) Nanorod dimers 
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Figure 5.2: SEM images of the milled structures (a) a bow-tie structure with rounded edges. (b) a 

nanorod dimer with poor structural integrity 

Another important feature that could not be precisely controlled was the 

nanogap between the structures. On many occasions, the milled structures were found 

to merge into one another as the specified gap was decreased (<15 nm). Plasmonic 

nano-antennae fabricated using FIB have been found to have poor structure and 

plasmonic response, dull edges and non-homogenous thickness [2]. Due to repeated 

inconsistencies in the features of the milled structures, particularly the inability to 

achieve very small nanogaps, the FIB method was abandoned.  

5.1.2 DEPOSITION OF METAL NPs USING A SAMPLING SYSTEM 

Once the FIB method was abandoned, the next approach adopted was using 

a jet nebulizer to nebulize the particles onto the strings. Prior work in the group with 

regards to deposition of sample onto a resonating membrane was the inspiration 

behind this idea. The schematic of the system used is shown in Fig. 5.3(b) [3,4]. This 

setup was designed for previous projects by Silvan Schmid.  

The sampling system works in the following way: Compressed air is obtained 

from the DTU Nanolab facility grid. A filtered air supply unit (3074B, TSI, Shoreview, 

USA) is used to remove oil, droplets of liquid and other fine particles from the 

incoming air. The cross-section of the jet nebulizer (3076, TSI, Shoreview, USA) is 

depicted in Fig. 5.3(a) [5].  
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Figure 5.3: (a) Cross section of a jet nebulizer. (b) Schematic of the sampling setup used for NP 

deposition 

As compressed air enters the jet nebulizer, it expands through a very small 

orifice to form a high velocity jet. A diluted solution containing AuNSs of ~200 nm 

diameter, from Sigma Aldrich) to be deposited is placed near the ‘liquid in’ section of 

the jet nebulizer. This solution is then drawn into the nebulizing section and 

nebulized by the high velocity jet. The excess liquid obtained by the impaction of 

larger droplets on the wall opposite to the orifice is drained into a waste container. 

The aerosol in the system containing the nanoparticles is then passed through a 

diffusion dryer that contains silica beads. From there the aerosol is directed into a 

custom built aluminum chamber. Inside the chamber lies a chip that contains the 

strings. As seen in Fig. 5.3(b), the strings effectively act as a ‘sieve’ and collect some of 

the AuNSs that flow into the chamber. Suction is applied at the opposite side of the 

chamber to increase velocity of flow of the AuNSs. The air flow is controlled using a 

flowmeter (4100, TSI, Shoreview, USA). Once the deposition process is complete, the 

chip is removed from the chamber and observed under a Zeiss Supra 40VP SEM in 

HV mode to locate the deposited particles. 

The major drawback of this method was the density of AuNSs that could 

successfully be collected on top of the strings. Only a very small fraction of the total 

AuNSs in the solution were collected on the strings. Of the particles that were 
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collected on the strings, almost none of them formed a pair (dimer) or larger clusters 

as shown in Fig. 5.4. The AuNSs were almost always isolated and hardly more than 10 

-15 AuNSs were present on a string. The absence of dimers or larger clusters made it 

impossible to probe plasmonic heating in complex dimer systems due to strong LSPR 

coupling through the nanogap between the AuNS. Both Fig. 5.4(a and b) show that 

the deposition of AuNSs on to strings using the nebulizer method is quite inefficient 

in terms of number of particles obtained and the distance between them is far too 

much to probe LSPR coupling through the nanogap. A reason for this could be the 

large gaps (see Fig. 4.3) between the strings resulting in significant amount of empty 

spaces for the nebulized AuNSs to flow right past the strings. The large gaps between 

the strings rendered any attempts of controlling flow using the flowmeter 

inconsequential. 

 

Figure 5.4: SEM images of SiN strings with 200 nm AuNSs deposited using a nebulizer. (a) two single 

AuNSs on a string of width 14 μm. (b) two single AuNSs on a string of width 6 μm.  

5.1.3 MANUAL DEPOSITION OF METAL NPs USING A PIPETTE 

To circumvent the drawbacks of the nebulizer method, as described in the 

previous section, a more manual approach was attempted. A ~3μL droplet of ~5% 

solution of AuNSs (~200 nm, from Sigma Aldrich) was deposited onto the strings using 

a pipette (Eppendorf Research plus). The chip was then allowed to dry naturally. Once 

dry, it was observed under the SEM to locate AuNSs on the strings. The results were 

found to be drastically different to the nebulizer method. The SEM images (Fig. 5.5) 

show single AuNSs and also large clusters of various configurations and orientations. 
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Considering the significantly better results of the manual NP deposition method, it 

was chosen as the preferred method of deposition over the other two (sections 5.1.1 

and 5.1.2). 

 

Figure 5.5: SEM images showcasing the AuNS distribution using the manual approach. (a) and (b) are both 

images obtained from two separate strings  

5.2 CHOICE OF DEPOSITED NPs 

Once the method of deposition was chosen, the NPs to be probed needed to 

be determined. The choice of NPs was predominantly driven by the laser that would 

be used to probe them. In other words, the chosen NPs must have their respective 

λLSPR close to λLaser = 633 nm, of the probing laser. To that end, four different types of 

NPs that are important for plasmonic applications [6–15]were chosen. The ones used 

are listed below and shown in Fig. 5.6: 

1. Au nanospheres (AuNS) of ~200 nm diameter (λLSPR ≈ 600 nm) purchased 

from Sigma Aldrich (Fig. 5.6a)  

2. Shell-isolated Au NPs of ~100 nm in diameter surrounded by a silica shell of 

thickness ~15 nm (λLSPR ≈ 585 nm) purchased from Nanocomposix (Fig. 5.6b).  

3. Ag nanocubes (AgNC) of ~100 nm side length (λLSPR ≈ 565 nm) purchased from 

Nanocomposix (Fig 5.6c).  

4. Au nanostars (also known as Au urchins) of ~100 nm diameter (λLSPR ≈ 680 nm) 

purchased from Sigma Aldrich (Fig 5.6d).  
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Figure 5.6: SEM images of the different NPs deposited onto SiN strings for photothermal probing. (a) 

AuNS (b) shell-isolated Au NPs (c) AgNC (d) Au nanostars 

The NPs were deposited onto the strings using the method described in 

section 5.1.3. Subsequently, the strings were observed under the SEM to locate 

particle configurations of interest (single NPs and NP dimers). Care was taken to 

ensure that there were no other NPs near the chosen NPs. This was done to ensure 

that during photothermal probing of these NPs, the readings were not affected by 

nearby particles. The exact position of these NPs of interest from the edge of the 

strings was also recorded using the SEM. 

5.3 RESONANCE FREQUENCY MEASUREMENTS 

The resonance frequency measurements of the SiN strings were carried out 

with the help of a laser-Doppler vibrometer (MSA-500) from Polytec GmbH, 

Germany. Laser vibrometry makes use of the Doppler Effect to measure vibrations. 

Simply put, when light is reflected by a moving or vibrating object, it experiences a 

slight change in frequency. Measuring this change in frequency can reveal important 

characteristics of the moving object such as velocity and amplitude of vibrations. 

 A schematic realization of the physical principle of vibrometry is shown in 

Fig. 5.7. The vibrometer is equipped with a helium-neon (HeNe) laser of wavelength 

633 nm. This beam is split into two by the beam-splitter 1 - a measurement beam and 

a reference beam. The reference beam is directed towards a photodetector while the 

measurement beam is made incident on the resonator. Due to vibrational movement 

of the resonator, the measurement beam is reflected with its frequency and phase 

changed. This reflected beam is then deflected further by the beam-splitter 2 after 

which it merges with the reference beam at beam-splitter 3. Both beams undergo 
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superposition and are directed towards the photodetector, where the Doppler shift in 

frequency is measured. From the Doppler shift, the vibrational velocity and amplitude 

of the resonator can be extracted. The vibrometer setup used is fitted with four 

different microscope objectives: 5x, 20x, 50x and 100x. The 50x objective was used for 

all the measurements. The measurements were all carried out in a vacuum chamber 

maintained at a pressure below 1.0 x 10-5 mbar. The pressure inside the chamber was  

 

Figure 5.7: A schematic realization of the physical principle of vibrometry [16]. ©Polytec GmbH 

 

Figure 5.8: Experimental setup that includes the MSA-500 vibrometer (A) and a turbo pump (B) 

attached to a vacuum chamber (C). The string resonators being used can be seen on the screen (D) of 

the vibrometer. 
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established by using a turbo pump (HiPace 80, Pfeiffer Vacuum) and a membrane 

pump (PJ 15347-813.4, Leybold AG). The experimental setup is shown in Fig. 5.8.  

To be able to probe polarization dependent heating in the deposited 

nanoparticles, the orientation of the nanoparticles needs to be changed with respect 

to the incident laser, which is partially polarized in the ratio of 4.2:1. It must also be 

noted that the 633 nm laser of the vibrometer acts as both, the probing laser and the 

readout laser simultaneously. To accurately change the orientation of the nanoparticle 

system (hence, the strings) with respect to the incident laser, an RXY nanopositioner 

stage capable of operating in high vacuum (HV) was used (SmarAct GmbH). It consists 

of two translational stages (SLC-1730-O20-S-HV and SLC-1720-O20-S-HV) for 

translation along the X- and Y-axes, and a rotational stage (SR-4513-S-HV) capable of 

340° rotation (Fig. 5.9).  

 

Figure 5.9: An RXY nanopositioner stage from SmarAct GmbH with a two translational stages (A and 

B) and a rotational stage (C) capable of 340° rotation. The nanopositioner allows for the precise control 

of the orientation of the nanoparticles with respect to the incident laser. 
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A small, thin aluminum disc was screwed to the top the nanopositioner stage. 

A plate piezo actuator (NAC2015, Noliac A/S, Denmark) was attached on top of the 

disc using a carbon conductive tab. The chip containing the strings with the NPs on 

them was also attached to the top of the thin metal disc with the help of a carbon 

conductive tab. This setup was then placed inside the vacuum chamber. The chamber 

pressure was reduced below 1.0 x 10-5 mbar.  

5.3.1 ACTUATION 

The plate piezo actuator was driven by a periodic chirp signal, through which 

it is possible to excite a number of frequencies within a specified bandwidth at the 

same time. The number of frequencies excited is governed by number of FFT (fast 

Fourier Transform) lines chosen by the user. The more the FFT lines, the higher the 

frequency resolution. On the flip side, a high number of FFT lines increases the time 

taken for an experiment. Therefore, the choice of the number of FFT lines is one of 

compromise between high frequency resolution and time.  

5.3.2 IDENTIFYING RESONANCE PEAK AND DEFINING MEASUREMENT GRID 

Once the piezo actuator is set to excite ‘all frequencies’ within a specified 

bandwidth and the number of FFT lines are chosen, the resonance peak was 

identified. Using equation (2.25), resonance frequency of the fundamental mode (n = 

1) was estimated. The vibrometer user interface shows the real-time tracking of the 

resonance peaks as shown in Fig. 5.10. The sharpness of the resonance peak is an 

excellent indication of the very high Q-factors that string resonators possess. The next 

step is defining the measurement grid (Fig. 5.11). The NPs to be probed were 

identified on the strings. The probing process occurred as follows: First, a scanning 

grid large enough to encompass the probed NP(s) was created. It is usually either in 

the shape of a square or a rectangle. The density of points within the grid was set to 

512 x 512. This is the maximum density of points that can be chosen. Next, the laser 

power was chosen. There are 7 laser power levels to be chosen from. They are 25, 40, 

60, 106, 140, 223, and 240 μW. 
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Figure 5.10: Image of the vibrometer’s user interface showing real-time tracking of the resonance peak. 

The top half of the interface shows the string whose resonance frequency is being measured. The laser 

spot marks the exact location on the string where the resonance frequency is being measured. 

 

 

Figure 5.11: Image showing the process of probing of the plasmonic heating in metal NPs. The grid, 

the laser spot and NP dimers are all shown separately for the sake of clarity. The size, shape and density 

of the scanning grid can be modified using the accompanying dialog box. 
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The four laser powers used in all experiments were 40, 60, 106, and 140 μW. 

When the measurement is started, the laser spot is deflected at each point in the 

scanning grid. The number of FFT lines chosen determines how long the laser spot 

stays at a point. The measurement stops when every point in the grid has been 

scanned. The measurement process described above was repeated for the next three 

laser powers without disturbing the grid. Once, the grid had been scanned by all four 

laser powers, the nanopositioner stage was rotated by 90° to probe the NPs in the other 

polarization in the four chosen laser powers. Fig. 5.12 provides a complete overview 

of all the probed particles and the polarizations they were probed in.  

 

Figure 5.12: Laser polarization. (a) Laser in the vibrometer is partially polarized in the ratio 4.2:1. (b) 

Schematic of the different polarizations for each set of particles, (b1) AuNS, (b2) shell-isolated Au NPs, 

(b3) AgNCs. For the single AgNC, the polarization was changed only by 45° to probe along the diagonal 

(b4) Au nanostars. 

5.4 RELATIVE FREQUENCY SHIFT δf, AND DATA TREATMENT 

As discussed in Chapter 2, probing plasmonic heating on string resonators is 

a case of localized heating of string resonators (section 2.3.2). In a string, the localized 

heating causes a very small localized expansion in the strings resulting in a decrease 

in the tensile stress. This leads to a decrease in the resonance frequency of the strings. 

From equation (2.28), it is possible to calculate temperature rise as a result of 

plasmonic heating on the string, if the relative frequency shift δf can be computed. 

The resonance frequency measurements described in section 5.3 generate data that 
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must be treated to arrive at the experimentally obtained value of relative frequency 

shift, δf. The data treatment is described in Fig. 5.13. (a) Schematic of the 

measurement process described in section 5.3. (b) A MATLAB script (written by Peter 

Emil Larsen) is used to perform a quasi-Lorentzian fit of the resonance frequency 

values obtained from each point of the scanning grid. This can be done because the 

amplitude response of a string resonator can be approximated by a quasi-Lorentzian 

function [17]. (c) Performing baseline correction. Small sources of noise such as 

frequency drift over time or non-perfect angular alignment are removed by fitting a 

plane to the spatially distributed resonance frequency measurements. (d) Outliers 

introduced by imperfections on the strings (for example, dirt) or in the optical path of 

the vibrometer laser are manually removed. (e) A starting point for the Gaussian fit is 

manually selected by picking both, the center of the absorption peak and its diameter. 

The diameter of the absorption peak corresponds to the FWHM (full width at half 

maximum) of the 2D intensity distribution of the laser beam. A ‘heatmap’ is obtained 

at the end of this step with the corresponding value of relative frequency shift, δf. (g) 

Since the location of the probed particle on the string determines the response of the 

string to plasmonic heating (section 2.4), a responsivity normalization is performed. 

The different sets of particles probed (Fig. 5.12) were deposited on different chips. In 

other words, AuNSs were deposited on one chip, the shell-isolated Au NPs were 

deposited on another chip and so on. As a result, the location of the single NPs and 

dimers varied from chip to chip. To compare the heating in the different sets of probed 

NPs, the responsivity of the string must be normalized. (h) The irradiance of the laser 

beam is normalized to estimate the fraction of laser power directed at the NP(s) 

contributing to the frequency shift in accordance to the fitted laser beam intensity 

profile. 
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Figure 5.13: a) a laser-Doppler vibrometer (LDV) is used to probe the NP(s). A scanning grid is first created to 

encompass the NP(s). Afterwards, the resonance frequency is measured at each point on the grid. (B-H) Detailed 

data analysis steps. (B) The measured resonance frequency values at each point are fitted using a quasi-Lorentzian 

fit. (C, D) Baseline correction and outlier elimination followed by determination of the resonance frequency f0 of 

the string resonator. (E) A starting point for a Gaussian fit is defined by identifying the peak in the map. (F) A 

‘heatmap’ of the relative frequency shift δf is subsequently obtained after a 2D Gaussian fit. (G) The effects of 

location of NP(s) on the string are removed according to responsivity of the string. (H) Irradiance normalization 

is performed to estimate the fraction of laser power directed at the NP(s) contributing to the frequency shift. 

5.5 SUMMARY  

To summarize, this chapter presented a detailed account of the experimental 

approaches and methods used in this project. First, some of the methods to obtain 

nano sized structures on a resonator were discussed. FIB milling of nanostructures was 

trialed but could not offer precision and control over the shape of the nanostructure 

and size of the nanogaps. Next, a method of nebulizing a solution containing NPs onto 



61 | P a g e  
 

the strings was adopted. It resulted in too few NPs collected on the string. For 

experiments that depend on having extremely closely spaced NPs so that a strong 

LSPR coupling through the nanogap may be achieved, this method was not found 

efficient enough. The method that worked best was the simple manual deposition of 

a diluted solution of NPs directly on top of the strings using a pipette. This method 

resulted in a large number of NPs on the strings in different orientations and 

configurations. The next section introduced the NPs that were chosen to be deposited 

on the strings for this project - AuNS(s), shell-isolated Au NP(s), AgNC(s) and Au 

nanostar(s). The two final sections of the chapter presented a detailed overview of the 

experimental procedure and data treatment, the equipment used and the physical 

principles behind the systems. 
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CHAPTER 6:  

INITIAL RESULTS 

The major results of this project have been presented in the submitted 

manuscript and can be found in Appendix A.1. Before the results obtained in the 

manuscript were achievable, however, a lot of attempts were made to optimize the 

experimental process. These optimizations included trialing and choosing from 

different nanoparticle deposition techniques, identifying the right set of NPs using 

the SEM and refining the data treatment. The choice of the preferred deposition 

technique was explained in Chapter 5 along with the reasons for doing so. This 

chapter is used to discuss the initial results that set the project on its final trajectory. 

Two such results will be discussed. An important observation from one of the results, 

that altered the selection of NP systems in subsequent experiments, is also discussed. 

Finally, the use of the ultra-temperature sensitivity of the string resonators as a tool 

to study thermal and mechanical properties of small and large molecules is discussed. 

This is done primarily because the use of string resonators in this case  involves the 

heating and cooling of the entire chip (section 2.3.1) as opposed to the localized 

heating of the strings that concerns the majority of this project. 

6.1 PROBING OF SINGLE NPs AND DIMER - RESULT 1 

Deposition of NPs onto string resonators using a nebulizer has been described in 

Chapter 5, section 5.1.2. The major drawback of the method was the extremely low 

yield of NPs collected on top of the strings. The first and the only time a dimer (~200 

nm AuNSs) was found on top of the strings using this method is documented in Fig. 

6.1. As shown in Fig. 6.1(a), a dimer has two very closely spaced neighboring single 

AuNSs. The heating in the dimer should be polarization dependent while the single 

NPs should not be affected by the polarization change. To verify if this was truly the 

case, the entire set was scanned using a scanning grid large enough to encompass the 
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dimer and the two single AuNSs. The experimental process was the same as described 

in section 5.3.2, except only one laser power was used - 106 μW.  Fig. 6.1(b) shows a 

heatmap representing the negative relative resonance frequency shift (δf) of the 

strings due to localized plasmonic heating in the probed NPs when the laser 

polarization is along the axis of the dimer. The generation of the heatmap is explained 

in section 5.4 (Fig. 5.13f). The blue square represents the scanning grid that was 

defined. Similarly, Fig.6.1(c) depicts the case when the laser polarization is 

perpendicular to the axis of the dimer. From Fig. 6.1(b and c), it is clear how the 

heating in the dimer is polarization dependent while the single AuNSs show little to 

no polarization dependent heating. In the case of the dimer, the heating is more 

(hence, higher δf shift) when the laser is polarized along the axis of the dimer 

(Fig.6.1b) when compared to case when the laser polarization is perpendicular to the 

axis of the dimer (Fig. 6.1c). The small change in heating in the case of the single 

AuNSs can be attributed to irregular symmetry of these AuNSs [1]. With these results, 

the feasibility of our method could be verified. 

 

Figure 6.1: Results of the first multi-NP scan. (a) SEM image of ~200 nm AuNSs (a dimer and two single 

AuNSs) deposited using the nebulizer method. (b) Heatmap mapping the relative frequency (δf) shift 

caused in the string due to plasmonic heating in the AuNSs when the laser is polarized along the axis 

of the dimer. The blue square represents a scanning grid large enough to encompass all three sets of 

AuNSs. The inset shows a 2D heatmap of the probed AuNSs. (c) Heatmap mapping the δf caused in 

string due to plasmonic heating in the AuNSs when the laser is polarized perpendicular to the axis of 

the dimer. The blue square represents a scanning grid large enough to encompass all three sets of 

AuNSs. The inset shows a 2D heatmap of the probed AuNSs with the polarization changed by 90°. (b) 

and (c) clearly show the polarization dependent heating in the dimer whereas the single AuNSs show 

very little change with polarization. The faint shadows inside the scanning grid clearly belong to the 

probed AuNSs and can be seen as such through the vibrometer 50x objective. 
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6.2 PROBING OF SINGLE NPs AND DIMERS - RESULT 2 

The nebulizer method for depositing the metal NPs onto the strings was 

abandoned in favor of a simpler, manual deposition process that involved pipetting a 

small amount of the solution containing the NPs directly onto the strings. As 

described in Chapter 5, this method gave much better results. One such result is 

shown in Fig. 6.2. Fig. 6.2(a) shows a SEM image of a set of AuNSs that contains four 

single AuNSs and a couple of dimers spread across the width of the string. For reasons 

similar to the one described in section 6.1, all the AuNSs were scanned by creating a 

scanning grid that extended from end to end across the width of the string. The AuNSs 

were probed with a laser power of 223 μW. Fig. 6.2(b) shows the maximum relative 

frequency shift in the strings when the laser polarization is along the axis of the dimer. 

As in the earlier case, the blue rectangle marks the area of the scanning grid while the 

inset presents a 2D map of the various relative resonance frequency shift peaks. Fig. 

6.2(c) shows the heatmap for the case when the polarization of the incident laser is 

perpendicular to the axis of the dimer. Comparing (b) with (c), the higher heat 

generated in the former was expected. Curiously, both Fig. 6.2(b and c) offer an 

interesting takeaway in the case of the two single AuNSs to the right of the SEM image 

along with the dimer at the top right-hand corner. Despite the two single AuNSs on 

the right being apart, it was found that their respective heatmaps appeared to be 

merged (Fig. 6.2b and c). In fact, the heatmap of the single AuNSs and the dimer on 

the top right appeared to be merged too. This indicates that NPs closer than a certain 

distance appear almost as one in the heatmaps and it becomes difficult to resolve their 

respective δf shifts.  More experiments were conducted and it was found that the 

heating peaks of different NPs could be clearly resolved if the distance between the 

NPs was at least 4 μm. This can be explained by taking into account the laser spot size 

of ~3 μm. If the NPs are about 3 μm or less apart, the laser spot might be incident on 

them at the same time and consequently, the resultant heatmaps appear merged.      
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Figure 6.2: Results of the second multi-NP scan. (a) SEM image of ~200 nm AuNSs (two dimers and 

four single AuNSs) deposited using a micropipette. (b) ‘Heatmap’ mapping the relative frequency (δf) 

shift caused in the string due to plasmonic heating in the AuNSs when the laser is polarized along the 

axis of the dimer. The blue square represents a scanning grid large enough to encompass all the AuNSs. 

The inset shows a 2D ‘heatmap’ of the probed AuNSs. The merging of the heatmaps of the AuNSs is 

clearly visible because they are closer to each other than the laser spot size of ~3 μm (c) Heatmap 

mapping the δf caused in string due to plasmonic heating in the AuNSs when the laser is polarized 

perpendicular to the axis of the dimer. The blue square represents a scanning grid large enough to 

encompass all the AuNSs. The inset shows a 2D ‘heatmap’ of the probed AuNSs with the polarization 

changed by 90°. (b) and (c) both show polarization dependent heating in the AuNS dimers.  

Therefore, it was decided that when locating potential NPs of interest using 

the SEM, it must be ensured that the chosen NP(s) do not have other NPs closer to 

them than 4 μm. All experiments carried out in the submitted manuscript (A.1) follow 

this directive. The dimers and the single NPs probed in A.1 are probed separately 

(individually). In other words, the scanning grid only contains one NP configuration 

of interest. 
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6.3 MICROMECHANICAL THERMAL ANALYSIS USING STRING 

RESONATORS 

So far, we have discussed the suitability and reliability of using string 

resonators for photothermal probing of widely used metal NPs. As explained in 

chapter 2, photothermal probing of plasmonic NPs causes a localized heating in the 

strings resulting in decrease of string resonance frequency. However, when the 

ambient temperature is increased such that the entire chip (strings + frame) 

experiences the temperature change, the resonance frequency of the strings increases. 

This feature, along with the high temperature sensitivity of the strings, has been used 

in a recently developed thermal analysis method to probe pharmaceutical 

formulations called micromechanical thermal analysis [2] (appendix A.2). The key 

results from this work are discussed in this section.  

The MTA method has been developed as a tool to observe thermal transitions, 

most notably alpha and beta relaxations of amorphous small molecules as well as liquid 

crystalline phase transitions. These transitions, related to physical and chemical 

stability of a formulation are of particular interest in pharmaceutical research, where 

the focus is often placed on the use of small molecules or proteins as active ingredients. 

This instrumental analysis technique has many advantages over conventional 

techniques such as modulated temperature differential scanning calorimetry (mDSC) 

and dynamic mechanical analysis (DMA). First, the MTA method only requires very 

small sample sizes (0.1 to 345 ng) which is particularly useful when only small 

amounts of compounds are available. Second, the setup used in MTA allows faster 

heating rates of 40 °C/min as opposed to only 0.5 -5 °C/min using mDSC and DMA 

[3,4]. Third, the use of multiple (three) strings to analyze the samples simultaneously 

decreases measurement times drastically. 

The strings used in this work were fabricated exactly in the same way as 

described in chapter 4, except that the length of the strings were either 1000 or 1500 

μm and the width, 30 or 50 μm. The measurement principle involves tracking the 
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resonance frequency of the string resonators and relating them to the changes in the 

analyzed sample. The resonance frequency of the string is given by equation (2.25). 

During the experiments the entire microchip is heated. By virtue of a higher 

coefficient of thermal expansion (α), the Si frame expands more than the SiN strings 

during heating. This causes the tensile stress in the strings to increase, leading to a 

higher resonance frequency of the strings (equation 2.22). 

Prior to coating with the sample, the frequency response of the bare strings 

were first recorded over the applied temperature range. The same strings were then 

coated with the sample and the frequency response of the strings was measured again 

(Fig.2a in A.2). While the resonance frequency response of the bare strings varies 

linearly with temperature, the sample response shows several changing slopes that 

correspond to various thermal events in the sample. The frequency response of the 

sample coated string clearly shows multiple thermal events of the sample (Fig. 2b in 

A.2). For example, at 60 °C, the slope changes to indicate the material’s glass transition 

temperature, Tg.  Similarly, the response records the crystallization of the material 

leading up to its crystallization temperature (Tc). An important observation here is 

that since crystallization is an exothermic process, this process locally heats the string. 

This leads to small temporary drops in the resonance frequency of the string, similar 

to the case of resonance frequency decrease in strings for localized heating. At 139 °C, 

a sharp increase in the resonance frequency indicates an endothermic process that is 

the melting point of the material. The resonance frequency of the string was found to 

increase sharply at 160 °C. This can be attributed to material decomposition and 

subsequent gassing off from the string surface. The above mentioned thermal events 

in the sample using the MTA method were found to be in close agreement with 

conventional techniques.  

In conclusion, this work was able to show that the MTA method is a reliable 

tool to study thermal events in very small amounts of sample at a much faster rate 

than conventional techniques. 
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6.4 SUMMARY 

The section was used to discuss some of the early results that directed this 

project in the path it ended up taking, while also discussing the results from a recently 

published work that used resonators to study thermal event in drug formulations 

which are critical in pharmaceutical research. The first section detailed the initial 

photothermal probing experiments done on an AuNS dimer that proved the feasibility 

of this method. The second section describes an issue that arises when the probed NPs 

are less than 4 μm apart. This leads to a loss of resolution of their respective heating 

peaks when the eventual heatmap is generated. Finally, the third section was used to 

demonstrate the use of string resonators to analyze thermal events in pharmacological 

samples. This section demonstrated how resonance frequency changes in the opposite 

way when the entire chip is heated, to the case when the heating on the strings is 

local, i.e. it increases.  
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CHAPTER 7:  

CONCLUSION AND OUTLOOK 

The aim of this Ph.D. project was to look into the use of micromechanical 

string resonators as candidates for profiling nanoplasmonic heating. To achieve this, 

three different approaches of creating/ depositing nano-sized metal structures on top 

of the string resonators were employed. 

Micromechanical string resonators have already been used for the 

photothermal probing of simple plasmonic structures, such as a single plasmonic Au 

nanoslits and a single Au nanorod that were fabricated on top of SiN strings using FIB 

milling method [1]. This Ph.D. project attempted to build upon the results of this work 

by attempting to create more complex structures such as plasmonic bow-ties and 

plasmonic nanorod dimers featuring nanogaps on string resonators using FIB milling. 

However, the results of this method were unconvincing. The milled bow-tie 

structures and nanorod dimers showed poor structural integrity and were found to be 

larger than the intended sizes and appeared to lose their shape when their sizes were 

reduced. Particularly, controlling the size of the nanogap was found to be the most 

challenging. The structures were found to merge into one another when nanogap size 

was decreased below 15 nm. Therefore, it was decided to focus on depositing widely 

used plasmonic metal NPs on top of the strings instead. To accomplish this, a nebulizer 

was used. The idea was to nebulize a solution of ~200 nm AuNSs on top of the strings 

and use them for photothermal probing. This method, however, was found to be quite 

inefficient as the yield of AuNSs collected on the strings was extremely low. Most of 

the AuNSs collected were single AuNSs. The extremely low probability of the AuNSs 

forming a dimer with a nanogap, meant that this method needed to be abandoned as 

well. The third approach trialed was a simple one. A ~3μL droplet of ~5% solution of 

AuNSs was pipetted directly on top of the strings and allowed to dry. This resulted in 

a very high yield of AuNSs on top of the strings with a large number NPs forming 
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dimers with nanogaps. As a result, this method was chosen to deposit widely used NPs 

such as AuNSs, shell-isolated Au NPs, AgNCs and Au nanostars.  

Previous work in the group has shown that SiN string resonators, despite low 

sensitivity, show the best overall performance as temperature sensors compared to Al 

and Ni strings [2,3]. Additionally, to probe localized plasmonic heating in metal NPs, 

the string material needed to be one with very low thermal conductivity. With a 

thermal conductivity as low as ~2.5 W/mK [1], SiN was chosen as the preferred 

material for the strings. 

In the experiments, one single NP and one NP dimer from each of the four 

NP types were probed in two polarizations using four different laser powers where 

the frequency response of the string was recorded during each measurement. After 

eliminating the effect of partially polarized intensity ratio (4.2:1) used in the 

experiment and normalizing the irradiance, the experimental polarization-dependent 

heating ratios of all the probed NPs was calculated. These calculated values were 

found to be in close agreement with simulated values of polarization-dependent 

heating ratios. When heating amongst the probed particles was compared, the AuNS 

dimer was found to generate the most heat when the laser was polarized along its axis 

while Au nanostars were found to generate the least heat. This can be explained by 

the strong LSPR coupling through the very small nanogap in the AuNS dimer while 

the inconsistent shape of the Au nanostars leads to lower heat generation.  Shell-

isolated AuNP(s) generate less heat compared to AuNS(s) which can be attributed to 

the presence of an additional thermal mass in the form of a silica shell in the case of 

shell-isolated AuNP(s). Through this work we have been able to demonstrate the 

influence of surface morphologies of probed NPs and the size of the nanogap on 

plasmonic heating in NP dimers, which we believe can help facilitate a better 

understanding of thermoplasmonics and create new avenues for plasmonic heating 

based applications in the future. 
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SiN nitride string resonators possess low thermal conductivity, excellent 

temperature sensitivity, very high Q factors and high responsivity. These features 

make them reliable tools to study temperature sensitive events. This is amply 

demonstrated by their ability to both probe nanoplasmonic heating and successfully 

record thermal events such as melting and crystallization temperatures of extremely 

small amounts of amorphous formulations.  

7.1 OUTLOOK 

The results obtained in this Ph.D. project have laid the basic groundwork of 

combining photothermal probing of widely used NPs with micromechanical SiN 

string resonators. While these results are certainly encouraging, more work needs to 

be done to integrate plasmonic structures/ NPs seamlessly on top of string resonators. 

Although initial results were unsatisfactory, FIB milling of nanostructures on top of 

string resonators should definitely be pursued. While the fabrication of complex 

structures using FIB milling might be difficult, simpler structures such as plasmonic 

nanoslits can be created with varying nanogaps to perform a systematic study of LSPR 

coupling through different nanogap sizes. E-beam lithography (EBL) has often been 

regarded more favorably to FIB milling insofar as structural integrity of the fabricated 

nanostructures is concerned. Perhaps, by using EBL, the size of nanogaps can be 

significantly decreased or at least controlled better. The challenge of this technique, 

however, would be the integration of the EBL process into the string fabrication 

process.  

Another plausible technique to control nanogap sizes between 

nanoplasmonic structures on SiN strings could be creating a sandwich structure in 

which a very thin layer of Au is deposited on top of the SiN strings followed by 

deposition of an extremely thin layer of SiO2. This could be followed up with the 

deposition of AuNPs on top of the SiO2 layer. By controlling the thickness of the 

deposited SiO2, i.e. the separation (nanogap) between the AuNPs and the sputtered 

Au (which can be viewed as a mirror), 1) the LSPR position could be more accurately 

tuned which would allow the experimental recording of the relationship between the 
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LSPR peak position and the incident laser wavelength vs. the nanostructure heating, 

and 2) the electromagnetic enhancement located in the SiO2 layer could also be varied 

by e.g. depositing 1-20 nm of the SiO2 space layer, and subsequently, the heating 

behavior as a function of different nanogap sizes could be studied. 

Our study has shown the impact of surface morphologies of the probed NPs 

on NP heating. The AuNSs probed in this project had an asymmetric shape with a 

rough surface causing experimentally obtained results to vary from simulated results. 

Recent studies have shown that perfectly spherical (ideal) AuNS dimers display 

predictable optical properties: theoretical LSPR positions and line shapes compare 

very well to experimentally obtained spectra measured using the dark-field scattering  

microscopy which is not the case when dealing with faceted (non-ideal) AuNS dimers 

[4]. An interesting next step to take this project forward would be to  1) first probe 

spherical, single NPs which are ultra-uniform in size and shape, using string 

resonators, and then 2) study heating in e.g. AuNS dimers, trimers, etc. Nearly-perfect 

particle shapes simplify the experimental procedure (all particles on a string would be 

nearly identical) allowing one to perform a more systematic study, e.g. by slowly 

changing the polarization of the incident laser. Results from such a study could be 

compared to the ones obtained here. A step further could be the evaporation of a 

known compound on to these ideal AuNS(s) on SiN string resonators and studying if 

the presence of these molecules results in a detectable change in the heating of the 

AuNSs.  If it is indeed possible, then perhaps this can be turned into a system for 

detecting trace amounts of compounds. 
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ABSTRACT 

The wide and ever increasing applications of thermoplasmonics demand the need for sensitive 

and reliable tools to probe temperatures at nanoscale. However, most of the currently available 

techniques are either invasive or suffer from low sensitivity, lengthy calibration or the inability 

to probe structures with nanogaps. Here, we present for the first time the use of micromechanical 

SiN string resonators for photothermal probing of widely used plasmonic nanoparticles including 

nanospheres, nanostars, shell-isolated nanoparticles and nanocubes. The strings exhibit excellent 

sensitivity of ~2.4 Hz/μW.  Experimental data agrees well with the simulations. Results show that 

Au nanospheres generate the most heat of all the probed nanoparticles, while Au nanostars 

generate the least. Influencing factors such as surface morphology and nanogap size on plasmonic 

heating are discussed. The obtained heating profiles of the nanoparticles provide valuable 

references for future development and optimization of thermoplasmonic applications. 

 

Keywords: Micromechanical string resonators, thermoplasmonics, plasmonic heating, 

nanoparticles 

1. INTRODUCTION 

Nanoplasmonics deals with the resonant 

coupling of incident photons with free 

electron oscillations in materials [1,2]. The 

phenomenon is also known as surface 

plasmon resonance (SPR) and localized 

surface plasmon resonance (LSPR) [3]. 

Nanoplasmonic materials, mostly metal 

nanoparticles (NPs), can focus light beyond 

its diffraction limit [2,4]. This leads to 

significant electromagnetic (EM) near-field 

enhancements and results in strong 

scattering and absorption of light [5].  

Particularly, the strong absorption gives rise 

to the generation of heat and its subsequent 

dissipation into the surrounding medium [4]. 

Recently, nanoplasmonic heating, a.k.a. 

thermoplasmonics, has become a hot topic,  

due to its huge potential in a variety of 

applications, such as photothermal cancer 

therapy [6–10], photothermal drug delivery 

[11–13],  photothermal imaging [14–16] and 

heat-assisted nanochemistry [17]. In 2018, 

more than 300 journal articles mentioning 

thermoplasmonics or plasmonic heating 

were published according to Web of Science 

Core Collection [18]. 



80 | P a g e  
 

To facilitate applications of 

thermoplasmonics, there is a need to develop 

reliable measurement techniques to 

accurately measure heat generated by 

plasmonic nanomaterials in their very close 

vicinities. This, however, is very 

challenging. Insofar, the reported 

experimental approaches can be divided into 

two categories: near-field and far-field based 

techniques. Near-field methods, such as 

scanning thermal microscopy [19] are 

invasive, and may damage the probed 

nanostructures. Far-field methods, such as 

thermally induced refractive index change 

[20], surface-enhanced Raman spectroscopy 

(SERS) [21], photoluminescence [22] and 

fluorescence polarization anisotropy [23], 

could suffer from lengthy and complex 

calibration processes, slow readout rate, low 

resolution, and poor temperature sensitivity. 

In particular, the technique that monitors the 

thermal-induced variation of the refractive 

index [20] requires optically transparent 

samples, a liquid environment and 

considerable experimental and computation 

efforts. The SERS-based method [21] 

monitors the temperature dependent position 

of the N≡C vibrational mode of phenyl 

isocyanide (PIC) adsorbed on a SERS 

substrate made of Au. The frequency shift is 

observed due to a change in the molecular 

orientation on the Au surface as a function of 

the surface temperature. While the SERS 

method is relatively simple, it lacks general 

applicability, i.e. it can only be used to probe 

plasmonic heating of SERS substrates, and 

has only been demonstrated on an Au 

substrate. Furthermore, obtaining reliable, 

temperature-dependent SERS signals from 

single NPs or NP dimers covered by PIC 

would be extremely difficult due to (i) 

varying PIC surface coverage and (ii) low 

SERS signal intensities, especially when the 

plasmon resonance is far from the incident 

laser wavelength. The reported 

photoluminescence-based thermal sensor 

[22] needs to be calibrated using the 

theoretical extinction cross section derived 

by employing the electric dipole 

approximation. This means that the sensor 

cannot be used to evaluate heat produced by 

the EM hot spots where multipoles play an 

important role. The method is limited to 

single, ellipsoidal particles with ~40 nm in 

diameter or less. The fluorescence 

polarization anisotropy [23] method offers a 

direct measurement of the local temperature. 

However, the reported fluorescence 

polarization anisotropy maps lack resolution 

to image single plasmonic particles or 

dimers that feature nanogaps.  

Micro- and nanomechanical string 

resonators have lately received significant 

attention due to their extraordinarily high Q-

factors that makes them ideal platforms for 

ultra-sensitive sensing [24]. Recently, the 

use of Ni, Al and SiN (silicon nitride) micro- 

and nano string resonators as ultra-sensitive 

temperature sensors has been explored 

[25,26].  The developed temperature sensors 

exhibit a small thermal mass and a short 

response time [26]. In addition, ultra-

sensitive photothermal probing of a single 

plasmonic Au nanoslit and a single Au 

nanorod, has been achieved on a SiN string 

resonator, taking advantage of the low 

thermal conductivity of SiN [27]. However, 

string resonators have not yet been 

employed to probe plasmonic heating of NPs 

and NP dimer systems, which are important 

for practical applications [1,7,9,28] 

Here, we present the first study on probing 

the plasmonic heating of individual NPs and 

NP dimer systems using SiN string 

resonators. The probed NPs and NP dimers 

are composed of Au nanospheres (AuNS), 

shell-isolated Au NPs [29], Ag nanocubes 

(AgNC) and Au nanostars. The experimental 

results show that the polarization-dependent 

heating ratios of single NPs and dimers are 

in close agreement with those obtained 

through simulations. In addition, a very good 

sensitivity of ~2.4 Hz/μW is achieved. Our 

study facilitates the use of plasmonic NPs to 
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accurately control temperature on the 

nanoscale for various practical applications.   

2. MATERIALS AND METHODS 

2.1 Fabrication of SiN Strings: SiN 

micromechanical string resonators (Fig.1A) 

were fabricated in a cleanroom. 

Approximately 200 nm low-stress SiN was 

deposited on a double-side polished <100> 

Si wafer with a thickness of 350 µm by low-

pressure chemical vapor deposition 

(LPCVD). The string pattern was transferred 

to the front side SiN using conventional UV 

lithography and reactive ion etching (RIE). 

A protective layer of SiN was deposited on 

top of the patterned front side by a low-

frequency plasma-enhanced chemical vapor 

deposition (PECVD) process. Using UV 

lithography and RIE, a window was 

patterned on the back side of the wafer for 

subsequent release of the strings through 

potassium hydroxide (KOH, 28%) etch 

conducted at 80 °C. The protective PECVD 

SiN layer was etched away in buffered 

hydrofluoric acid (1:7 BHF: DI water) at 

room temperature. The dimensions of the 

strings fabricated were 760 x 50 x 0.2 µm 

(for probing AuNS), 760 x 15 x 0.2 µm 

(shell-isolated Au NPs), 1018 x 30 x 0.2 µm 

(AuNC) and 900 x 50 x 0.2 µm (Au 

nanostars). 

2.2 Deposition of NPs onto SiN Strings: As 

shown in Fig.1B, four types of NPs were 

deposited: i) AuNS of ~200 nm in diameter. 

λLSPR ≈ 600 nm  (Sigma Aldrich), ii) shell-

isolated Au NPs, i.e., silica-shelled AuNS, of 

~100 nm in diameter with a shell thickness 

of ~15 nm. λLSPR ≈ 585 nm (Nanocomposix), 

iii) AgNC of ~100 nm in side length. λLSPR ≈ 

565 nm (Nanocomposix), and iv) Au 

nanostars (urchins) of ~100 nm in diameter. 

λLSPR ≈ 680 nm (Sigma Aldrich).  A simple 

manual deposition method was adopted. A 3 

µL droplet of ~5% solution of NPs was 

pipetted on top of the strings. After drying, 

various configurations of NP clusters were 

obtained, including monomers, dimers, and 

clusters that contained multiple NPs.  

 

Figure 1. (A) An SEM image of the SiN 

micromechanical string resonators for probing 

plasmonic heating of NPs. (B) Schematic of a 633 nm 

laser illuminating a certain area on a SiN string that 

contains the probed NPs. (C) Schematic describing the 

experimental setup. A low power laser from a laser-

Doppler vibrometer is used to probe NPs on a SiN 

string. A chip contains 25 such strings. The chip is 

mounted on top of an RXY-stage capable of rotational 

and translational movements. (D) Schematic of the 

measurement principle, showing the corresponding 

detuning of resonance frequency of the SiN string in 

response to plasmonic heating of NPs 

2.3 SEM Characterization: A field 

emission Zeiss Supra 40VP scanning 

electron microscope equipped with a Gemini 

column was used to locate and image NPs on 

the strings. High vacuum mode was used. 
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The acceleration voltage was 10 kV. All 

samples were imaged directly without 

additional coating. 

2.4 Photothermal Probing: The 

experimental setup is sketched in Fig.1C. 

The chip containing the strings with the 

deposited NPs was firmly attached on the top 

of an RXY stage (SmarAct GmbH). A 

piezoelectric actuator (Noliac A/S) was 

attached to the stage. This system was 

subsequently placed inside a vacuum 

chamber (<10-5 mbar). A laser-Doppler 

vibrometer (LDV) (MSA-500 from Polytec 

GmbH) was used to measure the resonance 

frequency of the strings. The vibrometer was 

fitted with a 50x, 0.42 NA objective (SEIWA 

Optical, Japan). A 633 nm HeNe laser was 

used for both probing and reading. This laser 

was partially polarized with an intensity 

ratio of 4.2:1.  For mapping, a 512 x 512 

scanning grid large enough to encompass the 

NP(s) was employed.   

2.5 Measurement principle: Structurally, 

micromechanical string resonators are a 

special case of doubly clamped beams. 

Because of their high tensile stress, their 

flexural rigidity becomes negligible 

resulting in string-like behavior [30,31]. 

Thus, the resonance frequency, f0, of a 

micromechanical string resonator can be 

calculated by [26]: 

 

𝑓0 =
𝑛

2𝐿
√

𝜎

𝜌
 (1) 

, where n is the resonant mode number, L is 

the length of the string, σ is the tensile stress 

and ρ is the mass density of the string. In 

addition, the resonance frequency of a 

micromechanical resonator is a function of 

temperature. The localized temperature 

dependent resonance frequency f(T) of the 

string is given by: 

 

𝑓(𝑇) =  
𝑛

2𝐿
√

𝜎 − 𝐸𝛼𝑠𝑡𝑟∆𝑇

𝜌
 (2) 

Here, E is the Young’s Modulus of the string 

material, αstr is the thermal expansion 

coefficient of the string and ΔT is the change 

in temperature.  Temperature induced 

changes in E, ρ and L can be neglected in this 

model [25,26]. The difference in resonance 

frequency can be attributed to the amount of 

heat generated by the plasmonic NP(s) 

(Fig.1D). The relative shift in frequency δf 

in a string is given by: 

 
𝛿𝑓 =

𝑓(𝑇) − 𝑓0
𝑓0

 (3) 

Substituting equation (3) with (1) and (2), 

we arrive at equation (4), which calculates 

the change in temperature ΔT as a function 

of the relative frequency shift δf, a value that 

is obtained experimentally: 

 
∆𝑇 = 2

𝜌(2𝐿𝑓0)
2

𝐸𝛼𝑠𝑡𝑟
[1 − (𝛿𝑓 + 1)2] (4) 

2.6 Data analysis: The photothermal 

probing of the NPs is performed by scanning 

the string surface using an LDV, shown in 

Fig.2A. The subsequent data analysis is 

described in detail in Fig.2B-H. First, the 

measured resonance frequency values at 

each point are fitted using a quasi-

Lorentzian fit (Fig.2B), as the amplitude 

response of the string resonator can be 

approximated by a quasi-Lorentzian 

function [32]. Then, baseline correction is 

performed (Fig.2C). Small sources of noise 

such as frequency drift over time or non-

perfect angular alignment are removed by 

fitting a plane to the spatially distributed 

resonance frequency measurements. 

Afterwards, outliers introduced by dirt or 

other imperfections on the sensor string or 

the optical path of the LDV laser are 

manually removed (Fig.2D). Subsequently, 

a starting point for a Gaussian fit is manually 

set by picking the center of the absorption 

peak with a diameter (Fig.2E, F). The 

diameter corresponds to FWHM of the 2D 

intensity distribution of the readout laser  
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Figure 2. (A) An LDV is used to probe the NP(s). A scanning grid is first created to encompass the NP(s). Afterwards, 

the resonance frequency is measured at each point on the grid. (B-H) Detailed data analysis steps. (B) The measured 

resonance frequency values at each point are fitted using a quasi-Lorentzian fit. (C, D) Baseline correction and outlier 

elimination followed by determination of the resonance frequency f0 of the string resonator. (E) A starting point for a 

Gaussian fit is defined by identifying the peak in the map. (F) A heatmap represented by the relative frequency shift δf 

is subsequently obtained after a 2D Gaussian fit. (G) The effects of location of NP(s) on the string are removed 

according to responsivity of the string. (H) Irradiance normalization is performed to estimate the fraction of laser power 

directed at the NP(s) contributing to the frequency shift. 

beam. Next, the location effect due to 

responsivity of the string is normalized 

(Fig.2G). According to [32], the responsivity 

of a string resonator to a point source of 

power directed at its center is given by:  

 
ℜ = −

1

16

𝐸𝐿𝛼𝑠𝑡𝑟

𝜅𝐴𝜎
𝑓0 (5) 

, where A is the cross-sectional area of the 

string resonator and κ is the thermal 

conductivity of the string material. 

Modifying equation (5) suitably for the case 

when the point source of power (and hence, 

heat) is directed at any arbitrary point ‘x’ 

along a string of length L, we can compute 

responsivity ( ) of the absorbed power at 

‘x’ as: 
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 ℜ = −

𝐸𝛼𝑠𝑡𝑟

8𝜅𝐴𝐿 (
1
𝑥 +

1
𝐿 − 𝑥)√

𝜎 
𝜌

     
(6)…. 

Equation (6) clearly indicates that the 

responsivity varies across the length of the 

string, and reaches maximum at the string 

center. Finally, irradiance normalization is 

performed to estimate the fraction of laser 

power directed at the NP(s) contributing to 

the frequency shift, in accordance with the 

fitted laser beam intensity profile (Fig.2H). 

This step takes into account variations in the 

focus of the readout laser, which in turn 

change the local irradiance at the nano scale. 

2.7 FEM Simulation: 3D FEM simulations 

were performed using COMSOL 

MULTIPHYSICS version 5.4. The EM field 

distribution was calculated by solving the 

full field. A domain-backed port, located at 

the top of the solution domain, was used to 

excite the linearly polarized incident EM 

field. A perfectly matched layer (PML) was 

employed to eliminate nonphysical 

reflections. Scattering boundary conditions 

were employed on the top and bottom 

boundaries of the PML layer to further 

reduce reflection. For the side planes of the 

solution domain, Floquet periodicity was 

used. The geometry of the NPs was 

modelled according to SEM images. The 

SiN string was modelled as a substrate below 

the NPs. Materials were modeled by their 

complex refractive indices as functions of 

wavelength [33–35].  The structures were 

surrounded by vacuum. The absorption cross 

section, i.e., plasmonic heating, is calculated 

by 

 
𝜎𝑎𝑏𝑠 = 

1

𝐼0
∭𝑄𝑑𝑉 (7) 

, where I0 is the intensity of the incident 

laser, and Q is the power loss density of the 

NP(s). 

3. RESULTS AND DISCUSSION 

3.1 Probing plasmonic heating of 

AuNS(s): We start with a simple plasmonic 

system - a single AuNS. A single AuNS 

shown in Fig.3A (left) is irradiated by a 633 

nm HeNe laser in two orthogonal 

polarizations, and at four different laser 

powers (40, 60, 106 and 140 μW) for each 

polarization. Note that the laser is partially 

polarized with an intensity ratio of 4.2:1. 

This also applies to all subsequent 

experiments in the following sections. 

Fig.3B shows the maximum relative 

frequency shift δfmax and the corresponding 

maximum temperature increase ΔTmax 

(calculated using equation 4) versus laser 

power. The inset in Fig.3B shows a heatmap 

generated from the Gaussian fitting (Fig.2F) 

of the resonance frequency data obtained 

during probing. It can be seen from Fig.3B 

that both δfmax and ΔTmax vary linearly with 

incident laser power. This is in accordance 

with the linear relationship between ΔT and 

absorbed laser power P for small 

temperature changes, given by the equation 

[32] 

 
∆𝑇 =

1

4𝜅

𝐿

𝐴
𝑃 (8) 

Ideally, for a single AuNS, the heating 

should be the same in both polarizations. 

However, Fig.3B shows a slight difference. 

By eliminating the effect of the partially 

polarized intensity ratio (4.2:1) of the laser 

used in the experiment, and after 

normalizing irradiance to take into account 

only the fraction of laser power directed at 

the NP that leads to the frequency shift (see 

section 2.6), a polarization-dependent 

heating ratio of 1.1 is obtained. This can be 

attributed to the slight asymmetric geometry 

of the probed single AuNS. Note that for the 

rest of the paper, all the experimental heating 

ratios are obtained using this method.  

Next, a more complex plasmonic system is 

probed – an AuNS dimer, which is important 

for applications such as trace molecule 

detection using SERS [36,37] and 

photothermal plasmon-assisted cancer 

surgery [9]. A single AuNS dimer shown in 

Fig.3A (right) is probed using the same 

partially polarized 633 nm HeNe laser in two 
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orthogonally different polarizations – along 

and perpendicular to the dimer axis, and 

using four incident laser powers. Results are 

shown in Fig.3C. Similar to the case of the 

single AuNS, a clear linear relationship 

between laser power and the temperature 

induced relative frequency shift is observed. 

In addition, a difference in the heating 

efficiency for each polarization direction is 

observed. Particularly, the relative 

frequency shift and consequently the 

temperature increase are higher when the 

laser is polarized along the axis of the dimer, 

compared to the case when the laser is 

polarized perpendicularly to the axis of the 

dimer.  

To investigate this, 3D FEM simulations are 

performed. Results are shown in Fig.3D. The 

left side of Fig.3D shows the electrical field 

enhancement factor (EEF) when the laser is 

polarized along the axis of the dimer, 

whereas the right side shows the EEF in the 

case when the laser is polarized 

perpendicular to the axis of the dimer. The 

significant increase of EEF when the 

polarization is along the axis of the dimer 

points to stronger LSPR coupling through 

the nanogap between the two AuNSs. This 

also means that there is increased plasmonic 

heating due to stronger absorption of 

incident laser in this polarization. To 

quantify, a polarization-dependent heating 

ratio is calculated to be 2.7 for the simulated 

model. An experimental polarization-

dependent heating ratio of 2.3 is obtained. 

The good agreement between heating ratios 

obtained experimentally and by simulations 

indicate the validity of the experimental 

method of probing plasmonic heating. The 

minor difference between experiment and 

simulation can be attributed to the following: 

(i) in the simulation, the geometry of the 

AuNS is assumed to be perfectly 

symmetrical with a smooth surface. 

However, as the SEM image in Fig.3A 

(right) shows, the two AuNSs forming the 

dimer probed in the experiment are 

asymmetric with a rough surface. Ideal 

AuNSs should result in higher heating ratio 

due to stronger LSPR and LSPR couplings 

[38]. (ii) A nanogap of 2 nm is assumed for 

the purpose of simulation, however, it is very 

difficult to determine the actual size of the 

nanogap from the SEM image. (iii) The 

simulation considers the two polarization 

directions to be perfectly orthogonal. In the  

 

Figure 3. (A) SEM images of the probed AuNS 

monomer and dimer. (B, C) The maximum relative 

frequency shift δfmax and the corresponding maximum 

temperature increase ΔTmax versus incident laser power 

under two orthogonal polarizations for (B) a single 

AuNS and (C) an AuNS dimer. The insets show 

representative photothermal maps depicting the 

decrease in resonance frequency on the SiN strings 

under both polarizations. (D) Simulated EEF across 

the center plane of an AuNS dimer on SiN under two 

polarizations.  
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experiment, this might not exactly be the 

case since manually controlling rotation of 

the string (and with it, the probed particles) 

with respect to the polarization of the 

incident laser could be inaccurate. (iv) The 

roughness of the string may influence the 

interference pattern of the laser near the 

probed NPs. In the simulation, the surface of 

the string is assumed to be smooth. 

3.2 Probing plasmonic heating of shell-

isolated Au NPs: Shell-isolated Au NPs 

have recently gained much interest because 

of their high detection sensitivity and their 

applications in plasmon-assisted 

nanochemistry, food safety, drug security 

and photothermal cancer therapy [7,29]. 

Following the same experimental procedure 

as detailed in section 3.1, a single shell-

isolated Au NP, as shown in Fig.4A (left), is 

first probed. Results are shown in Fig.4B. As 

expected, a linear relationship is observed. 

Next, we probe photothermal heating of a 

dimer of shell-isolated Au NPs (Fig.4A, 

right). Results are shown in Fig.4C. Besides 

the clearly observable linear behavior of the 

relative frequency shift and temperature 

increase with respect to the laser power, it is 

also evident that the heating is polarization-

dependent. In particular, the heating in the 

dimer is higher when the polarization 

direction is along its axis. This is similar to 

the case of an AuNS dimer. Simulation 

results in Fig.4D show that the EEF is higher 

when laser polarization is along the dimer 

axis than when it is perpendicular to the 

dimer axis. This suggests stronger LSPR 

coupling in the former case, and as a 

consequence, more plasmonic heating. The 

experimental and simulated polarization-

dependent plasmonic heating ratios are 

calculated to be 1.8 and 2.2, respectively. 

The difference in the two ratios can be 

attributed to the following : (i) The presence 

of the silica shell in the experiment 

introduces additional thermal mass. This 

would lead to a reduced temperature contrast 

on the SiN string for the two polarizations. 

(ii) Points (iii) and (iv) discussed in section 

3.1. Additionally, the heating ratio between 

the two polarizations for the dimer of shell-

isolated Au NP is comparatively lower than 

that for the AuNS dimers. This can be 

mainly attributed to the presence of the silica 

shell, which creates a larger (~30 nm) gap 

between the two particles that reduces the 

strength of LSPR coupling. 

 

Figure 4. (A) SEM images of the probed single shell-

isolated Au NP and its dimer. (B, C) The maximum 

relative frequency shift δfmax and the corresponding 

maximum temperature increase ΔTmax versus incident 

laser power for (B) single and (C) dimer of shell-

isolated Au NPs under two orthogonal polarizations. 

The insets show representative photothermal maps 

depicting the decrease in resonance frequency on the 

SiN strings under both polarizations. (D) Simulated 

EEF across the center plane of a shell-isolated Au NP 

dimer on SiN under two polarizations.  
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3.3 Probing plasmonic heating of Au 

nanostars: Au nanostars are another 

interesting set of particles that are widely 

used for various applications due to the 

lightning rod effect of the tips that generate 

nanoscale EM hot spots in their very close 

vicinities [39–41]. To investigate plasmonic 

heating of Au nanostars, a single Au 

nanostar, shown in Fig.5A (left), is probed 

first. Fig.5B shows the linear response of 

δfmax and ΔTmax with increased laser power. 

The plot shows slightly different heating in 

the two polarizations. However, after 

normalization by taking into account the 

fraction of laser power that leads to the 

frequency shifts, the polarization-dependent 

heating ratio becomes 1.0, which is 

reasonable and expected. Next, a dimer of 

Au nanostars (Fig.5A, right) is probed under 

two orthogonal polarizations. Results are 

shown in Fig.5C. Although the heating in 

both polarization directions looks very 

similar in Fig.5C, after normalization, the 

polarization-dependent heating ratio 

becomes 1.2. – This value is much smaller 

compared to both the AuNS dimer and the 

shell-isolated Au NP dimer cases. This could 

be caused by (i) larger gap distance between 

the two Au nanostars, and (ii) much stronger 

LSPR at the tips due to the lightning rod 

effect than that generated via the couplings 

through the nanogap of the nanostar dimer 

[42].  

3.4 Probing plasmonic heating of AgNC: 

The last set of particles probed is the AgNC. 

In the past decade, nanocube or nanocage 

structures have been receiving much 

attention due to their applications in metal-

enhanced fluorescence in biological systems 

[43], photothermal destruction of cancer 

[44,45] and drug delivery [46]. We begin 

with a single AgNC as shown in Fig.6A 

(left). The single AgNC is probed at four 

laser powers along two polarization 

directions, i.e., along the sides and along the 

diagonal line of the AgNC. Fig.6B plots δfmax 

and ΔTmax for both polarizations with respect 

to laser power. A polarization-dependent 

heating ratio of 1.2 is obtained. Note that the 

simulated model of a perfect single AgNC 

(Fig.6C) shows a polarization-dependent 

heating ratio of 1.0. This is expected, since 

the diagonal LSPR mode can be regarded as 

the superposition of two symmetric LSPR 

modes along the sides of the AgNC. The 

difference in ratios between the experiment 

and the simulation can be ascribed to (i) the 

different shape and sharpness of the corners 

for the experimentally probed AgNC, and 

(ii) inaccuracy in change of polarization 

direction in the experiment, due to manual 

alignment.  

 

Figure 5. (A) SEM images of the probed Au nanostar 

monomer and dimer. (B, C) The maximum relative 

frequency shift δfmax and the corresponding maximum 

temperature increase ΔTmax versus incident laser 

power under two orthogonal polarizations for (B) a 

single Au nanostar and (C) an Au nanostar dimer. The 

insets show representative photothermal maps 

depicting the decrease in resonance frequency on the 

SiN strings under both polarizations. 
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Figure 6. (A) SEM images of the probed AgNC 

monomer and dimer. (B) The maximum relative 

frequency shift δfmax and the corresponding maximum 

temperature increase ΔTmax versus incident laser power 

under two polarizations for a single AgNC. (C) 

Simulated EEF across the center plane of an AgNC on 

SiN under two polarizations.  (D) The maximum 

relative frequency shift δfmax and the corresponding 

maximum temperature increase ΔTmax versus incident 

laser power under two polarizations for an AgNC 

dimer. (E) Simulated EEF across the center plane of an 

AgNC dimer on SiN under two polarizations. The 

insets in (B) and (D) show representative photothermal 

maps depicting the decrease in resonance frequency on 

the SiN strings under different polarizations. 

A dimer comprising of two closely spaced 

single AgNCs is probed next. The dimer is 

shown in Fig.6A (right). Results are shown 

in Fig.6D. It can be seen that δfmax and ΔTmax 

vary linearly with laser power. In addition, 

the AgNC dimer generates more heat when 

the polarization of the laser is along its axis 

compared to the perpendicular case. The 

simulated EEF in both polarizations is 

illustrated in Fig.6E. It is observed that the 

LSPR coupling is stronger when the 

polarization is along the dimer axis, resulting 

in more heating. The polarization-dependent 

heating ratio obtained experimentally is 1.3 

whereas the simulated value is 1.2. The 

slight difference in ratios can be attributed to 

(i) an imperfect manual alignment of laser 

polarization with respect to the AgNC dimer 

in the experiment, (ii) different shape and 

sharpness for the corners of the probed 

AgNC dimer, and (iii) size of the nanogap 

being different in the simulation and in the 

experiment due to difficulty in its 

determination from the SEM image. 

3.5 Comparison of plasmonic heating for 

probed NPs: To compare and provide a 

complete picture of plasmonic heating for all 

the probed NPs, the effect of local 

responsivity ( ) of the strings is removed. 

After normalization, the absorbed 

percentage of the incident laser power by the 

NPs is calculated for all probed 

configurations, and is plotted in Fig.7. The 

following conclusions can be drawn. (i) an 

AuNS dimer, when excited with polarization 

across its axis, causes the maximum relative 

detuning in the resonance frequency of the 

string, i.e., generates the most heat. The 

reason for this can be attributed to the very 

strong couplings between the AuNSs 

through the extremely small nanogap. (ii) In 

general, Au nanostars cause the minimum 

relative detuning in the resonance frequency 

of the strings, i.e., they generate minimum 

plasmonic heating when excited. The low 

plasmonic heating should result from the 

inconsistent geometry of the nanostars [38]. 

(iii) Probed plasmonic heating in shell-

isolated Au NP monomers and dimers is 

lower than that in the AuNS(s). Since the 

LSPR wavelength is very similar for the 
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shell-isolated Au NP (~585 nm) and the 

AuNS (~600 nm), this can be ascribed to the 

presence of the silica shell that introduces 

additional thermal mass. It should also be 

noted that the AuNSs used in these 

experiments are asymmetric in shape while 

the shell-isolated Au NPs are almost 

perfectly symmetrical. Ideal AuNSs should 

result in even higher heating due to stronger 

LSPR [38]. (iv) The size of the nanogap has 

a strong influence on the plasmonic heating 

of dimers. Both AgNC and AuNS dimers 

consist of closely spaced particles, resulting 

in strong LSPR couplings and the generation 

of more heat, ergo higher relative frequency 

detuning. In the case of shell-isolated Au 

NPs, the presence of a silica shell increases 

the nanogap between the Au cores resulting 

in lower plasmonic heating. The Au 

nanostars generate the lowest heat among all 

the probed NPs due to weakest LSPR 

coupling through the nanogap and their 

inconsistent shapes. 

 

Figure 7. Absorbed percentage of the incident laser 

power by the different NPs probed under different 

polarizations. The responsivity difference across the 

string resonators is eliminated to allow comparison. 

4. CONCLUSION 

In conclusion, we have demonstrated that 

SiN micromechanical string resonators are 

excellent tools for profiling nanoplasmonic 

heating of widely used monomer and dimer 

systems consisting of NPs including NS, 

shell-isolated NPs, nanostars and NCs. To 

reinforce the suitability of SiN string 

resonators as ultra-temperature sensitive 

sensors, our string resonators exhibit a 

sensitivity of ~2.4 Hz/μW. Our results shed 

light on the thermoplasmonic behaviors of 

the probed NPs and illustrate that the 

plasmonic heating is strongly influenced by 

the actual particle geometry and morphology 

(which can differ significantly from the 

reported average values [20,21]).  The 

obtained heating profiles of the different 

NPs with different configurations provide 

valuable references for future development 

and optimization of thermoplasmonic 

applications. Additionally, influencing 

factors such as surface morphology and 

nanogap size on plasmonic heating have 

been discussed. The close agreement 

between experimental results and 

simulations highlights the versatility of 

string resonators thereby widening the scope 

of their applications.  Our work not only 

facilitates a better fundamental 

understanding of thermoplasmonics, but 

also opens up new avenues for the 

application of these nano-sources of heat. 
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APPENDIX 

 

 

 

A.2| Ultrasensitive Microstring Resonators for 

Solid State Thermomechanical Analysis …of 

Small and Large Molecules 
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APPENDIX 

 

 

 

B| Detailed fabrication process flow of SiN 

micromechanical string resonators 
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FABRICATION PROCESS FLOW 

 

Step 

No. 
Description Equipment Parameters Target 

1 Wafer selection  
4”, 350 μm double 

side polished 
 

2 
LPCVD SiN 

deposition 
LPCVD furnace 

DCS - 200 sccm, NH3 

- 50 sccm, Pressure - 

150 mTorr, time - 40 

min 

200 nm 

Front side processing 

3 Photoresist coating 
Gamma 2M spin 

coater 

AZ MiR 701, 1.5 μm, 

Soft bake for 60s @ 

90 °C 

 

4 UV Exposure Aligner MA6-2 
Hard contact, Dose: 

188.5 mJ/cm2 
 

5 
Post exposure bake 

and development 

Gamma 2M 

developer 

Post exposure bake 

for 60 s @ 110 °C and 

single puddle 

development for 60 s 

 

6 Visual inspection 
Optical 

microscope 
  

7 RIE ICP Etch 

CF4 - 20 sccm, H2 - 

10 sccm, platen 

power - 25 W and 

pressure - 3 mTorr 

200 nm 

8 Photoresist strip  Plasma Asher 

O2 - 400 ml/min, N2 

- 70 ml/min, power - 

1000 W, Pressure - 

1.23 mbar, T= 125 °C  

 

9  
PECVD SiN 

deposition 

SPTS Multiplex 

PECVD system 

SiH4 - 40 sccm, NH3 

- 20 sccm, N2 - 1960 

sccm, pressure - 550 

mTorr 

~500 nm 

Back side processing 

10 Photoresist coating 
Gamma 2M spin 

coater 

AZ MiR 701, 1.5 μm, 

Soft bake for 60s @ 

90 °C 

 

11 UV Exposure Aligner MA6-2 
Hard contact, Dose: 

188.5 mJ/cm2 
 

12 
Post exposure bake 

and development 

Gamma 2M 

developer 

Post exposure bake 

for 60 s @ 110 °C and 

single puddle 

development for 60 s 

 



108 | P a g e  
 

13 Visual inspection 
Optical 

microscope 
  

14 RIE ICP Etch 

CF4 - 20 sccm, H2 - 

10 sccm, platen 

power - 25 W and 

pressure - 3 mTorr 

200 nm 

15 Photoresist strip Plasma Asher 

O2 - 400 ml/min, N2 

- 70 ml/min, power - 

1000 W, Pressure - 

1.23 mbar, T= 125 °C 

 

16 KOH etch Si Etch 2: KOH 
Etch time - ~4.5 h, 

T= 80 °C, Conc. - 28 

wt% 

Etch through 

Si wafer 

17 BHF etch BHF bath ~20 min 
Etch PECVD 

SiN completely 

18 Visual inspection 
Optical 

microscope 
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