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Abstract 
 

Single-particle and single-molecule measurements are invaluable tools for characterizing 

structural and energetic properties of molecules and nanomaterials. Photothermal microscopy in 

particular is an ultrasensitive technique capable of single-molecule resolution. In this thesis I introduce a 

new form of photothermal spectroscopy involving toroidal optical microresonators as detectors and a pair 

of non-interacting lasers as pump and probe for performing single-target absorption spectroscopy. The 

first three chapters will discuss the motivation, design principles, underlying theory, and fabrication 

process for the microresonator absorption spectrometer. With an early version of the spectrometer, I 

demonstrate photothermal mapping and all-optical tuning with toroids of different geometries in Chapter 

4. In Chapter 5, I discuss photothermal mapping and measurement of the absolute absorption cross-

sections of individual carbon nanotubes. For the next generation of measurements I incorporate all of the 

advances described in Chapter 2, including a double-modulation technique to improve detection limits 

and a tunable pump laser for spectral measurements on single gold nanoparticles.  In Chapter 6 I observe 

sharp Fano resonances in the spectra of gold nanoparticles and describe them with a theoretical model. I 

continued to study this photonic-plasmonic hybrid system in Chapter 7 and explore the thermal tuning of 

the Fano resonance phase while quantifying the Fisher information. The new method of photothermal 

single-particle absorption spectroscopy that I will discuss in this thesis has reached record detection limits 

for microresonator sensing and is within striking distance of becoming the first single-molecule room-

temperature absorption spectrometer.  
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She is not only my best friend but also the love of my life. I dedicate my thesis to Tianqi Zhang and hope 

that she will always have a place in her heart for me. 

 



1 

 

Chapter 1 

 

1. Introduction 
 

 

1.1 Absorption spectroscopy  
 

Absorption spectroscopy is one of the oldest parts of the chemist’s toolkit, dating back to the mid-

1800s. The inventors of absorption spectroscopy, Robert Bunsen and Gustav Kirchoff, discovered 

rubidium and cesium after realizing that the dark lines present in flame spectra could be used as 

fingerprints of elemental compounds.1 Absorption spectroscopic measurements later proved that the sun 

was made of elements found on Earth and were a major instigator for the quantum revolution. Since then 

absorption spectroscopy has remained one of the most important characterization tools in physics, 

biology, material science, astronomy, and chemistry. Absorption spectroscopic measurements usually 

probe electronic transitions in atoms, molecules, and bulk materials. One of the most important modern 

applications is the identification of diverse elements and molecules in an unknown sample. In its three-

minute-long working lifetime, a spaceborne absorption spectrometer recently proved that, contrary to all 

expectations, vast amounts of water and volatile hydrocarbons are found in the lunar polar regions.2 In 

more terrestrial experiments, absorption spectroscopy can inform about chemical changes as molecules 

cycle through oxidation states or coordination environments. Further information comes from adding 

different modalities of sensing, including polarization, ultrafast transient absorption, spatial dependence, 

and nonlinear absorption. Molecular absorption spectra in particular are sensitive to the local 

environment, including electric fields, temperature, and pressure. Absorption spectroscopists have 

investigated systems at an enormous range of length scales, from single molecules at cryogenic 

temperatures3 to the atmosphere of entire planets.4 Our goal in this thesis is to push back the frontier in 
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yet another direction. We aim to determine the absorption spectrum of single molecules under ambient 

conditions. 

Why would we want to make our lives difficult by trying to measure molecules one at a time? Single-

molecule (SM) studies are valuable on systems where substantial heterogeneity exists. This comes in two 

flavors: static and dynamic. Static heterogeneity is variation in electronic or conformational structure 

within an ensemble of chromophores. For example, a conjugated polymer molecule with over 200 

chromophores can absorb light through any chromophore and will primarily emit light through the single 

site with the lowest energy.5 Since this molecule in particular is frequently the active component of 

organic light-emitting devices, the fact that ensemble absorption and ensemble emission measurements 

are probing different chromophores is a problem. Dynamic heterogeneity is often seen in catalytic cycles, 

where the molecules of interest cycle through several distinct states. Within an ensemble, the phase of 

every catalyst is random, so the ensemble spectroscopic signal is a mélange of all the different parts of 

the catalytic cycle. Short-lived steps in the catalytic cycle will be particularly hard to characterize. As a 

further example of heterogeneity, SM fluorescence measurements have demonstrated that the rate 

constant of a single catalyst fluctuates over time.6 However, as this chapter will explore, existing methods 

of absorption spectroscopy have not reached the single-molecule limit in a way that allows exploration of 

these kinds of systems. 

While the goal of extending absorption spectroscopy to the room-temperature, single-molecule 

limit is exciting in its own right, let us consider some practical applications. The first would be any systems 

where existing single-molecule techniques (primarily fluorescence) cannot be applied. Fluorescence fails 

in the presence of charge carriers, so conducting molecular materials are an unexplored territory. An 

important conducting polymer is PEDOT:PSS (Polydiethoxythiophene:Polystyrene sulphonic acid), which 

is widely used7 in organic photovoltaics8  and thermoelectrics9  because of its rare combination of visible 

transparency and electrical conductivity. The polymer’s morphology upon deposition is hideously 
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complicated,10 with significant uncertainty about the secondary, tertiary, and quaternary structure. This 

is important to understand better because the electrical conductivity is strongly affected by intra and 

intermolecular orientation and aggregation.11,12 Since electronic properties are measurable via absorption 

spectroscopy, and single-polymer conformation/structure is accessible through polarization-dependent 

absorption (as previously demonstrated via fluorescence excitation),13 this is an important system to learn 

more about.  

A very different field is the characterization of working catalysts, whether organometallic water-

splitting or metalloenzymes. Metal-containing catalysts typically possess visible absorption features from 

metal-ligand charge transfer, and these absorption peaks are a strong function of oxidation state (as well 

as the coordination environment and identity of ligands). A fluorescent label, which will necessarily be at 

some distance for the metal center to avoid changing the catalyst’s performance, will not be all that 

sensitive to the behavior of the catalyst itself. Studying unsynchronized dynamics of metallocatalysts at 

the single-molecule level in a non-perturbative but informative manner would provide powerful 

mechanistic insight that is not available through existing means.  

 

1.2  Existing techniques: single-particle absorption spectroscopy and 

single-molecule fluorescence 
 

How far forward to we have to push the frontier to realize our goal of studying such single-

molecule systems? State-of-the-art micro-absorption spectrometers can record the absorption spectrum 

of single nanoparticles.14 Single-particle detection with high signal to noise is possible via a wide range of 

optical methods, including far-field extinction,15,16 scattering,17,18 interference,19  near-field methods,18 17 

or photothermal microscopy.20-22 However, there is a large difference between the absorption cross-

section of nanoparticles and of single molecules. Gold nanorods (AuNRs) are frequently targets of single-
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particle absorption spectroscopy, both as a proof of principle22-24 and as systems of interest in their own 

right.25,26 Single AuNRs have an absorption cross-section of σabs≈ 1 x 10-10 cm2 .27 Single-particle absorption 

measurements are enabled largely by exciting with a laser focused to a diffraction-limited spot. 

Unfortunately, diffraction limits light from being focused to a spot with a diameter smaller than the 

wavelength. More quantitatively, consider a red laser (λ = 638 nm) focused with a large numerical 

aperture (NA) air objective (NA = 0.95). The Abbe diffraction limit is given by  

 � = �
�� 			��			� = 	 
 �

2���



 1.1 

At the focus the spot diameter (D) for this laser is D = 672 nm, corresponding to an area A = 3.5 x 

10-9 cm2 (let us round to 10-9 cm2 for convenience). A commercial UV/Vis/NIR absorption spectrometer 

has an excitation spot of order 100 cm2. The difference between these two approaches is emphasized by 

considering the fractional absorption of a single AuNR in both instruments. The fractional absorption by 

the nanoparticle is 10-10/10-9 = 0.1 in the hypothetical single-particle microscope, or 10-10/100 = 10-10 in the 

commercial UV/Vis/NIR spectrometer. One of these measurements is possible even the presence of 

substantial background absorption, while the other is impossible under any circumstances. The same type 

of comparison illustrates how difficult it is to measure absorption from single molecules. Molecular 

absorption cross-sections are σabs ≈ 1 x 10-16 cm2.28 The several orders of magnitude difference between 

the size of the diffraction-limited focused excitation beam spot (10-8-10-9 cm2) and the molecule’s 

absorption cross-section means that the largest extinction possible from a single molecule is only 10-8 to 

10-7, under ideal conditions. Reaching the single-molecule limit of ΔT = 0.000001 % with a transmission 

measurement requires heroic efforts to minimize all sources of noise after focusing the beam to a 

diffraction-limited spot, and although technically possible,29 is not practical.  

A major exception to this 10-8 extinction rule of thumb is that at temperatures near absolute zero 

the freezing out of phonons will cause molecular electronic peaks to collapse into a far narrower zero-
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phonon line. Zero-phonon lines have a sharp peak (on the order of 10 MHz) with a maximum absorption 

cross-section 104- 105 larger than the molecule’s homogeneously-broadened absorption peak at room 

temperature. The very first optical single-molecule experiment3 exploited zero-phonon lines. This result 

used frequency-modulation spectroscopy to enhance detection limits; the same technique will be applied 

in our research, albeit in a somewhat different manner, and will be discussed in the second chapter of this 

thesis.  In this first report and in later experiments a molecule can be made to absorb a significant fraction 

of the excitation beam, for example 30% in contemporary work.30 However, little chemistry or biology 

happens at 4 K, putting a grievous limitation on the possible types of samples that can be analyzed. In 

order to maintain our focus on chemistry under ambient conditions, we will not consider any experimental 

configurations that require cryogenic temperatures or ultrahigh vacuum. 

In response to the difficulties associated with single-molecule (SM) absorption spectroscopy, SM 

fluorescence spectroscopy has emerged over the previous two to three decades as a major area of 

research in chemistry and especially biochemistry. Although the very first report31 of SM fluorescence 

involved cryogenic temperatures, the overwhelming majority of experiments since then have been at 

room temperature.  The key concept that enables SM fluorescence is the Stokes shift.28 Because the rate 

of vibrational relaxation to the ground vibrational level of the electronic excited state is extremely fast 

(10-12 s) compared to the rate of fluorescence decay for a typical chromophore (10-9 s), emitted photons 

are at significantly redder wavelength than excitation photons. Scrupulous optical filtering of the light 

collected from the excitation volume allows for isolation of the weak SM fluorescence from the much 

stronger excitation beam. This technique is so successful that single molecules can be seen with the 

unaided eye; in fact, this is a demo that our research group routinely performs. The combination of long-

pass optical filters with extremely potent stopbands and low-noise single-photon-counting detectors has 

made possible the single-molecule sensitivity enabled by fluorescence spectroscopy. Single-molecule 

fluorescence spectroscopy possesses a powerful combination of non-invasiveness (far-field optical 
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method at ambient temperature/pressure) combined with high signal-to-noise (enabling real-time 

tracking, polarization anisotropy, FRET, etc.) As a result the Nobel Prize in Chemistry in 2014 was awarded 

to Moerner, Betzig and Hell for the development of super-resolution microscopy, of which single-molecule 

fluorescence spectroscopy plays a significant role. 

However, there are several drawbacks to using fluorescence as a readout. The vast majority of 

molecules are not fluorescent because the rate of non-radiative relaxation dominates over the 

fluorescence emission rate. In most experiments the molecule or protein of interest has to be covalently 

labeled with a fluorescent dye, complicating the experimental procedure and potentially perturbing the 

functionality of the system. Fluorescent molecules under optical excitation spend a lot of time in the 

excited state, and are thus highly vulnerable to oxidation and to intersystem crossing into long-lived triplet 

states. The former problem (photobleaching) results in irreversible and complete quenching of the single-

molecule signal. This limits the total number of detected photons in an optimized dye to about 106.32 The 

latter problem of “blinking” results in erratic periods of zero emission. An unfortunate compromise has to 

be reached between signal-to-noise (optimized with high fluorescence fluence and thus high excitation 

intensity) and observation time (optimized with low excitation intensity). Another complication is 

fluorescence quenching.  On example where quenching is particularly damning is in the study of 

conjugated polymers, where the injection of a single charge carrier will quench fluorescence within a 

substantial radius.33 As a result conducting polymers, a rich set of molecules with complicated nanoscale 

structure and polaron energetics, have never been studied with single-molecule spectroscopy. 

Another pressing issue in single-molecule spectroscopy is the need to learn useful information 

about the targeted molecule. SM fluorescence techniques can provide a wealth of information about 

conformation and dynamics.28 However, information about electronic states of the target molecule is 

complicated by interpretation of the relaxation dynamics of the molecule. Emission spectroscopy 

(excitation with a fixed wavelength and collection with a spectrometer) enables identification of the 
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distribution of LUMO levels in single molecules at cryogenic temperatures.34,35 However, the already weak 

fluorescence signal has to be divided over the number of points in the spectrum, hurting the achievable 

signal-to-noise. Signal-averaging away this problem doesn’t work because of photobleaching. 

Fluorescence excitation spectroscopy (excitation with a tunable laser and colorblind detection) is more 

technically challenging, only being achieved at room temperature quite recently,36,37 and provides 

information about any excited states that decay to an emissive state. The heterogeneity of individual 

molecules is immediately apparent in the huge range (>100 nm) in differences in excitation spectra 

maxima.36 This approach is a less direct method to determining a molecule’s absorption spectrum; for 

example, any state that decays non-emissively is missed in this approach.  

Of the thousands of papers published on single-molecule spectroscopy under ambient conditions, 

all but a handful have used fluorescence. There are so few reports of non-fluorescent single-molecule 

spectroscopy at room temperature that we can briefly discuss them all here. Figure 1 illustrates the optical 

transitions involved in these various techniques. Sandoghdar and coworkers detected29 single dye 

molecules on a clean surface in a transmission measurement (Figure 1a) through balanced detection. This 

approach essentially scales down a conventional double-beam absorption spectrometer to use a 

diffraction-limited laser beam. Fractional transmission is detected by a pair of balanced photodetectors, 

and each of the four detectors images at a different, fixed wavelength or optical path. Single absorbing 

molecules are readily imaged, with contrast most notable by probing at two different wavelengths 

simultaneously. However, even strong dye molecules with σabs >10 x 10-16 cm2 require some signal 

averaging to reliably detect and the experiment is already shot-noise-limited. Using balanced detection 

and probing changes on the order of 10-6 to 10-7 in ΔT/T makes it really hard to tune the wavelength. 

Further, tuning polarization will also affect the balancing ratio making this method a non-robust tool for 

characterizing molecules. While this result is profoundly impressive and elegantly simple, it does not 

appear to be a viable route to a general-purpose single-molecule absorption spectrometer.  
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Xie and coworkers38 detected single molecules through ground state depletion, using a pump 

beam to keep the molecule in the excited state a substantial fraction of the time. The transmission of a 

second probe beam is monitored to detect absorption. The pump beam is modulated at low MHz 

frequencies, allowing for lock-in amplification of the probe beam transmission through modulation 

transfer. The depth of modulation for a single dye molecule at λmax (~ 1 x 10-7) is actually less than the shot 

noise from a single linescan (2.1 x 10-7) although signal averaging for 1300 ms recovers a signal to noise 

(S/N) ratio of 3. This experiment used a strong dye (σabs = 5 x 10-16 cm2) with a long excited-state lifetime. 

For a more representative chromophore, consider the humble industrial dye cobalt phthalocyanine 

 

Figure 1: Energy-level diagram of single-molecule spectroscopic methods.  

(a) Extinction. Measurement of extinction of the excitation beam by excitation from S0 to S1 (or other 

states). (b) Fluorescence. Rapid non-radiative relaxation to the ground excited S1 state followed later 

by radiative emission. (c) Raman. Inelastic scattering of an excitation beam results in emission of light 

with a wavelength longer (Stokes) or shorter (anti-Stokes) than that of excitation light. (d) 

Interferometric scattering (iSCAT). Elastic scattering of incident light is detected after heterodyning 

with the scattering background. (e) Photothermal. Non-radiative relaxation results in a local 

temperature increase that is detected optically. (not shown) Ground state depletion microscopy.  
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(CoPc)39 with an extinction coefficient of  σabs = 1 x 10-16 cm2 and excited-state lifetime of τexc ~ 3 ps.39  

Metal phthalocyanines, and their close cousins metal porphyrins, are ubiquitous in living organisms.40 In 

Xie’s experiment, this typical molecule would give a probe beam contrast of 1.2 x 10-10, requiring 1,380 

minutes of continuous excitation to achieve a S/N ratio of 3. Increasing the probe and pump powers 100x 

(to 35 mW each) suggests a contrast of ~ 1 x 10-8, still requiring 120 s of averaging and absorption of >1012 

photons to achieve 3:1 SNR. This ground state depletion technique, while an impressive technical 

achievement, does not appear to be a fruitful route forward for non-emissive molecules. 

Another competing SM technique is iSCAT (interferometric Scattering), recently pioneered by 

Kukura and Sandoghdar.41-43 In this approach (Figure 1d), the weak scattered field from a single protein 

interferes with the much stronger field reflected at the surface of the substrate (a glass microscope 

coverslip). The intensity of the scattered field contains an interference term proportional to the product 

of the molecule’s reflectivity (extremely small) and the air-glass interface reflectivity (significant). Not only 

detection but high-speed tracking of single protein motion has been demonstrated.44 Nonetheless, there 

remain some serious challenges. While all single-molecule experiments must deal with impurities and 

contamination, these issues are particularly grave when detecting scattered light as the signal. Every 

molecule scatters light, so it is hard to envisage how this technique will ever be applied to specifically 

detect small molecules. There is also very little information obtained about the analyte. Lacking spectral 

characterization, the only information that can be extracted is the particle’s polarizability, which can be 

related to the mass of the particle with some assumptions. Finally, scattering is proportional to the sixth 

power of a nano—object’s radius, making it harder to scale down to small molecules than absorption.21 

While interferometric scattering can be very useful for label-free tracking of single molecules, it is not a 

replacement for single-molecule absorption spectroscopy. 

Near-field scanning optical microscopy (NSOM) is a technique that was very popular in the first 

years of single-molecule spectroscopy.45 While the ability to focus light to a spot far smaller than the Abbe 
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diffraction limit is invaluable for single-molecule spectroscopy, the other experimental complications are 

serious. First, only the surface of a system can be probed with NSOM. Second, the spot size is very 

dependent on the focus, requiring nanometer stability and approach distance.46 Light transmission 

through the narrow tip aperture is also quite low and the material being investigated needs to be quite 

flat given the proximity of the tip to the surface.  Contrast is a function of topography, adding further 

complication to interpretation of data. Single-molecule resolution in Raman spectroscopy (Figure 1c) is 

possible through a near-field probe (TERS) or through surface-enhanced Raman spectroscopy (SERS). 

While the spectral fingerprint from a Raman spectrum is a powerful tool for characterization, the huge 

plasmonic enhancement required to achieve single-molecule SERS is only found with random clusters of 

silver nanoparticles interacting with organic dyes.47-50 This intense plasmonic field, necessary to reach SM 

resolution, is potentially quite perturbative. Finally, Raman measurements are complementary to 

absorption measurements, largely probing different aspects of the molecule’s structure and energetics.  

A rather different approach was taken by Orrit, Lounis and coworkers.21,51 In fealty to the law of 

conservation of energy, a nonluminescent nanoparticle or molecule must dissipate energy from optical 

excitation as heat. This heat flow, on the order of nW for a strongly pumped single molecule and 

significantly larger for a metallic nanoparticle, creates a localized hotspot in the surrounding material. In 

photothermal (Figure 1e) microscopy this hotspot can be measured with a second laser focused onto the 

same spot. The second laser, referred to as the probe beam, is scattered from the hotspot because of the 

change in refractive index of the material with temperature. In 2002 Orrit et al. reported detection of 

single gold nanoparticles (σabs = 8 x 10-14 cm2) with a 3-beam photothermal technique.20 Lounis et al. 

provided a key improvement in 2004  by intensity modulating the pump beam and measuring the resulting 

frequency sidebands on the probe beam, simplifying the experiment and improving detection limits to 

near single-molecule levels(σabs = 10-15 cm2).52 In 2010, Orrit et al. made the final leap and obtained high 

S/N in detection of dye molecules at room temperature,51 and photothermal imaging of several different 
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molecules is shown in the SI of that work. However, the authors acknowledge a few critical drawbacks. 

The incident optical intensity has to be quite high, 5 x 106 W/cm2 for exciting single molecules of BHQ1 

and 3.5 x 107 W/cm2 to probe the resulting photothermal hotspot. Each molecule must cycle through 

excitation and dissipation in just 25 ps (15 nW /(3.9 x 10-19 J/photon) ), so that upon dissipating excitation 

energy the molecule immediately absorbs another photon. The authors do not attempt to record an 

absorption spectrum, and this would be quite difficult in practice because the two laser beams need to 

remain tightly coaligned over the wavelength range of interest.22 Chromatic aberration in both microscope 

objectives would be an issue here. Most importantly, the experiment requires immersion in glycerol to 

maintain a sufficiently high dn/dT. Water, for example, is not usable because of the low dn/dT at room 

temperature. Yet in contrast to the other techniques described above, the problems in this experiment 

sound tractable. Glycerol immersion of the sample is only necessary because of signal/noise 

considerations. Acquiring an absorption spectrum is difficult in this geometry, but would be far easier if 

the photothermal hot spot was detected in a different way. It is with these thoughts in mind that we set 

out to build our single-molecule absorption spectrometer. 

 

1.3  In search of the ideal SM thermometer 
 

Taking the experiments of Orrit and Lounis as a jumping-off point, let us discuss the requirements 

for a single-molecule absorption spectrometer. Most importantly, the detection limit of the photothermal 

transduction step must be greatly enhanced.  Further, the new detection scheme should be adaptable to 

different systems: molecules in air, molecules in films, and molecules in aqueous solution. To achieve 

single-molecule resolution, Orrit et al. needed to immerse molecules in glycerol, which motivates us away 

from using this photothermal scattering technique for our spectrometer. Instead, we will rely on a very 

different sort of detector, which maintains extreme temperature sensitivity despite a relatively small 
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dn/dT. To detect a tiny heat flow from a single molecule, the detector must have a small detection volume, 

to maximize the temperature change from the minuscule single-molecule heat source. To summarize, we 

need an exquisitely sensitive microscale thermometer that functions under ambient temperature and 

pressure.  

What are the most impressive thermometers currently available? The most sensitive 

thermometer known employs SQUID (Superconducting QUantum Interference Device) magnetometry to 

reach sub-nanoKelvin sensitivity, but only operates at liquid helium temperatures  (~4 K)53,54. Recently, at 

room temperature, Luiten and coworkers55 used the shift of resonance frequencies in millimeter-sized 

optical resonators to reach 80 nK/√�� sensitivity. In this sensor, a change in 80 nK corresponds to a shift 

in the optical cavity’s resonant wavelength of 1 attometer (10-18 m) with a probe wavelength of 1 µm, 

giving a noise floor of 1 part in 10-12.  However, this particular optical resonator confines light to a volume 

of 4 x 10-6 cm3, making it too large to be an effective single-molecule detector. The apparatus needed to 

reach such a detection limit is quite complicated as well. It requires simultaneous locking of two different 

laser wavelengths to the resonator and pre-stabilization of the resonator temperature with a macroscopic 

heater before locking the resonator temperature by adjusting the power of the coupled probe beam. 

Juggling four simultaneous feedback loops is not trivial. The experiment of Luiten and coworkers does 

serve to illustrate the extreme sensitivity possible with optical resonators, a development exploited 

recently in the first detection of gravitational waves with a kilometer-scale optical resonator.56 To measure 

single nanoparticles and molecules we chose to miniaturize the WGM optical resonator, exploiting 

microscale WGM optical resonators which have been used for a variety of thermal sensing 

experiments.57,58  
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1.4  Sensing with optical resonators 
 

This thesis will discuss the successful deployment of these microscale WGM optical resonators for 

single-particle spectroscopy. Our ultimate aim is a general-purpose single-molecule absorption 

spectrometer, although we came just short of this goal during my thesis. The use of optical 

microresonators as single-particle spectrometers motivates a discussion of their properties. An optical 

microresonator is any optical configuration that confine light for multiple passes to a one-cycle path length 

of 10-1000 μm. Resonance occurs when the round trip path length of the resonator is equal to a whole 

number of wavelengths. Resonators are used to build up optical intensity, acting as a sort of light bucket, 

with the most familiar example being laser cavity resonators. Indeed, some of the lowest threshold lasers 

on record are made from the exact type of microresonator used in this thesis.59-61  

Microresonators are often used for sensing because light passes through the resonator volume 

for many roundtrips, allowing repeated sampling of a proximal analyte. Sensing occurs when a physical 

property of the resonator is affected by the analyte, which might be a single protein or the local humidity. 

The two most common resonator configurations are a Fabry-Perot resonator (Figure 2) and a ring 

resonator (Figure 2). Monolithic ring resonators are referred to as Whispering-Gallery Mode (WGM) 

resonators after the acoustic phenomenon with the same origins.62 A whispering gallery is a circular (or 

semi-circular) wall where sound waves propagate with low losses along the inside edge of the circle, 

allowing for one person to whisper and another to hear across a great distance. As in other types of 

waveguides, light confinement in WGM resonators is achieved through total internal reflection (TIR). Light 

can be confined to a region of higher refractive index as long as the propagation vector maintains a 

sufficiently small angle relative to the interface between media. The most familiar type of waveguide is 

the humble fiber optic cable, which is so heavily optimized that it can transmit light with losses as low as 

0.2 dB per kilometer.63 In a fiber optic cable, light is confined to a core layer of doped glass surrounded by 
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a cladding layer of glass with slightly lower refractive index. The cladding layer can also be air, as in the 

air-guided optical fiber tapers and WGM resonators used in this thesis. Coiling a fiber optic cable into a 

loop produces a simple optical resonator. The simplest ring resonator, made from a length of optical fiber 

coiled into a loop, can be used for sensing.64 WGM resonators, the monolithic analog of the fiber loop 

resonator, come in a variety of shapes and size (Figure 2). The choice of materials, size, and geometry 

depends on the application. The first dielectric optical ring resonator was proposed theoretically in 1939,65 

many decades before fabrication techniques suitable for optical frequencies became available.66,67 WGM 

microresonators find important applications in cavity optomechanics,68-71 and single-particle or single-

molecule sensing.56,72-75 Given the immense variety of optical microresonators available, how do we know 

which type will be most suited to our needs? 

The simplest figure of merit is Q/V, where Q is the Q-factor and V is the mode volume.  The Q-

factor determines the average photon lifetime in the resonator, and can be experimentally characterized 

by the sharpness of the coupling efficiency as a function of wavelength. The Q-factor is defined by Q = λ0 

/λFWHM where λ0 is the resonant wavelength and λFWHM is the full-width at half-maximum of the resonance. 

This integer multiple condition enforces constructive interference between successive reflections inside 

the cavity. How strictly this condition is met is determined by the number of roundtrips for the average 

photon. Conversely, wavelengths that are not integer multiples of the optical path length will grow 
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increasingly out of phase and begin to destructively interfere with themselves. The reader can convince 

themselves by adding up two sine waves of slightly different frequencies and noting how many cycles it 

takes for them to grow out of phase as a function of frequency detuning. Propagating for only a few cycles 

results in the two waves being largely still in phase and constructively interfering regardless of frequency 

difference; this is analogous to the broad spectral linewidth of a resonator with a low Q-factor. By contrast, 

if the two waves propagate for a vast number of cycles, then eventually even two very similar frequencies 

that are initially in phase will end up with a random phase relationship and  average just as much in-phase 

as out-of-phase, resulting in no net constructive interference. Therefore a low-loss resonator (high Q-

factor) can only be coupled to when the probing laser is tuned within a very narrow range of wavelengths 

centered on the resonant wavelength. The higher the Q-factor, the more precisely λ0 can be determined, 

making the Q-factor a critical contributing factor to the detection limit of any WGM-based sensor. Finally, 

 

Figure 2 : Types of optical microresonators.  

This figure shows the most common varieties of optical microresonators. (a) Microsphere. (b). toroid. 

(c) microdisk. (d) Fabry-Perot cavity. (e) microbottle. (f) microring. 
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the mode volume V is simply the volume occupied by light resonant inside of a microresonator. A smaller 

mode volume is better, all other things being equal, by decreasing the volume of material that must be 

heated by the single-molecule photothermal heat source in our experiment in order to see a measureable 

response. 

To better understand our requirements, we will first discuss the possible mechanisms for sensing 

with optical resonators. Broadly speaking, there are four methods of sensing with optical microresonators. 

The most widely-used sensing modalities is change in refractive index. The resonance wavelength is 

linearly proportional to the refractive index of the material where the light is resonating:  

 �� = ��			(�� = 2	��	���	���) 
1.2 

where L is the roundtrip length, m a positive integer, n the refractive index, and R the physical radius of 

the resonator. Refractive index is a material property, and can inform on change to the composition of a 

resonator or more commonly to the immediate environment of the resonator. This is because 

microresonator resonant modes either propagate through the sensing medium, so-called open-access 

microcavities,76,77 or have an evanescent tail extending some hundreds of nm into the surrounding 

medium. An analyte that enters the microresonator’s mode volume will almost surely have a higher 

refractive index than the surrounding medium. The resulting increase in effective refractive index of the 

resonator changes the resonance wavelength by an amount proportional to the excess polarizability of 

the analyte compared to the pristine microresonator. This effect is referred to as the reactive mechanism. 

Refractive index is also sensitive to temperature, and in certain materials to the presence of electric 

fields.78 The shift in WGM wavelength upon binding of an analyte is typically rather small. For example, a 

large protein like BSA (bovine serum albumin) will shift a microresonator by approximately 40 attometers 

(5 kHz).79,80 Given that microresonators are typically probed at an optical frequency of 1550 nm (192 THz), 

this is an extremely subtle shift of 10-11 of the resonance wavelength. Detection of such events would not 
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be possible without the exceptionally high Q-factors of WGM resonators; and even then, detection 

requires plasmonic enhancement80-83 or optomechanical coupling.84  

The flip side to having extremely high sensitivity for resonance shift is that various sources can 

appear and complicate the measurement of the desired property, including exotic issues like 

ponderomotive noise and radiation pressure noise.85  A lot of active research in the WGM sensing 

community involves different methods of measuring small resonance shifts in various elegant ways.  

Recent advances include self-referencing by using a second microresonator not exposed to the analyte,86-

88 interferometry with light not coupled into a microresonator but experiencing a similar path length,87,89,90 

variation in the beatnote frequency between two lasing modes,75 differential shift of TE and TM modes to 

shift in refractive index91-93, shifts in mechanical resonance frequency,84 Pound-Drever-Hall wavelength 

locking,94 detection of backscattered light,95 and heterodyning of the probe laser.96  

In addition to the refractive index, the optical path length of the microresonator is determined by 

the geometrical size. A change in the physical dimensions of the resonator will cause a shift in the 

resonance wavelength, an effect that helped spawn the field of cavity optomechanics. For example, 

polymer microspheres are deformable, a property exploited for magnetic sensing.97 With few 

exceptions,98 solid-core silica microresonators are rarely used to sense deformation caused by external 

forces because of low compressibility in silica. However, the coherent electrostriction induced by radiation 

pressure of circulating light has been fertile ground for cavity optomechanics.69-71 Given that (to my 

knowledge) there have been no reports of single particle or single molecule detection resulting primarily 

from a change in size of the resonator, we did not consider using this method of sensing in our 

photothermal experiments.  

Another common method of optical sensing, especially in the mid-IR, is cavity ringdown 

absorption spectroscopy. The presence of an absorbing analyte is deduced from the decrease in cavity Q-

factor. This idea has been extended to work with WGM optical microresonators.76,99,100 In a resonator, the 
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losses may come from absorption or from increased scattering losses by a binding nanoparticle.86 Q-

spoiling can be measured in the time domain (as cavity ringdown time) or frequency domain (through 

changes in the resonance linewidth). Although this was originally suggested to be a viable route to near-

single-molecule absorption spectroscopy,101 subsequent work has generally shown this approach to be 

less successful than the reactive mechanism.  

A final sensing modality involves a property that is more or less unique to optical microresonators. 

Because of the small mode volume compared to macroscopic resonators, it is often possible to observe 

splitting between a pair of otherwise degenerate modes in WGM microresonators. Specifically, any 

particular WGM mode is actually two modes that are either symmetric or antisymmetric with respect to 

the largest source of dielectric perturbation in the mode volume (Figure 3b,c). This might be a fabrication 

defect,102 with a splitting energy of only a few MHz. The WGM with an antinode on top of the defect will 

experience either higher or lower optical path length, depending on whether material is missing or added. 

One method is to measure the change in splitting frequency, which is shifted by deposition of single 

nanoparticles.103 Another method is to make the toroid lase, and the resulting beatnote between the two 

non-degenerate symmetric and anti-symmetric frequencies is both measurable (at MHz frequencies) and 

a means of sensitively detecting single nanoparticles.104 A final quirk is the potential for thermal bistability 

caused by the high Q-factor achievable with silica WGM microresonators. Thermo-optic shifts induced by 

absorption of coupled light are very sensitive to absorption losses in the resonator, and the degree of this 

thermo-optic effect at constant input power has been used to calculate the thickness of a ~ 1 monolayer 

coverage of water.105 

Are we any closer to picking out a microresonator and a sensing mechanism? We know that small 

mode volume (small V) will help us by decreasing the heat capacity of our thermometer. The most well-

established sensing mechanism looks for change in the refractive index. The ultrasensitive macroscopic 

WGM thermometer of Luiten et al.92 used this mechanism. The ratio of the thermo-optic coefficient 
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(dn/dT) to the thermal expansion coefficient (dL/dT) for a given material tells us whether we should 

monitor changes in n or L. In practice, it is difficult to measure these two changes distinctly, so we most 

likely don’t have to worry about the distinction. The other two methods—Q-spoiling and mode splitting—

are not really affected by a local heat source, especially if the heat source is very small. Further, these 

methods are much less popular in the literature and so there are fewer published techniques that can be 

used to enhance detection limits. Detection of the photothermally-induced shift in the resonator’s 

 

Figure 3: Toroid Microresonators and WGMs. 

 (a) SEM (scanning electron micrograph) of a toroidal optical microresonator of typical dimensions 

used in this work. The dark region is silica (thermal oxide) and the lighter region is silicon. (b) Cartoon 

of whispering gallery mode electric-field amplitude. The rim of the toroid is shown with black dashed 

lines. A nanoparticle is shown as black dot at top. This mode is antisymmetric. (c) Symmetric WGM 

mode. (d) Finite-element simulation of the fundamental WGM propagating in the rim of the toroid.  
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refractive index is therefore the best strategy. Therefore, we also know that optimizing the Q-factor is 

important. We need to have as high a resolution as possible for changes in refractive index. Measuring 

small changes in λ0 is required, and a major factor in doing this is the linewidth of the resonance at λ0. This 

is the Q-factor. So, our sensitivity is proportional to Q/V. Further, a material with high dn/dT is optimal. 

Finally, because molecular absorption cross-sections are very small, the material of the resonator must 

be extremely transparent to any wavelengths we want to do spectroscopy at. Which type of 

microresonator fits all of these requirements?  

 

1.5 Previous sensing experiments with toroidal microresonators 
 

On-chip, toroidal microresonators106 are one of the most widely employed types of WGM sensors, 

owing to the their combination of ultrahigh (>108) optical Quality factor (Q-factor) and low mode volume 

(~ 3 x 10-10 cm3). The ratio of Q/V (where V is mode volume) allows the buildup of exceptionally high 

circulating power, allowing observation of striking effects like Raman lasing in undoped silica,74,75 phonon 

lasing69 and laser cooling of a mesocopic resonator to nearly the quantum ground state.107  A thermal 

reflow process (Chapter 3) ensures a nearly-atomically-smooth surface, minimizing surface losses, while 

the high transparency of fused silica108 minimizes absorption losses. Radiation losses do not limit Q-factors 

for toroids with R > 15 μm in air109 and R = 40 μm in water.110 In fact, the limiting factor for the Q-factors 

of toroidal optical microresonators under ambient conditions is O-H overtone absorption by a surface 

monolayer of water to 2-4 x 108.111,112 In practice Q-factors are more typically 1-2 x 107, limited by 

fabrication or contamination. These resonant linewidths at 1550 nm are 8 fm (Q = 2 x 108) and 80 fm (Q = 

2 x 107). As we will show in later chapters, even a much lower Q-factor can be used for sensing given the 

right detection setup. 
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The virtues of toroid microresonators for single-molecule sensing has not gone unnoticed by the 

community. In the past 4 years, single-molecule detection of unlabeled proteins has been demonstrated 

by three different research groups using WGM optical microresonators.72,73,84 Using either plasmonic 

enhancement or optomechanical transduction to reach this detection limit, researchers were able to 

detect binding from single proteins or DNA oligomers. There is a fundamental limitation with this 

approach, though. In all of the experiments, the only observable is the reactive shift caused by excess 

polarizability from the binding molecule. On top of that, the highly nonlinear dependence of resonance 

shift on binding location makes the molecule’s polarizability a fuzzy number. Binding kinetics can be 

inferred, and with some assumptions, a loose estimate of the macromolecule’s mass from the 

polarizability. In contrast, our method obtains an absorption spectrum, potentially permitting 

identification and characterization of individual nanoparticles and ultimately molecules.  

Silica, the material toroids are composed of, is unfortunately, not the best material for 

photothermal sensing. The temperature dependence of the refractive index is both weak and linear, and 

so we can use a Taylor expansion to calculate the resonance shift as a function of temperature: 

 Δ� = 
� � � ∗ Δ� = 
� � � ∗ Δ" ∗
#�
#" 1.3 

λ0 and n0 are constants (typically 1.55 μm and 1.44, respectively) while dn/dT for fused silica is 8.6 x 10-6 

K-1.113 The thermal expansion coefficient of fused silica is small114 compared to the thermo-optic 

coefficient, contributing only 8% to the temperature dependence of resonance wavelength shift. We 

typically neglect this thermal expansion from calculations of resonance shift, a common practice in this 

field.89,112,115 The toroid will change resonance frequency in response to temperature with a tuning slope 

of 9.3 fm/mK. Increasing dn/dT is one avenue to improving the possible detection limit of this experiment. 

Comparing to the SM work of Orrit et al.51, silica is 158x less sensitive than glycerol. Glycerol has a higher 

refractive index than that of fused silica, so that toroids will not function when immersed in glycerol. In 
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passing, I note that WGM microresonators made entirely from droplets of glycerol were first 

demonstrated during the writing of this thesis.116  

Toroid microresonators also satisfy our other figures of merit. A typical toroidal microresonator 

(Figure 3) has a major radius of 25 μm, minor radius of 2 μm, and a mode volume of ~ 300 μm3 as 

determined from the finite-element simulations of Oxborrow.117 Independent confirmation of the mode 

volume is obtained from directly imaging WGMs.118-120 The other types of resonators with similar Q-factors 

are microspheres (Figure 2) and macroscopic microdisks. Microspheres have mode volumes roughly an 

order of magnitude larger,121 because WGM modes are not confined in the polar dimension (Figure 2). 

Millimeter size CaF2 disk resonators possess unbeatable122 Q-factors exceeding 1011 but the huge increase 

in mode volume renders them impractical for our purposes. Lastly, let’s consider the material choice. 

Toroids are made from silica, a material with transparency from ~ 400 nm-2000 nm. Losses at near-

infrared wavelengths are particularly low with a minimum near 1500 nm.108,123 A complication is that the 

microresonator is supported by a silicon pillar and a silicon substrate, a material with notoriously strong 

absorption of visible and near-IR light. This potentially crippling issue has two solutions, both of which will 

be discussed in later chapters. The photothermal sensitivity of silica is also not ideal. An ideal material 

would have a much higher thermo-optic coefficient without sacrificing optical transparency, a 

requirement that is difficult to satisfy in practice. Further, the fabrication and use of toroidal optical 

microresonators had already been demonstrated widely before the beginning of this project, and for the 

reasons outlined above the toroid became the heart of our proposed single-molecule absorption 

spectrometer.   
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1.6  Putting it all together 
 

We should begin the discussion of building the toroid microresonator absorption microscope with 

the most basic question: How are we exciting the targeted molecule or nanoparticle, and how are we 

measuring the heat it dissipates? Perhaps the simplest scheme would be to excite the molecule by 

coupling light into the microresonator via tapered fiber. This design has the virtue of simplicity (we had to 

couple into the microresonator anyway to probe resonance wavelengths) and the transverse confinement 

of the fundamental whispering gallery mode (Figure 3d) is nearly diffraction limited. Loock and 

coworkers100 used this method to measure thin films of ethylene diamine by simultaneously probing the 

amplitude and phase shift of backscattered light as well as the phase of transmitted light. Rosenberger et 

al. used taper excitation with a tunable microsphere-derived WGM resonator to trace out a single 

rotational absorption line in various gases.124 There are drawbacks to extending this approach to 

absorption spectroscopy, however. For one, the entire mode volume is excited simultaneously, making it 

impossible to localize absorbers by their spatial dependence and confirm that only one molecule is being 

measured at a time. For another, only a tiny fraction of the power coupled into the resonator is available 

for excitation, because the fraction of light propagating outside the silica is less than 1% (Chapter 9). The 

free spectral range (FSR) of a toroidal microresonator is later shown to be of order 1-10 nm, limiting the 

achievable spectral resolution. At the same time, the coupled laser must be narrow-linewidth (sub-MHz) 

and widely tunable (several THz) with very high tuning resolution (kHz precision) AND be continuous-wave 

because pulsed lasers strongly perturb toroids125 and have a very low duty cycle (< 10-5). I am not aware 

of any light sources in existence that satisfies all of these requirements. Additionally, the polarization of a 

WGM cannot be tuned, a grave loss because polarization offers a lot of information; for example, 

characterizing the structure individual conjugated polymers13 and locating single absorbers.126 The 

combined limitations to our three primary tools of spatial, wavelength, and polarization characterization 

conspire to make WGM excitation impractical for our single-particle or single-molecule experiments. 
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This suggests that free-space excitation is highly preferable. A number of previous experiments 

have involved interaction between a focused free-space laser and toroid or microsphere microresonator. 

The taper can be used to collect light resonantly scattered into the toroid by single scattering 

nanoparticles.127 Ganta and Rosenberger128  used an unfocused laser to heat a microsphere located inside 

of a vacuum chamber. Benson et al.129,130 physically coupled a single nanodiamond onto a plastic 

microsphere and monitor the free-space excited, free-space collected luminescence intensity. 

Sandoghdar et al.131 used a confocal laser scanning microscope to excite single luminescent nanoparticles 

on a microsphere’s surface. It should be noted that we were not aware of any of these works during the 

initial development of our instrument, which was a mixed blessing. However, none of these reports 

involved a tunable excitation source; further, none of them aimed at measuring absorption by the target. 

Most importantly, none of these techniques used photothermal dissipation to decode information about 

an absorber on the microresonator’s surface and measure the resulting heating of the mode volume. 

Throughout the course of this thesis I will discuss the design, construction, and results of our 

toroid microresonator absorption spectrometer. The experimental setup is briefly discussed here. Figure 

4 is a rendering of the apparatus. Resonant wavelengths of the toroid are monitored with a fiber-coupled 

laser, referred to hereafter as the probe laser. This beam does not significantly interact with any analytes 

on the surface of the toroid, due to the location, low coupled power (~ 1 μW) and long wavelength (~ 1.55 

μm). Light is evanescently coupled into the toroid via this tapered optical fiber (Figure 4a) (see Chapter 2 

and 3 for more details). Simultaneously, a free-space beam is focused down onto the top surface of the 

microresonator (Figure 4b) and used to excite single analytes. The position, polarization, and wavelength 

of this beam is tuned until absorbing nano-objects are found. This beam is hereafter referred to as the 

pump beam. Spectra are recorded by tuning the wavelength of the pump beam while monitoring the 

toroid resonance wavelength with the probe beam. If the targeted nano-object is transparent to the pump 

wavelength (Figure 4b), then nothing happens when the pump beam is focused on it. Conversely, if the 
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target absorbs pump photons, then heat is dissipated by nonradiative relaxation (Figure 4c) and the toroid 

resonance wavelength shifts. The experimental observable is a shift in λ0, and the desired variable is σ(λ). 

A Micrograph of the coupling setup is shown in Figure 4. Details of the coupling setup will be given in 

Chapter 2. 

Converting the amount of light absorbed by a target nano-object into a temperature change of 

the toroid is not trivial. Heat produced by a point source on the surface of the resonator will diffuse 

through the somewhat complicated geometry of the microresonator, at a rate that rapidly increases in 

  

Figure 4: Rendering of microresonator absorption spectrometer. 

(a) A fiber-coupled probe beam (blue) is evanescently coupled into the toroid. A single nano-object 

(black sphere) is randomly deposited onto the toroid surface by spincoating. (b) The nano-object is 

pumped with a focused free-space laser (red). (c) If the nano-object absorbs light from the pump laser, 

it dissipates heat into the toroid in proportion to its absorption coefficient at the pump wavelength. 

(d) Micrograph of the setup. The pump objective (top) is pulled back from the chip, which is resting on 

a 3-axis piezostage. The sideview objective is visible at right, as is the tapered optical fiber that 

straddles the silicon wafer chip. 
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the regions composed of silicon. In fact the silicon support pillar and substrate act as a heatsink, making 

the equilibrium temperature of the resonator depend strongly on the distance of the heat source from 

the silicon pillar. We have developed numerical simulations (COMSOL Multiphysics) to treat this problem, 

and verified them by focusing a visible laser onto the microresonator. Chapter 4 discusses the results of 

this important calibration experiment.132 Chapter 5 offers further validation of the finite-element 

numerical simulations with characterization of the absorption cross-section of multiwalled carbon 

nanotubes (MWCNTs).133 Ultimately the simulation is used to convert the observable (average resonator 

temperature via resonance shift) to the desired parameter (absorption cross-section) by determining the 

effect of a given amount of dissipated heat on the microresonator temperature. The following equation 

calculates the absorption cross-section: 

 $%&' = ()*+,-%.
/01)23%. ∗
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where Pthermal is the dissipated heat calculated from the resonance shift by COMSOL simulations, Ioptical is 

the intensity of the pump beam and is easily measured, and the fluorescence quantum yield φluminescence is 

~ 0 for all systems measured in this thesis. Fortunately the photothermal effect is linear over multiple 

orders of magnitude132 (Chapter 0) and so the simulation does not have to be rerun for every experimental 

data point, since it can be simply scaled to the observed resonance shift.  

It is important to calculate the expected single-molecule photothermal signal. Early in this chapter 

we derived the fractional extinction as ~ (1 x 10-16 cm2)/(~5 x 10-9 cm2). Increasing excitation power will 

increase the dissipated heat until optical saturation is reached, as calculated by Equation 1.5  

 /' = ℎ:
2$; 

1.5 

where Is is saturation intensity, h is Planck’s constant, ν is optical frequency, σ is absorption cross-section, 

and τ is excited-state lifetime. For our representative molecule cobalt phthalocyanine, Is = 6 x 108 W/cm2. 
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This requires an excitation power of 1 W, which is rather high. In this scenario the molecule will dissipate 

60 nW of heat. Although much higher peak intensities are used in two-photon absorption or transient 

absorption experiments, we will proceed with a more reasonable excitation intensity of 1 x 108 W/cm2, 

giving 10 nW of dissipated heat. COMSOL simulations indicate that a 10 nW heat source will cause a typical 

toroid microresonator to equilibrate at a resonance shift 2 fm redder. Immersion in water will suppress 

the predicted single-molecule resonance shift to approximately 0.5 fm, still well within the range of being 

measurable.  

Achieving the diffraction-limited spot size used in these calculations is crucial. Most of the 

experiments performed in this thesis were taken with a spot size of 2.4 μm diameter, which reduces the 

photothermal SM signal for a given power by a factor of 28x compared to the optimized case just 

described.  At the lower pump intensity levels available during my thesis (maximum of 3 x 105 W/cm2), a 

strong dye molecule will only produce ~ 50 am of resonance shift. This is quite small compared to a typical 

resonance linewidth of >100,000 am. Detecting a small fraction of a linewidth shift will be crucial to the 

success of this project, absent a currently unknown means of boosting the single-molecule photothermal 

signal. How well can we do? Previous sensing experiments have demonstrated resonance shift detection 

limits that approach 100 am from stochastic binding of single nano-objects.75,84 The optimized SM 

photothermal signal of 2 fm is well above this level, but requires high optical intensity with 

correspondingly high levels of background absorption from the resonator itself. Matching and exceeding 

the sensitivity of these other results will require a technique for measuring shifts of tiny fractions of a 

resonator linewidth and an additional means of narrowing the measurement bandwidth. While saving the 
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details for later discussion, we have developed a combination of phase-sensitive detection of the probe 

beam with an additional phase-sensitive, modulated detection of the excitation source. This allows us to 

reach a detection limit of less than 10-5 of a linewidth or ~ 1 am (Figure 5). A key feature of this 

achievement that will be discussed in Chapter 2 and Chapter 6 is bandwidth-narrowing. Because our 

photothermal signal occurs as long as the pump beam is turned on, and is otherwise zero, we can 

implement amplitude modulation and lock-in amplification. At the same time, we have room to decrease 

the focused spot size by improving the choice of optical equipment. Increasing the pump intensity at 

constant power will allow for improvement of the signal/noise ratio, while leaving the signal/background 

ratio unchanged. Shifting from SWIR to visible wavelengths (Chapter 8) will also significantly improve the 

signal/noise and signal/background by decreasing the excitation volume by a factor of ~8. 

 

Figure 5: SNR at low-kHz resonance shift. 

The signal to noise ratio is linear with signal below ~ 45 attometers of resonance shift for this particular 

WGM. Since the photothermal signal is always linear, the noise must be constant (additive). This 

indicates it is technical, not a fundamental source like shot noise, thermorefractive noise, or Johnson 

noise in the photocurrent. This data was taken with a WGM Q-factor of 2 x 107, for a linewidth of 78 

femtometers. At this wavelength, 1 kHz = 8.33 am.  
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1.7 Roadmap to this thesis  
 

The course of this thesis can be divided into three parts. First, we will examine in detail the 

microresonator single-particle spectrometer, particularly the optical and electronic subsystems and how 

they came to be in Chapters 2 and 3. Next, we will present the milestone experiments demonstrating 

photothermal mapping (Chapter 4), single-nanoparticle imaging (Chapter 5), and high-resolution, high-

sensitivity single-particle absorption spectroscopy (Chapter 6). We will close by discussing photothermal 

tuning and Fisher information of Fano-resonant hybrid photonic-plasmonic resonators (Chapter 7) and 

suggest future directions for the project (Chapter 8), most particularly the road to single-molecule 

detection and characterization.  Appendix 1 (Chapter 9) discusses the details of the finite element 

simulations used to support the research in Chapters 4-8. Appendix 2 (Chapter 10) examines unsuccessful 

experiments for their future potential. Appendix 3 (Chapter 11) covers back-scatter detection and 

compares it to the method of resonance shift detection used in the rest of this thesis. Finally, Appendix 4 

(Chapter 12) covers photothermal imaging of individual carbon nanofibers. 
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Chapter 2  

 

2. Design Questions, Quirks, and Quandaries 
 

 

2.1 Overview 
 

In this chapter I will lay out the design considerations for building a toroid microresonator single-

particle absorption spectrometer. The overriding figure of merit will always be the detection limit. Other 

important figures of merit are the spectral range, time resolution, and experimental throughput. As 

discussed in Chapter 1, the single-molecule signal that we are ultimately driving towards is quite weak. 

The absorption background must consequently be suppressed enough to make possible robust single-

molecule characterization. We must be capable of measuring a resonance shift from the toroid 

commensurate with that expected from the single-molecule. Second, we must know that this signal is 

only coming from our desired analyte.  

How can we distinguish our signal of interest from background absorption? We have three tools 

at our disposal: polarization, position and wavelength. If the absorption is truly coming from impurities or 

defects in the silica, then it should be independent of azimuthal position, wavelength (within the range of 

the pump laser and to an imperfect extent), and polarization. A single-molecule signal, by contrast, should 

have strong wavelength dependence, 100% polarization dependence, and spatial dependence 

characteristic of an infinitesimally-small point. Our ideal spectrometer will have a pump laser that is 

continuously tunable through the visible and near-IR, focused to a diffraction-limited spot on top of the 

toroid, with fully adjustable linear polarization. Realizing all of these properties while maintaining the 
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necessary paraphernalia for evanescently coupling into toroid microresonators is the central challenge 

explored in this chapter. 

 The single-particle toroid absorption spectrometer is shown in schematic form in Figure 6. Each 

section will be explored in detail in the course of this chapter. To summarize, the probe beam (blue) is 

coupled to toroid microresonators (Section 2.2) with a tapered optical fiber (Section 2.7) and detected 

with a photodiode. A LiNbO3 modulator phase-modulates the probe beam at RF frequencies, allowing 

subsequent phase-sensitive demodulation of the photocurrent to recover the detuning between the 

probe wavelength and the WGM resonance. This demodulation occurs electrically with a mixer, local 

 

Figure 6: Block diagram of microresonator spectrometer.  

The fiber-coupled probe laser (blue) is coupled into a microresonator with an optical fiber taper. Probe 

light is phase-modulated and the resulting photocurrent is mixed with the local oscillator to produce 

a signed error signal. The error signal is used to lock the wavelength of the probe laser to the 

microresonator. Single nano-objects are optically pumped with a second free-space tunable laser 

(red), delivered to the microresonator surface with a high-NA microscope objective and galvo-scanning 

delivery system. Amplitude modulation of the pump beam modulates the transmitted probe light, and 

a lock-in amplifier is used to maximize the detection limit 
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oscillator, and low pass filter (Section 2.8). Simultaneously, the pump beam (red) is focused onto an 

absorber on the surface of the toroid. A beam scanning system (Section 2.3) and motorized half-wave 

plate (Section 2.4) provide control over the wavelength-tunable pump beam. The demodulated PDH error 

signal is then fed to lock-in amplifier locked to the amplitude modulation frequency of the pump beam 

(Section 2.9). This final step is vitally important for reaching the detection limits exploited in Chapter 6. 

 

2.2 Toroidal optical microresonators 
 

Fabrication of toroidal microresonators will be discussed in Chapter 3. For now we will concern 

ourselves with their optical and thermal properties. The WGM mode is entirely confined to the silica layer, 

so the properties of the silicon substrate and pillar are less important than those of the silica. The 

important exception to this principle is the subject of Chapter 4. The silica is grown from wet thermal 

oxidation of single-crystal silicon, referred to as thermal oxide. Thermal oxide is a well-characterized 

material because of its importance in computer chip manufacturing. It is quite similar to fused silica, the 

material used to make fiber optic cables. In either case the silica in the toroid is amorphous, lacking 

birefringence or other anisotropic properties. It is also robust to high temperatures, possesses modest 

thermal conductivity (1.4 W/mK),134 and has rather small nonlinear optical coefficients. Thermal oxide is 

transparent from ~ 0.4-2.0 μm, with the exception of OH overtone absorption from interstitial OH defects 

and trapped water at ~ 1.38 μm. Two properties are of overriding interest: the Q-factor at the probe 

wavelength and background absorption at the pump wavelength.  
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Q-factors are determined by the sum of losses, primarily bulk absorption, radiation loss, scattering, 

and surface absorption. Radiation loss is a function of resonator size, sharply decreasing as the dimensions 

of the resonator start to approach the wavelength of light.135 Bulk absorption by the material of the 

resonator can be calculated from surface properties, and is rarely the limiting factor for dielectric WGM 

resonators (although silicon resonators may be limited). Immersing resonators in water exposes a 

substantial fraction of the optical mode to the much higher losses of water in the near-infrared, which 

may dramatically lower the Q-factor.110,112 Scattering is determined by surface roughness, and the effect 

of scattering on the Q-factor can rarely be neglected. An important exception is surface-tension-induced 

reflowed resonators, which are the mostly commonly used in WGM sensing. The final source of limitation 

on the Q-factor is surface contamination, which may come from surface states,136 water vapor,111,112 or 

any other source of residue deposited on the surface. This last issue may be addressed by cleaning the 

 

Figure 7: Ultrahigh-Q toroid WGM resonance.  

Scanning the wavelength of the probe laser and measuring transmitted light (blue dots) allows for 

characterization of a WGM. This WGM is split into clearly-resolved symmetric and anti-symmetric 

modes. A pair of Lorentzian fits (black curve) is used to determine the Q-factor.  
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resonator, and is an area of active research in our group. Different classes of WGM sensors achieve 

 

Figure 8: Dimensions of a typical toroid microresonator. 

(a) A cross-sectional view taken from an accidentally fractured toroid. The minor diameter of 4.9 μm 

is typical for the toroids used in this work. The oxide thickness is 2 μm. (b) The major diameter is 

usually 42-50 μm, varying as a result of reflow power and undercut during etching. The silicon pillar 

height is approximately equal to 25 μm. 
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different Q-factors, owing to the various constraints imposed by material, geometry, fabrication, and size. 

WGM resonances are fully described by three mode numbers, which can only take nonnegative 

integer values. In addition to the azimuthal mode number m, the number of radial (q) and axial (l) nodes 

can vary; the latter two indices refer to transverse component of the electric field. The fundamental mode, 

typically supposed to have the highest Q-factor, has q = l = 0. The first several transverse modes are plotted 

  

Figure 9: Finite-element simulation of the first nine transverse mode profiles for a given 

azimuthal mode number in a toroid.  

The transverse mode profile is determined by two mode numbers (q and l) reporting the number of 

nodes in each direction. The scale bar is 2 µm and the color shows the optical intensity in arbitrary 

units. The geometry of the microresonator cross-section is marked by a solid white line.  
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in Figure 9. The range of resonant wavelengths covered by the nine lowest energy radial modes for a given 

azimuthal mode number is on the order of 50 nm (Figure 10), while the FSR (difference in wavelength 

between successive azimuthal mode orders) of any one of these higher order radial modes is of order 5 

nm. The FSR of the resonator is found by taking the difference of two modes with successive m. In practice, 

the number of WGM resonances observable via taper coupling is far greater than the number predicted 

from the FSR, indicating that for each azimuthal mode number a large number of non-fundamental modes 

  

Figure 10: Mode spectrum of a toroid. 

 (a) The wavelength of the probe laser is tuned from 1520-1570 nm and the transmission through the 

fiber is measured (with phase modulation turned off). A large number of high-Q WGMs appear. 

Because the free spectral range for any single transverse mode in this toroid is approximately 11 nm 

in the probe laser wavelength band, the observed mode spectrum cannot be attributed solely to the 

fundamental mode. (b) Simulated WGMs are plotted as Lorentzians centered at the resonant 

wavelength of the WGM. A dense mode spectrum is observed using only four azimuthal mode 

numbers (colors) and the first nine transverse modes (including the fundamental mode).  
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are excited (Figure 10). Modes with identical azimuthal mode number are not degenerate, although the 

FSR is unmodified according to simulation in COMSOL Multiphysics. The observed mode spectrum can be 

thought of as a series of highly overlapping frequency combs, where each comb corresponds to a specific 

azimuthal mode number. This degree of overlap between sets of successive azimuthal modes greatly 

complicates the task of identifying individual modes. Consequently, we cannot confidently assign 

individual Fano resonances to corresponding WGMs identified by the probe beam in the 1520-1570 nm 

range of the probe laser.    

There is a further degeneracy breaking for each WGM, into symmetric and anti-symmetric modes. 

There is a 90° phase shift between the two modes (Figure 3b,c). In a perfect toroid with no adsorbates or 

coupling fiber, these two modes would be degenerate. A single imperfection, either in the structure of 

the toroid or from an analyte binding, will cause the modes to shift. The mode with an antinode on the 

imperfection will shift to lower energy via the reactive mechanism, breaking the degeneracy of the two 

modes. In the more realistic case of multiple scatterers,137  the degeneracy breaking still occurs. The 

splitting energy can be used to sense analytes;104 more intriguingly, the beatnote from interference of the 

two modes is at detectable (~ 10 MHz) frequencies and can also be used for sensitive detection of single 

nanoparticles.104,138 Although the doublet splitting is always present, it is often not observable, especially 

for a Q-factor below 107.  
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Another distinctive feature of optical microresonators is a consequence of the ultrahigh Q-factors. A 

modest coupled power into a 108 Q toroid will build up to an extreme circulating intensity. The cavity 

buildup factor is given by139 

 (32,3
(2817) =

�< κ
	
��(1 + ?)
 2.1 

 

Figure 11: Thermal asymmetry in toroid resonances.  

The scan direction causes thermal bistability that depends on the direction of wavelength scanning. 

Sweeping from redder to bluer wavelengths (orange) causes a narrowing of the resonance to produce 

unphysically high apparent Q-factors. Sweeping from bluer to redder wavelengths (blue) causes a 

linear decrease in transmission as the toroid heats up and the refractive index increases. Ultimately a 

saturation point is reached and the transmission suddenly rises again. This particular resonance is a 

doublet, and the splitting is apparent in both scan directions. 
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where Q0 is intrinsic Q-factor, Pcirc is circulating power, Pinput is the input power, and κ is Q0/Qcoupling where 

Qcoupling is the Q-factor due to coupling. κ is equal to 1 at critical coupling; a critically-coupled toroid with 

Q = 1 x 108 and a 45 um diameter has a buildup factor of 1.2 x 105. A launched power of 1 mW leads to 

120 W inside the cavity. With a transverse mode area 2.1 μm2 for the fundamental WGM, the steady-state 

optical power density is 5 GW/cm2. Outside of STED microscopy, CW intensity this high is unheard of in 

spectroscopy. This intensity is so high that even through SiO2 is extremely transparent, enough light is 

absorbed to noticeably heat up the cavity. Increasing temperature will redshift the cavity (Equation 1.3). 

This leads to an interesting behavior as the probe laser wavelength is tuned across the cavity.66,112,140 If 

the laser is tuned from short to long wavelengths then the cavity begins to heat as light is brought to 

resonance (Figure 11). This heating causes the toroid resonance to shift to longer wavelengths, in effect 

“running away” from the probe laser. This continues until the cavity cannot heat up fast enough to 

compensate for wavelength scanning and the cavity “snaps back”. The resulting observed resonance 

shape is triangular, with a linear tuning as the cavity heats up and an instantaneous change as it cools past 

the scanning laser. In the opposite scan direction, as the toroid begins to heat up the resonance moves in 

the opposite direction from the scan direction. This results in the resonance appearing approximately 

Lorentzian, but at a much higher Q-factor than experienced with a cold cavity. In this present work, we 

keep the input power low (1 μW) to stay well below the threshold for this behavior. It’s easy to check for 

the presence of this effect by triggering off of the resonance peak on the oscilloscope, which causes the 

two scan direction peaks to superimpose, making for convenient visual identification of any thermally-

induced asymmetry in peak shape. Overall this effect is unfortunate because it limits the probe power, 

and therefore reduces the slope of the error signal near the locking point.  
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2.3 Excitation light and beam scanning 
 

As mentioned earlier, minimizing the excitation volume of the pump beam is a paramount 

concern. Tightening the radius of the beam’s focused spot not only increases the single-particle 

absorption signal, it simultaneously decreases the volume of background excited, placing less stringent 

requirements on purification and cleaning of the microresonator. This means that excitation should be 

delivered with a high-NA microscope objective. Commercially-available refractive objectives have up to 

0.95 NA (air) or 1.4 NA (oil immersion). Experimental reflective objectives have only recently reached NA 

this high.141 Reflective objectives possess their own advantages (achromaticity and high near-IR 

transmission) as well as drawbacks (lower NA and complicated focus spot). Another type of optic, lensed 

fibers, are sometimes used with toroids.127 Lensed fibers can deliver a theoretical spot size of 2.5 μm with 

a working distance of 14 μm at 1550 nm,142 for an effective NA of 0.39. Further, the beam polarization is 

difficult to tune with respect to an object on the surface of the resonator. A final drawback is the need to 

mechanically scan the mount holding the fiber to move the excitation, a process that is slow and likely to 

cause jitter in the fiber’s position. By contrast a free-space beam focused by an objective can be position 

scanned through a motorized mirror and a pair of relay lenses with extremely smooth and rapid motion, 

in the same manner as a persistence of vision display.  
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The beam position in the sample plan is manipulated by changing the input parameters of the beam at 

the back aperture of the focusing objective. The objective lens, which can be approximated as a simple 

plano-convex lens, will convert angular displacement to spatial displacement and vice versa. It will also 

convert a collimated beam to a converging beam and vice versa. By varying the angle of a collimated beam 

input to the objective, we end up with a focused beam that propagates parallel to the optical axis but is 

displaced in proportion to the angular detuning of the incident beam. In practice it is difficult to place the 

beam-scanning mirror close enough to the objective, and the typical solution is to build a 4f-scanning 

microscope. In this configuration, a pair of lenses act as relays, allowing the tuning mirror to be placed far 

 

Figure 12: Optical path diagram.  

A 640 nm guide laser (red) is coaligned with a 1320 nm ECDL (purple) with a dichroic beamsplitter 

(BS1). The ECDL power is adjusted with a half-wave plate (HWP1) and a polarizer (POL), and monitored 

in realtime with a pickoff mirror and a power meter (Power tap). Deflection on the gimbal-mounted 

motorized mirror is relayed by lenses (L1 and L2) to the back of the microscope objective. Imaging light 

is supplied by BS2 and B3 and a lamp (orange). The excitation half-wave plate (HWP2) is mounted 

immediately prior to the objective 
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away without “walking off” the back aperture of the objective. This position—4 focal lengths (f) away—is 

a conjugate plane to the back aperture of the objective. In our setup, more than 1 meter separates the 

scanning mirror from the objective and yet deflections in the sample plane of 100 nm or less must be 

reproducibly achievable.  

I wrote a code in MATLAB to calculate how much deflection of the scanning mirror corresponds 

to deflection of the beam in the sample plane. This uses the 2x2 transfer matrix approach commonly found 

 

Figure 13: Raytracing plot of beam scanning.  

A fan of rays spanning +/- 0.5 mrad optical angular deflection are shown. At distance 0 is the gimballed 

scanning mirror. The rays bend at lenses L1 and L2 (not pictured) as well as at the objective. The lens 

position and objective NA correspond to the values for the 1st-generation microresonator microscope 

(SCORPIO) as of November 2016. 
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in photonics textbooks. Figure 13 shows ray tracing applied to the toroid absorption spectrometer. Each 

colored ray represents a different angle of the scanning mirror. The most widely diverging angles 

correspond to +/- 0.5 mrad. A deflection of +/- 0.5 mrad in the angle of the beam reflected from the mirror 

(corresponding to a +/- 0.25 mechanical deflection of the mirror by the law of reflection) gives a 

theoretical lateral shift of +/- 1 μm in the sample plane. The scanning mirror mount is a U100-G with a 

pair of TRA12CC actuators (Newport). The actuator tip is 16 mm from the mirror face on axis and offset 

by 36 mm laterally. Using some basic trigonometry (chord length = 2Rsin[θ/2] where θ  = 0.25 mrad, R = 

36 mm) a mechanical angular deflection of 0.25 mrad corresponds to 9 μm of actuator motion. In the 

actual setup I measure a deflection of 1 μm with actuator motion of 19.7 or 14.5 μm in the two mirror 

axes, which is reasonable agreement. The measured deflection is reproduced exactly even when the setup 

is realigned from scratch, and the cause of the discrepancy between x and y mirror axes is not known. 

The earliest version of the experiment used a manually-actuated steering mirror, with 13 x 13 

points per map (Figure 35). Each photothermal map took approximately 4 hours to acquire (pump beam 

blocked and unblocked for each of 169 mirror positions) and was obviously unpractical for further 

experiments. However, the data presented in Chapter 4 was acquired with this setup. We then upgraded 

the steering mirror with a pair of CONEX TRA12CC motorized actuators. Although this did not give us a 

true galvo-scanning setup, the leadscrew-driven motorized actuators vastly increased the data acquisition 

rate (approximately 1 minute for a fine-resolution photothermal map with 25 x 25 pixels). Whenever the 

setup is realigned, the position of the final two alignment mirrors is optimized until the beam can be 

scanned across the field of view of the camera without transmitted power dropping by more than 5%. 

This ensures that scanning the beam to different positions on the toroid doesn’t vary the amount of 

excitation power being delivered. 

Achieving the smallest possible spot size for the pump beam motivates the choice of microscope 

objective. The objective used for the vast majority of work in this thesis is a Nikon Plan Apo 60x objective 
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with a nominal 0.95 NA, near the theoretical maximum NA for an air objective. The diffraction-limited 

spot size is a function of wavelength and NA given by Equation 1.1Error! Reference source not found.. At 

1320 nm a diffraction-limited spot size with 0.95 NA should be 1.39 μm diameter. We were never able to 

achieve a spot size this small, typically reaching a 1/e2 diameter of 2.35 to 2.45 μm whenever the 1320 

nm pump laser was aligned. This is an effective NA of 0.55. Late in the course of my Ph.D. we discovered 

that this objective is designed to be used with a coverslip, explaining the discrepancy. While spatial 

resolution is not usually important in single-particle photothermal mapping because of the large distance 

between nearest-neighbor absorbers on the toroid, increased spot size leads to increased background 

signal. The cross-sectional area of the beam scales quadratically with NA, so the difference between 

nominal and actual NA leads to a 300% increase in background signal. Further, because the low power of 

the pump beam and the limited near-IR transmission of the objective limits us to peak power of 10 mW 

from the focused beam, the increased spot size leads to lower optical intensity and thus lower signal than 

desired. In the 2nd-generation microresonator photothermal microscope (Chapter 8), an oil-immersion 

(NA = 1.4) or water-dipping (NA ≥ 1) objective as well as a switch to visible wavelengths will result in an 

increase in signal to background excitation ratio of approximately a factor of 16, a huge improvement. 

Most of the experiments presented in this thesis employed a tunable 1280-1365 nm pump laser. 

Not only is this beam impossible to observe visually, the silicon cameras used to align the relative position 

of the pump beam and the toroid are completely blind to the pump beam itself. To circumvent these 

difficulties we coaligned a visible laser to serve as a guide beam (Figure 12). This red beam (640 nm) is 

aligned onto the same path with a pair of steering mirrors. Co-alignment is tested crudely using an IR card 

(which does not work particularly well) and more precisely using an iris attached to an InGaAs power 

meter. The power meter has some sensitivity to 640 nm light, allowing us to sequentially block each of 

the two laser beams and optimize their alignment. Specifically, we first align the IR beam to the detector 

before using the two earliest steering mirrors to align near and far the 640 beam with the fixed location 
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power meter. Because the power of the 1320 nm beam is much more important, we choose dichroic 

mirrors (a total of 2 are necessary in the excitation path) that are optimized for 1320 nm, sacrificing almost 

all of the power in the 640 nm beam as a consequence. The power of the pump beam is monitored in real 

time with a beam sampler (Thorlabs BSF10-C), which is uncoated on the upstream side and AR-coated on 

the downstream side. The downstream surface is also wedged to eliminate etalon effects with the front 

surface, which plagued our earlier improvised power tap made from a simple microscope cover slip. An 

earlier version of the microscope included a wedged sample holder for the toroid chip that reflected pump 

beam light transmitted through the chip. This light was then collected with a lens and measured on a 

photodiode. The collection fraction (~ 10-5) was too small to make this an effective means of power 

correction, largely because of the extremely fast divergence of the 60x-objective-focused beam. Accurate 

real time power measurements are important in our spectrometer because the absorption cross-section 

is proportional to the resonance shift divided by excitation power. By monitoring the pump laser power 

in real time, we can account for power fluctuations as well as automatically correcting for intentional 

attenuation of the beam. The 2nd-generation microresonator microscope (Chapter 8) was designed from 

the ground-up to collect transmitted light, highlighting the importance of monitoring excitation power. 

On the imaging side (Figure 12) we collect light scattered from the resonator surface into two 

objectives. A side-view image is provided by a Mitutoyo 20x LWD Plan Apo objective on a Navitar 

Ultrazoom stereoscopic microscope. The ability to change the zoom by approximately a factor of 10 is 

helpful when aligning the fragile tapered optical fiber with the microresonator. In particular, the image on 

the Navitar camera allows for optimizing the height of the taper at the equator of the toroid, as well as 

keeping the 60x pump objective (working distance of only 0.18 mm) from crashing into the taper, toroid, 

or substrate. Light scattered off the top of the microresonator is collected by the 60x objective and passes 

through dichroic 2 (Figure 12) traveling upwards. The light then is split by a 50:50 non-polarizing 

beamsplitter, with half of the light reaching a camera. The other port of the beamsplitter is connected to 
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a fiber-coupled white light, which travels in the reverse direction to provide illumination on the toroid. 

Because Dichroic 2 is optimized to reflect 1320 nm light, and imaging light has to pass through going both 

down and up, the amount of light reaching the camera is limited. A much larger impediment to 

observation is the fact that the half-waveplate located right above the objective is AR-coated for SWIR 

light, and is quite reflective to visible light, causing substantial ghosting of the image unless it is tilted 

slightly out of plane; further, irises around both the camera and the white light lamp have to be closed 

partially, obscuring part of the image from the toroid plane but decreasing the intensity of ghost 

reflections on the camera. This imaging setup is an unhappy compromise, underscoring that spectroscopy 

is more important than alignment in this microscope. 

We calibrate for wavelength transmission through the system by removing the pump objective 

and toroid chip holder, then placing the power meter head directly in the beam path where the objective 

typically resides. Tuning the pump wavelength and measuring the resulting spectrum, then dividing by the 

spectrum measured with the pickoff mirror near the laser head, gives the instrument’s transmission 

function. In the work described in Chapter 6, Lorentzian lineshapes with a diversity of center wavelengths 

and no obvious distortions indicates that our calibration is good. Measurement of the toroid background 

(see Section 2.5) shows weak but sharply resolved water absorption peaks, further indication that we are 

accurately measuring absorption spectra. An attempt to lithographically define gold pads on the center 

of toroids (Figure 14a,b) and use their flat spectral response as a calibration target22  did not succeed, 

however. With the help of Matt Stolt and Dong Liang in the group of Song Jin, I fabricated 10 μm diameter 

gold pads on finished toroids using electron-beam lithography. Photothermal mapping (Figure 14c) 

revealed no oddities, but the absorption spectrum (Figure 14d) varied stochastically (although 

reproducibly) between toroids. The extreme bumpiness (Figure 14b) of the surface of the center of the 

toroid, in comparison to the thickness of the film (15 nm), suggests that size-dependent plasmon 
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resonance effects may contribute. Later spectroscopic measurements on single AuNRs (Chapter 6) 

provided further reassurance of accurate wavelength calibration. 

  

 

Figure 14: Lithographically-defined gold pad. 

(a) SEM image of 10 μm diameter gold pad on a toroid. (b) zoomed-in SEM image of a gold pad, 

showing the high surface roughness. (c) Photothermal map of a gold pad, with 1 μm/pixel resolution. 

(d) Representative absorption spectrum of a gold pad. Fluctuations and the overall slope are 

reproducible on the same pad, but vary somewhat between different pads. 
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2.4  Polarization of the pump beam 
 

Absorption of a photon by a single molecule involves a transition between discrete vibronic states 

with a probability proportional to the transition dipole moment.  For example, a molecular ground vibronic 

state transitions to an excited vibronic state after absorption of a photon. In single molecules, the only 

transition moment with significant amplitude is the transition dipole moment μ. Conveniently, the electric 

field (E) of a laser beam is also dipolar, unless exotic optical elements are used to make it otherwise. When 

the two dipoles are aligned absorption occurs with a finite probability, and when the two dipole vectors 

are orthogonal the probability of absorption drops to zero. The absorption probability is proportional to 

the dot product squared:  

 $%&'	~	(A ∙ C)
 = 	|A|
|C|
 cos
(H) 
2.2 

where θ is the angle between the two vectors. This curve, when plotted in polar coordinates as a function 

of θ, looks remarkably like an infinity symbol (Figure 15d). For a large ensemble of absorbers the 

contribution from each chromophore is summed and results in absorption that is independent of θ. For 

this reason, macroscopic absorption spectrometers don’t normally bother with controlling the 

polarization of excitation light.  In the intermediate case, where a small number of chromophores are 

being excited, the shape of the polarization curve can become quite interesting. In this case the tendency 

of chromophores to align is being probed by the ratio between the maximum and the minimum 

absorption. This angle-dependent depth of modulation (M) in absorption has been used to track changes 

in conformation of a single polymer molecule during solvent vapor annealing.143  

 Our instrument has been designed to allow complete control of the theta of the polarization beam 

relative to an arbitrarily oriented analyte. This allows us to accurately measure M values as long as the 
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polarization is linear over the full range of angles as well as being achromatic (linear at all wavelengths). 

This seems like a simple requirement, but was actually a nontrivial problem to diagnose and correct for. 

In the initial setup we had a half-wave plate far upstream, near the laser head, and tuned the orientation 

of this optic under the assumption that the polarization would stay linear all the way until the microscope 

objective.  

While taking single-particle absorption spectra on plasmonic nanoparticles I observed unusual 

spectral features. Erik Horak figured out the source of the problem because it didn’t make sense to him 

to tune the half-wave plate to maximize transmission through a polarizer placed right before the objective. 

By rotating the polarizer alone it was impossible to reach zero transmission; it was necessary to rotate 

both the polarizer and half-wave plate. That can’t be explained if the polarization is linear, but can be 

explained if the half-wave plate orientation affects the ellipticity of the polarization. The light input to the 

half-wave plate was confirmed to be still as linear as it had been when we first aligned the system. After 

some consideration, we tried the simplest possible optical setup, with the pump laser, a half wave plate, 

a polarizer, and a power meter. This revealed textbook optical behavior (1000:1 extinction ratios at all 

half-wave plate orientations). Then we tried adding a single mirror between the waveplate and the 

polarizer, to more closely mimic the full optical setup. This immediately changed the achievable extinction 

ratios, which ranged from 1000:1 down to 12:1 depending on the relative angle between the linear 

polarization and the orientation of the mirror.  

It is widely known among optical instrument builders that the reflectivity amplitudes of mirrors 

varies for s and p polarization states. It is less commonly realized that the phase of reflected light is also 

affected by the state of polarization. If linearly-polarized light is incident at purely s or p orientation, then 

the differential phase delay is irrelevant. However, at any other orientation, the differential reflected 

phase of s and p light will act to change the polarization state of the reflected light. This can be understood 

from the fact that the only difference between linear and circular polarization is the relative phase of the 
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s and p components. Further, this differential phase is a strong function of wavelength, both in our 

experience and as reported by manufacturers such as Semrock.144 This leads to a wavelength-dependent 

and waveplate-orientation-dependent ellipticity in pump polarization. When exciting dipolar absorbers 

(e.g. gold nanorods or single molecules), it leads to anomalous peaks in the absorption spectrum because 

wavelength tuning also tunes the linearity of polarization. This is not good.  

One attempt at mitigation involved using a quarter-wave plate and half-wave plate in tandem, 

shown in Figure 15a.  Knowing that the mirrors in the optical path were depolarizing the pump beam, we 

tried pre-compensating for this deterministic elliptization using a quarter-wave plate and half-wave plate 

operating in tandem. Ideally this would result in high transmission for light parallel to the polarizer axis 

and zero transmission for light rotated by 90° (Figure 15b). However, we observed substantial 

transmission with orthogonally-polarized light, and the transmission varied strongly with wavelength 

(Figure 15c). This problem was ultimately resolved by simply moving the half-wave plate to right before 

the objective (Figure 12). Single gold nanorods are essentially perfect dipolar absorbers24 and serve as a 

good test system for polarization linearity. Measurement of single nanorods with a variety of orientations 

gives perfect cosine2(θ) dependence with extinction ratio reaching 2,500:1 (Figure 15d). Because the wave 

plate must be physically close to the excitation objective, it cannot be adjusted by hand without ruining 

taper-toroid coupling through coupled mechanical disturbance. A motorized optic holder (Thorlabs 

PRM1Z8) allows for rapid, remote-controlled rotation of the half-wave plate.  

 

 

  



51 

 

 

  

 

Figure 15: Polarization of the pump beam.  

(a) Schematic of polarization pre-compensation scheme used in (b),(c). (b) Ideal result from this 

configuration. (c) Actual results using parameters optimized at 1364 nm. Optimizing at other 

wavelengths produced similar results. The orange curve is the angle that gave the highest 

transmission, and the blue curve is taken 90° apart. (d) Representative polarization curves for 

individual AuNRs using the modern setup with a half-wave plate immediately prior to the pump 

objective (Figure 12). Extinction ratios up to 2,500:1 are shown, and are equally high for AuNRs at any 

orientation.  
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2.5  Background absorption 
 

Delivering excitation light via a free space laser, while offering the experimental advantages 

described earlier, requires some additional engineering. In particular, we want to minimize the spot size 

of the focused excitation beam, consequently maximizing the fraction of pump light absorbed by the 

target molecule. Just as important is minimizing the volume of silica that the pump beam travels through. 

Although the absorption of silica is quite small at the wavelength range typically described in this thesis 

(1280-1365 nm), the volume of silica excited by a beam passing through the rim of the toroid is so many 

orders of magnitude larger than the volume of a single molecule that it becomes a non-negligible 

component of the photothermal absorption signal. We can estimate the expected background signal by 

approximating the volume of silica excited as a cylinder as deep as the minor diameter of the toroid (5 

μm) and as wide as the 1/e2 focused spot diameter (2.4 μm). The absorption losses in fused silica108 are ~ 

0.5 dB/km at 1 eV (11% per km). This means we expect 1.1 mW of photothermal background per km of 

fused silica with 10 mW of incident pump power. The actual 5 μm thickness should give 5.5 x 10-12 W. 

However, for visible light this will reach ~ 0.5 nW as silica is most transparent in the near-IR. 

At a pump power of 10 mW, the actual background measured at the rim of the toroid is about 1 

fm (150 kHz), Figure 16a. This is larger than the value estimated above. Having now discounted bulk silica 

absorption as the main source of background, we consider the other possible sources of photothermal 

background absorption in the current geometry. 
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The spectral dependence of the background is conspicuously wavelength-dependent (Figure 16b). The 

sharp increase at wavelengths near 1370 nm (0.905 eV) is at the same energy as absorption by O-H 

overtone vibrations in fused silica.145 Thermal oxide is grown through steam oxidation of silicon, and as a 

result it is not surprising that interstitial water becomes trapped in the oxide layer. Additional evidence 

comes from the fine structure visible on the peak in Figure 16b. These absorption lines are highly 

reminiscent of rotational fine structure on vibrational absorption peaks. We believe this to be the primary 

source of background absorption. O-H absorption can also result from water146 adsorbed on the surface 

of the toroid. Adsorption is unlikely to be the source here, however. I tried purging the toroid setup under 

dry argon in the presence of fresh desiccant, and managed to lower the relative humidity near the toroid 

to ~ 2%. No change was observed in the amplitude or spectrum of background absorption. Water 

absorption drops by several orders of magnitude between 0.9 eV and the visible/NIR spectral range, 

 

Figure 16: Background absorption by the toroid. 

(a) Photothermal map on a clean toroid at 10 mW peak power, 1320 nm. The edge of the toroid is 

visible to the top left. At this wavelength, 1 kHz = 8.33 am of resonance shift. (b) Absorption spectrum 

taken at the center of (a), on the rim of the toroid. A sharp increase at longer wavelengths, with fine 

structure, is observable at left.  
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making this problem much less significant at the shorter wavelengths used in the 2nd-generation resonator 

setup. Surface contamination remaining after ozone cleaning and solvent rinsing is another possibility, if 

somewhat less likely. The spectral dependence of the background, and more importantly the spatial 

homogeneity of the background (Figure 16a-b) argue against this source. Chapter 8 will discuss the routes 

we are exploring to decrease background absorption or to improve contrast between the signal and 

background. 

 

2.6  The Probe laser: fiber optics 
 

Toroid microresonators are usually probed with a near-infrared tunable diode laser. We use a 

TLB-6728 external-cavity diode laser (ECDL) from New Focus, tunable from 1520 to 1570 nm. A widely-

tunable laser is necessary because of the large FSR of toroids. The FSR of a toroid with 45 µm major 

diameter is given by Equation 2.3: 

 �� = 2	��				I�#		(� + 1)(� − JK�) = 2	��		��		JK� = �
(� + 1)	 2.3 

With typical values being R = 22.5 µm, n = 1.44, λ = 1.56 µm, we have m = 130 and FSR = 11.9 µm. This FSR 

is somewhat conservative, because the TE and TM modes of the resonator are not degenerate (see Section 

2.2) and we are not taking into account the many non-fundamental modes of the resonator (see Figure 

9). In any event the tuning range of the probe laser is more than sufficient for our purposes, since we 

rarely need to use more than a single resonance per toroid. Conversely, it has been suggested that the 

size of the resonator be tuned to match the wavelength of a single-frequency laser. It is, at this time, 

impossible to fabricate a toroid (or even its unreflowed version, the microdisk resonator) to resonate at a 

specific wavelength.147 Consider that a change of 1 nm in the major radius in Equation 2.3 leads to a 

change of 70 pm in the resonant wavelength. Fabrication tolerance for photolithography in an academic 
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cleanroom might be of order 500 nm, after taking into account resist reflow inconsistencies, which would 

give an enormous tolerance of 35 nm in resonant wavelength. The uncertainty in diameter only increases 

after including the stochasticity of the reflow process. This difficulty has motivated efforts to actively or 

passively tune the toroid resonant wavelength.132,147-149  

 1550 nm light is widely used in the telecoms industry for its extremely low propagation loss in 

silica optical fibers.63 The 1550 nm region (C-band, L-band) is in fact a wavelength range where the 

transmission loss through silica (absorption + Rayleigh scattering) is at a global minimum. This light will 

propagate through Corning SMF28e+ fiber at a loss rate of 0.20 dB/km or less.63   This enables us to use 

fiber optics for the entirety of the probe laser’s path. Fiber-coupling the beam allows for us to divert light 

between the coupling setup and taper-pulling setup with no realignment, to easily keep room light from 

entering with the taper, to switch detectors or even detection scheme quickly, and most importantly to 

conveniently interact with the taper. Light from the probe laser is permanently pigtailed into polarization-

maintaining fiber by the manufacturer. This fiber is first connected to a 60 dB two-stage isolator to 

attenuate back reflections. This is necessary because external-cavity diode lasers are vulnerable to back 

reflections and every splice or fiber connection is a potent source of back reflections owing to the change 

in reflective index at the air gap between fibers. The ECDL’s vulnerability to back-reflections originates 

with the laser’s design principle, whereby the lasing wavelength is determined by the wavelength of light 

back-reflected into the diode chip from the external grating. I have found that either a circulator (OZ 

Optics FOC-12N-111-9/125-SSS-1550-55-3A3A3A-1-1) or a two-stage isolator (Fiber Instrument Sales F209) 

provides sufficient isolation to keep etalon effects caused by back reflections to a minimum. I also found 

that a 2m length of singlemode fiber (but not 1m or 5m) helped to reduce etalon effects when tuning the 

probe laser. Currently, we have the fiber from the laser connected to a circulator, a paddle-based 

polarization controller (Thorlabs FPC560), the phase modulator used in PDH, then a hybrid patchcord with 

a FC/PC and FC/APC connector on different ends and the aforementioned 2m patchcord before reaching 
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a second polarization controller. The output from the polarization controller is connected to a tapered 

optical fiber using a bare fiber splice (FIS), and the output of the tapered fiber is collected by an avalanche 

photodiode (APD). The output of the taper is spliced into an APC patchcord whose output is collimated 

and then aligned inside of a lens tube onto the active area of the InGaAs APD. We have experimented 

with several different detectors for the probe beam. High bandwidth is needed because of the high phase 

modulation frequency (200 MHz), and substantial transimpedance gain is needed as well because of the 

low photocurrent (~ 1 μW). Low dark current is also important in our application.  The optimal design of 

a photodiode detector is the subject of an entire chapter in Hobbs’ magnificent instrument-building 

textbook.150 Ultimately, gain and bandwidth are inversely related for any transimpedance amplifier, so a 

tradeoff between bandwidth and amplification is inevitable. APDs allow for partially overcoming this 

tradeoff because increasing the gain from avalanche multiplication is unrelated to transimpedance gain. 

Practical limitations keep avalanche gain for high-bandwidth APDs to gain of order 101. We have had good 

results with the APD430C from Thorlabs, which possesses sufficient bandwidth and (tunable) gain. 

Conveniently, unlike a single-photon-counting APD, this APD  is not hyper-sensitive to room light and can 

be shielded with a simple lens tube and wrapping in tin foil, allowing for data acquisition with the room 

lights turned on. 

 Aside from the etalon effects already mentioned, there are other drawbacks to using fiber optics. 

Fiber optic cables are effective at sensing the presence of air currents or fluctuations in ambient 

temperature, whether intentionally or not. Additionally, the tight fabrication tolerances of fiber 

connectors makes them effective at backscattering light through the fiber to cause havoc upstream.150  

Essentially, every fiber patchcable is a low-Q Fabry-Perot resonator and acts as an interferometer. Because 

patch cables are of order 1m and the wavelength is of order 1 μm, they are quite sensitive to strain or 

temperature. A 1°C change in the temperature of a patchcord will change the length by close to half a 

wavelength. The FSR is approximately 2 pm, so a resonance shift of 1 pm will cause the patchcord to fully 
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modulate the probe beam. This resonance shift corresponds to a 0.2 K change in room temperature given 

thermo-optic coefficient of 8.6 x 10-6 K-1. A lot of this effect can be ameliorated by switching to APC (angle-

polished connector) patch cables. The endface of the fiber connector is polished at an 8° angle, causing 

light backscattered from connections to couple poorly into the fiber. A further problem is the degeneracy 

of polarization modes in fiber. Single-mode fiber, having a two-dimensional symmetric cross-section, has 

two polarization states that are nearly degenerate, split only by any residual birefringence in the fiber. It 

is difficult to maintain a launched polarization state in standard singlemode fiber because even small 

amounts of asymmetric pressure can couple the two nearly-degenerate polarization states. Polarization-

maintaining fiber exists but is incompatible with the process of making tapered optical fibers. 

Unfortunately, coupling to WGMs in the toroid is a function of the probe beam polarization, as is the 

modulation depth of phase modulation. Occasional realignment of the state of polarization of the probe 

light before the taper junction is necessary. Nonetheless, the reconfigurability and low cost of fiber optics 

at 1.55 μm are powerful inducements for using them. 

 

2.7 Tapered optical fibers 
 

Coupling light into toroid WGMs is not as easy as coupling into a macroscopic Fabry-Perot 

resonator. Toroid WGMs are inherently difficult to couple into with far-field light because of their 

extremely low radiative loss rate. By time-reversal symmetry, low radiative losses implies low coupling 

efficiency to light incident from free space. Free-space coupling by end-firing at toroidal resonators 

requires distortion of the resonator shape to allow coupling of free-space radiation into WGMs;86 by 

tunneling, high-Q modes can be excited from the initial low-Q free-space coupled mode.86,151,152 Therefore, 

WGM microresonators generally must be coupled with the evanescent field of an air-clad waveguide or a 
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prism. Traditionally this has meant a prism operated above the critical angle, where light is totally 

internally reflected at the glass-air interface. This is still a popular method for microsphere resonators.73 

However, coupling to toroids106,153,154  is impossible to accomplish with prisms because the toroid rises 

only ~20 μm from the surface of the substrate. Prisms are typically several thousand μm in size. Toroids 

are coupled into with tapered optical fibers (tapers) instead. A waveguide must be used instead. 

Singlemode optical fiber is easily available at the telecom wavelengths used in this thesis (1.55 

μm and 1.32 μm). However, a commercial optical fiber is unsuitable for coupling into an optical 

microresonator or indeed for any kind of evanescent coupling. The typical fiber used with 1550 nm light, 

SMF28e+, has a core diameter of 8.2 μm and a cladding diameter of 125.0 μm.  Propagating light is 

confined to the core, with 58.4 μm of glass between the propagating mode and the outside world. To 

make this light available for evanescent coupling, the core and cladding have to be annealed together and 

thinned dramatically. Simply annealing the fiber without tapering, allowing dopant to diffuse and creating 

an air-guided optical fiber with 125 μm diameter would produce a highly multimode fiber. We require a 

singlemode fiber in order to efficiently phase-match to only the fundamental mode of the WGM 

microresonator,153 which has the tightest confinement and consequently smallest mode volume. The 

number of supported transverse modes in a waveguide is proportional to thickness and quantified by the 

V-number: 

 L = 2	I
� M�30,+
 − �3.%N
  2.4 

 Where a is the core diameter, ncore the core refractive index, and nclad the cladding refractive index. A 

waveguide is single-mode if V < 2.405. At a wavelength of 1.55 μm with an index of ncore = 1.468, a taper 

must have diameter less than 1.11 μm to be singlemode, dramatically thinner than the original fiber optic 

cable. Producing a single-mode, air-guided fiber comes at a cost. Because the protective coating is 

removed during taper fabrication and the glass fiber thinned dramatically by tapering, and strength of the 
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fiber varies with cross-sectional area, a tapered fiber is (245 μm/1.1 μm)2 = 50,000 times more fragile than 

an unmodified singlemode fiber. 

There are other reasons to use tapers. Prisms are not singlemode in the output,155 while also 

making it difficult to spatially mode-match the microresonator. A taper can excite non-fundamental 

modes in toroids, but light can only couple back into a single mode in the taper. Instead of a taper, an 

integrated waveguide would be a powerful tool, and indeed has been demonstrated for thick 

resonators,156 but is inherently difficult to integrate with the thermal reflow process necessary to give 

ultrahigh-Q factors in toroids. Because the waveguide and the microresonator retract when reflowed, the 

coupling distance is difficult to set. An additional drawback is the typically high propagation loss of planar 

waveguides.155 By contrast fibers start at 0.2 dB/km attenuation, and can be pulled with < 0.05% additional 

loss.157 The taper provides a means of probing individual WGMs with extremely high (and tunable) 

coupling efficiency. Further, the incident, back-scattered, and transmitted beams are already fiber-

coupled for easy collection and measurement. Recently, welding of tapered fibers to toroids has been 

demonstrated as a means of creating a permanent stable coupling with the advantages of a tapered fiber 

waveguide.158,159 However this method has not yet demonstrated complete coupling to the resonator or 

preservation of ultrahigh Q-factors. 

The coupling physics between the taper and the toroid is well understood. When the taper is 

relatively far away, the overlap between the evanescent field of the taper and the toroid is minimal, and 

the intrinsic loss rate of photons inside the cavity (~ 1/Q) is greater than the rate of coupling to the 

resonator. As the taper is brought closer to the resonator, the amount of coupled light increases. At a 

certain distance the coupling rate into the cavity is exactly equal to the loss rate of photons in the cavity 

(which is now partially due to the presence of the tapered fiber). This condition is referred to as critical 

coupling. If the coupling parameters are optimized, then transmission through the fiber on resonance 

drops to zero. More than 30 dB of drop has been demonstrated.160 As the fiber is further approached to 



60 

 

the toroid, the transmission begins to rise again, a phenomenon referred to as overcoupling (Figure 17). 

This is caused by the increased overlap between the WGM and the taper mode’s evanescent field leading 

to a rising efficiency in out-coupling of resonant light back into the taper. A further interesting feature of 

the critical point is that the phase of transmitted light past the resonator shows a 180° phase change.155 

The light that transmits past the toroid and is collected by the detector has a very different origin on either 

side of the critical coupling point. In the undercoupling regime, transmitted light never coupled into the 

toroid. In the over-coupled regime, the only light transmitted past the toroid must have circulated through 

the toroid.  

 

Figure 17: Taper stepping and effect on coupling and Q-factor.  

A series of resonance scans where the position of the taper is stepped by 50 nm between each scan. 

Thermal bistability is clearly observed as the coupling rate is increased. (inset) Normalized 

transmission on resonance for the same approach curve, demonstrating the change in coupling 

efficiency in the transition from undercoupled to critically coupled to overcoupled. Imperfections in 

coupling conditions keep the critically coupled transmission to ~ 5%. 
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Figure 18: Current status of the 1st-generation microresonator spectrometer (SCORPIO). 

(a) A breadboard is affixed to the shell of a Nikon FN1 microscope for mounting pump beam optics and 

the illumination system. (b) A taper glued into place in its U-shaped mount. This metal bracket is then 

affixed to a 3-axis translation stage. (c) Taper holder, 60x pump objective, and 20x objective aligned 

with toroid and taper. (d) Close-in view of the 60x objective focused onto a toroid while a taper is in 

coupling range. (e) View of the taper-toroid coupling setup. A transparent trash bag surrounds the 

coupling setup to keep out air currents. The polycarbonate/acrylic enclosure is opened to allow a view 

of the setup. The characteristic “pincers” holding the motorized waveplate are visible beneath the 

eyepiece. 
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The Q-factor also decreases tremendously as the taper is overcoupled. The loaded Q-factor, i.e. the Q-

factor actually measured in the experiment, is lowered from the intrinsic Q-factor by the additional losses 

of photons re-coupled into the taper and scattered from the taper-toroid junction. Figure 17 

demonstrates this; as the coupling rate is increased the peak gradually broadens until it is substantially 

broader than the scan range.  

 There are some significant drawbacks to using tapered optical fibers, and this has motivated 

continued interest in alternative methods of probing WGM modes. First, the taper has a tendency to drift. 

The taper is glued into place at two attachment points about 30 mm apart. With a central thickness of 1.1 

μm or less, that’s an aspect ratio of 27,300:1. This is analogous to a 2.1mm headphone cable being strung 

between the Petronas towers. As shown in Figure 17, coupling fluctuations of < 50 nm will cause significant 

changes in toroid-taper coupling. That would correspond to movement of < 100 μm by our hypothetical 

headphone cable by about the thickness of a human hair, displacement that is too small to see by eye. 

Unsurprisingly, air currents in the lab are not good for maintaining stable taper-toroid coupling. We 

ameliorate these partially with a polycarbonate box around the center part of the optical table and a 

transparent trash bag wrapped closely around the toroid coupling setup. The tight alignment tolerances 

and drift issues require an expensive 3-axis nanopositioning stage to hold either the taper or toroid. 

Because of the small mass of the toroid substrate compared to the taper holder, we elected to use a long-

travel 3-axis piezostage (Attocube ECS3030 with ECC100 controller) to move the toroid relative to a fixed-

position taper. A second problem with taper coupling is fragility and cleanliness. While possessing 

considerable compressional strength (tapers can be pulled by hand from both ends without breaking), 

tapers are quite fragile towards lateral force when under tension. Tapers sometimes break overnight, 

particularly in the first 24 hours after fabrication. A final issue is fouling.73 In the tapered region, light is 

partially propagating in the air surrounding the fiber, giving rise to substantial optical intensity in the 

surrounding medium. This in turn causes optical trapping of nearby molecules or particulates onto the 
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taper, the most important part of the taper. This is bad for probe transmission, and also bad for our 

photothermal measurements because accumulated material will absorb light. Despite these drawbacks, 

the advantages of tapers and the lack of alternatives makes them our coupling method of choice. 

 

2.8  PDH (Pound-Drever-Hall) wavelength locking 
 

Resonance shifts in optical microresonators are typically detected by scanning the wavelength of 

the probe laser across the resonance, fitting a Lorentzian, and monitoring deviations in the peak position. 

Here we use a more sensitive and higher-bandwidth method for detecting the resonance spectral position, 

the Pound-Drever-Hall (PDH) wavelength locking technique.161-164 In the 1940s RV Pound developed a 

method for stabilizing microwave oscillators165 with a resonant cavity. At optical frequencies, stabilization 

of a laser with a resonant cavity by phase-sensitive locking was first demonstrated by Drever and Hall in 

1983.161 In our application, the degree of feedback needed to keep the probe laser resonant with a chosen 

toroid WGM is used to measure any deviations in the WGM resonance wavelength. Because WGMs are 

simple harmonic oscillators, the lineshape is Lorentzian and thus symmetric. From a control theory 

perspective,162 this is a real problem. If the probe laser is matched to the peak of the WGM resonance, 

redshift or blueshift of the WGM resonance wavelength produces an equivalent change in transmission, 

making it impossible to calculate which direction the probe laser should be tuned to keep on resonance. 

It’s possible to lock to the sloped regions on the side of the peak, but phase sensitivity is maximized at the 

peak for a Lorentzian resonance and side-of-slope locking is also sensitive to amplitude noise from the 

probe laser. The PDH technique involves phase modulation of the probe beam as a means of 

differentiating between redshift and blueshift of the resonance, enabling high-bandwidth locking to the 

peak of the WGM resonance even under perturbative conditions. 
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In the configuration we’ve chosen, the tunable probe laser wavelength is actively locked to the 

toroid resonance in a feedback loop, and the error signal for the feedback loop serves as a direct measure 

of any changes to the toroid resonance wavelength (or anything that changes the relative shift between 

resonator and probe beam). Specifically, locking is achieved by phase-modulating the probe laser at high 

frequency (200 MHz), while monitoring the transmitted power with a high bandwidth detector.  Phase-

modulation of the probe produces the spectral sidebands (Figure 19a) necessary for PDH locking of the 

probe laser to the toroid resonance wavelength. The detected photocurrent has a component at the 

phase modulation frequency whose phase is a linear function of the detuning between the toroid 

resonance wavelength and the probe laser wavelength. This component can be isolated by electronically 

mixing in a local oscillator (Minicircuits ZX95-209+) and down-shifting to DC. This signal is low-pass filtered 

at 1.9 MHz to isolate the DC component and is termed the error signal. Transmission to the photodetector 

downstream from the resonator is affected by the phase-sensitive interference of the probe beam carrier 

and sidebands, and is a function of the coupling efficiency, coupled probe power, carrier/sideband ratio, 

and Q-factor.162  Wavelength-scanning the phase-modulated beam across a toroid resonance produces a 

dispersive triplet peak (Figure 19 b,c), with a predicted shape that closely matches our experimental error 

signal.   While locked the error signal is sensitive to resonance shift induced by photothermal dissipation 

by absorbing nanoparticles (Figure 19d). 

The work of Eric Black162 provides an excellent introduction to the underlying mathematics of the 

PDH technique as well as its practical application. I will briefly summarize the relevant theory here. Start 

with a monochromatic laser beam (the carrier) whose electric field is a simple sinusoid Ec: 

 A3 = E e2Q) 	 			 2.5 
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where ω is the optical frequency (2π*192 THz in our experiments). Phase modulation at frequency Ω and 

amplitude β introduces a sinusoidal term into the exponent. Using the small angle approximation for this 

weak modulation and multiplying through we obtain for the incident probe beam (Einc):  

 ERST = E eR(UVWXYRS(ZV))	
ERST ≅ 	E eRUV	\1 + iβsin(Ωt)a = E eRUV b1 + β

2 ce2Z) − ed2Z)ef
A283 = A g2Q) + A h

2 g2(QWZ)) − A h
2 g2(QdZ))		

			 
2.6 

This gives us three optical frequencies, the original carrier frequency (ω) and two sidebands offset by the 

phase modulation frequency Ω (Figure 19).  We are interested in the power transmitted past the toroid 

when the probe beam is close to resonance. The transmitted field is given by: 

 A),%8' = J(i)A g2Q) + J(i + Ω)A h2 g2(QWZ)) − J(i − Ω)A h2 g2(QdZ))				 2.7 

where F(ω) is the transmission coefficient as a function of optical frequency. The transmitted power is the 

squared magnitude of the transmitted electric field. Multiplying through gives nine terms which are either 

time-independent (DC) or oscillate at Ω or 2Ω. The detection path in the experiment, specifically the mixer 

and the low-pass filter, filters out all terms except for those oscillating at frequency Ω. Further, the mixing 

process is phase sensitive, so we can separate terms with sine(Ωt) and cosine(Ωt), discarding the latter. 

We then have an error signal with power given by: 

 (+,,0, = 	2j(3('/�Ik\J(i)J∗(i + Ω) − J∗(i)J(i − Ω)a			 2.8 

where Pc is the power in the carrier and Ps the power in the sidebands. A plot of this equation for the 

reflected beam of a Fabry-Perot cavity is shown in Figure 19b. The experimentally obtained error curve is 

exactly the same shape (Figure 19c). This is referred to as the high modulation frequency or resolved-

sideband regime. 
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I implemented the PDH technique in our experiment in the following way (Figure 20). After 

coupling the probe beam to a toroid and engaging phase modulation, the detected photocurrent is split 

into RF (> 50 MHz) and DC (< 10 MHz) components with a diplexer (Minicircuits ZDPLX-2150+). The 

magnitude of the DC component is determined by the coupling strength between the tapered fiber and 

the resonator, and is used to adjust the relative position of the fiber to optimize evanescent coupling by 

keeping the voltage on the DC tap constant. The RF component is amplified by an ultra-low noise AC 

amplifier (Minicircuits ZX60-P103LN+) and mixed (ZP-1MH+) with the 200 MHz local oscillator, generating 

a signal at DC (error signal) and at the second harmonic. Near resonance, the error signal is linearly 

proportional to the detuning of the toroid resonance from the probe wavelength. When exactly on 

resonance, the upper and lower sidebands cancel out and the carrier is coupled strongly to the 

microresonator, leading to very little light reaching the photodetector. Locking to this null point makes 
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Figure 19: Pound-Drever Hall error signal.  

(a) Transmission of the phase-modulated probe beam swept across a toroid resonance. (b) Theoretical 

error signal (output of mixer) as the probe wavelength is tuned across a cavity resonance. (c) 

Experimentally-measured error signal for the resonance shown in (a), displaying a lineshape very 

similar to the theoretical lineshape (b). The small peaks offset from the main triplet are second-order 

sidebands and are predicted by PDH theory. (d) Error signal (blue) when locked as the pump beam 

amplitude is modulated (red) while focused onto an absorbing nanoparticle. (e) Error signal when the 

mixer is saturated. It is relatively easy to saturate a mixer, depending on the choice of level compared 

to the RF power. Saturation (in this case visible as the flat-topped features near 0 V and 0.25 V) causes 

significant distortion, and complicates interpretation of the resonance. (f) Error signal of a WGM with 

resolvable doublet splitting. The splitting of the WGM causes a pair of local extrema near the optimal 

locking point, making it difficult to stably lock to this WGM. 
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the error signal largely independent of probe laser amplitude, nearly eliminating probe laser amplitude 

noise from the measurement.162 Further, since the PDH error signal is essentially the derivative of the 

resonator transmission curve, the phase changes most rapidly at the center of the resonance, making this 

locking point a maximum in sensitivity to phase or frequency fluctuations.   In essence, the center of the 

resonance offers maximum phase sensitivity to resonance frequency changes while simultaneously 

removing sensitivity to probe amplitude noise. In order to close the feedback loop and lock the probe 

laser wavelength to the toroid resonance, a PI controller (Newport LB1005) receives the error signal and 

applies a feedback voltage to the wavelength tuning input of the probe laser, correcting for drift in the 

toroid resonance wavelength or in the operating wavelength of the laser.  

 

 

Figure 20: PDH Circuitry. 

A block diagram of the circuitry involved in PDH detection in this experiment. Part numbers are listed 

on the top of blocks (Minicircuits in all cases except the THS4022EVM from Texas Instruments) and 

figures of merit below boxes. The RF power at each point is listed above the lines connecting boxes 

where relevant.  
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Some optimization of the RF equipment has been carried out. Phase modulation was originally 

employed with a function generator, but a reasonable-priced function generator can only reach 20 MHz. 

Since the phase modulator only needs a sine wave input, a simple VCO (voltage-controlled oscillator) can 

be used. VCOs are oscillators with a resonance frequency tunable via an input control voltage. The power 

output of the VCO is not typically tunable, which requires external attenuation or amplification to ensure 

that the correct power reaches the phase modulator and the mixer. I chose an ultra-low-phase-noise VCO 

from Minicircuits (ZX95-209-S+) that tunes from 200-215 MHz with a control voltage (0-10 V) output from 

a computer-controlled digital-to-analog (DAC) board (NI PCIe6351). Phase noise, which directly 

contributes to noise in the experiment (since PDH is a means of detecting the phase of the photocurrent), 

is quite low; this VCO is specified at -115 to -125 dBc/Hz phase noise with the 2-4 kHz offset from the 

carrier frequency typically used in our experiment. The 1st-generation and 2nd –generation resonator 

microscopes use somewhat different components in the rest of the PDH path. In generation 1, the VCO 

output is connected to a splitter (ZMSCJ-2-1 for 1-200 MHz) with 0.9 dB excess loss on each port (in 

addition to 3dB loss from splitting the power). The LO path is directed to the mixer (ZAD-1-1BR+) which is 

rated for a certain LO power, +7 dBm.  Insufficient LO power in the double-balanced mixer will prevent 

the diodes from turning off and on completely during each cycle, increasing the conversion loss and 

hurting the S/N ratio. In practice (see the application notes on the Minicircuits website, especially “How 

to Select a Mixer”)166 the LO power simply has to be greater than or equal to 3dB below the specified 

operating point. In the RF path, the other arm of the splitter first passes through a voltage-controlled 

attenuator (Minicircuits ZX73-2500+) operating at ~ 7dB of attenuation. This helps tune the depth of phase 

modulation. A fixed AC amplifier, Minicircuits ZX60-P103LN+, (23 dB gain, 1dB compression at 21 dBm, 

0.6 dB noise figure) is used to boost the LO signal right before it reaches the phase modulator.  At 1550 

nm we use a Photline MPZ-LN-10 phase modulator with Vπ = 6V (this is the voltage required for a π phase 

shift in the probe beam). To convert to dBm, first convert 6V peak to 2.12 VRMS. At 50 Ω impedance, 2.12 
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VRMS = 90 mW. In RF units, 90 mW is +19.5 dBm.  The output of the APD first passes to a diplexer 

(Minicircuits ZDPLX-2150+). The RF output (>50 MHz) is immediately amplified with another ZX60-

P103NLN+ AC amplifier and then connected to the RF port of the mixer. The DC side of the diplexer is 

amplified (THS4022EVM) and then monitored on the oscilloscope. 

 In the second-generation setup, the components are better optimized (Figure 20). The output of 

the VCO is first attenuated with a fixed 13 dB attenuation before being amplified by 23 dB (ZX60-

P103NLN+). The resulting sine wave at +18 dBm is split with a higher-bandwidth splitter (ZFSCJ-2-3-S+, 5-

300 MHz). The phase modulator arm is already at nearly the ideal power, since the second-generation 

resonator coupling setup uses a different phase modulator (EOSpace) with Vπ = 3 V or +16.5 dBm. The 

mixer is Level 13 (ZP-1MH+) instead of Level 7, allowing for a much higher RF power before saturation. In 

both setups a 1.9 MHz cutoff lowpass filter is attached to the output of the mixer. A lower frequency 

cutoff would be ideal, but was not easy to find commercially available. 

There are a few more tips and tricks worth noting. We tune the phase of the LO at the mixer by 

changing the VCO frequency,167 which is more convenient than shifting the phase at a fixed frequency. It 

is easier to find a tunable VCO then a wideband phase shifter. The VCO frequency should be as high as 

possible (to increase the error signal) without reaching the bandwidth limit of the photodetector. Not all 

splitters have isolation; this is a specification that should be sought out to avoid noise problems associated 

with crosstalk. In addition to using a low-phase-noise VCO, the photodetector should be quiet at RF 

frequencies. I have had good results with an avalanche photodiode from Thorlabs. RF electronics usually 

specify power, not voltage, which are quadratically related and easy to interconvert since nearly all 

components are at 50 Ω impedance. Likewise, instead of peak-peak voltage, RMS powers are usually 

reported which must be divided by 2.83 to get peak-peak voltage. Finally, and this seems like an arbitrary 

distinction, a diplexer should be used to split the output from the photodetector into RF and DC paths. A 

bias tee operated in reverse is in theory the same device, but in practice causes more drift in the phase of 
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the error signal. Vertical drift of the taper will change the phase of the RF signal at the mixer, changing 

the error slope and eventually breaking the lock. Horizontal drift is less deleterious, as it 

decreases/increases the amplitude of the error slope depending on the direction of drift. However, 

horizontal (in-plane) drift does not change the shape of the error slope. Adjusting for horizontal drift is as 

easy as keeping the transmitted DC tap power constant. It should be noted that the position where the 

error slope is maximum is usually slightly undercoupled, since overcoupling lowers the Q-factor. The mixer 

must be robust enough to dissipate heat from the RF signal without saturation (Figure 19e). Saturation 

distorts the shape of the error signal and caps the achievable error slope. Another issue is the mode 

splitting often found in high-Q resonances. This negatively affects the error slope (Figure 19f), in some 

cases making it impossible to lock.168 

 

2.9  Bandwidth narrowing via lock-in amplification 
 

Although absorption spectroscopy is the goal of this experiment, rather than a technique designed 

to increase detection limits for microresonator sensing, it has the serendipitous side effect of enabling 

this improvement. This is because the photothermal signal is in some sense deterministic, since it is 

generated by the action of the pump beam on the analyte. Turning off the pump beam turns off the 

photothermal signal. Therefore amplitude modulation of the pump beam can be used to directly 

modulate the photothermal signal. The continuous readout of toroid resonance frequency enabled by 

PDH locking permits rapid amplitude modulation of the pump beam. The resulting periodic oscillation of 

the photothermal heating signal causes a synchronous oscillation of the toroid resonance wavelength 

visible through the PDH error signal. Macroscopic double-beam absorption spectrometers use this same 

technique for signal-to-noise improvement, albeit in a different geometry. 
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Amplitude modulation of the photothermal signal is enormously useful because of the large 

amount of low-frequency noise. Figure 21d shows the power spectrum of the error signal from 10 Hz to 

10 kHz. 100% amplitude modulation of the beam at 4.01 kHz puts the entire content of the photothermal 

signal into a sub-Hz frequency band (Figure 21a) far away from the riffraff hanging out at DC. While all of 

the sources of technical noise are not known at this time, the linewidth of the probe laser is quoted as 

200 kHz over 50 ms. Figure 21b shows that the error signal has Gaussian-distributed noise with a standard 

deviation of 217 kHz over 50 ms, strongly suggesting that probe laser frequency 
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Figure 21: The Measurement bandwidth reduction advantage of double modulation.  

(a) The error signal (V) and resonance shift (kHz) at 1550 nm is measured in the vicinity of the 4.011 

kHz amplitude modulation frequency by a network analyzer with 0.122 Hz bandwidth. Measurements 

with the pump beam blocked (red) and unblocked (blue) differ only by the large peak at 4.011 kHz.(b) 

Histogram of frequency fluctuations as determined from the PDH error signal and error signal slope 

yielding an apparent 50 ms linewidth of 217 kHz. (c) Reduction in noise at 4 kHz with decreasing 

bandwidth. The linear trend (black line) results from the expected square root dependence of the noise 

upon the bandwidth. (d) Power spectral density (PSD) of the raw error signal. Blocking and unblocking 

the pump beam again results in a large peak (red circle) at the pump modulation frequency. All 

frequency-resolved data was acquired with a Stanford Research SR770 FT Network Analyzer. All of the 

data in this figure was obtained by Erik Horak. 
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drift is the largest source of noise in the experiment. Further, the noise spectral density is quite flat in the 

vicinity of the photothermal signal (Figure 21a), as evidenced by the expected square root improvement 

of signal/noise ratio with narrower detection bandwidth (Figure 21c). 

How is it possible to only detect the 4.01 kHz component of the error signal? A lock-in amplifier 

(SR 7265) is design to only measure voltage with a frequency component matching a pre-determined 

reference frequency. The internal electronics of the lock-in amplifier are remarkably similar to those that 

generate the error signal. A VCO or similar oscillator is tuned to the reference frequency and input to a 

mixer along with the error signal. The output is low-pass filtered, and the resulting DC voltage is 

proportional only to the voltage of the error signal at the reference frequency (which is set equal to the 

amplitude modulation frequency of the pump beam). The phase of the reference oscillation must be 

adjusted to match the input phase, which does not tend to vary in our experiment. Implementing lock-in 

amplification increased our detection limit by approximately 10,000x, reaching sub-attometer resonance 

shift detection (Chapter 6).  The equivalent noise bandwidth of the lock-in amplifier is 0.1375 Hz for a 1s 

time constant, and the experimental noise floor (Figure 21c) is on the order of 1.5 attometers (200 Hz) 

/√��.   

The lock-in amplifier voltage is directly proportional to the absorbing nano-object's extinction 

coefficient, given by the following equation: 

 �g���I�lg	�ℎm�n	(��) = 2.83 ∗ Lrst	
�+,,0,

	 2.9 

where 2.83 converts RMS to peak-peak voltage, VRMS is the RMS voltage of the error signal at the pump 

modulation frequency, and merror is the error slope at the locking point in units of V/fm. The factor of 2.83 

assumes that the photothermal signal is a pure sine wave, which was empirically determined to be a very 

good approximation. 
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2.10 Control software  
 

All of the various parts of the experiment are ultimately controlled through Labview software 

(National Instruments). The Labview code (version 2013 SP1) has evolved through several generations as 

the needs of the experiment grew and my incompetence decreased. I will save the reader from close 

inspection of the codes I have written, but will mention the most important features—and lessons 

learned—in this section.  

State machines are a much better method for organizing data flow than sequence structures. A state 

machine is a case structure inside of a while loop. Until a stop condition is met, the code runs and chooses 

a case to run based on its programming. State machines are useful when a single initialization routine 

feeds into several possible states, or when the result of a particular state determines which other states 

should be run. The state machine used in my code is shown in Figure 22. Initialization first connects to the 

wavelength tuning motor, steering mirror controls, analog read and write channels on the DAC, and pump 

power meter. Once initialized, the code stays in “Ready” mode, awaiting user input. The front panel allows 

for changing parameters on any of the connected equipment, allowing for example the user to optimize 

the beam position for maximum photothermal signal. Then, pressing a button begins running that state, 

for example “Take Photothermal Map”. After running the case, the code returns to the ready state. Based 

on the data just taken, the user may decide to realign, or to proceed with taking other kinds of data. In 

theory, all of the different states can pool data into a common file that is then saved when the code is 

stopped (I have left the implementation of this last feature to future generations). Tab control is used to 

automatically switch between front panel tabs so that the front panel is not unusably cluttered. A final 

important feature of state machines is that it makes it easy to add new functionality to the code without 

affecting existing code. Users that are intimidated by state machines will find that putting code into a case 
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structure will get you 90% of the benefits. I credit Alex Foote for inspiring me to use state machines 

through a well-presented group meeting. 

MATLAB code can be run directly inside of Labview using a script node. I advise users to avoid 

MathScript, which is a limited version of MATLAB that is missing a number of commands. This is 

unfortunate, because scripts in script nodes are painful to debug. The most common bug is the different 

handling of arrays between MATLAB and Labview. Besides the fact that both programs define the first 

element of an array as variously 1 or 0, arrays will sometimes be transposed when passing from Labview 

into script nodes. Yet, the overwhelming utility of MATLAB makes script nodes worthwhile. One can 

process data and generate figures that are automatically saved when data is acquired. Better, complicated 

structures can be created and saved at the time of data acquisition. This structure can be drag-and-

dropped into MATLAB, and can contain filenames, all of the raw data, scan parameters, etc. in a searchable 

structure which saves a lot of time on data processing. MATLAB is also quite good at curve fitting 

compared to Labview. 

 

Figure 22. The state machine used for typical experiments with the toroid absorption 

spectrometer.  

Utility cases (Initialize, Ready, Close) handle communication with instruments and data flow. Diagnostic 

cases (Q-factor, Error Slope) are used to query the WGM and error signal. Measurement cases 

(Photothermal Mapping, Polarization Testing, Absorption Spectroscopy) record and process data; 

based on the results of measurements, alignment of one of the three pump beam parameters 

(wavelength, position, polarization angle) may be adjusted and data retaken. 
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Usually it’s better to use for loops for data acquisition rather than while loops. A for loop runs for a 

predetermined number of times, whereas a while loop will produce a dataset of random length. This 

becomes rather inconvenient when processing the data later on. Data should be stored inside arrays that 

are initialized with size and value 0 outside of the loop, passed through a shift register, and inserted into 

an array inside the loop. At the output shift register the data can be further processed and saved. Another 

issue with while loops is that if there are any errors during execution, especially involving COM/USB 

communication issues, the code may keep running forever.  

Driver issues are the single largest source of frustration when coding Labview. Some of this happens 

because of quirkiness introduced by companies modifying drivers that were original meant for serial ports 

and using them in USB-controlled instruments. In this case all axes of an instrument might be called by 

the same COM address. A common rookie mistake is trying to open a second line of communication to an 

instrument. For example, if a standalone program is communicating with an instrument, Labview code 

that tries to call the same instrument will error out, requiring a restart. Other errors are somewhat 

inexplicable. Calling the control software for the Attocube from inside Labview will frequently cause the 

software for Thorlabs cameras to crash, even though the two standalone applications can coexist 

peacefully.  

 

2.11 Procedure for taking data 
 

Alignment of the taper, the chip, and the pump objective (which is fixed in place) is performed crudely 

by eye. The taper stage is moved by hand and by micrometer to a position with the narrowest part of the 

taper overtop the chip, and in the middle of the region illuminated by the lamp light coming through the 

pump objective. Then the taper stage is secured and the taper lowered as far as the user is comfortable, 

avoiding ramming into the substrate. A 10x objective in the top down view is used to align the fiber within 
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several microns of the toroid horizontally and ~ 30 μm vertically, to the point that under maximum 

magnification the Navitar camera displays both taper and toroid. Then the 60x objective is put into place, 

and the focus adjusted until the toroid and the taper are both on the field of view visible to the topdown 

camera. The 10x and 60x are reasonably parcentric, but sometimes after switching objectives the toroid 

is not visible in the top down view. In this case the Navitar can be used to move the toroid until it is in the 

center of the region lit by the light from the 60x objective (which is clearly visible in the side view). The 

60x objective is deliberately misaligned from parfocality with the 10x objective, in such a way that it has 

to be manually lowered with the focus micrometers until it comes into focus. This helps protect the 

expensive objective from being accidentally rammed into the toroid. 

Because the resonance frequencies of any toroid are determined by the stochastic CO2 reflow process, 

they are not knowable in advance. Hunting for resonances begins with a 12 nm sweep of the probe laser 

frequency at 1 nm/s. The user watches the oscilloscope for evidence of peaks. PDH is helpful in this regard 

because a true resonance will show up in both the DC tap signal and the error signal, while a noise spike 

on the detector typically only shows up on the DC tap. In the past we have used noisier detectors (e.g. 

Menlo Parks FPD510) which made locating weak resonances more difficult. It can be difficult to find 

resonances sometimes, because multiple factors affect taper-toroid coupling. The probe polarization, 

taper height, taper normal distance, and probe laser wavelength all affect coupling to the toroid, and all 

must be somewhat well aligned to see resonances. In practice, this means that an inexperienced user may 

initially struggle and then quickly develop instincts for appropriate coupling conditions.  

Once resonances are observed on the DC tap signal, the user chooses a strong resonance that appears 

to be extremely sharp with a 200 ms/division update rate on the oscilloscope. At this level Q-factors 

between 1 x 106 and 1 x 108 all look like a single pixel spiking away from baseline. Resonances are then 

investigated more closely by turning off the coarse wavelength tuning and sweeping the fine frequency 

tuning piezo inside the ECDL over a range of +/- 1 V (+/- 53 pm). At this scan range it is easy to characterize 
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whether a resonance (and the associated error signal) is good enough for measurement purposes. Once 

the laser is sweeping over a single resonance on this narrow wavelength range, it is easier to optimize the 

taper height and separation. Probe polarization is a more mysterious optimization process (since none of 

the 3 paddles are purely quarter-wave or half-wave plates) but qualitatively good results can be obtained 

with a minute of tweaking. The relative phase of the RF and LO signals at the mixer also needs to be 

optimized, which is taken care of by tuning the frequency output by the VCO. To be usable for PDH locking, 

the WGM resonance should have a reasonable Q-factor (low 105 Q at minimum but ideally > 5 x 106); 

extremely high Q-factors (Q > 2 x 107) are difficult to lock to and fortunately are rarely encountered.  

A final complication is doublet splitting. Resonances with observable doublet splitting are typically not 

usable for PDH locking (Figure 19f). If the splitting is large enough, then the resonance is essentially two 

peaks, either of which could be locked to. In general, though, doublet splitting acts to substantially reduce 

the error slope near the locking point and also adds the possibility of an unstable lock that hops between 

the two peaks. Neither are good, so we avoid using doublet split resonances. O’Shea and coworkers offer 

a nice discussion of this problem.168 

Once the coupling is optimized, the Q-factor and error slope can be measured with Labview. It is 

important to have an accurate measure of the error slope because this slope determines the conversion 

between the detected signal (volts on the lock-in amplifier input) and the desired signal (resonance shift 

of the toroid in wavelength). A Labview program developed by myself and Erik Horak acquires a scan of 

the error signal while sweeping across the resonance, and then plots the derivative of the measured signal. 

The value of the largest extrema is the slope of the error signal at the best locking point, exactly on 

resonance with the WGM. The derivative plot is more useful than the original error signal because there 

are some complications to avoid; specifically, the scans in the long and short wavelength directions may 

differ because of thermal effects and tuning hysteresis, and there will be multiple local maxima in the 

error signal depending on the sideband spacing and the presence of doublet splitting. If the phase of the 
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LO is not correct at the mixer, the error signal will look less and less like the textbook PDH signal. In the 

derivative plot, the presence or absence of small doublet splitting can be ascertained as a pair of extrema. 

The absence of a strong central peak (or pair of peaks) provides further evidence that the phase of the LO 

is wrong. 

After the error slope at the peak of the resonance is measured, the sweep span is turned to zero. The 

center frequency of the sweep is then tuned until the user observes the transmission fluctuating wildly. 

By watching the DC tap transmission and tuning the output offset until the transmission is minimized the 

locking point is found. It’s important to note this level on the oscilloscope, with use of cursors, since any 

deviations from this level indicate locking problems and/or taper drift. With the span at zero and the 

center correctly adjusted, locking is turned on. If the resonance does not lock immediately, there are two 

knobs to adjust. The Gain knob and the input offset knob would ideally be independent from each other. 

 

Figure 23 Bode plot of probe laser cavity noise.  

Tuning the modulation frequency of the pump beam while measuring the error signal with the lock-in 

amplifier gives the noise spectrum of the probe laser. The peak at 180 Hz is a power line harmonic. 

Other resonances include ~1.2 kHz and ~21 kHz, likely mechanical vibrations. 
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Gain controls the gain on the feedback applied to the probe laser tuning input, and input offset sets the 

locking point in voltage. In practice, however, changing the gain also changes the input offset. This 

frustrating effect is what makes locking an art rather than a science. Nonetheless, it is usually not too 

difficult to lock. Typical parameters in the current setup are ~ 5.5 input offset and 2.5 gain. The locking 

point is proportional to the residual DC voltage on the error signal (which is why it’s not just set to 0 V) 

and the gain is a function of the error slope and the tuning curve of the probe laser, so it will vary between 

setups. After locking and engaging the pump beam, fine adjustment of the input offset is made until the 

resonance shift is maximized; this corresponds to optimizing the position of the locking point to the center 

of the resonance. Oscillation at 1.2 kHz frequently occurs; this is the first mechanical resonance in the 

frequency tuning piezo inside the probe ECDL cavity. Turning down the gain slightly will cease oscillations. 

The choice of amplitude modulation frequency must avoid probe cavity resonances (21 kHz is another 

strong resonance). Figure 23 gives the probe cavity noise resonance spectrum as a guide to which 

frequencies to avoid. 

The general procedure for data taking starts by coarse mapping of the entire microresonator, after 

centering the pump beam spot on the center of the silicon pillar using the top-view camera. A typical map 

has 50 steps with 1.0 μm step size. Given the 1/e2 beam diameter of the focused pump beam of 2.35 μm 

micron, and the good dynamic range of photothermal mapping, these mapping parameters allows for the 

identification of all but the dimmest objects. For objects known to have strong polarization dependence 

(gold nanorods, some polymer nanoparticles, single molecules) we take two maps at orthogonal pump 

polarizations.  

For each object identified by coarse mapping, we acquire a high-resolution photothermal map with 

0.25 μm step size, allowing us to trace out the point-spread-function (PSF) defined by the nano-object. 

This is a useful confirmation that you are looking at a single object; if the PSF is clearly not circular, then 

we reject the image since it did not originate from a single object. One exception is near the rim of the 
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toroid, where oblongation in a direction normal to the toroid circumference can result from the beam 

being focused onto a highly-curved surface. Once each object is mapped at high resolution, we measure 

spectral dependence by tuning the pump beam wavelength from 1280 to 1365 nm and polarization 

dependence by tuning the waveplate through 180° mechanically (360° of rotation of the optical 

polarization). To correctly evaluate the nano-object in the presence of nonzero silica absorption, we take 

a background spectra/polarization curve on a spot that is several microns distant, with no nano-objects 

on it, and at the same radial distance from the center of the toroid. Photothermal shift is constant at a 

given radius, i.e. the photothermal map of the toroid itself is azimuthally symmetric.  

Taper drift is a perennial issue. Drift is more of a problem in the equatorial direction, and less so 

normal to the substrate. However, the attocube/chip will tend to drift upwards for the first hour after the 

toroid chip is mounted. This is possibly caused by slow expansion of the double-sided tape used to stick 

the toroid chip to the stage. Sometimes the taper sticks to the toroid, and this is remedied by sharply 

backing away the piezostage holding the toroid by a few microns until the taper jumps free, and then 

carefully recoupling in. There are three other possible issues to avoid. The three-axis stage holding the 

taper holder must be very rigidly attached to the optical table, by tightening two tiedowns onto opposite 

legs of the stage as firmly as possible. Failing to do this increases taper vibration and/or drift. If any part 

of this 3-axis stage is touching the plexiglass enclosure around the setup the taper will be wiggling a lot, 

visible on the camera. Finally, a high-precision rotation stage must be attached between the taper holder 

and its 3-axis translation stage. This is because the taper (thickness 1 to 125 μm) has to be ~ 20 μm from 

the surface of the chip for the entire width of the chip, which is currently 3,500 μm wide. A very small 

imprecision in the angle of the taper will cause it to slam into the substrate. This angular tolerance is less 

than 0.5 degrees. An incorrect approach angle will cause the taper to stick to the substrate (noticeable as 

a sudden large decrease in transmission). Sticking to the substrate because of angular misalignment must 
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be distinguished from collision with a hair on the substrate, which sometimes happens when graduate 

students shed. The latter problem can usually be solved with a quick spray from an air can. 

The biggest drawback with the instrument in its present form is the low throughput. A large part of 

this is the limited extent of automation. Some of the limitations are intrinsic to our choice of equipment. 

The lockbox from New Focus, for example, must be operated manually to tune and lock to each resonance. 

This requires the user to manually search for the locking point and tune the feedback settings on this 

somewhat unpredictable box. The toroids themselves are another major issue. Because the resonant 

wavelength of each microresonator is random, the user must “hunt for” high-Q resonances on each new 

toroid. This process takes some time, especially because doublet resonances (which range from occasional 

to universal, depending on the chip) cannot be used unless the doublet splitting is 2 FWHM or greater 

(which is rare). A less significant issue is that the beam scanning mirror actuators are not capable of 

repeatably moving to the same position, especially when approaching the same nominal position from 

different directions, and therefore the user must manually tweak the position back and forth until the 

photothermal signal is maximized. Further problems are the polarization control of the probe beam, 

requiring the user to adjust three different physical fiber loops to re-optimize the polarization for each 

new resonator and occasionally as the polarization of the fiber drifts; as well as drift in the position of the 

tapered fiber, which can occur either towards or away from the resonator and directly modify the error 

slope (vertical drift is also possible but less frequent). Sudden sticking by the taper to the toroid occurs 

randomly and would eliminate any feedback signal from position locking. 

So in this sense, every nano-object that we characterize is measured by hand. This is unfortunate, but 

not remediable at the present time. None of the issues presented are insurmountable given a sufficiently 

large amount of time and money. For example, an FPGA could be used to replace the lockbox; an 

automated search program could be written to find resonances (using USB control to switch between 

coarse and fine scanning on the probe laser and joint programming with the FPGA); and a higher quality 



84 

 

beam steering motor (i.e. a galvo) would obviate that problem. Taper drift could be compensated for with 

an active feedback loop to lock the toroid’s position relative to the taper,169 and polarization drift could 

be potentially automated with an electronic state of polarization controller. A truly intimidating amount 

of Labview programming (months of grad student time) in addition to equipment cost made this prospect 

less attractive than taking data. The 2nd-generation resonator setup (Chapter 8) was designed to allow for 

a higher level of automation. 
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Chapter 3 

 

3. Fabrication Protocols for Toroids and Tapers 
 

 

3.1 Fabrication of toroid microresonators 
 

Toroid fabrication was originally developed by Deniz Armani and coworkers in 2002.106  The theses of 

Deniz Armani and Jean-Baptiste Jager were helpful as a guide to developing the process flow for 

fabricating toroids with the facilities available at UW-Madison.170,171 Nonetheless, a sufficiently detailed 

protocol for fabricating toroids was not available at the beginning of my Ph.D. The fabrication in this thesis 

was performed by myself or Kassandra Knapper at WCAM (Wisconsin Center for Applied Microelectronics), 

with occasional early use of facilities at the University of Missouri and Argonne National Laboratories. It 

took several attempts to create a reliable process for making high-Q SiO2-on-Si toroidal microresonators 

and I will outline the finished process flow below. Although the process flow is quite simple compared to 

an industrial fabrication process, there are several pitfalls for novice lithographers to avoid that I would 

like to highlight.  

The process begins with wet thermal oxidation of prime grade <100> Si wafers, either 3” or 4” 

diameter.  An MRL tube furnace at 1050 °C for 20 hours grows approximately 2 μm of thermal oxide, as 

verified by a Filmetrics F-20 optical reflectometer. It is also possible to buy wafers with the thermal oxide 

already grown. No serious difference has been reported in the literature in the obtainable Q-factor of 

finished resonators. Zhang et al. note that the silicon wafer should be intrinsic, because doping (especially 

boron doping) increases absorption losses and limits Q-factors.172 After oxidation, the wafers are 
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degreased with a successive rinsing in acetone, IPA (isopropyl alcohol), and water followed by drying with 

nitrogen while spinning on a Headway spincoater. This step is designed to remove lingering organic 

residue, leaving behind a clean surface. The wafers are then treated with HMDS (hexamethyl disilazane) 

vapor to create a hydrophobic surface. HMDS treatment strongly enhances the adhesion of hydrophobic 

photoresists (including the Shipley S1800 series used by us in toroid fabrication). I have found that 

omitting the HMDS application causes peeling of the photoresist layer during the following wet etching 

step in BOE (buffered oxide etchant). When a wafer is reused after a poor attempt at applying photoresist 

or a low-quality photoresist (PR) exposure, it is vital to repeat this HMDS step. Immediately after applying 

HMDS, wafers are mounted on a spincoater and 1 large plastic pipette’s worth of S1813 (Shipley, 

distributed by MicroChemicals) is dropped onto the wafer. This PR blob should cover most of the wafer. 

Visible air bubbles will cause incomplete coating of the wafer and should be avoided. PR is spread across 

the wafer by spinning; spread at 10s, 500 RPM, 500 Ramp; coat at 30s, 4000 RPM, 1000 Ramp; 500 ramp 

decelerate. This formulation and spinning speed leads to a PR coating approximately 1.4 µm thick. After 

a successful coating, softbaking is performed on a vacuum hotplate for 60 seconds at 115 °C to evaporate 

solvent from the film. UV exposure is performed with a dose of 72 mJ/cm2 on a Karl Suss MJB-3 contact 

aligner in hard contact mode. Hard contact means that interference patterns are visible as the wafer is 

brought into contact with the photomask. The photomask should be chrome deposited on quartz. The 

current photomask is designed for 4” wafers and is subdivided into four sets of 25 toroids per column and 

approximately 20 rows, producing roughly 80 chips per wafer. The toroid to toroid spacing on each chip 

is 500 μm and each feature is a simple 60 μm chrome filled disk. On each chip a mm-sized text label is also 

patterned. Between every 3-4 exposures the photomask is cleaned by immersion in hot MicroPosit 1165 

remover (a potent solvent mixture containing tetramethyl ammonium hydroxide and N-methyl 

pyrollidone). After exposure, development is with MicroPosit MF-319 (tetramethyl ammonium hydroxide 

at 0.24 N) for 30-40 seconds in a 136 mm crystallization dish, then quenching in water, followed by rinsing 
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for 30-60s with water, and drying with compressed N2. Inspection is performed with a 20x brightfield 

optical microscope, and if defects or missing rows of disks are observed, lithography is repeated. If there 

are no lithographic issues visible, a hardbake for 120s at 125 °C on a vacuum hotplate is performed. This 

hardbake improves adhesion (which is important during BOE etching) and reflows the edge of the PR for 

a smoother disk. The reflow of PR is visible under optical inspection in the microscope as a rounding in 

the edge of the disks.  
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Figure 24 : Lithography and BOE etching. 

 (a) The dark region is silica, light grey is silicon. Defects from PR bubbles are visible in several locations. 

These wounds cannot be healed by the CO2 laser reflow step. (b) Due to overexposure, 

overdevelopment, or other issues, this feature is lacks the circular symmetry required for making WGM 

resonators. (c) A correctly fabricated pad of 2 μm thick, 60 μm diameter oxide after BOE etching and 

successful lithography The regularly-spaced hatch marks are typical of BOE etching, and are smoothed 

out by later reflow. 
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The next step is to transfer the PR pattern into the silica layer. A buffered hydrofluoric acid (BOE) etch 

with a 6:1 ratio of HF solution (49% HF) to NH4F (40% NH4F). At WCAM a 33 minute etch was appropriate 

to break completely through the oxide layer. After quenching in a cascade rinser for 5 minutes, the wafers 

  

 

Figure 25: Microdisk fabrication. 

 (a) SEM image and (b) optical micrograph of successfully fabricated microdisk resonator. Regular 

striations on the rim of the disk are from the BOE etch and are always observed. The high symmetry 

and lack of visible defects is a requirement for proceeding to the reflow step. (c) Optical micrograph 

and (d) SEM image of flawed microdisks. Substantial divots are present, originating from the 

lithography. These microdisk will not reflow into symmetric toroids and are unusable for most 

applications. 
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were visually inspected to determine if the silicon surface was hydrophobic. If the oxide layer was 

completely removed, then the water will come off as a single continuous sheet. If not, it will bead up on 

the wafer surface like raindrops on a window. PR is removed by immersion in hot (80 °C) 1165 Microposit 

remover. A good etch leaves a silica pad on a silicon surface that is perfectly symmetric (Figure 24c). 

Bubbles in the photoresist film, usually introduced during the dropcasting of PR onto the wafer, will cause 

local voids in the PR film that are transferred into the oxide layer (Figure 24a). Erosion of the photoresist 

feature, likely during development, will lead to kidney-bean-shaped structures (Figure 24b). 

MicroChemicals published a Lithography troubleshooting guide that explores the cause and solution to 

issues like these in more detail.173  

After BOE etching and cleaning, an isotropic etch is performed on the silicon layer. We initially tested 

this with SF6/Cl2 plasma etching and also SF6/O2. Both plasma etches did not exhibit any real selectivity to 

Si vs. SiO2 and were therefore not useful. Amine gallate has also been used as an isotropic, selective silicon 

etchant,174 although the paucity of established procedures and safety considerations steered us in other 

directions.  We then worked with Suzanne Miller at Argonne National Laboratories using a Xactix XeF2 

etcher. While this produced the first generation of microresonators, the necessity to travel to a different 

city and to use the highly loading-dependent and humidity-sensitive XeF2 etcher was inconvenient. 

Investigating alternatives, I found the process flow developed by Jean-Baptiste Jager at the University of 

Grenoble171 (note that this thesis is written in French). Using the same model of ICP (inductively-coupled 

plasma) etcher manufactured by STS, I implemented the following recipe that Jager developed: 100 sccm 

of SF6 and 50 sccm Ar with chamber pressure of 15 mT, with 450 W coil power and 8 W platen power. An 

etching time of approximately 20 minutes is appropriate for the 56 μm diameter microdisks I have used 

in this thesis, giving an isotropic undercut of 15 μm. For the experiments discussing in Chapter 4, a second 

etching step was sometimes performed to further decrease the diameter of the silicon support pillar after 

the CO2 reflow step. This did not work with toroids where the first etching step had been performed via 
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ICP etching. It worked much better when the re-etching step used a XeF2 etcher. The cause of this 

difference is not exactly known but must involve differences in surface chemistry given the high chemical 

selectivity of both etches. Examples of isotropic etching problems with microdisk resonators are shown in 

Figure 26. Insufficient chemical selectivity gives near-complete erosion of the silica layer (Figure 26a). 

  

 

Figure 26 Problems during isotropic etching.  

(a) SF6/O2 ICP etching will isotropically erode silicon, but at the cost of low selectivity towards silica, 

leading to a severely eroded microdisk that cannot support an optical mode. (b) Insufficient drying 

and/or cleaning before XeF2 etching causes formation of a white, flaky film which we came to call 

“micro-bacon”. (c) Attempting to clean off residue with sonication universally results in shattered 

toroids, even with acoustic insulation. (d) Insufficient drying or improper arrangement of wafer pieces 

inside the XeF2 etcher leads to “mouse-bite” defects and consequently poor-quality toroids. 
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Water vapor or other contamination during XeF2 etching gives a white flaky film all over the chip (Figure 

26b). Attempts to remove etching contaminants by sonication only result in shattered microresonators 

(Figure 26c). Another issue that occurs sometimes with XeF2 etching is “mousebite” etching of the silicon 

pillar (Figure 26d), which is likely caused by the arrangement of chips inside the etcher or insufficient 

dehydration. 

The final processing step is dicing. The wafer (now patterned with microdisk resonators) is coated 

with Shipley S1813 resist using the same spinning recipe as before, giving a resist thickness of 

approximately 1.4 μm. A semi-hardbake is performed for 60 s at 110 °C; the goal of this layer is to keep 

dicing debris from polluting the finished wafer, so a hardbake is not necessary. Diced chips are 3.5 mm 

wide and 17.3 mm in length (although the length may exceed this value as it follows the curvature of the 

outer edge of the wafer). Chips are typically kept with this dirty PR coating until needed and then cleaned 

off by rinsing in HPLC-grade acetone, IPA, and Millipore-filtered water before spinning dry on a spincoater. 

We have also explored cleaning off PR by rinsing with DMSO (dimethyl sulfoxide) followed by water and, 

upon drying, 1 hour of UV/ozone cleaning to remove lingering contamination. Recent work by Kassandra 

Knapper and Erik Horak in our group indicates that particulates are sometimes left behind after this 

cleaning, and a prefurnace-style RCA cleaning greatly helps. The prefurnace clean is a sequence of sulfuric 

acid piranha, ammonium hydroxide piranha, and hydrochloric acid piranha performed so that wafers are 

flawlessly clean before going into high temperature furnaces.  

At this point the resulting structure is called a microdisk resonator, and under certain conditions can 

possess ultrahigh Q-factors.175 Typically, however, a final stochastic laser-induced reflow step is required 

to achieve ultrahigh Q-factors.106  
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3.2  CO2 laser reflowing of toroid microresonators  

 

The final step in production of toroidal microresonators is the surface-tension-induced reflowing 

of the rim of the toroid. A high power laser is used to selectively melt the overhanging silica to produce 

the desired structure. A CO2 laser at 10.6 μm is strongly absorbed by SiO2 (and to a lesser extent by Si). 

After approximately 1 ms the rim of the toroid has absorbed enough light to heat up to the melting point 

of ~ 1600 °C. The extremely high surface tension of molten silica draws the melted edge of the resonator 

into a spherical shape that is pinned on one side by the un-melted part of the resonator. The inner region 

of the resonator will not melt, because the silicon pillar and silicon substrate effectively wick away heat. 

The extent of reflow can be loosely controlled by the CO2 laser power; increasing the power beyond that 

needed to melt the outer edges will cause the melted region to move progressively inwards towards the 

silicon region. With a large enough undercut, a spherical WGM resonator can be formed upon reflow.176 

It is also important that the CO2 laser be focused onto the sample with a circular beam spot, as an 

elliptical/stigmated spot will cause unwanted asymmetry in the production of toroids. 

 

Safety: The CO2 laser is invisible and very powerful (10-20 W, continuous-wave). Most importantly, it can 

ignite organic material instantly and will burn skin on contact.  Eye protection must be worn at all times 

by all users in the same room—plastic safety glasses suffice. Attempts are made to confine as much of the 

beam path as possible with polycarbonate panels or tubes. Polycarbonate, unlike most plastics, does not 

release toxic gases during combustion.  Whenever the user is not ready to fire, the shutter on the laser 

(Synrad V40) is closed. This provides a physical barrier; closure of the shutter also acts as an electronic 

interlock on the laser. Where beam dumps are necessary (most notably on the incident reflection of the 

beamsplitter), firebricks are used. 
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Alignment: The CO2 beam is first coaligned with a red diode laser mounted onto the output coupler of the 

CO2 laser. Co-alignment involves an index card taped to a firebrick. First, the red beam spot is marked on 

the card. Next the CO2 laser is fired at low power in a short burst. A small (< 1 cm) hole is burned right 

through the card. The alignment screws on the guide laser mount are then adjusted to line up the red 

beam and the burned hole. Then the firebrick is pushed further down the optical table and the process is 

repeated until the beams are coaligned across the whole table (~ 2m). The two beams can then be easily 

aligned conventionally. The beam must propagate for approximately 1m to reach a Gaussian cross-section 

according to the manufacturer. After propagating, the beam is focused by a lens onto the sample. A 

stereoscopic microscope and a beamsplitter is used to image the toroid chip to be reflowed. The first step 

in alignment is to make a small hole on a microscope coverslip. Reasonable parameters are 3.5 W for 100 

ms with a spot size of ~ 400 μm. The hole melted partway through the coverslip can then be focused on 

with the microscope. The spot on the camera is marked on the monitor displaying the camera feed, and 

then the sample stage is translated until the microresonator to be reflowed is on the same spot on the 

camera. This alignment step with the cover slip should be performed every time the setup is used to 

account for day-to-day drift. I found that the position of the focusing lens is fairly sensitive, and a 1 cm 

translation along the optical axis can cause a large change in the reliability of reflow. A spot size that is 

too small will make the alignment very sensitive, and the user will end up producing a fair number of 

toroids that are only partially reflowed.  

 

Optics: Because silica absorbs CO2 laser light very strongly all transmissive optics must be made from an 

alternate material. The only widely-used alternative is ZnSe. Two optics are necessary; a focusing lens to 

focus the beam onto a toroid, and a beamsplitter to enable imaging with a conventional telescopic 

microscope. In the original setup a mixture of Ag-coated silica mirrors and Ag-coated silicon were used. 

Eventually the first turning mirror failed when the beam ablated all the way through the silver coating. As 
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soon as it hit the silica substrate the mirror lit up and then cracked from the thermal stress. Therefore, at 

the powers used here, the correct choice is Ag-coated silicon, although Au-coated copper is another good 

choice.   

 

Figure 27: 1st-Generation CO2 reflow setup.  

The beam propagates horizontally about 1’ above the table, enclosed in a safely-combustible 

polycarbonate pipe before being directed downwards by a mirror and focused onto the sample. 

Annotations (red text) mark the position of the turning mirror, focusing lens, dichroic beamsplitter, 

sample holder, and imaging microscope. 
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Imaging: The imaging microscope is a Navitar 1-50487 12x Zoom with a 2x lens. An early version of the 

setup (Figure 27) used a 0.5x lens with a much longer working distance. Although convenient to build, this 

setup made the toroids appear as small black dots, with no obvious change to mark whether reflow  

 had been successful. This compounded the difficulties of initial testing to determine proper reflow 

conditions, which were made with insufficiently-undercut microdisks and a low power CO2 laser. A later 

generation (Figure 28) used a Navitar 1-60350 6.5x Ultrazoom which provided much higher magnification. 

However, the high incidence angle of the microscope made the translation stage axes non-orthogonal to 

the image, a serious inconvenience. More importantly, the expensive apochromatic objective was placed 

extremely close to the beam path because of the short working distance. Since a single burst of the laser 

could easily damage the objective, the latest generation reverted to the 12x zoom. A change in sample 

mounting geometry enabled the use of a 2x lens adapter, increasing the magnification enough to clearly 

tell the extent and quality of reflow without endangering any optics (Figure 29). Wafer chips are mounted 

horizontally on a 3-axis translation stage with small pieces of double-sided tape. A fiber-coupled lamp is 

used for illumination, which works much better than flood illumination. 
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Figure 28 : 2nd-Generation CO2 reflow setup 

A high-magnification Navitar Ultrazoom microscope is mounted at a 60° angle to the table to bring it 

within imaging distance of the toroid chip. This angled mounting was inspired by the reflow setup of 

Jean-Baptiste Jager at the University of Grenoble. In this version the CO2 beam propagates horizontally 

approximately 1’ off the table, before being reflected downwards.  
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Troubleshooting:  Partial reflow (where only part of the toroid rim is visibly reflowed) is an aiming problem 

(Figure 30e). The alignment of the CO2 beam on the camera needs to be rechecked with a coverslip. If this 

is a recurring problem, it’s possible that changing the focus between the cover slip and the toroid chip 

(which are different thicknesses) may cause the camera image to move laterally. This will occur if the 

   

Figure 29: 3rd-Generation CO2-laser-reflow setup.  

A Navitar 12x zoom with a 2x adapter lens and a ZnSe dichroic are used for imaging. The CO2 beam 

propagates horizontally approximately 4” above the table. Toroid chips are mounted with double-

sided tape at the edges, next to a coverslip used for alignment of the beam. This setup provides plenty 

of magnification for determining reflow quality without requiring an expensive long-working-distance 

stereoscope/objective pair. 
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microscope is not mounted perfectly orthogonally to the optical path. Another solution is to increase the 

power by a few % of fullscale. This will increase the tolerance towards misalignment. However, increasing 

the power too far will cause sputtering of the silica as it overmelts (Figure 30d). Even higher powers will 

cause the toroid to shatter or melt into ruins (Figure 30a-c). The reflow duration does not seem to be 

important, although sub-ms exposure time leads to messy, incomplete reflow (Figure 30f). If the power 

needed to reflow has increased from day to day, this suggests that someone bumped the focusing lens or 

that the undercut of the microdisk resonators is less than is typical. 
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Figure 30: Gallery of reflow woe.   

 (a,b) SEM images of toroids reflowed with a 120 W CO2 laser. At high enough fluence, the microdisk 

into a puddle of molten silica instead of a toroid. (c) At more moderate but still excessive power, the 

rim will successfully reflow but then fracture repeatedly (presumably during the cooling process).  (d) 

At powers slightly elevated from the power needed to initiate reflow, the silicon regions will be clearly 

marked and experience their own form of thermal reflowing. Toroids with this morphology did not 

tend to have optimal Q-factors. (e) If the CO2 laser power is too low, then aiming becomes difficult and 

toroids are frequently reflowed only on one side. Note the very short (~ μm) region over which reflow 

is arrested. (f) While toroids can be successfully reflowed over a wide range of timescales, 0.5 ms is 

too short. The seemingly “dirty” morphology of this toroid is entirely due to insufficient reflow.  
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3.3  Fabrication of tapers  

Tapers are manufactured by heating a short section of optical fiber and pulling it to the desired 

final diameter.153 This basic principle can be implemented in several different ways. Although a torch is 

most common,177 ceramic heaters,178 hydrofluoric acid etching,179 and CO2 lasers180  as well as a recently-

developed commercial system by 3SAE that employs a 3-electrode plasma source. We elected to use a 

hydrogen torch for its low cost and simplicity. Hydrogen is chosen because there is no possibility of 

depositing unburned hydrocarbons on the fiber during the tapering process.157 A clean taper will have 

lower optical losses. Because of the optothermal effect in toroids coupled power must be kept low; 

efficient collection of light from the tapered region is critical to maintaining high signal to noise. Therefore 

a low-loss taper is desirable. In this context, a taper is referred to as adiabatic if light propagating through 

the fiber experiences no additional losses as it passes through the tapered region. Losses below 0.05% 

have been reported;157 for our needs, losses of 30% or below are reasonable given the larger losses from 

bare fiber splices. Aside from fabrication problems, the main determining factor for transmission loss is 

that longer tapers are more adiabatic.181 

Although a torch-based fiber pulling setup possess certain virtues, it does not tend to produce 

reproducible tapers. The flame tends to be a different size every time the hydrogen gas cylinder is opened. 

In practice, this means that a user might spend either 20 minutes or 2 days trying to pull a good taper. 

Recently Hoffman et al.157 engineered a process for reliably producing ultrahigh transmission (99.95%), 

ultrathin optical fiber tapers using a hydrogen torch. This however requires a significant investment of 

resources, including a pair of imaging microscopes, several translation stages, and multiple mass flow 

controllers, and above all the time to carefully optimize the many parameters that can affect the taper 

pulling process. In the absence of this optimization, we focus on producing tapered fibers with relatively 

high adiabaticity (>75% transmission after tapering) and confirmed single-mode nature. The mode 
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structure of the tapered region can be monitored by launching a fixed-wavelength, single-mode laser 

through the tapered region and detected the transmitted light with a photodiode.  Figure 31a shows a 

typical spectrum of the transmission through a fiber during the tapering process. Initially transmission is 

constant. At this point dopant has diffused and the entire tapered region is the core of a multimode fiber 

with air acting as cladding. After some time the transmission begins to oscillate with higher and higher 

frequency. This occurs as successive higher-order modes are stripped out by continued narrowing of the 

tapered region. This is equivalent to the V-number (Equation 2.4) of the waveguide decreasing. The 

oscillation results from changing interference between these higher order modes. Eventually interference 

stops when only a single mode, the LP00 mode, can propagate through the tapered region. This is the 

desired modal structure; it makes the taper act as a mode filter so that the WGM mode coupled into is 

the same mode that can couple back into the taper from the toroid, an advantage not found with prism 

coupling.155 The removal of higher order modes from the taper during pulling is visible as chirp-like 

features in the short-time Fourier transform (Figure 31b).157 
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Figure 31: Transmission of light through the fiber during the tapering process.  

(a) Light at constant wavelength (1.56 μm) is launched through the fiber and monitored with a power 

meter downstream of the tapered region. Oscillations are observed after pulling starts and until the 

fiber becomes singlemode and air-guided. (b) A short-time Fourier transform (Gabor transform) shows 

chirped oscillations as higher order modes are stripped out. When the fiber goes singlemode (vertical 

dashed line), there are no further oscillations. 
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The actual tapering process is straightforward. A picture of the rig in its original incarnation is 

shown in Figure 32. The torch heats a small (~ 1 cm) section of SMF-28e+ fiber (distributed by FIS, 

manufactured by Corning) from which the protective buffer layer has been stripped. The fiber is 

suspended between two holders that secure the fiber with rubber-tipped magnets (Thorlabs HFV001). 

Quick-release magnetic clamping (Thorlabs HFF003) was found to provide insufficient holding force, 

causing the fiber to slide along the holder rather than tapering. The two fiber holders are attached via a 

peg-and-socket joint to motorized translation stages (PT1-Z8) with 1” of travel and a minimum step size 

of 0.05 μm. After the torch is lit (using a lighter rather than a striker to avoid causing debris to rain onto 

the fiber), the two stages start moving simultaneously at a velocity of 40 μm/s.  Although feedback for the 

taper's mode structure comes from launching a constant-wavelength 1550 nm laser and detecting with a 

fiber-coupled photodiode, the original version of the setup used a Navitar stereoscopic microscope with 

a 20x Mitutoyo long-working-distance objective. Visual inspection was useful for coarse alignment of the 

position of the torch relative to the fiber, and provides diagnostics about the potential problems with 

tapering. The thesis of E. W. Connolly provides more details181 about diagnosing issues with torch-tapering 

of optical fibers. In our setup, the Navitar objective lens is shielded from the flame with a homemade blast 

shield, consisting of a holed microscope cover slide and custom barrel adapter bearing (Figure 32). 
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Figure 32: First-generation taper-pulling setup.  

The imaging microscope is visible in the center with its blast shield attached. The position of the torch 

is controlled with a 3-axis translation stage. Two motorized stages (black) pull the shuttles (aluminum) 

apart through peg-and-socket joints (Figure 34). A pair of Nylon screws are used to gently lock the 

position of the shuttles after pulling and post-tensioning. The entire apparatus is partially shielded 

from dust with a PMMA box. The torch tip can be seen with the fiber near the edge of the torch. This 

is generally held to be the optimal position for the fiber.  
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Fibers are prepared for tapering by taking a length about 1m long from the fiber spool. The other 

end of the spool is connected to a 1550 nm laser, either through a bare fiber adapter or a permanently-

connectorized terminal. A section of plastic buffer is stripped from a length of fiber using calibrated fiber 

strippers (Miller CFS-2 purchased from FIS) approximately 1-2 cm long. The stripped length should be as 

short as practical, since the buffer adds structural support, but long enough to avoid ignition of the buffer. 

Fire in the buffer is automatically quenched when it reaches the magnetic fiber clamps, fortunately. 

Remaining particles of buffer are removed from the fiber by taking several drops of HPLC-grade IPA or 

acetone and wetting a kimwipe, and then repeatedly wiping the wet kimwipe across the stripped region. 

Care is taken to avoid cleaning the fiber with the same part of the kimwipe each time. Recent work in 

producing ultrahigh transmission tapers157  indicates that a more careful cleaning process helps increase 

the quality of tapers. The end of the fiber is also stripped and cleaned in a similar manner before being 

cleaved with a handheld fiber cleaver (FIS F16000). The leads on either end of the region to be tapered 

should be at least ~1m long in order to have enough to work with after the taper is manufactured. The 

tapered region is then clamped by the two bare fiber clamps, and positioned close to the torch. The 

optimal position tends to have the fiber not quite at the edge of the flame. Following the advice of 

Connolly,181 we relax tension in the fiber by passing a heat gun over the stripped region for 10 seconds 

after placing it straight in the fiber clamps. This serves to release curvature in the fiber that results from 

it being stored on a circular spool. The hydrogen cylinder is then opened. H2 passes through a flow 

regulator (Dwyer VFA-1-BV) and the regulator pressure is set to 7 PSI. The flow controller was never 

adjusted after initial setup. After lighting the torch, the pulling motors are started and data recording 

begins. When the tapering process is finished (either successfully or in failure) the pulling motors are 

stopped, then the torch is shut off. Placing the fiber under enough tension is critical—a loose taper causes 

fluctuations in the error signal, directly manifesting as noise, as well as making any experiments a 

frustrating and inefficient process. However, an over-tensioned taper will simply snap (and may not do so 
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immediately). The first version of the setup (Figure 32) had no means for adjusting the tension after tapers 

were removed from the torch setup. This meant that more than 90% of tapers broke while being moved 

to the resonator coupling setup. By breaking down the process of moving tapers between setups into a 

series of discrete actions and assessing when tapers snapped (Figure 33), I noticed that taper breaking 

could occur at a variety of different points. I then implemented a mechanism for increasing the taper’s 

tension while mounted in the resonator coupling setup, allowing for safe movement of untensioned 

tapers.  

 

Figure 33 Taper breaking by action. 

The process of making tapers and transferring them into the toroid coupling setup was broken down 

into 10 steps. The point at which each taper was broken was histogrammed before (blue) and after 

(yellow) adding a tensioning micrometer (visible at right in Figure 34) allowing for tapers to be 

transported under no tension. 
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In fact, while this tensioning mechanism worked, we have ultimately found that gluing tapers into 

place is more reliable. The jig that holds the fiber during the tapering process is too large and bulky to 

incorporate easily into the coupling setup. On the contrary, a much smaller U-shaped metal holder (Figure 

34) is easier to handle.  Once tensioning is finished, the U-shaped fiber holder is lowered on a 3-axis 

translation stage until it's in proximity to the taper.  Glue (Quick Dry Tacky Glue, Aleene’s) is applied to 

both sides of the U, and it is brought gently into contact with two ends of the taper. Care is taken to avoid 

getting glue on the tapered region of the fiber, as the transmission through the fiber will then swiftly drop 

towards zero. The glue takes up to 24 hours to fully dry, although it is fairly secure after 1 hour. This 1 

hour wait is a reasonable time to wait before transferring to the coupling setup; the glue is firm enough 

to hold the fiber, but loose enough to leave it under-tensioned. After several hours, the fiber still drifts 

enough as the glue continues to dry that it cannot be used for experiments. Tapers made in this process 

can be used for several weeks, a lifetime limited by accumulation of particulates and by incidental 

breakage. In contrast to early analysis,182 we find that  non-cleanroom air can keep taper transmission 

from degrading even after a month if the taper is partially sheltered from dust. 
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Figure 34: Modern taper-pulling setup.  

(a) Two changes are prominent. One, the Navitar is not necessary once the setup is reasonably well 

aligned, feedback can be accomplished by pulling tapers and adjusting. Second, the tension of the 

pulled taper can be adjusted with the micrometer. (b) U-shaped metal holder with a taper glued into 

place. A normal size thumb and forefinger are shown for scale. 
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Chapter 4  

 

4. Photothermal Background Mapping1 
 

 

4.1  Abstract 
 

We report a tuning method for ultrahigh-Quality factor toroidal optical microcavities capable of rapid 

modulation and resonance position control over multiple decades.  A free-space laser is focused onto the 

resonator’s silicon support pillar, rapidly heating the mode-containing silica.  Microcavity photothermal 

response is spatially mapped. Resonance shift varies inversely with pillar diameter, reaching 1.5 x 105 

fm/mW at 2 µm diameter, allowing switching with 1 µW control power. Larger pillar resonators can be 

modulated at high speeds (> 4 kHz).  Heat flow simulations accurately model observed shifts. This versatile 

approach fulfills an outstanding need for fast, flexible control over toroid resonances.  

 

4.2  Main text 
 

Whispering-Gallery Mode (WGM) optical microcavities are rich experimental platforms for 

quantum optics,69,120,183 photonics,184-187 and sensing.72,94,187-190 Ultrahigh-Quality factor (Q)  toroidal 

optical microcavities106 are particularly suited for nonlinear optics61,70,191 and single particle detection,90,192  

due to their combination of extremely narrow linewidths and small mode volumes.135 Sensing applications 

typically entail detection of analyte binding via small shifts in the resonance wavelength,190,192 resonator 

                                                           
1 The material in this chapter was originally published as: Heylman, K. D. & Goldsmith, R. H. Photothermal 

mapping and free-space laser tuning of toroidal optical microcavities. Appl Phys Lett 103 (2013). 
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Q-factor,86,193 or mode splitting.104 One advantage of the toroidal geometry is the simplified mode 

structure relative to other microresonator geometries, which leads to widely separated resonances. 

However, the high finesse (106) presents a significant experimental difficulty. The absolute resonant 

wavelengths are determined by minor variations in the fabrication conditions. In particular, laser-induced 

reflow, a crucial fabrication step, relies upon a runaway thermal process, although larger diameter toroids 

have been produced without this step.175 Typically, tunable external-cavity diode lasers are used to couple 

light into the resonator, as they possess narrow linewidth and wavelength tunability greater than the 

resonator’s free spectral range (FSR).  However, the need for expensive tunable light sources impedes 

applications that require low-cost fabrication or integration into massively parallel device architecture.  

Exploration of emergent properties of multi-resonator architectures,194-196 would benefit from the ability 

to rapidly and independently control multiple toroid resonance wavelengths.   More broadly, a convenient 

method of tuning toroid resonances would enable these microcavities to be incorporated into a wider 

range of optoelectronic applications. 

Much progress has been made in controlling absolute resonance position in WGM microcavities.  

These efforts include chemical etching147 and UV irradiation,197 though these processes are irreversible, 

and have not been demonstrated with microtoroids. The entire silicon chip can be heated,139 although 

this approach cannot achieve independent control of multiple toroids and is limited by slow switching 

speeds. A photochromic thin film can be optically pumped to photothermally heat the resonator,198 but is 

slowed  by the recovery time of the molecule’s ground state (~ 11 s).  Similarly, a highly absorbing polymer 

film can be applied to a microsphere and optically pumped, but with limited tuning range (25 pm) and 

speed (165 ms).199 Toroids can be individually functionalized with a heating element,148 but this approach 

increases fabrication complexity. A second fiber-coupled light source can be used to photothermally tune 

the resonance,149 but requires high powers due to the transparency of fused silica at the pump wavelength 

and is consequently limited to a narrow tuning range. The variety of innovative techniques that have been 



112 

 

developed for resonance tuning of optical microcavities demonstrates the importance of the problem as 

well as the difficulties inherent in solving it.  

Here we demonstrate tuning of the resonance of a toroid microcavity by modulating the position 

and intensity of a free-space visible, CW pump laser whose output has been focused onto the resonator.  

By varying the power of the pump laser, a tuning ratio of 1.5 x 105 fm/mW is achieved on a toroid with a 

2 μm diameter silicon pillar. A fraction of the heat generated from the silicon absorption is transferred to 

the silica, redshifting the resonant frequencies due to the positive thermo-optic coefficient of silica. For 

comparison, use of two fiber-coupled beams as described above attained a tuning ratio of 250 fm/mW.149 

Previously, a focused free-space pump has been used to continuously tune photonic crystal microcavities 

with Q near 104 and the spatial dependence was explored,195 though the time dependence was not 

examined.  Ultra-high Q toroidal microcavities possess an intricate geometry, and spatial mapping of the 

photothermal shifts is a primary focus of this current work.    

Toroidal microcavities are fabricated via literature procedures106,176  (see supplementary material 

to the manuscript for fabrication details). Two pillar diameters were constructed (termed “standard” and 

“re-etched”), distinguished by an optional post-reflow etch.194 An external cavity diode laser (New Focus, 

1560 nm) is coupled into toroids via tapered optical fiber.106  Typical coupled powers range from 40-150 

nW to avoid nonlinear thermal effects.140,200   A fixed-wavelength CW diode laser (Blue Sky Research, 640 

nm) is focused to a 2 μm diameter spot with a 40x 0.75 NA microscope objective.  A gimbal-mounted 

mirror positioned at an optical plane conjugate to the back aperture of the objective is used to control 

the position of the laser spot in the toroid plane.  

Resonance shift of the toroid is spatially mapped by scanning the pump beam over the resonator 

and surrounding area, Figure 35. The laser spot is small compared to the size of the resonator, Figure 37 

inset, enabling a high-resolution map. The maximum shift is closely associated with illuminating the silicon 
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pillar where the shift is essentially constant with position. The resonance shift, 3200 fm/mW pump power, 

is approximately five times larger on the silicon pillar than when the spot position is well-separated (80 

µm) from the toroid.  Decreasing the size of the toroid support pillar with an additional etching step (re-

etched toroid) significantly amplifies the effect (Figure 35, Figure 36) and the slope rises to 1.5 x 105 

fm/mW, Figure 37, without compromising the Q-factor.  The high power density (108-109 W/cm3) in the 

 

 Figure 35: SEM images (a,b) and photothermal maps (c,d) of the spatial dependence of 

resonance shift  for a standard (a,c) and re-etched (b,d) toroid.   

Each map is constructed from 13x13 grid with 4 μm increment, where each shift at constant (4.2 mW 

absorbed) pump power is referenced to the shift with no external pump.  An optical micrograph is 

superimposed on the map, showing the correlation between maximum shift and the silicon pillar. 
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heated volume drives the high sensitivity of this tuning method.  The increased sensitivity of the re-etched 

toroid is attributed to the reduced heat capacity of the smaller silicon pillar, leading to a greater 

temperature increase at the silicon-silica interface, and consequently greater equilibrium temperature at 

the mode-carrying silica.   

  To understand the relevant heat flows, numerical simulations were performed in 

COMSOL Multiphysics, Figure 38 (see supplementary material to the manuscript for discussion of the 

model parameters). The redshift in resonance wavelength (∆�) as a function of the change in temperature 

is given by, 

 �v − � = ∆� = � 
� ×

#�
#" (")	×	(" − " ) 4.1 

 

 Figure 36: Photothermal linescans of a standard and re-etched toroid on two scales (a,b).  

The laser spot is scanned laterally across the center of the toroid at constant power (4.2 mW absorbed) 

and the resonance shift measured as a function of laser position.  The profile of the silicon pillar is 

shown for the standard toroid (a).  The greater sensitivity of the re-etched toroid is conspicuous in (b).  

(Inset)  Optical micrograph taken during a linescan, with the pump laser spot marked. 
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with λ = 1.566	C�, � = 1.444,	  and  
N8
Nv (") = 2.6	× 10d~	Kd
 × T + 7.5 × 10d�	Kd� , an expression 

 

Figure 37: Power dependence of photothermal shift from silicon pillar.   

The shift is seen to be quadratic for a re-etched toroid and to extend to over half the FSR of the 

resonator.  Simulations capture the quadratic dependence and were performed by calculating 

equilibrium temperature at the silica rim from the measured pump power and extrapolating resonance 

shift with Equation 4.1. Error bars are present but too small to see on this scale. (Inset) A standard 

toroid shows a shallower slope and is linear over the range examined. 

 

 

Figure 38: Simulations of the temperature profile of the toroid upon excitation at its center 

for a standard toroid (a) and re-etched toroid (b).  

The heating source is shown in black wireframe (see Appendix 1 of the manuscript for details of the 

thermal modelling).  Absorbed power is 4.2 mW in both simulations. 
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derived from linear extrapolation of data from Leviton.  112 The model accurately matches the experimental 

power dependence, Figure 37. Over a tuning range of 0-25 pm for a standard toroid the tuning curve is 

linear, Figure 37 inset, in agreement with Armani et al.148,  with a slope of 9.2 pm/K.  At the much greater 

shifts possible with a re-etched toroid, the shift appears quadratic in both simulations and experiments 

(consistent with observations in Ma et al.57) due to the temperature dependence of the thermo-optic 

coefficient (	N8Nv	). At 12.7 mW of pump laser power, the silica heats up to 443 K.  At larger pump powers 

(> 2 mW absorbed), the re-etched toroid resonances exhibited minor fluctuations consistent with small 

intensity shifts in the pump laser (see supplementary material to the manuscript for more details). 

The strengths of this approach are versatility of control and sensitivity.  We demonstrate 

continuous and convenient tuning of resonance position over more than one half of the resonator’s FSR 

(Figure 37), limited by the power of the pump laser. Alternatively, as little as 1 µW shifts the resonance 

by one full width at half maximum (FWHM), a low-power switch.  As a demonstration of the elimination 

 

Figure 39: Scan of toroid resonance via photothermal heating and Lorentzian fit.  

The probe wavelength is fixed at 1566.93 nm, while the pump laser power is scanned with a triangular 

waveform. The wavelength is calculated from the measured temperature dependence of the toroid 

resonance (3200 fm/mW). 
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of the need for a tunable probe, we show that ultrahigh-Q factors are observed by photothermally tuning 

the resonance and probing at a fixed wavelength, Figure 39.  The splitting of the resonance is caused by 

backscatter-induced degeneracy lifting of the clockwise and counterclockwise WGM, and is routinely 

observed in toroidal microcavities.135 Control over multiple orders of magnitude of spectral position is a 

highly useful experimental parameter. 

The timescale of the resonance shift, a critical parameter for optical switching applications, was 

measured by modulating the pump beam with a square wave while recording the relative position of the 

modulated and un-modulated resonance. The maximum wavelength shift is set (by controlling the pump 

intensity) to 2.8 pm, ~30 linewidths for Q = 1.5 x 107.  A shift of only several linewidths is sufficient for 

switching.   When the time interval falls below the thermal equilibration time of the toroid the shift 

decreases. Figure 40shows a modified Bode magnitude plot of a standard toroid demonstrating a cutoff 

frequency of 4200 Hz, over an order of magnitude faster than previously reported thermal control 

 

Figure 40: Frequency response of a standard toroid during pump beam modulation (circles).  

The toroid has a cutoff frequency of 4200 Hz, and is fit with exponential time dependence (dashed 

line, 1-e(-t/τ)). Simulation (solid line) predicts a cutoff frequency of 5000 Hz. (Inset), scan of resonance 

with pump laser off (black) and on (grey). 
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mechanisms.148 Time-dependent simulations predict a comparable cutoff of 5000 Hz on a standard toroid.  

The re-etched toroid has a lower cutoff frequency of 400 Hz, likely due to the larger path length for heat 

to travel through the silica between the silicon pillar and the silica rim.   

In summary, a highly versatile method of tuning the resonance position of toroidal microcavities 

is demonstrated. A visible, fixed-wavelength laser at modest power is used to reproducibly shift the 

resonance by a few to more than 10,000 times the FWHM. This technique places few requirements on 

the wavelength, linewidth, or tunability of the pump beam. Re-etching the silicon pillar greatly increases 

the sensitivity without compromising the ultrahigh-Q. The re-etched toroid can be continuously tuned 

over half the FSR, with fast modulation times.  These toroids can also be switched over one FWHM with 

approximately 1 µW of pump beam power, an important consideration for optical processing.  Critically, 

this method reduces the need for expensive tunable probe sources, as now a simple and inexpensive 

pump laser can be used to shift the resonance of a microcavity to be resonant with a fixed wavelength 

probe.  

In future experiments, the linking of pump intensity modulation with an error signal from the fixed 

wavelength probe beam will allow locking the resonator to the probe beam, enabling prolonged stable 

coupling resistant to ambient temperature fluctuations.169 Looking forward, this method is conducive for 

control of ultrahigh-Q wedge-resonators which do not require the highly stochastic reflow step.175  This 

method is also capable of being used for simultaneous control of individual members of large arrays of 

resonators through use of inexpensive on-chip light sources or spatial light modulators.201   Improved 

control strategies will enable exciting and novel applications of on-chip microresonators.   
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Chapter 5 

 

5. Photothermal Mapping of MWCNTS2 

 

 

5.1  Abstract 

A powerful new paradigm for single-particle microscopy on non-luminescent targets is reported using 

ultra-high Quality factor optical microresonators as the critical detecting element.  The approach is 

photothermal in nature, as the microresonators are used to detect heat dissipated from individual 

photoexcited nano-objects. The method potentially satisfies an outstanding need for single-particle 

microscopy on non-luminescent objects of increasingly smaller absorption cross-section.  Simultaneously, 

our approach couples the sensitivity of label-free detection using optical microresonators with a means 

of deriving chemical information on the target species, a significant benefit.  As a demonstration, 

individual non-photoluminescent multi-walled carbon nanotubes are spatially mapped and the per-atom 

absorption cross-section is determined.  Finite-element simulations are employed to model the relevant 

thermal processes and elucidate the sensing mechanism.  Finally, a direct pathway to the extension of this 

new technique to molecules is laid out, leading to a potent new method of performing measurements on 

individual molecules.     

                                                           
2 The material in this chapter was originally published as: Heylman, K. D., Knapper, K. A. & Goldsmith, R. H. 

Photothermal Microscopy of Nonluminescent Single Particles Enabled by Optical Microresonators. J Phys 

Chem Lett 5, 1917-1923 (2014). 
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5.2  Main text 
 

Measurements on individual particles and molecules are critical to the elucidation of nanoscale 

behavior. These types of measurements, whether optical, electrical, or scanning probe, are uniquely 

capable of exposing the tremendous heterogeneity and unsynchronized dynamics that exist at the 

nanoscale, behavior that directly governs emergent functional macroscopic properties.  Optical 

measurements on individual particles are particularly adept at discerning electronic structure, correlating 

electronic structure with particle morphology and microenvironment, and doing so in a non-contact 

experimental geometry.  For example, single-particle optical measurements have enabled significant 

progress in understanding the behavior of nanoparticles,202-208 carbon nanotubes,209,210 and conductive 

polymers.211-214  The majority of optical single-particle measurements rely on photoluminescence from the 

target nano-object, an approach that allows high sensitivity and low background.28 However, if the target 

system is non-luminescent, it is completely opaque to most single-particle optical probes.  Consequently, 

there is an outstanding need to develop new single-particle probes that do not rely on 

photoluminescence, can operate at room temperature, and can allow single-molecule sensitivity.   
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This letter describes a new paradigm for single-particle and ultimately single-molecule microscopy that 

takes advantage of the tremendous sensitivity of ultra-high Quality factor (Q) optical microresonators. 

Ultra-high Q optical microresonators are extremely sensitive to small perturbations in their 

microenvironment. The propagating whispering gallery mode makes many repeated interactions with the 

microresonator surface, amplifying the effect of small changes in the local index of refraction.  

Consequently, optical microresonators have emerged as important diagnostic tools,189,215-217 and enabled 

single-particle detection.72,86,104 In the typical experimental sensing geometry, the binding of a single 

analyte molecule or particle results in a fractional spectral shift of the resonance of the microresonator.  

Detection of single proteins and viruses by microresonators has been achieved via the induced offset in 

resonance wavelength caused by the presence of a polarizable object interacting with the propagating 

optical mode.72,86,218-220 However, this geometry offers little chemical information about the bound 

species.  Some chemical information may be obtained by selective functionalization of the microresonator 

surface,189,216 but there is a critical need for more detailed optical characterization of the adsorbed species.  

Such an advance would significantly amplify the power and utility of microresonator sensing.  

In this work we leverage the high intrinsic sensitivity of ultra-high Q optical microresonators as the 

critical detection element for photothermal absorption microscopy.  In such an experimental geometry, 

the goal is not the detection of non-chromophoric analytes as above,72,90,94,220 but the spectral 

measurement of non-photoluminescent chromophoric target nano-objects via light absorption.  This new 

approach has the potential to simultaneously provide spectral information for sensing applications, as 

well as offer a new tool for observing single-molecule dynamics without fluorescence.  As a test system, 

individual multi-walled carbon nanotubes (MWCNTs) are pumped with a focused free-space laser. The 

local increase in temperature caused by heat dissipation from the absorbing nanotube redshifts the 

resonant wavelength of the microresonator due to the positive thermo-optic coefficient of silica.113 A 

resonance shift of almost 40 linewidths is observed at modest pump power (Q = 3.3 x 106, Ipump = 9 x 104 
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W/cm2).  Photothermal shifts as a function of excitation beam position and input polarization are used to 

image the nanotubes and explore their electronic transitions. 

A number of other approaches have been used to image or spectrally analyze individual absorbing nano-

objects without photoemission, including detection of Rayleigh scattering,209 spatial modulation,221 

balanced detection,222 Coherent Anti-Stokes Raman scattering,223 detection of conductance,224 high-

frequency signal modulation from ground state depletion,38 and photothermal detection.20,21,52,225  The 

first optical detection of individual molecules employed frequency modulation to enable detection via 

direct absorption, but required cryogenic temperatures.3  In a particularly successful implementation of 

photothermal detection, scattering is used as a readout of the local temperature shift.21,52 This approach 

enabled single-molecule detection51 as well as insights into the electronic structure of nanotubes226 and 

nanoparticles.227   However, scattering is an inherently low cross-section process for small objects, limiting 

the ultimate sensitivity.  A more responsive probe of local temperature could allow substantial increases 

to the sensitivity of non-luminescent single-particle and single-molecule measurements, ultimately 

enabling high-resolution spectroscopy of such objects and time-resolved fast dynamics.     
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Toroidal microresonators, Figure 41a, are fabricated by lithographically defining silica discs on a 

silicon substrate106 and undercutting the silica with an isotropic SF6/Ar etch.176 This procedure is followed 

by a laser-induced reflow step.106 The details of our fabrication process have been reported.132 Toroidal 

optical microresonators are used due to their unique combination of ultra-narrow linewidths106 and small 

 

Figure 41: Photothermal detection of non-luminescent objects using optical microresonators. 

 (a) SEM of a toroidal microresonator. Inset:  Resonance scan of a toroidal microresonator. Fitted Q-

factor is 1.3 x 107 (pre-deposition). (b) Schematic of optical path of pump laser (red) and probe laser 

(blue/black). Abbreviations: ND = Neutral density; CW = Continuous-wave. (c) Rendering (Blender) of 

the photothermally-pumped nanotube on a microresonator. (d) Coarse photothermal map of an 

entire resonator, showing three distinct nanotube signals. The photothermal background from the 

silicon substrate is faintly visible. 
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mode volumes.135  Probe light is coupled into the microresonator via a tapered optical fiber controlled by 

a 3-axis piezopositioner (Attocube ECS 3030), Figure 41b. Two orthogonal microscopes are used for 

alignment (Navitar Ultrazoom) and excitation beam delivery (Nikon FN1). A fiber-coupled tunable diode 

laser (New Focus, Velocity, 1560 nm) is used to probe the resonant wavelengths. The fiber-coupled probe 

power was kept low (~250 nW) to avoid thermal broadening of the toroid resonance.200 Nanotubes are 

photoexcited with a pump beam (Blue Sky Research, 640 nm) focused by a microscope objective (60x, 

0.95 NA, Nikon) to a near-diffraction-limited spot (780 nm 1/e2 diameter). A gimbal-mounted mirror 

placed at a plane conjugate to the objective back aperture is used to control the beam position on the 

resonator,132 Figure 41b. A polarizer and half-wave plate are used to adjust the linear polarization angle 

at the target nano-object. Additional experimental details are available in the Supporting Information of 

the manuscript. 

Photothermal images at variable resolution are taken by scanning the pump beam across the top 

surface of the resonator, Figure 41c. Wide-area maps (50 µm x 50 µm) at low resolution (2 µm/pixel) are 

used to locate individual absorbers, Figure 41d. High-resolution maps (3 µm x 3 µm at 250 nm/pixel) are 

taken to define the shape of the nanotube, Figure 42.  These maps highlight the utility of using a 

whispering gallery mode-coupled probe beam while performing excitation with a scanning free-space 

pump beam. At every pixel the resonance wavelength is measured with the pump beam off and on, 

allowing for background subtraction, and five successive scans are averaged at each pixel. Scanning 

Electron Micrographs (SEMs) taken before and after photothermal experiments confirmed that the 

nanotubes were not significantly altered by the measurement and allowed correlation between the 

observed photothermal map and the physical dimensions, Figure 43 



125 

 

 

MWCNTs (Sigma, >90% carbon basis) were dissolved in N-methyl pyrrolidone (Sigma) with 

ultrasonication at a concentration of 60 µg/mL without further purification and deposited onto resonator 

wafer chips by spincoating. Microresonators were plasma activated immediately prior to spincoating (O2 

plasma, 250 W, 5 min) to enhance adhesion. High Q factors were largely maintained (Q > 2 x 106) after 

nanotube deposition (Q ~ 107 pre-deposition). Nanotubes typically stick to the inside of the silica rim 

during deposition, Figure 43b, and are able to substantially thermally influence the propagating mode 

after photoexcitation, Figure 44. On the other hand, the nanotubes do not strongly influence the mode 

via direct absorption, as confirmed by the small reduction in Q and shown in Figure 44c. Both coarse and 

high-resolution photothermal maps are acquired in 7 minutes, although the thermal equilibration time of 

 

Figure 42: Gallery of photothermal maps of MWCNTs.  

(a)-(f) are representative samples of photothermal maps taken on separate nanotubes under identical 

conditions. Incident power was 440 µW, resolution = 250 nm/pixel, each pixel is an average of five 

scans.  
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the microresonator (~250 μs)132 could allow for much faster acquisition.  Multiple molecules or particles 

on a single resonator can be individually spatially selected and probed, allowing for faster throughput, 

though more dense surface coverage will ultimately compromise the resonator quality factor. Other 

techniques used to enhance sensitivity in nanoparticle-resonator binding studies, such as Pound-Drever-

Hall locking,161,169,228 backscattered light detection,95 and all-fiber interferometry90 could be used to 

improve the sensitivity. 
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Figure 43: Photothermal characterization of four different nanotubes.  

Nanotubes are labelled I-IV from top to bottom. (a) Photothermal map of MWCNTs. The pump beam 

is scanned at 250 nm/pixel with 440 µW incident power at 640 nm. (b) Scanning electron micrographs. 

(c) Polarization dependence of photothermally-induced resonance shift. (d) Polarization dependence 

plotted in polar coordinates for clarity. 
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Table 1. Parameters for Photothermal Measurement of MWCNTsa 

 Resonance 

Shift (pm) 

Diameter 

(µm) 

Length 

(µm) 

Dissipated 

thermal 

power 

(µW) 

Carbon 

fraction 

absorbing, 

β (%) 

Per-atom 

absorption 

cross-section 

(1 x 10-18 cm2/ 

atom) 

Polarization 

extinction 

ratio 

I 13.5 0.104 1.41 88 33.0  2.7 2.0 : 1 

II 14.1 0.111 1.71 92 27.2 2.5 2.3 : 1 

III 24.0 0.157 4.04 163 11.5 2.3 1.8 : 1 

IV 16.6 0.154 2.99 111 15.4 1.6 1.6 : 1 

aThis table lists the relevant parameters for the four MWCNTs presented in Figure 43. The 

measured resonance shift, physical dimensions, and polarization extinction ratio are directly 

measured via photothermal absorption or SEM. The dissipated thermal power is calculated using 

finite-element simulations. The carbon fraction absorbing (β) and the per-atom absorption cross-

section are calculated by analyzing the combined results of measurements and simulation. 

 

 A representative family of photothermal images is shown in Figure 42.  MWCNTs are observed to 

be up to several microns in length but appear with a diffraction-limited thickness, consistent with their 

high aspect ratio. Very high contrast is observed against the background. For example, the nanotube in 

Figure 42f exhibits a Signal-to-Noise = 425 and Signal-to-Background = 36. A case study of four MWCNTs 

is presented in Figure 43, with photothermal maps (a), SEM images (b), and polarization dependence (c, 

d) presented side by side. The photothermal image matches the SEM image, including photothermal 

hotspots corresponding to the carbon-rich globules surrounding residual catalyst evident in nanotubes in 

Figure 43b-d.  

To calibrate our photothermal technique, the absorption cross-section was determined on a per-

atom basis to account for the variation in size between nanotubes, Table 1.  The absorption cross-section 

of nanotubes is a critical parameter for understanding their optical and device parameters and has been 

the subject of several recent single-particle studies.  All cross-section measurements were performed on 

regions of MWCNTs that were distant from any residual catalyst particles to avoid their influence on the 

calculation.  Calculation of the absorption cross-section requires knowledge of the amount of light 
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absorbed by the target, which can be determined from the magnitude of heat released. The heat 

dissipated can be calculated from the measured resonance wavelength shift of the microresonator. 

However, the relationship between the heat dissipated and the photothermal shift is a function of the 

position of the nanotube along the microresonator, which was determined from the SEM images.  Then, 

finite element simulations were performed using the COMSOL Multiphysics package to calculate the 

temperature elevation at every point in the mode volume as a result of a nanoscopic heat source, Figure 

44a,b. The same approach was shown to correctly model the resonance shift of the microresonator in the 

absence of absorbing nano-objects as a result of the absorption from the silicon substrate.132 The 

temperature along the rim of the microresonator is measured in a series of 2D slices at regular azimuthal 

spacing (5°). Using the literature value for the thermo-optic coefficient,113 the shifted refractive index is 

calculated at each point. The shift in the refractive index is then weighted by the relative intensity (|E|2) 

of the propagating mode,117 Figure 44c. The total resonance shift of the toroid is calculated by averaging 

the resonance shift contribution from each slice.   
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Figure 44: Simulations of photothermal absorption and propagating modes. 

 (a) 3-dimensional temperature distribution resulting from an absorbing nano-object on the surface of 

a microresonator. The physical parameters are equal to those used to model Nanotube I. Log(T-293.15) 

is plotted where T is the temperature in Kelvin. Room temperature is defined as 293.15 K. (b) 2-

dimensional slice of (a) at an azimuthal plane crossing the nanotube. (c) Propagating mode in toroidal 

microresonator (log[E x E*]). The physical dimensions of the resonator are marked with dashed lines. 

The log scales are shifted by a constant for clarity. 
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 The dissipated thermal power is then determined by matching the observed resonance shift. The 

pump intensity can be easily determined from the optical pump power and the spot size.  Finally,  the 

known atom density and physical dimensions of the tube can be used to extract the absorption cross-

section per carbon atom, as summarized in Equation 5.1, 

 $%&' = ()ℎ+,-%.
(01)23%. ∗

1
(1 − �.7-28) ∗ b	 ∗ �

� 
2 �
f ∗ �

	 ∗ �#2�
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∗ h 5.1 

where $%&' is the absorption cross-section per carbon atom,  ()*+,-%. the heat dissipated,  (01)23%. the 

pump beam power (440 μW), �.7-28is the quantum yield for luminescence (0 for MWCNT), w0 the 1/e2 

beam diameter (780 nm), d and L are nanotube diameter and length respectively, ρ is the density (1.75 

g/cm3),229 Na is Avogadro’s number, M the molar mass (12.01 g/mole carbon),  and h	the fraction of atoms 

in the nanotube excited by the pump beam. h	is calculated by taking an overlap integral between the 

measured spot size of the pump laser and the physical dimensions of the nanotube as measured by SEM 

(see Supporting Information for the manuscript). This correction is necessary because the spot size is the 

same order of magnitude as the diameter (100-170 nm) and length (1000-4000 nm) of the nanotubes.  

This procedure ultimately yields a value of 2.3 +/- 0.5 x 10-18 cm2 /C.  

MWCNTs of this size (>100 nm diameter) should have a per-atom optical absorption cross-section 

approaching that of bulk graphite due to the MWCNTs’ relatively gentle curvature. Reported per-atom 

cross-sections of graphite range from 2.5 - 2.8 x 10-18 cm2/C,230-233 in excellent agreement with our results. 

The absorption cross-section of MWCNTs has been roughly estimated234 by dividing the bulk absorption 

of a MWCNT sample by the carbon atom density at 3.4 x 10-18 cm2/C. To our knowledge, our work reports 

the first per-atom absorption cross-section of MWCNTs made on individual nanotubes. Single-walled 

carbon nanotubes are less directly analogous, but serve as a useful comparison. Literature reports for the 

per-carbon cross-section of single-walled carbon nanotubes vary from 1-3 x 10-17 cm2/C.221,225,235,236  
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Polarization dependence of the photothermal signal was investigated Figure 43c, d. Angular 

dependence clearly follows a sin2θ dependence, with the maximum photothermal shift observed with the 

pump beam polarized parallel to the long axis of the nanotube, as expected.210,221,224 The contrast ratio 

between parallel and perpendicular polarization was approximately 2:1. The lack of complete extinction 

is consistent with previous measurements of single-walled nanotubes on silicon and on silicon 

dioxide,221,224,237 where a 2:1 contrast ratio was also observed, and largely resulted from the symmetry-

breaking influence of the substrate,237 though the weaker curvature of a MWCNT can also play a role.  

 Looking forward, the tremendous sensitivity of ultra-high Q optical microresonators can also 

enable single-molecule photothermal microscopy and spectroscopy.  Extrapolation to the absorption 

cross-section of a single chromophore (~ 1 x 10-16 cm2) 28  from a nanotube suggests a molecular shift of 

2.1 fm, a value significantly greater than the smallest detectable resonance shifts in toroidal 

microresonators achieved thus far.90,95,104 The most significant technical barrier to realizing single-

molecule resolution is pump absorption by silicon, a factor that allows convenient tuning of resonance 

spectral positions132 but ultimately contributes a prohibitively high background photothermal shift.  

Future efforts are focused on minimizing the effect of this background absorption via chemical 

modification and signal processing.  

To summarize, we have presented a new method for measuring optical absorption at the single 

particle level by combining the sensitivity of ultra-high Q optical microresonators with the spectral 

specificity of photothermal absorption.  We successfully measured the polarization-dependent per-atom 

absorption cross-section of individual MWCNTs by mapping out the spatially-resolved optical absorption 

and heat dissipation. The ultimate limit of sensitivity is calculated to be several orders of magnitude 

smaller, allowing for detection of absorption by non-luminescent single molecules under ambient 

conditions. This technique places few requirements on the target system’s properties and does not 

require multiple objectives or a transparent substrate.  Photothermal approaches are also immune to 
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contributions from scattered light and, when combined with direct absorption approaches, provide 

complementary information in regard to characterizing the flow of energy in nano-objects. Further, 

toroidal microresonators are compatible with water110 and could be used to study chemical or biological 

reactions in real time. Looking forward, the simple fixed-wavelength pump laser used in this experiment 

could be replaced with a tunable source to perform broadband visible absorption spectroscopy using 

toroidal microresonators. Extending spectroscopy of non-luminescent targets towards single molecules 

and smaller nano-objects would provide a powerful new tool for investigating structure and dynamics at 

the nanoscale while also offering needed additional chemical information for label-free sensing. 
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Chapter 6 

 

6. Optical Microresonators as Single-Particle Absorption 

Spectrometers3 
 

 

6.1 Abstract 
 

Optical measurements on nanoscale objects offer significant insight into fundamental biological, 

material, and photonic properties. In absorption spectroscopy, sensitivity limits applications at the 

nanoscale. Here we present a new single-particle double-modulation photothermal absorption 

spectroscopy method that employs on-chip optical whispering-gallery-mode (WGM) microresonators as 

ultrasensitive thermometers. Optical excitation of a nanoscale object on the microresonator produces 

increased local temperatures proportional to the absorption cross-section of the object. We resolve 

photothermal shifts in the resonance frequency of the microresonator smaller than 100 Hz, orders of 

magnitude smaller than previous WGM sensing schemes. Application of our new technique to single gold 

nanorods (AuNRs) reveals a dense array of sharp Fano resonances arising from the coupling between the 

localized surface plasmon (LSP) of the AuNR and the WGMs of the resonator, allowing for the exploration 

of plasmonic-photonic hybridization. At a broader level, our approach adds label-free spectroscopic 

identification to microresonator-based detection schemes. 

                                                           
3 The material in this chapter was originally published as  Heylman, K.D., Thakkar, N., Horak, E.H., Quillin, 

S.C., Cherqui, C., Knapper, K.A., Masiello, D.J., Goldsmith, R.H. Optical microresonators as single-particle 

absorption spectrometers. Nature Photonics (2016) 
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6.2 Introduction 

Single-molecule and single-particle measurements have revolutionized our perception of the 

nanoscale. Most approaches require luminescent targets, demanding burdensome labeling strategies and 

limiting applications. Although label-free observation of single-molecule72,73,84,238 or single nanoparticle74-

76,90,94 binding events can be resolved using microscale optical and nanoplasmonic resonators, only 

detection is achieved, with limited information available about target properties or identity. Adding 

spectroscopic measurement, as demonstrated on individual nanoparticles,21-24 to microresonator-based 

label-free detection schemes239 would add a powerful new dimension of analytical capability. Although 

several recent methods have demonstrated imaging of single molecules without luminescence,29,38,42,51 

direct absorption spectroscopy has only been demonstrated at low temperatures.3,240-242In one 

implementation,51 non-radiative relaxation of an optically excited molecule causes a local rise in 

temperature which correlates with the molecule’s absorption cross-section (σabs) and enables imaging 

through photothermal contrast. This scheme employs two beams: a pump laser for excitation and a non-

resonant probe laser which samples the photothermally-induced change in local refractive index. For 

weak absorbers such as single molecules, this change is very small, and immersion in media with high 

thermo-optic coefficient is required for single-molecule resolution. Thus, a more acute microresonator-

based local probe with higher sensitivity would augment single-molecule label-free detection with 

spectroscopy.  

To that end, we employ ultrahigh-quality-factor (Q-factor) WGM optical microresonators as near-

field thermometers. In particular, we use on-chip toroidal microresonators (Figure 45) with optical Q-

factors up to 107 and mode volumes of ~ 300 μm3.106 This combination of narrow linewidths and small 

mode volumes provides a versatile platform for quantum optics183,243 and label-free sensing.74,75,90,94 In 

this article, we show that photothermal spectroscopy with optical microresonators yields sensitivity 
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exceeding the current state of the art in WGM sensing by multiple orders of magnitude while achieving 

sensitivity comparable to the best room-temperature absorption techniques. To demonstrate our 

approach, we perform absorption spectroscopy on single LSP-supporting gold nanorods (AuNRs) with 

negligible luminescence244 and observe dense sets of Fano interferences, spectroscopic signatures of 

coherent LSP-WGM interaction. These spectral features allow estimation of the interaction energies of 

the resulting plasmon-dressed microresonator modes and offer a unique perspective on the evolution of 

the interference between the LSP and the WGMs as they are brought in and out of resonance.  

 

6.3 Photothermal absorption spectroscopy with sub-100-Hz 

detection limit 

 

Typically, WGM microresonator sensors employ the reactive mechanism219 to detect the binding 

of a single unlabeled biomolecule at the resonator surface.72,73,84 Molecular signals are observed as 

discrete jumps of WGM resonances at random times, and must be distinguished from other processes, 

including resonance energy thermal drift and probe laser jitter. This process is made more difficult by the 

inability to signal average over multiple iterations. Further complications arise from the strong 

dependence of the measured signal on the target’s binding location. Though some degree of chemical 

specificity for target binding can be achieved by surface functionalization,73,239 a means of spectroscopic 

interrogation could provide unambiguous molecular identification, augmenting label-free single-molecule 

detection capability with label-free single-molecule identification. Here we show that a two-beam 

geometry incorporates label-free absorption spectroscopy into the apparatus, significantly enhancing 

sensitivity, and providing a powerful tool for nanoscale characterization.  
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Our microresonator-based spectrometer measures the shift in WGM energy upon optical 

excitation of a single absorbing particle or molecule (Figure 45a). Optical absorption by the target results 

in heat dissipation into the microresonator proportional to the target’s absorption cross-section. The shift 

in WGM resonance frequency,  
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is linearly proportional to the increase in microresonator temperature.132 Here ωm = mc/nR is the mth 

WGM resonance frequency, m is the azimuthal mode number, n is the index of refraction (1.44 for fused 

silica), ΔT is the temperature change, dn/dT is the thermo-optic coefficient (8.6 x 10-6 K-1, see Methods), R 

is the toroid major radius (∼23 μm), and c is the speed of light. Resonance shift is monitored with a probe 

laser evanescently coupled to the resonator via a tapered optical fiber.106 To maximize sensitivity and 

measurement bandwidth, the resonance frequency of the toroid is continually tracked with the phase-

sensitive Pound-Drever-Hall (PDH) locking technique,92,100,162,163 where the probe laser is actively locked 

to the toroid resonance (Supplementary Section 1 in the manuscript). The combination of phase-sensitive 

detection and extremely narrow molecular absorption resonances was critical in acquiring the first single-

molecule absorption spectra at low temperatures,3 and we benefit from a similar combination at room 

temperature using ultranarrow (ultrahigh Q) WGM resonances. Because the photothermal signal occurs 

at a pre-determined frequency and is continuously monitored through the PDH error signal, the large 

noise amplitude at low frequencies that plagues WGM sensing schemes can be minimized. Specifically, 

amplitude modulation of the excitation beam at a known frequency moves the desired signal into a sub-

Hz (down to 0.1375 Hz) band at several kHz and allows use of lock-in amplification. This double-

modulation scheme, and the narrow measurement bandwidths it allows, is critical to the unprecedented 

resonance-shift sensitivities we present below and is not possible with earlier sensing methodologies 

(Supplemental Section 1 in the manuscript). 
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Figure 45: Microresonator-based absorption spectroscopy. 

 a, The resonant frequency of a toroidal microresonator is probed with a fiber-coupled tunable 

frequency laser. Excitation of a single nanoparticle (gold) with a focused pump beam (red) generates 

a photothermal absorption signal, shifting the toroid resonance frequency (as displayed, from blue to 

cyan). b, Schematics of spectrometer. The photothermally-induced signal is amplified with a phase-

sensitive feedback loop (see Text and Methods for details of the experimental setup). Inset: Scanning 

electron micrograph (SEM) of a typical toroidal microresonator (10 μm scalebar). c, Wide-area 

photothermal map of the entire microresonator (10 μm scalebar), acquired at 0.94 eV pump energy, 

superimposed onto an SEM image of the same microresonator. d, High-resolution (1 μm scalebar) 

photothermal map of the AuNR marked in panel c. e, The detection limit was measured by 

systematically decreasing excitation power while detecting the resonance shift from an absorbing 

AuNR (blue dots). Error bars are generated by taking the standard deviation of the mean of 30 samples 

of 1-second measurements of the resonance shift. The red dot represents measurements taken with 

the pump beam blocked, and is used to determine background. The Q-factor for WGM used to acquire 

this data was 2 x 107 Inset: the resonance shift is linear (black dashed line: linear fit) over more than 

four orders of magnitude.  
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We spatially map individual absorbers,133,245 (Figure 45c,d) by scanning the tightly focused (full-

width at half maximum of 1.38 μm) free-space pump laser across the microresonator surface (Figure 45b). 

Quantification of absolute absorption cross-section is achieved by relating the heat dissipated by the 

absorber to the observed resonance shift via finite-element thermal simulations previously validated with 

background silicon absorption and absorption by single carbon nanotubes,132,133 (Supplementary Section 

2 in the manuscript). Critically, though sensitivity is a function of particle location, an issue adding 

significant ambiguity in existing WGM sensing methods,246 photothermal imaging133,245 allows us to 

discern the target’s position and measure an accurate absorption cross-section anywhere on the 

resonator. 

Decoupling the pump and probe in our two-beam geometry facilitates easy scanning of the pump 

energy, position, and polarization without affecting the probe beam coupling. When applied to high 

aspect-ratio AuNRs as targets (Figure 46), tuning of polarization universally results in AuNR absorption 

varying from a maximum value to zero absorption with a cosine-squared dependence on the angle of 

excitation polarization, as expected for a single dipolar absorber. We tune the pump energy from 

0.905−0.969 eV (1280−1370 nm) to acquire absorpnon spectra. The AuNR’s geometry determines the LSP 

resonance, ħω0, and the polydispersity of the AuNRs is evident in their absorption spectra with distributed 

resonance energies. While we sometimes observe (Supplementary Section 4 in the manuscript) the peak 

of a Lorentzian feature (Figure 46a), we often observe the side of a Lorentzian (Figure 46b,c), since the 

distribution of LSP resonance energies (ħω0) of our AuNRs is broader than the observation window set by 

our pump laser. While the absorption cross-section drops significantly at energies far from ħω0, we can 

still infer the LSP linewidth and ħω0. We find a median linewidth (68 meV) in close agreement with earlier 

measurements (69 meV)24 and a median absorption cross-section (1 x 10-10 cm2) and LSP resonance energy 

(0.93 eV) in agreement with the manufacturer-reported ensemble values (0.9 x 10-10 cm2) and 0.91 eV 

respectively, see Supplementary Section 4 in the manuscript).  
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To evaluate our microresonator absorption spectrometer’s limit of detection, we systematically 

decreased the excitation intensity on a single AuNR (Figure 45e) (Supplementary Section 5 in the 

manuscript). With excitation intensities ranging over more than 4 orders of magnitude, the photothermal 

signal is linear, as expected from Equation 6.1. The lowest recorded signal of 20 pW was detected by a 

shift in the WGM frequency of approximately 84 Hz, corresponding to an average change in 

microresonator temperature of ΔT ∼ 100 nK (Δn/n ~ 1 x 10-12) and a WGM resonant wavelength shift of 1 

  

Figure 46: Representative spectroscopic measurements on single AuNRs.  

a-c, Absorption spectra (left) and corresponding polarization dependence (right) of single AuNRs 

acquired with coarse spectral resolution (1.4 meV). The distribution of LSP ω0 resonance energies is 

larger than the spectral window being probed (Supplementary Section 4 in the manuscript), resulting 

in the observation of a mixture of Lorentzian peaks a and sides of a Lorentzian b-c. The polarization 

dependence of absorption (red) for each AuNR is displayed, acquired with the pump energy fixed at 

0.94 eV. The black dashed line is a fit to cos2(θ). Radial contours (r) indicate normalized absorption. 
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attometer. This detection limit, ∼ 0.1 kHz of resonance shift, represents an improvement in WGM 

resonance shift detection in a sensing experiment by approximately two orders of magnitude over state-

of-the-art optomechanical and Raman lasing WGM approaches to nanoparticle and molecular detection, 

which both reported sensitivity limits near 12 kHz. Alternatively, extremely low noise levels in determining 

resonance shifts have been achieved with balanced homodyne detection and Hänsch-Couillaud 

polarization spectroscopy and used to probe microresonator mechanical resonances in the 10’s of MHz 

range.89 Our increased sensitivity is a direct consequence of our double modulation scheme where the 

desired signal is forced to be at a pre-determined frequency with an extremely narrow bandwidth (0.1375 

Hz), a benefit only available when detection is simultaneously coupled with interrogation of spectral 

features. Moreover, these other approaches could potentially be used to further enhance the limit 

reported here by providing additional means of signal amplification and noise suppression. Coupling lower 

noise detection geometries with lower measurement bandwidths suggests even lower limits of detection 

will be readily achievable. Though we demonstrate this advantage with plasmonic absorption, this 

approach could be applied to molecular electronic or vibrational transitions as well. Our resonance shift 

limit of detection translates into a thermal power detection limit approaching 10-11 W, multiple orders of 

magnitude lower than the demonstrated photothermal signal of 10-8 W from a single dye molecule.51 This 

comparison indicates that robust detection of photothermal signals from single molecules is achievable.  
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Figure 47: Progression of Fano lineshapes within the absorption spectrum of a AuNR coupled 

to a set of WGMs. 

 a, Fine resolution (3 μeV) spectrum (blue). b-d, Individual Fano resonances, with the experimental 

spectrum (blue dots), and fits to Equation 4 (black line). The absorption cross-section of the LSP 

envelope (σ0) is divided out for clarity. e The Fano lineshape parameter qF plotted as a function of 

energy. Fits to individual Fano features (blue dots) using Equation 6.5 show a linear (black dashed line) 

dependence on pump energy, in quantitative agreement with the theoretical predictions of Equation 

6.6 (solid red line).  
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6.4 Signatures of WGM-plasmon interaction 

 

Closer investigation of the AuNR spectra reveals a striking departure from previous single-particle 

absorption spectroscopies.21-24 While spectra of AuNRs located far from the microresonator’s rim have 

unmodified Lorentzian lineshapes, AuNRs near the rim show a more complex set of narrow, asymmetric 

spectral features overlaid on the LSP’s Lorentzian envelope (Figure 47), only visible by increasing spectral 

resolution from 1.4 meV (coarse resolution) to 3 μeV (fine resolution). These sharp spikes and dips only 

appear when the AuNR is located on the toroid’s rim where the WGM fields are largest, indicating that 

their presence is a signature of coherent interaction between the WGMs and AuNR’s LSP.  

To understand these narrow spectral features we use a coupled oscillator model described 

schematically in Figure 48 (Supplementary Section 3 in the manuscript). The LSP is modeled as a lossy 

cavity, with generalized momentum p0(t) and resonance frequency ω0. The LSP interacts with a set of 

WGMs modeled as cavity modes with generalized momenta pm(t) and resonant frequencies ωm. The LSP-

WGM couplings, characterized by gm , are proportional to the overlap between the LSP and WGM electric 

fields and are therefore dependent on the AuNR’s location and orientation on the toroid. These gm model 

WGM excitation by the LSP and back-action on the LSP. The equations of motion are   

 p�  	+ γ 	p�  +	ω 
p 	+�g�

�

ω 
p� = ω 
jV E edRUV 6.2 

 p�� 	+ ω�
 p� + g�
 ω�
 p 	= 	0 
6.3 

where E0e-iωt is a harmonic forcing term modeling the pump laser’s field along the AuNR’s long axis and V0 

is the LSP mode volume. Equations 6.2-6.3  includes damping characterized by the frequency γ0, which 

models plasmon decay on the order of 10 fs due to coupling with dissipation pathways such as heat.244 By 
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contrast, we assume an infinite lifetime for the WGM modes in the absence of coupling to the LSP since 

the WGMs have Q-factors ranging from 6 x 105 - 107. 

Although the model can be solved exactly for an arbitrary number of WGMs, it is instructive to 

initially consider the LSP’s interaction with a single WGM with energy ω1. We then have two interacting 

  

 Figure 48: Schematic demonstrating the coupled oscillator model of coherent WGM-LSP 

interaction.  

a, For the simplified case of a single WGM, we define the WGM resonance frequency ω1, and we define 

the LSP resonance frequency ω0. The LSP is pumped by an external electric field, E0e-iωt, and dissipates 

energy at rate γ0. The overlap of the WGM and LSP electric fields, determining the amount of energy 

transfer between the LSP and WGM, is characterized by g1. Fine-resolution experimental spectra (blue 

dots) fit to Fano profiles (black lines) show three parameter regimes: b, when ω1 < ω0 , the Fano 

interference is constructive at lower energy but destructive at higher energy, c, when ω1 ~ ω0, the Fano 

interference is always destructive, and d, when ω1 > ω0 the lineshape is reversed and the interference 

is constructive at higher energy but destructive at lower energy. The model predicts that Fano’s 

asymmetry parameter, qF, is a function of ω1 –ω0, capturing the evolution of the Fano lineshape across 

these regimes 
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oscillators, one broad and one discrete, and from the WGM’s perspective, the LSP provides a means to 

couple to the excitation field and a near-continuum of dissipation channels. This general problem, a 

discrete state coupled to a continuum, was studied in detail by Fano247 and Anderson,248 and has been 

observed in many contexts,249-252 such as plasmonic systems.249,253 As a result, there are a variety of 

approaches to modeling Fano systems,249,254 including systems with WGM microresonators coupled to 

plasmonic nanoparticles.82,255-257 The spectral profiles are often described in terms of Fano’s asymmetry 

parameter, qF. In most contexts, it is valid to treat qF as a constant over the frequency interval of interest. 

In contrast, by measuring a qF for each individual WGM distributed across the LSP spectrum, we have the 

unique opportunity to measure qF as it changes across a single spectrum. 

The absorption cross-section of the coupled LSP-WGM system can be calculated from the equations of 

motion (Equations 6.2, 6.3), giving  
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Where iΓ = −k��i�
i 
/�\� a  and Ω
 = i�
 − k��i�
i 
�g\� a  for� d� = i 
 − i
 − mi� . The cross-

section can be approximated as the product of two terms, $ (i) describing the isolated LSP absorption 

lineshape, and the well-known Fano profile247,249 (Supplementary Section 3 in the manuscript). Here, Ω 

and Γ characterize the spectral location and width of the Fano resonance. In the weak-coupling limit 

applicable here, Γ is small and approximately constant, ~k��� , and the Fano resonance is spectrally 

narrow and located near the WGM resonance frequency, Ω~	i� . The absorption cross-section can 

approach zero at higher (lower) energies than ω1 but rise rapidly at lower (higher) energies, an asymmetric 

behavior due to the WGM rapidly changing phase, moving from destructively to constructively interfering 

with the LSP. Changes of over an order of magnitude in the absorption cross-section are observable 

(Figure 47a). The degree of asymmetry in the Fano lineshape due to the rapid phase change is quantified 

by  
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where the linearization carried out in the vicinity of ω0 shows the connection between this classical model 

and others in the literature258 including those254 that follow Fano’s quantum mechanical approach247 more 

closely. Thus, the asymmetry in the lineshape is independent of the LSP-WGM coupling and is an 

approximately linear function of the detuning between ω0 (LSP) and ω1 (WGM). As ω1 is varied across the 

LSP profile, qF changes sign and the Fano resonance flips (Figure 48b-d). 

Our experiment examines LSP interaction with a dense set of WGMs spanning the LSP profile, 

offering a novel means to explore the frequency dependence of qF. In Figure 47, we fit Equation 6.5 to 

individual Fano resonances (Methods), and determine the corresponding qF values. Comparison to the 

behavior predicted in Equation 6.6, where the slope is taken from fitting the spectral envelope to $ (i), 
demonstrates nearly perfect agreement between experiment and theory (Figure 47e). To our knowledge, 
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this is the first experimental demonstration of the systematic variation of qF as a function of frequency 

within a single spectrum, and this is a unique verification of the classical coupled oscillator model of optical 

resonators. 

From Ω and Γ we can also estimate the interaction energy, �k�ji�i , between the WGM and 

LSP. We find that �k�ji�i   ~ 20 meV, a value comparable to calculations on other plasmonic 

systems.259 Our estimate of g1 indicates that shift in ω1 due to coupling with the LSP will be negligibly small 

(~ 1 meV) compared to the LSP linewidth, and we therefore expect that the Fano resonances’ energies 

  

Figure 49: Correlation of fine-resolution AuNR absorption spectra.  

Different AuNRs deposited on the rim of the same microresonator (blue curves) exhibit Fano 

resonances at highly correlated spectral positions (blue stripes). By contrast, AuNRs on the rim of 

different microresonators (red curve) exhibit Fano resonances with different spectral positions. 

Spectra of AuNRs located far from the rim of any microresonator do not show Fano resonances (black 

curve). 
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will be independent of AuNR location and orientation. Thus, multiple AuNRs coupled to the same toroid 

should have Fano resonances at the same energies, while the resonance lineshapes should be AuNR-

dependent. This prediction is experimentally verified in Figure 49: multiple AuNRs on the rim of one 

resonator exhibit interference features at the same energies, consistent with their interaction with the 

same WGMs. Fano resonance positions are not correlated between AuNRs on different microresonators, 

indicating the spectral locations are a property of the microresonator itself, independent of the coupling 

gm. AuNRs far from the rim exhibit no interference features, consistent with the model at zero interaction 

energy.  

Since AuNRs are randomly cast on a given resonator, multiple AuNRs on the rim can be efficiently 

coupled to the same WGMs. In these cases, AuNR absorption spectra may exhibit an additional WGM-

induced modulation to the Lorentzian envelope. Fine-resolution spectra (Figure 50a) show sharp Fano 

resonances as well as a shallow, periodic modulation to the LSP envelope more clearly seen with coarse 

resolution (Figure 50b). The energy spacing of the absorption dips (5.34 meV) is near the microresonator’s 

free spectral range (5.46 meV), indicating this periodic modulation is also due to LSP-WGM interaction. 

To understand this modulation, we extend the model to include a second AuNR on the rim as another 

oscillator, with frequency and linewidth . In contrast to the original LSP oscillator, the second, 

distant LSP is uncoupled from the pump laser but is still coupled to the WGMs. This coupling can be recast 

(Supplementary Section 3 in the manuscript) as an additional dissipation term in the equations of motion, 

with rate proportional to interaction energy and . Thus, the second AuNR can be viewed as a defect to 

these WGMs. Fine and coarse resolution calculations (Figure 50) demonstrate both narrow and broad 

interference features that are comparable in size and shape to those observed experimentally. Significant 

coupling to the second AuNR decreases the Q-factor of the WGMs, making interference features between 

the pumped LSP and the defective WGMs broaden. That this effect only occurs under specific coupling 

conditions (Supplementary Section 3 in the manuscript) indicates that it should be relatively uncommon, 
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a claim which is supported by the data. This intriguing interpretation implicates a long-range coupling 

between distant AuNRs mediated by a common network of essentially lossless WGMs (distinct from that 

predicted by the simulations of Wiersig260), and we are continuing to investigate this phenomenon. 

  

 

 

Figure 50: Fine (a) and coarse (b) spectra and comparison with theory.  

Occasionally (14 of 61 spectra), the coarse resolution spectrum retains relatively broad and periodic 

dips. Extending the model to include other AuNRs and many WGMs with normally distributed coupling 

constants, gm, on the order estimated in Figure 47, gives theoretical spectra which agree qualitatively 

with the data at both fine and coarse resolution. This indicates that the broad modulation to the LSP 

envelope is due to the presence of other AuNRs elsewhere on the resonator reducing the Q-factors of 

a subset of the WGMs and broadening the resulting Fano interferences. 
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6.5 Conclusions 

 

In this work we have demonstrated a microresonator-based absorption spectrometer with 

unparalleled, sub-100-Hz resonance shift sensitivity, translating into photothermal sensitivity of tens of 

pW, far beyond the limit needed to detect light absorption by single non-luminescent molecules. This 

approach derives spectroscopic information from the detected nanoscale object, significantly enhancing 

the information content of label-free detection schemes. Though our demonstrated spectra are in the 

near infrared, broadband spectroscopy can be accomplished using more widely tunable excitation sources 

with microspheres or all-glass microtoroids245 that are devoid of background-causing silicon substrates.  

Application of our spectroscopy on single AuNRs reveals arrays of Fano features of narrow 

linewidth comparable to the narrowest Fano resonances seen in plasmonic systems.253 Since the AuNR 

interacts with multiple WGMs across the experimental spectral range, we are able to track the change in 

the Fano profile and, for the first time, experimentally probe the spectral dependence of Fano’s 

asymmetry parameter, qF. Fits to the Fano resonance based on a coupled oscillator model are used to 

estimate the LSP-WGM interaction energy. A key enabling factor for the characterization of narrow Fano 

resonances is the ability to tune the colour of excitation light over a wide range (10-1 eV) with high energy 

resolution (10-6 eV). 

Facile creation of broadband Fano resonance networks will have multiple applications. 

Nanoparticles engineered with narrow Fano resonances offer increased sensitivity to small frequency 

shifts from molecular binding events.261 Independently, single-molecule detection of binding events, 

without spectroscopy, on WGM microresonators has been enabled through plasmon-enhanced 

interactions.72,73 In this context, our work represents a convergence of these two approaches, with hybrid 

WGM-plasmonic Fano resonances reaching the narrow linewidth of WGMs. Our arrays of Fano resonances 
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can potentially allow multiplexed self-referenced sensing schemes,75 all-optical switching,253 enhanced 

four-wave mixing processes,257and access to single-molecule CARS (Coherent Anti-Stokes Raman 

spectroscopy),256 all in a convenient condensed-phase, on-chip geometry with a wavelength range limited 

only by the transparency window of silica (∼ 0.4-2.0 μm). 

 

6.6 Methods 

 

Sample preparation: Toroidal microresonators are fabricated according to literature procedures106 with 

one modification.176 Briefly, 2 μm of thermal oxide is grown on a 〈100〉 silicon wafer. Disks in the oxide 

layer (60 μm) are patterned via photolithography and a wet chemical etch with 6:1 BOE (buffered oxide 

etch). Microdisk resonators are formed by isotropically etching the oxide disks with an SF
6

/Ar plasma etch. 

A final laser induced reflow step is used to produce the surface-tension-induced smooth rim necessary for 

high Q factors. High-aspect-ratio (∼10) AuNRs are purchased from Nanopartz (250 nm length × 25 nm 

diameter), diluted into Millipore 18 MΩ water by 10x, and dropcast onto the toroid chip for 30 seconds. 

This method deposits isolated single AuNRs at a concentration of 0-6 per toroid. A further 5x dilution (50x 

total) results in higher Q-factors and fewer AuNR per toroid. Aggregates of AuNRs are avoided by not 

characterizing any photothermally-mapped nanoscale object with nonzero absorption at orthogonal 

pump polarization. Although the complex geometry of toroidal microresonators makes it impossible to 

image every AuNR in the SEM, approximately 50% of the entire data set (N = 61) was directly correlated 

to SEM images, with only one object incorrectly assigned as a single AuNR. To avoid thermal annealing of 

AuNRs during excitation,262 the pump beam power is kept below ∼0.01 mW. The change in average 

resonator temperature is also small, typically less than 50 mK, justifying the treatment of dn/dT as a 

constant.113,132 We also omit the effects of thermal expansion of the microresonator, as is common 
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practice when working with toroid microresonators.89,112 Thermal expansion114 accounts for only 8% of 

the total observed resonance shift, and was discounted in the above analysis. 

Experimental setup of the microresonator absorption spectrometer: After deposition of AuNRs, the 

tunable (1520-1570 nm) probe laser (Newport TLB-6728) is coupled into a toroid and locked to a high-Q 

WGM resonance with the PDH technique. To implement PDH locking the probe laser is actively locked to 

the toroid resonance in a feedback loop, and the error signal for the feedback loop serves as a direct 

measure of any changes to the toroid resonance frequency. Locking is achieved by phase-modulating the 

probe laser at high frequency (200 MHz) and measuring the transmitted photocurrent. This photocurrent 

has a component at the modulation frequency whose phase is a linear function of the detuning between 

the toroid resonance frequency and the probe laser frequency. Thus, phase-sensitive detection of the 

high-frequency photocurrent provides a sensitive readout of the toroid resonance frequency. Individual 

absorbers are mapped (Figure 45c-d) by steering the position of the focused pump laser spot with a 

gimbal-mounted mirror located at a plane conjugate to the objective’s back aperture, and linear 

polarization at the sample is adjusted (Figure 46) with a motorized half-wave plate immediately prior to 

the objective. Amplitude modulation of the tunable (0.91−0.97 eV) pump beam (Thorlabs TLK-L1300R) 

and the resulting periodic oscillation of the photothermal heating signal causes a synchronous oscillation 

of the toroid resonance frequency. This oscillation is observed in the PDH locking loop error signal, and 

readily measured with a lock-in amplifier operating at the amplitude modulation frequency (2.010 kHz or 

4.010 kHz). Further details are available in Supplementary Section 1 in the manuscript. 

Fitting: Particular spikes and dips are fit using Equation 6.5 in a two step process: first, we fit the LSP 

profile σ0(ω) on the full spectral range to extract estimates of ω0 and γ0 , and then, dividing out the LSP 

envelope, we fit particular interference features to the Fano profile and estimate Ω, Γ, and qF. The least-

squares curve fit for each Fano resonance accounts for finite spectral resolution and nonzero background 

in experimental data by including free parameters for amplitude scaling (typically ∼0.7) and baseline 
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offset (typically ∼0.005) in the fitting equation (Equation 6.5). These parameters do not have a significant 

effect on the resulting qF. Three interference features are shown for reference in Figure 48b-d, and we 

see asymmetric line shapes which change as a function of spectral location. We then collect estimates of 

qF for 40 different Fano features spread across the spectrum, and compare to Equation 6.6, where the 

slope is taken from fitting to σ0(ω). This comparison is shown in Figure 47e, and we see that the data 

confirms the linear dependence on detuning.  
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Chapter 7 

 

7. Tunable Photonic-Plasmonic Resonator and Fisher 

Information Theory of Fano Resonances4 
 

 

7.1 Introduction 
 

Surface plasmon resonance, the coherent excitation of conduction electrons at the surface of a 

material, has found a wide range263 applications in fundamental science and in commercial sensing devices. 

Gold nanoparticles are one of the most commonly used plasmonic materials. Rod-shaped gold 

nanoparticles in particular exhibit a strong, size-tunable plasmon resonance.244 Besides tuning the aspect 

ratio during initial synthesis,264 thermal modification of gold nanorods262 is widely explored as a means of 

trimming the plasmon resonance to a specific wavelength. Both ensemble measurements265-267 and single-

particle measurements268-270 have been performed. In particular, at the single-particle level the 

mechanism of melting has been a focus of investigations.268,271-274 The melting process in rare cases can 

be driven in the reverse direction by radiation pressure275 with sufficiently high laser intensity. In nearly 

all cases, however, the plasmon frequency of the longitudinal surface plasmon (LSP) resonance increases 

monotonically and irreversibly with thermal dose.  

A plasmonic nanomaterial is useful because of the large enhancement in local field intensity owing 

to the nanoscale mode volume (V).276 However, the quality factor (Q-factor) for an AuNR is only 101 

because of high absorption losses. Many applications, especially sensing, benefit from the ratio of 

Q/V.81,135,238,276 In essence, the Q-factor determines measurement resolution and the mode volume 

                                                           
4 The material in this chapter is a manuscript in preparation. 
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determines the size of the signal. Hybridizing low-V plasmon resonances with high-Q dielectric 

microresonator modes is one means of resolving this dilemma. Plasmonic interaction with an on-chip 

ultrahigh-Q optical whispering gallery mode (WGM) in a dielectric toroidal microresonator27,243,277 creates 

a hybrid mode with some of the properties of each type of resonance. Toroidal microresonators, 

possessing ultrahigh Q-factors (108) and small mode volumes135 (~ 300 μm3), are widely used in cavity 

optomechanics70,278,279 and single-particle or single-molecule sensing.74,75,90 One example of plasmonic-

photonic hybridization in toroids was previously demonstrated by coating the toroid with a thin silver 

film,277 although this depressed the Q-factor to low 103. Single plasmonic nanoparticles, on the other hand, 

provide local field enhancement while allowing for the superlative Q-factors of the host WGM 

microresonator to be retained.27,72,73 Hybrid modes formed between microresonator WGMs and gold 

nanoparticles has been exploited for label-free, single-molecule detection72,73 and even single aqueous 

ions.280 Previously we have shown that plasmonic-photonic hybridization with AuNRs on toroids produces 

sharp Fano resonances247,248 between the high-Q WGM modes and the broad LSP mode.27 Silica WGM 

microresonators are attractive for applications like nonlinear frequency conversion and biosensing 

because they exhibit high-Q WGMs over a wide wavelength range spanning 400-2000 nm, a range over 

which the LSPs of AuNRs with different aspect ratios can be excited. Here we show that high-resolution 

single-particle absorption spectroscopy of AuNRs on toroids combined with a simple hotplate281 

treatment gives heat-tunable, high-Q hybrid plasmonic-photonic resonators.  

Fano resonances are often deliberately engineered in plasmonic nanoresonantors256,257,261 

because the resulting dispersive-shaped feature in the absorption spectrum can be tracked with greater 

precision than the unmodified Lorentzian absorption peak. Sensing experiments with plasmonic 

resonators typically track changes in the plasmon resonance frequency as a result of an analyte binding 

to the resonator. In this work we will use the theory of Fisher information282 content to analyze the 

measurement of subtle shifts in the LSP frequency using WGM-LSP Fano resonances compared to 
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measuring the Lorentzian resonance of an unperturbed LSP. The Fisher information is closely related to 

the theoretically optimal measurement precision.  We will quantitatively determine the expected Fisher 

information for the Fano resonance as well as the underlying LSP resonance frequency and compare the 

two. We hope to provide an example to other spectroscopists to employ expected Fisher information 

when discussing measurement precision. 

 

7.2 Experimental methods and results 
 

The toroid microresonator single-particle absorption spectrometer has been reported 

previously.27 Briefly, a tapered optical fiber153  is used to evanescently excite WGM resonances (Figure 51). 

A single WGM resonance is monitored by locking the wavelength of this probe laser to the resonance 

using the Pound-Drever-Hall (PDH) technique.94,161,162 The probe laser is tunable near 1550 nm, 

substantially off resonance with the LSPR. Measuring WGMs at more detuned wavelengths (e.g. 780 nm) 

would allow for higher WGM Q-factors, which is however not necessary here. Simultaneously, a tunable-

wavelength (1280-1365 nm) pump laser is focused onto single AuNR on the surface of the toroid. The 

AuNR absorbs light in proportion to its wavelength-dependent absorption spectrum. Sweeping the pump 

wavelength and measuring the dissipated heat produces the absorption spectrum. Amplitude modulation 

at 2 kHz of the pump beam is coupled to lock-in amplification to narrow the detection bandwidth to Hz 

levels and greatly improve the signal/noise ratio. 
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We use commercially available high-aspect ratio AuNRs (Nanopartz) with a nominal LSPmax at 1400 

nm. In contrast to early single-particle laser or electron-beam melting experiments on single gold 

nanorods, we choose to anneal an entire resonator chip on a hotplate and then individually probe AuNRs. 

 

Figure 51: Tunable photonic-plasmonic microresonator.  

(a) WGM resonances of toroid microresonators are probed with a fiber-coupled laser (blue). A second 

free-space laser (red) is used to optically excite AuNRs at the microresonator rim. (b),(c) High-

resolution photothermal absorption spectroscopy of single AuNRs allows characterization of LSP-

WGM Fano resonance. Annealing of AuNRs decreases the aspect ratio and shifts the LSPmax, producing 

a concomitant shift in the Fano resonance [(b) shifts to (c)). 
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Using a fixed heat source instead of one that depends on the AuNR’s absorption cross-section avoids 

complications from the feedback process where melting the nanorod causes the LSPR to redshift closer 

to resonance with the excitation laser, consequently increasing the nanorod temperature in a runaway 

process. After each annealing step, AuNRs are characterized individually via photothermal spectroscopy. 

Repeatedly probing the same ensemble of WGMs as a function of annealing shows the tuning of Fano 

resonances on several different AuNRs (Figure 52). A steady progression from the initial lineshape is 

observed. The lineshape of the Fano resonance27,247,248 is characterized by a 5-parameter fit  

 �),7+(i) = ����gn + σ'3%.+ ∗ |iΓ�� > i
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where ω is pump energy (eV), Γ is the linewidth of the Fano resonance, Ω is the resonance wavelength in 

eV (almost exactly equal to the original WGM wavelength), σscale and offset are respectively scaling and 

offset terms. These final two parameters, not found in the original derivation247 but used sometimes since 

then  to account for incomplete coupling of the continuum and discrete resonance, is necessary here to 

 

Figure 52: Evolution of Fano resonances.  

A collection of AuNRs on the same toroid chip at various annealing temperatures. For each AuNR a 

representative Fano resonance is displayed here. The Fano resonance at each temperature is 

concatenated. The x-axis is therefore not meaningful. Spectra are divided by the mean value at the 

beginning and end of each trace to normalize the baseline. Annealing temperatures are (140, 145, 150, 

153, 156, 159, 162, 165) in °C. 
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fit most of the observed Fano resonances. Fano resonances can also be fit very well by letting qF be 

complex, which is more general than Fano’s original derivation and is related to dephasing or to 

combination of coherent and incoherent pathways.283,284 Occasionally doublet splitting is observed in Fano 

resonances, an observation consistent with the splitting of the underlying WGM being stochastic. qF is a 

shape parameter that is a function of the energy and width of the LSP and detuning from ω0:27 

 ���Ω) = (Ω
 − i 
)
Ω� ≅ ( 2� )(Ω − i )		 7.2 

Thus, qF can be used to determine ω0. A plot of qF against ω1 (or Ω) should be linear with a slope of γ0/2 

and intercept of – γ0ω0/2. This is in fact observed. Further, plotting the calculated value of ω0 against 

annealing temperature reveals a linear trend in blueshift (Figure 53). Measuring the LSP spectrum at lower 

spectral resolution over the full tuning range of the pump laser (1280-1365 nm) provides the LSP 

absorption more directly (Figure 55), largely unmodified by the weak coupling with the WGMs aside from 

the Fano resonances. Further, the theoretical line (Equation 7.2) obtained from fitting a Lorentzian to the 

LSP absorption (Figure 55) closely agrees with the trend assigned from qF (blue and red data points). The 

somewhat limited spectral range of the pump laser introduces uncertainty into assignment of γ0, and in 

ω0 when it is outside the pump laser range. However, a clear correlation is seen between annealing 

temperature, change in ω0 from directly fitting the LSP, and change in qF and thus ω0 obtained from 

measuring Fano resonances. The LSP resonance can thus be tuned to the desired wavelength band by 

varying the thermal dose and characterizing with single-particle photothermal spectroscopy. Further, the 

plasmon frequency shift is linear with annealing temperature in agreement with previous results.281 

 



160 

 

7.3 Fano resonance potential for sensing:  
 

When fitting experimental data to a model, we are starting with a set of observations and trying 

to infer the underlying model parameters that generated this set of data points. In this specific case, the 

measured data is a set of known pump wavelengths xi and corresponding photothermal absorption values 

yi. The set of yi are equal to the true value of the Fano-resonant absorption spectrum plus experimental 

noise. Because noise is present in all measurements, it is important to consider its impact on the maximum 

precision with which the model parameters can be known. To progress further in our analysis we need a 

statistical model of the noise. The Gaussian distribution is widely used in noise modeling. Here, analyzing 

the photothermal absorption data away from a Fano resonance reveals that the noise intensity is very 

well fit to a Gaussian distribution (Figure 56). We can further postulate that the experimental noise is i.i.d., 

 

Figure 53 Determination of ω0 tracked through evolution of Fano resonances.  

The ω0 calculated from Equation 7.2 for a collection of 22 Fano resonances on a single AuNR (Figure 

52) is plotted for several annealing temperatures (blue dots) with a linear fit (blue line) for clarity. Each 

Fano resonance is fit with Equation 7.1. Fitting the coarse resolution spectrum (Figure 55) directly is 

an alternate source of ω0 and is shown in red (dots) with a linear fit for clarity (red line). Over a 

wavelength range larger than the spectral window of the pump laser, both methods agree closely. 

Further, the blueshift in ω0 is linear as a function of annealing temperature. 
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independent and identically distributed. The measured values yi are normally distributed about the value 

at xi of the curve generated by the true parameter values. Every time we measure the same Fano 

resonance, we are sampling this normal distribution and should expect to see a slightly different set of yi 

for the same xi. However, because the experimental noise is uncorrelated between data points (white 

noise dominates over drift), a single spectrum can still yield high precision about the model parameters. 

Each additional data point [xi,yi] gives more information  about the true parameter values.  The likelihood 

that a given set of model parameters determined from fitting the data is equal to the set of true value is 

given by: 

 ��H|�) = (�� = �; 	H) 
7.3 

where L is the likelihood function, θ is a vector where each element is a model parameter, y is the vector 

of yi values and Y is the vector of true values (ytrue) of the model. Specifically, for the five-parameter Fano 

resonance we use here the likelihood function is: 
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where ytrue is Equation 7.1 with the true parameter values, n is the number of data points, and σnoise is the 

standard deviation of the noise level in the experiment, which is easily. Here we have decided to normalize 

the underlying LSP Lorentzian to amplitude 1. Taking the negative log for convenience gives: 

 5 log��) = ­5 1
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 ®���),7+ 5 �2)


8

2«�
 7.5 

We use the log likelihood function to calculate the Fisher information matrix,282 whose elements are: 
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Each of these matrix elements are functions of the true value of each measurement parameter as well as 

the noise level and the number of data points in the spectrum. Intuitively, larger n (more data points) 

gives more Fisher information. More noise (σnoise) corresponds to less certainty about the curve fit, and is 

manifested in lower expected Fisher information. For a given set of parameters, the expected fisher 

information can be found by substituting in to the Fisher information matrix and summing over xi. Further, 

at each point xi we sample from a normal distribution with standard deviation σnoise centered at ytrue,i  to 

account for the effect of noise.  

The resulting 5x5 Fisher matrix can be inverted to get a matrix whose diagonal elements are the 

squared measurement uncertainties for each parameter value. In our experiment, this inversion must be 

performed symbolically before substituting in numerical values because the uncertainty about Ω is many 

orders of magnitude smaller than uncertainties in other parameters, leading to machine precision errors 

during inversion. Nonetheless, symbolic inversion followed by substitution gives uncertainties shown in 

Figure 54a,b. The uncertainty in Ω for a typical single Fano resonance (for example Figure 56a) is less than 

1 neV. Measurement uncertainty is minimized at qF = +/- 0.5 and increases at larger qF. This is attributed 

to the rapid change of curvature in the lineshape of the Fano resonance at these intermediate qF values, 

and is in marked contrast to a simple Lorentzian. At still larger qF it begins to decrease again, possibly 

because the amplitude of the Fano resonance theoretically increases as detuning is increased. On the 

other hand, uncertainty in qF (and consequently ω0) is relatively constant for -1 <qF < 1, and increases with 

further detuning of ω1 from ω0 (larger amplitude qF values). This is consistent with the information derived 

from measuring the Lorentzian itself. As a function of noise level, the uncertainty in both Ω and qF 

increases quadratically with increasing noise (Figure 54c,d). The Fisher information for a simple Gaussian 
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distribution is proportional to 1/σ2, so this is what we would expect and serves as an important sense 

check for the calculations. 

 We can compare the calculation of the LSP resonance wavelength as determined by fitting the 

LSP spectrum directly to measuring several Fano resonances and calculating ω0 from qF with Equation 7.2. 

The Fisher information from each Fano resonance is additive and so each additional measured Fano 

 

Figure 54: Measurement uncertainty in Fano resonance.  

(a) Measurement uncertainty in Ω as a function of qF (at constant ω0). (b) Measurement uncertainty 

in qF as a function of qF. (c) Measurement uncertainty in Ω (blue) as a function of the noise level in the 

experiment. The Fano resonance is set to qF = 1, with the noise level being proportional to the 

normalized Lorentzian amplitude of 1. A quadratic fit (orange) is shown. (d) Measurement uncertainty 

in qF as a function of the experimental noise level. 
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resonance improves the precision in determination of ω0. Because γ0 is only a weak function of ω0 for the 

long-wavelength LSPR we are measuring,24 and geometrical reshaping is minor for the small changes in 

LSPR, it will not change during a typical sensing experiment. By contrast LSPmax will shift whenever the 

local refractive index changes. In a sensing experiment, this occurs when a single analyte binds to the 

AuNR. We can then take a typical24,27 value of the AuNR γ0 of 70 meV and further note that since Ω is very 

nearly equal to the WGM frequency, it will shift much less than ω0. This assumption is justified as Ω 

remains constant despite substantial changes in ω0 (Figure 52). A further justification is provided by the 

minuscule measurement uncertainty in Ω compared to ω0. A shift in qF is related to ω0 by Δ[ω0] = (-γ0/2)* 

Δ[qF]. The smallest detectable Δ[ω0] is limited by the measurement uncertainty in ω0 which is equal to  (-

γ0/2) times the uncertainty in qF. For a typical trace, the uncertainty in ω0 is 2-4 x 10-4 eV for -1 <qF < 1 

(Figure 54).  

As for the Lorentzian peak, we repeat the derivation of the Fisher information matrix using a 

function of the form 
±

��²¥d&�
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 where a is the FWHM (full width at half maximum), and b is the 

 

Figure 55: Coarse spectra of tunable Fano resonant AuNRs. 

The coarse spectral resolution of six AuNRs as a function of annealing temperature reveals a gradual 

and particle-dependent redshift in the LSPR. To acquire spectra, the pump wavelength is tuned from 

1280-1365 nm and the absolute absorption cross-section is determined by photothermal 

spectroscopy. A 5nm loess smoothing is applied for clarity. The y-axis is photothermal absorption signal 

in arbitrary units (femtometers of resonance shift per milliwatt of pump power).  
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center frequency, with C the normalization constant (not parametrized). Using the same noise level found 

for a single Fano resonance and used in Figure 54 (σnoise = 0.0036), and with γ0 = 70 meV, ω0 = 0.94 eV, 

probing a measurement range of twice the FWHM, we find an uncertainty of 0.3 x 10-6 eV in determining 

ω0. The improved performance resulting from measuring the LSP directly compared to measuring a single 

Fano resonance is not practically achievable in the experiment we report here. The noise level is much 

larger when the spectral range covers tens of meV (for the LSP) instead of tens of μeV (for a single Fano 

resonance). Over a wide spectral range, fluctuations in pump power and optical system transmission or 

polarization are more significant, which may be the source of this increased noise. The experimentally 

measured noise for a typical spectrum with ω0 = 0.94 eV can be approximated by taking an experimental 

trace (Figure 55), fitting to a Lorentzian, dividing out the Lorentzian, removing smoothing, and taking a 

standard deviation. Doing this for a representative spectrum gives σnoise = 0.052. This number is more than 

10x higher than the noise over the ultranarrow spectral range of a single Fano resonance. Plugging this 

number back into the Fisher information calculations gives a measurement uncertainty for ω0 of 0.058 

meV. Thus measuring a half dozen Fano resonances gives as much Fisher information as measuring the 

whole LSP with a range of twice the FWHM, which would requires 140 meV of spectral range (about twice 

the tuning range of the pump laser we currently use). By contrast, the high density of WGM modes means 

that Fano resonances are easy to find. There are two other well-resolved Fano resonances within 0.3 meV 

of the resonance shown in Figure 52c. This calculation of the Fisher information for the LSP Lorentzian 

further assumes that ω0 is located exactly in the center of the measurement window, which in general is 

not accurate. Detuning of ω0 from the center of the measurement window will decrease the Fisher 

information.  
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And still the uncertainty in the Fano resonance assignment from qF is much larger than it could 

theoretically reach. Uncertainty in ω0 largely comes from the coupling between the scaling term σscale and 

qF, which lessens the information available from qF (which in a simpler system would control the amplitude 

of the resonance as well as the lineshape). A simpler 3-parameter Fano fit (qF, Ω, Γ), again with σnoise = 

0.0036 and qF = -1, has uncertainty of qF = 1.2 x 10-5 which gives uncertainty in ω0 of 4 x 10-7 eV, which is 

far more accurate than in the 5-parameter Fano resonance fit. More controllable coupling of the LSP and 

WGM, as is achieved through WGM optical trapping by Arnold et al.,285 would be desirable because 

 

Figure 56: Representative Fano resonance and noise 

(a) Sample Fano resonance used in calculations. This is a representative Fano resonance obtained in 

this experiment. (b) Photothermal signal (normalized to LSP maximum) away from the Fano resonance 

in (a). (c) Histogram of the 100 points shown in (b). A Gaussian fit (blue line) is shown. 
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making the orientation and position of each nanorod consistent may standardize the amplitude of the 

Fano resonances.  

 

7.4 Conclusion 
 

One advantage of measuring Fano resonances is that the spectral range of the Fano resonance is 

several orders of magnitude narrower than the full Lorentzian owing to the relatively dense mode 

structure of the microresonator. A single Fano resonance can be characterized with a scan range of 0.1 

meV, far narrower than the > 100 meV required to record the full LSP spectrum. Chromatic aberration 

correction over a spectral range this wide is usually a nontrivial problem in single-particle absorption 

microscopy.22 Moreover, Fano resonances in hybrid plasmonic-photonic resonators are a promising tool 

for photonic and sensing applications. Controllably tuning the LSP resonance in the presence of a forest 

of high Q-factor WGM modes provides utility. We have shown that these narrow Fano resonances, are a 

quantitatively useful proxy for the LSPmax wavelength. Exploiting the additive property of Fisher 

information indicates that measuring a collection of Fano resonances will lead to more accurate 

determination of the LSP shift from a sensing event than merely measuring the LSP spectrum. This analysis 

with Fisher information might be used by spectroscopists in other circumstances to get uncertainties in 

model parameters. Although heretofore largely confined to superlocalization microscopy,286 

determination of uncertainty through Fisher information is a tool with broad usefulness in spectroscopic 

fitting. 
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Chapter 8 

 

8. Outlook and Future Directions 
 

 

8.1 Improving detection limits 
 

As discussed in Section 2.9  the largest source of noise currently appears to be jitter in the probe 

laser frequency. The pioneering work of Lu et al.90 achieved then-record detection limits of single-particle 

binding on toroids using a common-path interferometer. The probe beam is split before the taper, with 

the signal path coupled into the toroid and the reference path split further and recombined. This forms a 

Mach-Zehnder interferometer, providing a real-time readout of the probe laser frequency. In this 

experiment, drift on the timescale of seconds was crucial to suppress, and so it was necessary to immerse 

the interferometer arms into an icewater bath to avoid room-temperature-induced fluctuations in the 

temperature of the fiber. In our experiment, noise is most important at 2-4 kHz, a frequency band where 

the room temperature is hardly fluctuating. This would potentially render the primary drawback of this 

technique—the long time required for stabilization of the icebath temperature—irrelevant.  

The importance of minimizing the excitation volume has been extensively discussed elsewhere in 

this thesis, but it should be mentioned again since it is a primary path towards single-molecule resolution. 

We are currently pursuing this approach by exploring different microscope objectives with higher 

numerical aperture, particularly those that are not designed for a coverslip. Another approach would be 

to fabricate all-glass toroids245 on a coverslip-thickness wafer and deliver excitation light through the back 

of a wafer with high-NA oil immersion objectives. 
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Aside from probe laser frequency jitter and toroid background absorption, what contribution do 

other fundamental noise sources put on the ultimate limit of detection? Shot noise and thermorefractive 

noise are the two largest non-technical noise sources. Other sources such as radiation pressure noise, 

ponderomotive noise, and photothermal noise can reasonably be neglected.85 First we will consider shot 

noise. The power in the probe beam is limited to approximately 1 μW to avoid thermal bistability with 

toroids. The shot noise in the detected PDH signal is worked out in the supplementary information to the 

Nature Photonics manuscript, and is a function of toroid finesse (Q-factor), refractive index, major radius, 

and probe wavelength.162 For typical parameters of F = 1.2 x 105, n = 1.44, λ = 1550 nm, and R = 24 μm, 

the shot noise is 0.008 attometers of resonance shift. This value is incredibly small, corresponding to a 

photothermal heat source of 0.04 pW, compared to a peak single-molecule signal of 10,000 pW. In more 

conventional single-molecule experiments reaching the shot-noise limit is a desirable goal; here, it can be 

safely ignored. The actual fundamental detection limit comes from thermorefractive noise. This can be 

understood as fluctuations in the refractive index of the microresonator driven by statistical temperature 

fluctuations. This is not the same thing as ambient temperature drift, which is both much larger and much 

easier to filter out. Thermorefractive noise occurs at all frequencies and, within the bandwidth of the lock-

in amplifier, is indistinguishable from a single-molecule photothermal signal. Calculating thermorefractive 

noise requires a detailed model of heat equilibration within the resonator and its surroundings. Building 

upon the work of Matsko287 and Dobrindt,288  I calculated the thermorefractive noise for a 2 kHz 

modulation frequency and 1s time constant in the Supplementary Information to the Nature Photonics 

manuscript. The value of 0.2 attometers resonance shift corresponds to a single-molecule photothermal 

signal of 1 pW, still several orders of magnitude below the threshold needed for single-molecule 

spectroscopy and a bit below current detection limits (Figure 5). 
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8.2 Underwater experiments: 2nd-generation resonator microscope 

(POSEIDON) 
 

Single-molecule absorption spectroscopy would be a potent analytical tool for biochemistry. 

Single-molecule fluorescence for biological investigation is both the subject of a Gordon research 

conference and the 2014 Nobel Prize. The major challenge that has to be overcome is the operation of 

our toroid-based absorption spectrometer in an aqueous environment. Because the surrounding medium 

for any WGM must have a lower refractive index than that of the resonator, there are only a few possible 

surrounding media for a silica (n = 1.44) resonator like the toroid. Air (n = 1.00) and water (n = 1.33) are 

the only examples demonstrated in the literature. Toroids have been operated in water110 before, sensing 

single viruses220 and plasmonic nanoparticles.94 Moving underwater presents some engineering 

challenges specific to our experiment, however. The photothermal signal will be reduced by immersion 

into water, biofouling will be an issue, and both pump and probe excitation must be moved to visible 

wavelengths.  

 The reduction of the photothermal signal results from the large thermo-optic coefficient of water 

partially offsetting that of the silica. Although COMSOL simulations show that only ~4% of the mode 

propagates in water for an 80 μm diameter toroid, the thermo-optic coefficient of water is ten times larger 

and of different sign than silica. Larger diameter toroids are necessary because the lower refractive index 

contrast between silica and water increases radiation losses at smaller diameters, making the Q-factor of 

smaller toroids unusably low. Larger toroids will have a smaller evanescent field, which ameliorates this 

affect somewhat, but the change in temperature for a given molecular heat flow scales inversely with 

toroid diameter, and so the toroid should be as small as possible to minimize the mode volume. Replacing 

water with D2O, which has a much smaller thermo-optic coefficient, is one option. Another option is to 

mix water with glycerol, which has a much higher thermo-optic coefficient. Glycerol, used in the previous 
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single-molecule photothermal experiment,51 has a thermo-optic coefficient so large it will drown out the 

silica contribution to the toroid resonance wavelength. However a delicate balance is in play here, because 

higher concentrations of glycerol in water will cause the refractive index of the solvent to exceed that of 

silica, at which point the toroid is no longer a waveguide. A more promising approach might be to coat 

the resonator with a thin layer of PDMS or PMMA. This is often used to suppress or ultimately enhance 

the thermal sensitivity of toroids because the large, negative thermo-optic coefficient of the polymers can 

overwhelm the thermo-optic coefficient of the silica.289 In any event, mere suppression of the 

photothermal signal caused by water is unfortunate but not crippling. 

 Biofouling of tapered optical fibers is a side effect of the exposure of the optical mode to the 

surrounding medium.73 The evanescent field of the probe beam in the air-guided region of the taper acts 

as an optical trap, attracting molecules from the solution to deposit onto the taper. Not only does this 

degrade probe beam transmission, it will cause buildup of an absorption background on the taper. The 

simple solution is to make fresh tapers for each experiment, although this would be tremendously 

inconvenient. A better solution might involve alternate means of coupling into the resonator, whether 

from a monolithic waveguide on a different chip or via the Fano-resonance-assisted free-space-coupling 

method discussed later in this chapter. The design of the underwater microscope (CODENAME: POSEIDON) 

takes these possibilities into account, allowing for either taper coupling for this other, more speculative 

means of coupling. 

 Switching excitation to visible wavelengths mostly provides a fabrication challenge. We have 

recently demonstrated fabrication of all-glass toroids with a transparent substrate.245 The use of a 

polished, transparent wafer motivates a further development, all-glass toroids on a cover slip. Unlike a 

normal Ø 4” wafer with 525 μm thickness, these substrates are 170 μm thick. This would allow the use of 

a high-NA oil immersion (NA = 1.4) objective which have a working distance of ~ 170 μm. As noted in 

Chapter 1, increasing the NA provides a quadratic increase in signal/background ratio. An alternative is to 
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use a water-dipping objective, typically 1.0 NA with a 1-2 mm working distance. In the 2nd-generation 

resonator setup, excitation may end up being through the chip or from the front of the chip, in either air, 

oil, or water. The microscope design must be flexible enough to allow for this.  

The design is shown in Figure 57.  Initial testing used a tunable 780 nm laser, coaligned to an easily 

visible 488 nm guide laser. The guide laser is capable of 20 mW of power at the laser head and may also 

be used for absorption testing experiments. The 780 nm laser is a New Focus ECDL, and its lower noise 

and wavelength tunability make it substantially more versatile. Pump light propagates 4” off of the table 

surface until the final Ø 2” 45° mirror that reflects it upwards through a motorized half-wave plate and a 

high-NA focusing objective onto the toroid chip. In the 1st-generation setup, the use of an upright 

microscope necessitated using a gigantic periscope to bring the laser light up off the table. This was 

difficult to align and is removed from the 2nd-generation setup. The excitation objective may be oil, air, or 

water immersion, depending on the type of sample. The excitation objective is connected by a metal 

bracket to a hybrid drive differential micrometer / closed-loop piezo actuator with a nominal 10 nm 

resolution. This is important because the photothermal signal varies strongly with the pump objective 

focusing. A 3-axis, 20mm travel piezostage (Attocube) mounted on a 3-axis translation stage (Thorlabs) 

holds the sample and allows for relative positioning of the sample between the three objectives. Figure 

57c shows a close-up view of the sample holder, which grips the sample on one end. This design is 

necessary to allow close approach by the short working distance objectives on the other three sides of 

the chip. A Navitar stereoscopic microscope with a Mitutoyo 20x ELWD apo objective provides height 

adjustment for the toroid and the taper (which is held from the same side as the toroid using a 3-axis 

translation stage). The Navitar and taper holder are both mounted on 66mm optical rails (Thorlabs) 

allowing for quick coarse alignment and disengagement, similar to an artillery carriage.  

Transmitted light is collected by a second objective placed above the toroid chip. In this setup, 

excitation light will be visible, requiring exclusive use of all-glass toroids.245 Imaging is provided by 
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reflection from the toroid of lamp light inserted from the top.  The detection path (Figure 57b) is designed 

to allow both white light imaging (for alignment) and collection of transmitted light from a tunable 780 

nm beam (potentially used for interrogation of Fano-resonant AuNRs). Because visible excitation power 

may exceed 50 mW, the setup includes a 650 nm longpass dichroic filter directed into a beam dump. A 

second absorptive longpass filter provides OD 5 in the stopband (visible light) while transmitting near-IR 

light. This will cut down on the available light for imaging, regrettably, but the white light lamp could be 

replaced with a NIR LED for more illumination intensity. A 50:50 beamsplitter after the filters is used to 

direct light simultaneously to a camera (Thorlabs DCC1545M) and APD (Thorlabs APD430A).  The APD 

collects transmitted probe light, potentially allowing for the free-space coupling experiments discussed 

later in this chapter. The entire imaging path is built on a breadboard mounted on four vertical 66mm 

 

Figure 57: 2nd generation toroid spectrometer setup (POSEIDON).  

(a) View of the entire microresonator coupling and excitation setup. (b) Imaging for alignment 

purposes and detection of transmitted light. (c) Zoomed-in view of coupling area. Both low-

magnification (10x, yellow ring) and high-magnification (40x, blue ring) collection objectives are 

shown. This design was produced in Solidworks, a CAD (computer-aided design) program. 
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optical rails. Micrographs in Figure 58 show POSEIDON as it actually stands today. The size of the focused 

beam cannot be accurately imaged through transmission mode because the lower NA of the collection 

objective will overestimate the spot size. 

The entire optical table is shielded with acoustic panels (AcousticsFirst AFBF1M) designed to damp 

out air currents, temperature fluctuations, and humidity fluctuations. They also serve to block visible 

pump light from escaping (useful from a safety perspective) and thermal light from entering (good from a 

thermal stability perspective). Each panel is a mixture of acoustic foam for absorbing vibrations, a hard 

polyurethane barrier for reflection, and a thin aluminum film for reflecting IR radiation. The side panels 

are held on by magnets that are drilled into the panels and attached to carriers on the 10S 1” rail (80/20 

Corporation) that provides a superstructure for panel mounting. This allows easy removal and secure 

mounting of the acoustic panels. I also mounted 3/32” polycarbonate panels to the inside surface of the 

acoustic panels to give a rigid material for bolts to be tightened against, and handles to enable the panels 

to be picked up and manipulated. These 4’ x 2’ acoustic panels tend to curl up along the long axis, a 

problem solved by mounting a 3’ length of angle stock aluminum along the long axis. Holes were drilled 

into the box at strategic locations to allow feedthrough of power cables and signal cables. 
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Figure 58: 2nd-generation resonator setup (POSEIDON). 

(a) Fully enclosed resonator setup alongside instrument racks. (b) Setup with no Navitar or taper, and 

both objectives coupled to an all-glass toroid chip. (c) Alternate view of coupling area including 

imaging/detection stack. (d) Rear view of coupling setup showing freespace optics with 488 nm and 

780 nm ECDL lasers. 
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8.3 Simultaneous absorption, luminescence, and polarization  
 

Combined measurements of absorption and polarization have not been performed at the room-

temperature, single-molecule level before. Adding fluorescence spectroscopy to our existing setup would 

require nothing more complicated than adding an emission filter in front of the transmitted light detector 

(on POSEIDON) or adding a filter and detector (on SCORPIO). As an example of where this measurement 

capability would be fascinating, consider the problem of charge trapping in organic photovoltaics and 

organic light-emitting diodes.213 Charge traps are thought to come from a variety of different causes 

including impurities, grain boundaries, and chemical changes (e.g. oxidation). A heterogeneous system 

with lots of low-concentration but high-importance electronic and conformational perturbations sounds 

like a perfect system for our single-object absorption spectrometer. Adding luminescence allows for 

correlation of emissive properties with physical structure and electronic structure, giving a deep 

understanding of what kinds of defects and other irregularities are important for affecting emission and 

charge transport. 

 

8.4 Free-space coupling with gold nanorods and Fano resonance 
 

 

Single-particle absorption spectroscopy, first demonstrated by Orrit et al.20 in 2002, is an 

increasingly popular technique for characterizing nanoscale materials. A number of different approaches 

exist for reaching sufficiently high signal/noise ratio (S/N). One particularly successful approach is Spatial 

Modulation Spectroscopy (SMS), which involves periodic modulation of the position of the sample or the 

excitation spot by hundreds of nm.23,24,290-292 Lock-in amplification at the modulation frequency (typically 

1-2 kHz, limited by scanning equipment) provides a sensitive measure of the spatial dependence of 
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absorption. The signal is proportional to the spatial variation of the absorption signal, which is a 

combination of the spot size (invariant) and the size of the absorber.  This method efficiently discriminates 

against background. Wideband absorption have been obtained through SMS with a simple white light 

source.292 Another interesting technique is polarization modulation microscopy.126 However, a single-

molecule signal would give contrast of only 10-8 to 10-9, which is simply not detectable with modern 

polarization equipment.  

 The tiny magnitude of a single molecule’s extinction was our motivation for using the toroid; the 

extinction of a single-molecule is nearly impossible to detect without transduction. However, this 

introduced another set of problems. Coupling to toroidal microresonators generally requires a tapered 

optical fiber.106,153 Tapers are fragile, easily contaminated (at least at the single-particle level), and most 

importantly, small fluctuations in their position alter the slope of the PDH error signal and thus contribute 

noise to our experiment. Further, their instability and propensity to drift in multiple directions, in addition 

to their tendency to jump and stick to toroids, makes it hard to signal average, an approach that would 

otherwise be a powerful addition to our toolkit. Integrating waveguides with toroids would solve this issue, 

but the only known report requires difficult fabrication with an impractically thick layer of thermal 

oxide.156 Recently developed inverted toroids293 with integrated waveguides are an intriguing prospect, 

but ultrahigh Q-factors have yet to be demonstrated. Free-space coupling into WGM microresonators is 

another area of active research. Slightly deformed on-chip toroidal-like resonators can possess high Q-

factors and couple to end-fired light.86,151,152,294 The mechanism involves resonant tunneling between high-

Q WGMs and low-Q, free-space-coupled chaotic modes. The resulting tunneling involves a Fano 

resonance as excitation of the two modes by free space light interferes. However, critical coupling has not 

yet been demonstrated through this coupling mechanism. Therefore, a method of stable, long-term 

critical coupling to toroidal microresonators remains an ongoing challenge. 
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 Recently we demonstrated that plasmonic nanoparticles deposited on the rim of a toroid will 

couple to the whispering gallery modes and produce Fano resonances visible in the particle’s absorption 

spectrum.27 Further, these Fano resonances are essentially equal to the unperturbed WGM frequencies 

because of the weak coupling between WGMs and the AuNR LSP. Now we aim to demonstrate that these 

absorption features can be used to sense the resonant wavelengths of toroid WGMs without actually 

coupling into the resonator. Free-space coupling offers the benefits of toroids for sensing (ultrahigh Q-

factor, low mode volume) without the biggest drawback (coupling with finicky, fragile tapered optical 

fiber). It offers an alternative path towards a miniaturized optical device or one that could be integrated 

into a standard confocal microscope, because excitation is only provided tangent to the chip. 

 Removing the tapered fiber from the equation requires detecting the pump/probe beam via 

transmission. A gold nanorod has an absorption cross-section of approximately 1 x 10-10 cm2 at the peak 

of its longitudinal surface plasmon resonance (LSPR).27 A focused laser beam at λ = 780 nm and NA = 0.95 

of Ø820 nm. This gives an area for the focused beam of 2 x 10-8 cm2. Therefore, under ideal conditions the 

nanorod can absorb about 0.5% of the beam. The significant scattering contribution provides additional 

extinction. On a coverslip, AuNRs are easy to detect (Figure 59b) without SMS. A further enhancement in 

signal/noise ratio comes from implementing SMS. SMS has previously been used to take absorption 

spectra on gold nanorods and other nanoparticles.16,295 By sinusoidally dithering the position of the beam 

by approximately the width of the PSF, a signal proportional to the spatial derivative of extinction is 

measurable. The sharp spatial dependence associated with a nanoscale absorber produces strong 

contrast with the much more slowly varying background from substrate scattering and instrument 

response. SMS imaging of single AuNRs on a cover slip is shown in Figure 59a. 
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However, unlike all previous reports of SMS on single particles, we are not employing a flat, 

featureless substrate. In the 2-objective confocal geometry we employ here, transmitted power is a 

 

Figure 59: Transmission and SMS maps of AuNRs and Toroids at 780 nm.  

(a) SMS for gold nanorods on a coverslip. The amplitude is the RMS voltage on the lock-in amplifier for 

the SMS signal in mV. (b)  Corresponding transmission map of the same AuNRs. Transmission is 

normalized to the through-substrate transmission. (c) SMS map of an all-glass toroid. The pillar and 

rim are visible. The axis of SMS motion is horizontal. The lock-in scale was inadvertently saturated, 

causing this map to understate the magnitude of the background SMS signal. (d) Corresponding 

transmission map of the same toroid. Transmission is normalized to the maximum signal, which is 

substantially greater than the background transmission. This final affect is attributed to refraction by 

the curvature of the support pillar. 
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function of both absorption, scattering, and refraction. The highly curved rim of the toroid presents a 

massive background to extinction measurements because it scatters incident light (Figure 59d). This 

motivates the switch to a new kind of spatial modulation spectroscopy. The SMS signal normal to the rim 

of the toroid is actually very large as the beam either scatters off the silica or transmits through free space. 

At 90° azimuthal from the maximum signal, however, the SMS of the toroid background drops to zero 

since the beam is sampling tangent to the rim (Figure 59c). As a result, we decided to try modifying SMS 

such that it constantly tracks the curvature of the toroid and is at all times tangent to the shape of the 

toroid. We refer to this new technique as circular SMS. At the time of writing, issues with relative phase 

drift of the two galvo channels prevents complete cancellation of the toroid background. Future work will 

be aimed at completely eliminating the toroid SMS background, detecting single nanorods, measuring 

their absorption spectrum in transmission, and using PDH locking to lock to Fano resonances. 
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Appendix 1 

 

9. Finite-Element Simulations with COMSOL 

Multiphysics5 
 

 

9.1 Overview of finite-element simulations of toroids 
 

Because Maxwell’s equations cannot be solved analytically for toroidal microresonators, optical 

whispering-gallery modes must be determined numerically. We employ the finite-element simulation of 

WGMs in toroids developed by Oxborrow.117 This model takes advantage of the toroid’s axial symmetry 

to greatly reduce the computational cost, modeling the toroid as an axially-symmetric 2-dimensional slice. 

The simulated optical mode intensity profile (Figure 60a) is converted into a three-dimensional intensity 

distribution by revolving about the axis of the toroid in post-processing. The optical intensity in the WGM 

is related to the electric displacement field (D) by:117  

 I=Re{D
azimuthal

}2+Im{D
axial

}2+Im{D
radial

}2 9.1 

One of the uses of this simulation is calculation of the fraction of light propagating through the 

surrounding medium, which is a function of toroid major diameter and the refractive index of the medium. 

Integrating the optical intensity allows for determination of this partitioning. For a typical major diameter 

of 45 μm, probe wavelength of 1.55 μm, and index of 1.00 (air), the fraction is slightly less than 1%. A 

larger fraction can be achieved by shrinking the toroid or increasing the surrounding medium’s refractive 

index, although the radiative-limited Q-factor is dramatically suppressed as a consequence. 

                                                           
5 Certain figures and sections of text in this chapter come from the Supplemental information to the manuscripts 

published in Nature Photonics, Journal of Physical Chemistry Letters, and Applied Physics Letters. 
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I developed a series of thermal simulations to model the effect on the microresonator 

temperature from various heat sources. In Chapter 4, this simulation was used to model the effect of 

absorption of the pump beam on the silicon pillar for both conventional and re-etched toroid geometries. 

In Chapter 5 individual multi-walled carbon nanotubes were included in the model, with dimensions 

 

Figure 60: Finite-element simulations are used to determine absorption cross-sections. 

a, Optical simulations of WGM modes are carried out with an axisymmetric 2-dimensional model. 

Color indicates the optical intensity as given by Equation 9.1. b, A 2-dimensional cutaway of the full 

3-dimension photothermal simulation with a 10 nW heat source at the outer rim of the 

microresonator. Color indicates the temperature rise from ambient (mK) with a 2 kHz amplitude 

modulation frequency. c, The position of the same 10 nW heat source affects the resulting resonance 

shift. At the rim of the toroid, the measured shift is larger than in the interstitial region (between the 

rim and where the silicon pillar meets the oxide disk) or closer to the center of the toroid (at the edge 

where the pillar meets the oxide layer). The calculated absorption cross-section is scaled by the 

location of the nano-object using this simulated dependence. d, Schematic of the heating source 

positions on the resonator corresponding to the time-dependent resonance shifts measured in c.  
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extracted from SEM images, and treated as boundary heat sources. In Chapter 6 the pump beam 

modulation required a time-dependent solution, which was implemented in COMSOL. In this case the 

nanoscale gold nanorods were small enough to approximate as point sources. The position of the heat 

source on the top surface of the toroid was investigated as well, since in the experiment nanorods can be 

found on any part of the silica surface of the toroid. 

 

9.2 Building the model 
 

Photothermal effects on the toroid were modeled with the Heat Transfer Module of COMSOL 

Multiphysics. The physical dimensions of the toroid were extracted from side-view SEM images (Figure 

35). The substrate (silicon wafer) and surroundings (air) were included in all simulations. Convection was 

found to have a negligible effect on the observed temperature increase (< 1%) and was not included in 

any simulations. In all simulations except for the measurements on re-etched toroids in Chapter 4 the 

change in temperature of any part of the toroid was a few Kelvin or less, so disregarding convection is 

reasonable. Material properties, except for the thermo-optic coefficient (discussed below) were taken 

from the COMSOL library. Equilibrium temperature is calculated by solving for the stationary solution with 

conductive heat transfer physics. Time-dependent simulations were conducted with all the parameters 

identical to the stationary simulations. Resonance shift calculations vary depending on the experiment 

and will be discussed individually. 

As introduced in Equation 1.4, quantitative determination of the absorption cross-section 

requires a conversion between the measured resonance shift and the amount of heat dissipated by the 

absorbing nanoparticle. I is easily measured with a power meter and independent assessment of the 

excitation spot size, while q
heat

 must be determined from the measured resonance shift. This is facilitated 

by finite-element simulation where time-dependent heat transfer from a point source to the 
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microresonator is calculated. A three-dimensional model of the toroid with a point heat source at a 

particular location on the surface of the toroid (Figure 60b) is used to model the resulting temperature 

distribution with a 2 kHz modulation of the pump beam (Figure 60c). The change in resonance frequency 

is calculated by taking an overlap integral between the optical intensity of the fundamental mode and the 

temperature profile of the toroid, after scaling by the thermo-optic coefficient (dn/dT) of silica.113 We have 

previously shown this approach agrees closely with experiment.132,133 The resulting resonance shift can be 

plotted as a function of time and nano-object location Figure 60c). In this manner, the magnitude of the 

photothermal heat source can be determined by combining the scaling factors generated by the finite-

element simulation with the experimentally determined resonance shift and position. If we assume 

negligible quantum yield of emission, then the heat dissipated by the single absorber is exactly equal to 

the energy of the light absorbed from the pump beam. The wavelength-dependent absorption cross-

section is the ratio of energy absorbed to excitation intensity, given by Equation 1.4. Experimental 

absorption cross-sections are corrected for spatial dependence (Figure 60c) using the location determined 

by photothermal mapping (Figure 45).  

 

9.3 Photothermal mapping of toroid background 
 

Heating by the 640 nm pump laser is modeled by a series of five 1-µm thick cylindrical heat sources of 

decreasing intensity. The total heat generated is equal to the incident optical power adjusted by the 

measured reflectivity of 2 µm of thermal oxide on silicon at 640 nm (R = 0.24). The heat is divided among 

the five heating regions with a decaying exponential corresponding to the penetration depth of 640 nm 

light in silicon.296 The volume of silicon heated by the laser is approximately 10 μm3, given by the product 

of the spot size and penetration depth in silicon (3.3 μm). Small changes in the size distribution of the heat 

sources were found to contribute only minor variations to calculated thermal properties. Resonance shifts 
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are calculated from the equilibrium temperature of the silica rim, which is found to be highly uniform with 

the pump beam centered on the toroid. The thermal expansion of silica is an order of magnitude smaller 

than the thermo-optic effect297 and was neglected in these calculations. In the low-power regime the 

thermo-optic coefficient of the silica can be assumed to be constant, with a value of 8.5 x 10-6 K-1.113 At 

greater shifts the temperature dependence of the thermo-optic coefficient had to be accounted for (see 

Figure 37).  

 

9.4 Mapping of single MWCNTs 
 

Single multi-walled nanotubes were modelled as cylinders with dimensions and locations 

extracted from SEM images. Nanotubes were treated as boundary heat sources. Steady-state solutions to 

the conductive heat equation are solved for using a software-defined extra-fine mesh. As before, both 

radiative and convective heat transfer were found to have negligible (< 0.1%) effect on the calculated 

temperature rise. From the heat transfer solution, two-dimensional slices of the mode area of the toroid 

are taken at regularly-spaced azimuthal intervals (5°) and overlapped with the known mode profile of the 

toroidal microresonator.117 The resulting resonance shift is averaged over every azimuthal position, and 

the simulated resonance shift is compared to the experimentally-measured resonance shift. The inputted 

heat flow required from the nanotube is adjusted until the simulated resonance shift matches the 

measured shift. Knowledge of this heat flow is necessary for calculating the per-atom absorption cross-

section, as described in section 4 of the Supporting Information to the JPCL manuscript. Note that in later 

generations of the code (used for example in the work in Chapter 6) a more sophisticated treatment of 

the overlap between the optical mode and the temperature is developed (Sections 9.5-9.6).  

The time to reach the equilibrium resonance shift was also simulated.  The simulated resonance 

shift as a function of time is plotted in Figure 61. Simulations in COMSOL are used to plot the temperature 
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distribution at each time point, and the resonance shift of the toroid is calculated just as in the equilibrium 

calculations. Assuming only conductive heat transfer, thermal equilibration should follow a mono-

exponential time dependence (this is the solution to the Helmholtz equation, which describes heat 

conduction).  An exponential fit closely matches the simulated time dependence. The calculated 1/e rise 

time (154 µs) is similar to that experimentally measured for a bare toroid pumped at the center of the 

toroid (τ = 240 µs).132 This agreement is not unexpected—in one experiment the heat is deposited at the 

rim of the toroid and must reach the center for equilibration, and in the other it is deposited at the center 

and must reach the rim of the toroid to affect the propagating mode.  

 

Figure 61: Time dependence of resonance shift (simulated). 

 The resonance wavelength shift of the toroid as a function of time increases (fit to the form, 1-exp(-

t/ τ)) with an  rise time of τ= 154 µs (1-1/e).  
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The effect of varying the smallest allowable element size in the tetrahedral meshing of the 

modeled microresonator-nanotube system was investigated. Figure 62 shows that large changes in mesh 

size have minimal (<0.5%) effect on calculated resonance shifts.  

The effect of varying the distance between the nanotube and the surface of the resonator was 

also investigated.  Figure 63 demonstrates that shifting the vertical position of the nanotube over tens of 

nanometers, either by raising it above the microresonator surface or by lowering it below the surface, 

also has a minimal effect (<0.5%) on the calculated resonance shift.  One of the conclusions that can be 

drawn from this result concerns that magnitude of interfacial thermal resistance.  Several groups have 

endeavored225,298-301 to experimentally determine the interfacial thermal resistance between a nanotube 

and various surfaces, with a large range of values observed.  While such an interfacial resistance was not 

 

Figure 62 Effect of meshing size on the simulation’s accuracy.  

The minimum allowed edge length for a tetrahedral meshing of the nanotube-decorated toroidal 

microresonator is varied from 15 nm to 125 nm. No systematic effect on the calculated resonance 

shift under pump beam illumination is found. 
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explicitly included in our calculation, the opening up of a highly insulating thin air layer between the tube 

and the resonator surface can indirectly probe this possibility.  This situation has little effect on the 

resonance shift, likely due to the extremely small heat capacity of the nanotube relative to the 

microresonator.   Since the inclusion of this layer had only extremely minor influence on the 

microresonator equilibrium temperature distribution and resulting photothermal shift, we infer that not 

explicitly including an interfacial thermal resistance is a reasonable approximation.       

 

Figure 63 Effect of nanotube-microresonator interfacial contact distance on calculated 

resonance shift.  

The distance between the bottom edge of the nanotube and the top of the silica surface of the 

microresonator is varied and the effect on the calculated resonance shift measured. The nanotube is 

52 nm in radius, and so the nanotube is 50% “immersed” in the resonator at x =-52 nm; conversely, at 

x = 150 nm the nanotube is suspended in air more than 1 diameter above the surface. Larger, more 

positive values along the x-axis correspond to less contact area between the nanotube and the 

resonator. No significant trend is observed, implying that this simulation is tolerant of large uncertainty 

in the nanotube-silica interfacial thermal resistance. Inset: Calculated resonance shift with the entire 

axis range, demonstrating that the variations observed in the main figure are negligible compared to 

the total resonance shift.  
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The simulation is also highly insensitive to the thermal conductivity of the nanotube. Various 

reports have placed this conductivity in the range of 3000 W/mK to 42 W/mK, depending on the 

measurement method and the concentration of defects in the MWCNT.302-307 Changing the conductivity 

in the model from 3000 to 3 W/mK changed the predicted resonance shift by only 1 part in 10,000. 

Therefore, we conclude that the wide range of possible values for the thermal conductivity of the 

nanotubes used in this study does not affect the accuracy of the calculation. 

 

 

 

Figure 64 Timescale of resonance shift.  

(a) Theoretical resonance shift from a single molecule dissipating 10 nW of heat under excitation 

modulated at 4 kHz. A characteristic exponential rising and falling behavior is observed, reminiscent 

of the charge on a capacitor as it undergoes charging and discharging. (b) Experimental error signal 

when a single organic nanoparticle is pumped with a 4kHz modulated beam. The timescale for 

equilibration may differ slightly between theoretical and experimental data since the thermal 

relaxation time is sensitive to the details of the geometry of the particular toroid (Chapter 4).  
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9.5 Single gold nanorods with amplitude-modulated pumping 
 

In Chapter 6, I described the use of an amplitude-modulated PDH error signal for single-particle 

spectroscopy. Because the amplitude modulation frequency (either 2 kHz or 4 kHz) was comparable to 

the thermal equilibration time for the toroid (~4-5 kHz, Chapter 4), the stationary state solved for in earlier 

generations of the code is insufficient. I switched the code to a time-dependent heating source and solved 

with a series of 90 time steps. Figure 64 shows that the resulting simulation (panel a) clearly captures the 

rising and falling exponential behavior of resonance shift as a function of time that is experimentally 

observed (panel b).   

In simulations and analysis of the experimental result I neglected the effects of heating on the AuNRs. 

While photothermal annealing and melting of AuNRs is a well-characterized phenomenon at higher optical 

intensity,262,269,281 at the powers used in the experiments of Chapter 6 the AuNR is not significantly heated. 

When the AuNR is pumped at the maximum level applied in this experiment, the AuNR will shift the WGM 

frequency by approximately 12 MHz, corresponding to a heat dissipation of 500 nW. In finite-element 

simulations, the highest temperature reached by the point heat source modelling the AuNR at 500 nW 

dissipation is 670 mK above room temperature. There are two complications with interpreting this 

simulation. First, the nanoscale details of the thermal contact between the AuNR, the CTAB capping 

bilayer on the AuNR, and the silica surface are neglected. This interfacial resistance would likely increase 

the actual temperature on the AuNR. Conversely, modeling the AuNR as a point source ignores the effect 

of having substantial surface contact with the resonator, which would increase heat conduction to the 

silica and therefore cool the AuNR. We can then regard this sub-Kelvin heating as an estimate and seek 

for additional methods of estimating the AuNR temperature. 

A very different method of measuring optical absorption by single AuNRs was demonstrated by Ma et 

al.269 that enables measurement of the exact temperature of the AuNR. After rescaling the temperatures 
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reported in this work to the lower optical intensity and higher absorption cross-section that we employ, 

we find a worst-case temperature rise of ∼ 420 mK. This determination is in reasonable agreement with 

the temperature rise calculated by finite-element simulations. In either case, the heating of an AuNR to < 

1 K above ambient temperature will not have any significant effect on the LSP linewidth, LSP frequency, 

or refractive index. Geometrical effects on the LSP wavelength from laser-induced lattice heating of AuNRs 

are minimal308 and can be safely neglected here.  

 

9.6 Details of how resonance shift is calculated in the time-

dependent photothermal code 

 

I will now describe in detail how the time-dependent photothermal code operates. Parameter values and 

names are accurate as of the time of writing of this thesis. This code was written and deployed with 

COMSOL v4.3. It is not advisable to read this section without a copy of the code open on your monitor. 

Heating is simulated by a point source at a user-defined location with heat flow defined by the 

parameter pheat3. For example, a heating source switching between 10 nW (pump beam on) and 0 nW 

(beam off) would be given by the following definition: 1e-8*wave1(t[s])+0.5e-8 . The frequency of 

modulation is given under “Waveform 1 (wave1)” where a linear frequency of 2.01 kHz is specified as an 

angular frequency of 2π*2010. The amplitude is 0.5 and phase is zero (the phase is irrelevant). Because 

the modulation frequency is many orders of magnitude shorter than the excited state lifetime of any 

reasonable molecule at room temperature, approximation of photothermal heating with a square wave 

is valid.  
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The WGM field is simulated in a different COMSOL code and import as a .txt file. Specifically, the total 

|D-field|2 is output from the WGM simulations (Equation 9.1). This is necessary because the refractive 

index changes between the toroid and its surroundings. The thermal simulation is not programmed with 

a refractive index so it must be imported. The D-field is imported under the “function” section, where the 

function name is oxmode and the position in the file is 1, interpolation is linear and extrapolation is 

constant. There are no arguments, and the function is referred to as com elsewhere in the code. The txt 

file of the WGM (at the time of writing I was using “CorrectDField_25nm_air_46um_axmode2.txt”) is a 3 

x N file where the columns (in order) are r, z, |D|^2 (electric displacement field). R is radial position and z 

is height (this code was written by Mark Oxborrow with 2-dimensional azimuthal symmetry). The actual 

exported data comes from the file “Mode profile of toroid for AuNR.mph”. In the WGM simulation, the 

total D-field is defined by  (Equation 9.1) on a regular grid in spreadsheet format with 452 points each for 

r and z values. Unsurprisingly, if the geometry of the toroid is modified (for example to simulate larger 

toroids or all-glass toroids) then it must be changed in both the thermal code and the WGM code equally. 

The thermal code should take roughly 20 minutes to run on a fast 2011-vintage desktop computer. A 

crude estimate of resonance shift comes from a line average along the toroid’s outer rim of the data in 

Solution 3, which is then multiplied by (9.5*(T-293.15)) with units set to mK. This provides a sense check 

on the resonance shift in units of femtometers, where 9.5 is equal to λ/n *dn/dT.  To obtain a more 

accurate measure of resonance shift, several steps must be taken in postprocessing. First, right click on 

data sets and make a Function 2D. For function, select Interpolation 1 (oxmode). The first parameter 

should be y, with a range of e.g. 17 to 29, and the second is x, e.g. 16.5 to 28.5. These coordinates define 

a sampling grid that fully includes the rim of the toroid, with units in microns, and should be modified if 

the toroid geometry changes. Next, right click on data sets and create a parametrized surface. Choose 

Solution 3 for the data set. The first parameter is called s1 with a range of 17 to 29, and second parameter 

is s2 with range of 16.5 to 28.5. As before, these values are functions of geometry. In the expression 
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section, x should be s2 and y is s1, while z is 0. Next make a Revolution 2D with ModeSlice as the data set. 

The axis entry method should be Point and Direction. For point, both x and y are zero; for Direction, y is 1 

and x is 0. Make another Revolution 2D where the data set is ModeSlice. This should have the same 

settings as the other Revolution 2D. Then make a Join called “AzimuthOverlap”. For Data 1, the Data field 

is ModeSlice and Solutions should be set to 1. For Data 2, the data is ThermalSlice and Solutions is All., 

while the method is explicit. Next make a Join called “Overlap3D”. For Data select Revolution 2D 1 and 

Solutions One. For Data 2, Data Solution 3 and for Solutions pick All. The method is Explicit. Finally, make 

a Solution of Solver 1. The Model is Model 1 (mod1) and the frame is Material (x, y, z). Choose the solution 

at angle (phase) 0 with scale factor 1. 

 The next processing step is a computationally expensive volume integration of 1 with dataset set 

to Overlap3D, evaluated for all time points. The Expression is “data2(T-

293.15)*data1(oxmode(x,y))*(8.6e-6)*1.08e9/(5.31e17)”. The first term in the expression, data2(T-

293.15 ), is the temperature increase field in units of Kelvin (temperature rise above 293.15 K). The other 

term Data1(oxmode(x,y)) is an unnormalized D-field distribution imported from the WGM code. 8.6e-6 is 

the thermo-optic coefficient of silica (this assumes the surrounding medium is air). The factor of 1.08e9 

involves unit conversion (specifically, it’s equal to 1550 nm / 1.44 *(106 fm/nm)) and is a function of the 

probe wavelength (1550 nm) and toroid material (n = 1.44).  The final term 5.31e17 is an integration 

constant that comes from “Volume Integration” of “Revolution 2D 1” of Expression “oxmode(x,y)”. This 

integration constant must be recalculated if the toroid geometry, probe wavelength or surrounding 

medium is changed. When the surrounding medium is not air, it cannot be neglected, and is accounted 

for by the following. The photothermal shift from the thermal oxide volume is “data2(1*(dom-

4)/2)*data1(oxmode(root.x,root.y))*(data2(T-293.15))*(0.86e-5)*1.08e9/(6.78e17)” where the dom 

terms are used to specify a domain index. The specific algebra picks out the toroid rim, as COMSOL decides 

automatically on domain indices. The integration constant has changed here because some of the D-field 
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is in the surrounding medium; specifically, this number assumes H2O (n = 1.33). The contribution from the 

surrounding medium is calculated from “data2(-1*(dom-6)/2)*data1(oxmode(root.x,root.y))*(data2(T-

293.15))*(-9e-5)*1.08e9/(6.78e17)” . The same integration constant is used because the term data2(-

1*(dom-6)/2) selectively picks out the mode fraction propagating in the surrounding medium. Note that 

the thermo-optic coefficient of water is more than 10x larger than that of silica, so even a small amount 

of D-field extending into the water has an outsize effect. More importantly, the sign of resonance tuning 

is flipped so it counteracts resonance shift in the silica from photothermal heating. Simply summing the 

two contributions gives the overall resonance shift. The results of this volume integration are the final 

data in units of femtometers of resonance shift. 

 

9.7 Known bugs and tips for new users 
 

I will now list and explain a series of problems that can charitably be described as “quirks” of the code. 

Some are related to the specifics of the model, and some appear to be outright bugs. 

The time-dependent thermal simulation cannot be evaluated immediately after opening the code. 

Every time the file is opened, the user must go into Study 1�solver configurations� solver 3 and right 

click on solver 3 and select compile equations. The second field, use study step, must be changed so it 

shows ”Step 1: Time Dependent” instead of a blank slot. The Oxborrow code for solving toroid WGMs in 

version 4.3 of COMSOL has a bug. It has to do with the assignment of dielectric constants to each region. 

The simulation only sees two regions: silica (region 1) and surroundings (region 2). It is possible to use this 

simulation for a toroid immersed in a different medium (for example, water) without further changes. 

However, the code divides the complicated termin in Equations: Weak Form PDE by e1 (ε1, defined in 

Variables 2). Although the parameter e2 (dielectric constant of surrounding medium) is defined in 

Variables 3, it is not actually used in the Weak Form PDE equations. Thus, changing the value of e2 does 



195 

 

nothing. E1 and e2 also exist in the parameters section. Nominally e2 is the relative permittivity of air but 

can be redefined at will.  This bug can be fixed by going to Model � PDE� Weak Form PDE 2� the first 

line of “weak expressions” should be  

(-(Haziz*M*test(Haxi))+Hazir*test(Hazi)+Hazi*test(Hazir)-Hrad*M*test(Hazir)-Haxi*M*test(Haziz)-

Hazir*M*test(Hrad)+(Haxi*M^2*test(Haxi)+(Hazi-Hrad*M)*(test(Hazi)-M*test(Hrad)))/r+r*((Haxir-

Hradz)*test(Haxir)+Hazir*test(Hazir)+Haziz*test(Haziz)-Haxir*test(Hradz)+Hradz*test(Hradz)))/e2 

In a different vein, consider the surrounding medium from the point of view of data visualization. In 

simulation (and in real life), the toroid is surrounded by either air or water. By default this makes the 

toroid impossible to see, which is hardly useful. To hide the air/water domain, specify a view and then 

hide geometric entities and geometric objects. Hiding entities is more helpful. To make a nice visual 

representation of your simulation, make a 3D surface plot. Under “Hide geometric entities”, select 

boundaries instead of domains and pick out the outer air/water boundary. Add spotlights and play around 

with the location and orientation to get the lighting correct. First click on the surface plot, then click on 

the spotlight in the views section and adjust the spotlight (position, orientation, and specularity; 

specularity is how “shiny”). 

In terms of setting up a parametric sweep or a time-dependent simulation, it is possible to 

generate a parametric list inside COMSOL. For example, if you want a simple linear or logarithmic set of 

time points there is built-in functionality. Sometimes, however it might prove useful to generate a list of 

parameters in MATLAB, perhaps because the parameters are a non-regular set or are otherwise arbitrary. 

A vector generated in MATLAB can be exported to Microsoft Excel and then exported from Excel as a .csv 

file. Copying and pasting from the csv file (as opened in the program Notepad) into COMSOL allows you 

to input an arbitrary set of parameters for a parametric sweep or time-dependent simulation. The 
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circuitous route to exporting is a result of strict and unclear formatting requirements for parametric lists 

in COMSOL. 

The most baffling error I encountered involved negative relative temperatures in time-dependent 

simulations. Specifically, I found that with a time-dependent heating source the region of the toroid 

nearest the toroid would actually dip below room temperature after the heating source was turned off. 

This is particularly bizarre because the outer boundaries of the simulation are fixed at room temperature 

(defined here as 293.15 K). It should be thermodynamically impossible for a region right next to a former 

heat source to go below that value. Based on my reading of posts by the user Ivar Kjelberg on the COMSOL 

forums, I attribute this result to spatial aliasing. Because of the low thermal conductivity of silica, the 

insufficient mesh density and the short time steps (few microseconds) in the simulation caused problems 

analogous to aliasing in audio recording. Turning off the heat source instantly implies a broadband 

frequency content (analogous to the Fourier spectrum of an impulse). Because heat spreads slowly 

through silica, the timescale for diffusion across a single mesh element can be similar to the time step. By 

not catching the high-frequency components of this impulse, there is an aliasing effect that locally 

perturbs the gradients calculated by COMSOL to determine conductive heat transfer. Contemporary 

versions of the code have a mesh with sufficiently high density to overcome this problem.  

Incidentally, meshing at high density for micron-scale geometries can be an exercise in frustration. 

Meshing has been described as “an art, not a science.” Repeated tweaking of growth rate and minimum 

element size parameters are necessary to mesh sometimes. This problem seems to originate with the 

confluence of two factors. First, the toroid rim is highly curved, especially given that the simulation bounds 

are a few hundred microns in size. Second, the mesh density must be high because of the rapid spatial 

variation in temperature near the point heat source. 
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Finally, the thermal code will often crash when you try to plot the data as a line graph. You should 

always save after the code runs (if it’s successful), and then go to the volume integration under derived 

values and, on the table, click Copy Table and Headers to Clipboard. Then you can paste the data into 

MATLAB and plot/save at your convenience. If you click “table graph” it will reliably crash, without saving 

data from the simulation run. This is unique to the photothermal code and not a bug intrinsic to all 

COMSOL files. 
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Appendix 2 

 

10. Unfinished Experiments 
 

 

10.1 Overview 
 

The physicist Richard Feynman began his Nobel lecture with the following observation:309 

“We have a habit in writing articles published in scientific journals to make the work as finished as possible, 

to cover all the tracks, to not worry about the blind alleys or to describe how you had the wrong idea first, 

and so on. So there isn't any place to publish, in a dignified manner, what you actually did in order to get 

to do the work, although, there has been in these days, some interest in this kind of thing.” 

 

In this spirit I will briefly report here the unsuccessful avenues of research that I pursued during the course 

of my Ph.D. The first sample I tried to measure photothermally was a thin film of CoPc, at a time when the 

detection limit for resonance shift was ~ 10 pm (since improved to ~ 1 am). One advantage of this method 

of sample preparation is that the film is (in theory) homogeneous.  With 1320 nm excitation I have tried 

to detect single molecules of an IR-absorbing fused porphyrin-pyrene molecule.310 With the high-power, 

widely-tunable laser soon arriving from Radiantis this molecule will again be tested on the 1st-generation 

setup. On the conjugated polymer front, I had trouble preparing a doped sample of MEH-PPV (Poly[2-

methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]). Doping with a Sb6
- salt may have succeeded, 

although the resulting powder was fluffy and poorly soluble. On a different front, I explored detachment 

and midair manipulation194 of toroids as a means of defeating photothermal background form silicon. The 

success of all-glass toroids245 made this work irrelevant. Other abandoned materials include single-walled 

carbon nanotubes (SWCNTs) and films of the nonfluorescent dye Fast Green FCF. Both of these targets 
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are now too strongly absorbing to be a useful challenge for the toroid spectrometer, and there are easy 

methods to study anything that fits that category e.g. spatial modulation spectroscopy.  

 

10.2  CoPc thin film 

 

I identified CoPc (cobalt phthalocyanine) as a good molecule for example calculations in Chapter 

1, owing to its modest optical parameters and structural similarity to a lot of important biological 

chromophores. It also has the virtue of being cheap, air-stable, and excitable with a 640 nm pump laser. 

Our very first photothermal measurements were taken of a film of CoPc on a toroid. I initially tried 

spincoating from solution, whereupon giant crystallites formed on the toroid. It was impossible to even 

couple into these toroids. A next step was controlled deposition using thermal evaporation (Figure 65a,b). 

This required first sublimating CoPc to remove trapped impurities. Without this step, the ~1% residual 

solvent trapped in the CoPc powder would damage the high-vacuum pump inside the evaporator. CoPc is 

difficult to sublimate. Heating to above 450 °C with a sand bath was necessary. Even while pulling vacuum 

down to 50 mT using a Schlenk line and heating at this temperature, evaporation of ~50 mg took several 

hours. This temperature was empirically determined to be close to the softening point of the glass the 

sublimator was made from. As a result, it was necessary to closely monitor the temperature to avoid 

disaster. A heating mantle was destroyed during the process as well. A high-temperature heater with a 

sand bath and a dry ice/acetone cooled Schlenk line vacuum worked well. I tried using a dry ice/IPA bath-

cooled sublimator, but the extreme temperature of the sublimator made this require refilling every 15 

minutes. A cold-water condenser did not require this constant attention. Sublimation of a nominal 15 nm 

film of CoPc, calibrated using atomic force microscopy of a test film deposited on a silicon wafer piece, 

produces a roughly even coating on the toroid. The power dependence of photothermal signal was, as 
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expected, linear (Figure 65c) and far above the level of a bare toroid. Photothermal linescans (Figure 65d) 

reveal a sharply increasing resonance shift as the position of the pump beam is moved from the center of 

the toroid to the edge, as expected from simulations (Figure 60).  I thank Greg Eyer and Nick Myllenbeck 

for their help in sublimation of CoPc and Yuelin Peng for her excellent training on thermal evaporation as 

well as Prof. Trisha Andrew for helping me with this project. Another possible direction with CoPc is 

derivatization. Sunil Upadhyay prepared a CoPc derivate with t-butyl groups to solubilize it. This is another 

possible future target. 
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10.3 Fused Zn porphyrin:pyrene 
 

The group of Mark Thompson at USC has synthesized molecules with large extinction cross-

sections near 1320 nm,310 within the range of our tunable pump laser, and provided us with several mg. 

 

Figure 65: CoPc film on toroid. 

(a) SEM image of toroid with nominal 15 nm of CoPc deposited via thermal evaporation. The 

“streetlamp glow” effect is unique to coated toroids. (b) Zoomed-in SEM showing the tendency of CoPc 

to form nanocrystallites instead of a homogeneous film. (c) The first photothermal data, plotting the 

dependence of resonance shift as a function of pump power. The dependence is linear, as expected 

from Equation 1. (d) Photothermal linescan on a CoPc-coated toroid. The x-axis is scan mirror position 

(arbitrary) and y-axis is resonance shift in picometers. The dashed lines mark, from left to right, the 

edge of the silicon pillar, the inner edge of the silica rim, and the outer edge of the silica rim. 
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Molecules with an electronic absorption feature this red are simply not available commercially and are 

not easy to synthesize. In particular, the fused porphyrin:pyrene molecule with Zn in the coordination site 

has favorable optical properties. Because of the exceptionally low energy of the LUMO state, this molecule 

is rapidly oxidized by ambient oxygen and must be carefully handled. Upon receiving the dark green 

powder Zn porphyrin:pyrene, I immediately divided the 7 mg into 10 different stocks. I purged the flask 

under argon, then filled 10 vials with argon-sparged dichloromethane (DCM). I then dissolved the original 

vial with argon-sparged DCM and aliquoted it out into each of the 10 vials. Then I blew down each vial 

with dry nitrogen until all the solvent evaporated, backfilled with argon, and sealed with a septum and 

parafilm. Half of the samples are kept in a glovebox for long-term storage. The other working stocks are 

kept as powder under argon, and when ready for deposition are re-dissolved in sparged DCM before being 

diluted into toluene. Depositing directly form DCM leaves ruinous amounts of residue on toroid chips. 

Aggregation is another challenge with this large, highly planar molecule. I employed pyridine and 

anthracene to help with this issue. The pyridine coordinates to the Zn and helps prevent aggregation; the 

anthracene intercalates between molecules as they try to stack, also disrupting aggregation. The actual 

solution used to spincoat molecules onto toroids included 5% pyridine, 1% anthracene, and 10 μg/mL 

PMMA. PMMA helps to seal the dye from air since it is extremely sensitive to oxidation. Without PMMA, 

a large majority of molecules will oxidize in the first few hours after deposition (Figure 66b,c). I tried 

photothermal mapping after waiting overnight for oxidation to lower the concentration of absorbing 

molecules to near single-molecule levels. Figure 66a shows a series of photothermal maps taken at a full 

range of linear polarization angles, showing very strong modulation in the photothermal signal. The peak 

resonance shift of 400 attometers is consistent with only ~5 molecules absorbing under optimized 

conditions (transition dipoles parallel to pump polarization, λmax at 1320 nm). This molecule is the most 

likely candidate for us to first demonstrate room-temperature absorption spectroscopy on a single 

molecule. 
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Figure 66: Fused Porphyrin:Pyrene  

(a) Photothermal mapping at a full range of polarizations reveals striking fluctuations in the 

photothermal signal. The color axis is resonance shift in fm. Each map is the average of four individual 

maps, taken at 0.25 μm/pixel resolution and 1320 nm. (b) Photothermal mapping of a toroid 0.5 hours 

after deposition without PMMA coating. (c) Photothermal mapping of the same toroid, 3.5 hours after 

deposition, showing a huge decrease in the number of absorbing molecules. 



204 

 

10.4 MEH-PPV 
 

MEH-PPV is the most widely studied conjugated polymer in single-molecule experiments212 and 

probably the most commonly used in organic light-emitting devices. Pristine MEH-PPV is fluorescent and 

lacks an absorption feature near 1320 nm, making it a difficult target for the early toroid absorption 

spectrometer. However, p-doping of MEH-PPV will create polarons or bipolarons with near-IR absorption 

features and quench emission, making the doped form the molecule an attractive test molecule (in 

addition to the numerous scientific questions surrounding it). In the literature, doping is often reported 

with I2 or FeCl3. FeCl3 doping is easy, since it’s soluble in DCM and can be dropcast on a film. Iodine doping 

is accomplished through sublimation by putting the MEH-PPV film and a few iodine crystals. As seen in 

Figure 67, neither of these approaches led to the growing in of a near-IR absorption feature. This is likely 

because of a lack of stability of the counter-ion (FeCl4- and I3
-, respectively). With the suggestion of 

Professor Trisha Andrew, I tried a more sophisticated doping route using the salt triethyloxonium 

antimony hexachloride. This must be handled very carefully, as antimony pentachloride is easily formed, 

which is a highly corrosive and oxidizing molecule. Small aliquots (~50 mg) are massed out in a glovebox 

and transferred into a septum covered, copper wire closed round bottom flask and stored under nitrogen. 

Using a Schlenk line, a few mL of anhydrous dichloromethane is added to a different round bottom flask 

(I used DCM from a solvent system that I knew to be dry). The flask was rinsed with acetone and dried in 

a 200 °C oven before use; the stirbar was treated the same way. For 50 mg of oxidant I added 

approximately 19 mg of MEH-PPV to the flask before addition of the antimony. The antimony salt is added 

after cooling the flask to 0 °C. The solution turned dark blue immediately upon addition of MEHPPV to the 

solution of oxidant in DCM.  I reacted the mixture for 1 hour with stirring. Then the flask was cooled to ~ 

-20 °C with a salty icewater bath. I repeatedly washed the precipitate with dry diethyl ether, and then let 

the wet precipitate wait for 3 days in a sealed flask after backfilling the flask with nitrogen. I tried filtering 
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with HPLC grade MeOH, H2O, and DCM without success. It does however dissolve in o-dichlorobenzene 

after 30 minutes of sonication (I have yet to find a molecule that is not dissolved by this solvent). The 

resulting solution is very pale yellow and clear. Waste must be treated specially because of the antimony 

content. I thank Sunil Upadhyay for teaching me this procedure and making sure that I carried it out safely. 

One issue is that because of its low solubility, it is really hard to make a dropcasted or spincoated film 

from antimony hexachloride doped MEH-PPV. I never progressed to the point of depositing MEH-PPV on 

toroids, partly because I discovered an easier alternative molecule—PEDOT:PSS—while operating under 

a limited timeframe. The SbCl6 doping test shows that this is a possible route forward.  

 

 

 

 

Figure 67: Doping of MEH-PPV.  

Thin-film differential absorption spectra of MEH-PPV after doping with FeCl3 (blue), I2 (green), and 

SbCl5 (red). The spectrum of pristine MEH-PPV is subtracted from the doped film spectrum. Only SbCl6 

doping gives an increase in NIR absorption. 
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10.5 Free toroids 
 

After characterizing the silicon substrate-induced background absorption in Chapter 4 we 

explored various options for reducing it. One pathway, to move to a wavelength range where silicon is 

transparent, was successfully implemented in Chapter 6. Another direction, fabricating a new type of all-

oxide toroid microresonator, was disclosed by my colleague Kassandra Knapper.245 A third option that was 

of interest earlier on was the free toroid of Hossein-Zadeh and Vahala.194 In this work, the toroid is etched 

again after reflow until the silicon support pillar is but a thread (Figure 68a). At this point a tungsten 

microprobe (Ted Pella) is brought into contact with the top of the toroid, away from the rim. Cyclically 

exerting pressure with the microprobe will eventually cause the silicon pillar to break. The silica portion 

of the microresonator, which is at this point stuck to the microprobe, can be freely manipulated in midair. 

Coupling into a mid-air toroid is surprisingly easy (Figure 68b) with a tapered fiber. Note that at if the 

tungsten microprobe is rammed into the substrate it becomes a tungsten microhook, which may be more 

effective at picking up toroids. 

 One important caveat with free toroids is that residual silicon can be attached to the center of the 

silica disk after the pillar is broken. The toroid visible in (Figure 68a) broke at the narrowest part of the 

pillar, leaving a few μm sized chunk of silicon that caused a huge photothermal background. With the 

pillar gone, heat builds up very quickly in the toroid after photothermal excitation. Mid-air photothermal 

mapping of this toroid was not promising. However, mid-air photothermal mapping of the toroid in panel 

b was more successful, although the extremely low Q-factor limits quantitative evaluation of the 

background level.  
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Figure 68: Free toroids 

(a) A tungsten microprobe is brought towards the top surface of a toroid that has been re-etched until 

the silicon pillar is ~ 1 μm thick at its thinnest point. (b) A detached toroid attached to a bent tungsten 

microprobe, being aligned with a taper for midair coupling. The microprobe was inadvertently bent by 

ramming into the substrate. (c) A free toroid deposited onto a quartz wafer and a tapered fiber 

attempting to couple into WGMs. No WGMs were measurable because of coupling into the substrate. 

(d) Two microdisks, one free and one attached, brought into coupling range. 
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 Placing toroids on new substrates, for example to couple them together, is an integral aspect of 

the work of Hossein-Zadeh.194 I initially tried placing a free toroid onto a fused silica wafer (Figure 68c). 

The free toroid was deposited at the edge of the wafer piece to enable access with the coupling fiber. 

However, I was not able to observe any resonances. In hindsight, the reason is obvious. The refractive 

index of thermal oxide and of fused silica are essentially identical, so the total internal reflection condition 

is not observed at their boundary. Therefore, the toroid deposited onto a silica substrate is not a resonator. 

This particular toroid is notable as lacking any residual silicon, however. Free toroids or microdisks could 

also be coupled to regular toroids/microdisks to produce Fano resonance (Figure 68d),184 potentially 

enhancing their sensing ability (Chapter 7); however, we did not pursue this avenue of research more 

closely.  

While working with free toroids, with phototolithography I manufactured pillars made from SU-8 

photoresist that were approximately 25 μm tall and 25 μm in diameter, and landed free toroids on them 

(not pictured). SU-8 is an interesting choice because its visible transparency is high enough to use as a 

low-loss waveguide material, large structures can be made without a single etching step, and its low 

thermal conductivity enhances the photothermal signal.  In closing I would like to emphasize that a chip-

scale approach to removing the silicon background has been much more successful.245 However, free 

toroids are fascinating because of the much looser process constraints.  
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Appendix 3 

 

11. Photothermal Microresonator Absorption 

Microscopy with Backscatter Detection6 
 

 

11.1 Abstract  
 

The extreme temperature sensitivity of whispering-gallery-mode (WGM) microresonators holds great 

promise as a detection strategy for single-particle photothermal microscopy and spectroscopy. The 

detection limit is currently partially constrained by frequency noise from the laser used to probe the cavity 

resonance wavelength. We present a measurement technique capable of simultaneously detecting 

backscattered and transmitted light from a wavelength-locked optical microresonator, with laser intensity 

noise and frequency noise partitioned into the two independent detection channels. Photothermal 

mapping of single absorbing nano-objects demonstrates that both methods are capable of high 

signal/noise, exceeding 30,000:1 in the backscattering channel for a photothermally-induced 

microresonator resonance shift of 93 fm.  

Keywords: Photothermal Microscopy, Nanospectroscopy, Single-Particle Imaging, Absorption 

Spectroscopy, Photothermal Mapping, Optical Microresonator 

 

 

11.2 Introduction 
 

Single-particle photothermal spectroscopy is a powerful tool for live-cell imaging,311 

characterizing carbon nanotubes,133,226 and probing individual inorganic nanoparticles22,312  Optical 

                                                           
6 The material in this chapter was originally published as: 
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absorption by the target nano-object results in a local temperature increase through thermal dissipation 

of excitation energy via non-radiative relaxation. Typically, photothermal detection is performed by 

scattering a second beam from the region of perturbed refractive index caused by the temperature rise. 

Achieving high sensitivity, down to the single-molecule limit, requires immersing the sample in glycerol to 

access a higher thermo-optic coefficient51,51 limiting the possible range of applications. Here we present 

a new detection scheme for microresonator photothermal absorption microscopy.133 The high 

signal/noise achieved suggests an ultimate detection limit well within the range of individual 

chromophores. 

Whispering-gallery mode (WGM) toroidal optical microresonators106 possess a powerful 

combination of ultrahigh optical quality factors (108) and small mode volume (~ 200 μm3).135 The narrow 

linewidths (typically sub-pm full-width at half-maximum) of whispering gallery resonances in toroids 

allows for the measurement of subtle changes in the optical path length of the resonator. The resonance 

wavelength is determined solely by the optical path length, and varies with temperature through the 

thermo-optic coefficient of the material (silica). Precise measurements with WGM microresonators have 

demonstrated nK temperature sensitivity with 1s time resolution.55  

The resonance condition as a function of temperature is given by Equations 1.2, 1.3. The dependence of 

the refractive index on temperature makes the resonator highly sensitive to local heat sources. While this 

sensitivity results in significant drift in the resonance position at longer timescales, it can be exploited for 

single-particle photothermal sensing as well. In particular, our photothermal signal is amplitude 

modulated at a frequency ω, effectively separating long time scale temperature drift from the single-

particle signal.  
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To perform single-particle absorption microscopy, we optically pump individual nanoparticles on 

the surface of the microresonator with a tightly-focused, free-space pump laser (Figure 69). As in 

conventional photothermal experiments, optical excitation of an absorbing nano-object results in a local 

temperature rise as the absorber dissipates energy to its surroundings. This nanoscale heat source locally 

increases the refractive index of the microresonator. A second fiber-coupled tunable laser is used to probe 

the shifting resonance wavelength of the toroid.  

 

Figure 69: Microresonator  photothermal microscope with backscattered detection.  

Resonance wavelengths of the microresonator are probed with a fiber-coupled tunable diode laser 

(black and blue). Phase modulation at a frequency Ω generates the optical sidebands necessary 

for actively locking the wavelength of the laser to the toroid resonance. Transmission past the 

microresonator is monitored with a photodetector and demodulated at Ω, yielding an error signal 

that is used for feedback to the laser and for sensing perturbations in the toroid resonance 
wavelength. A fiber-optic circulator and a second photodetector collects light backscattered from 

the propagating mode in the toroid. Single nano-objects are optically pumped with a focused, free-

space laser (red) that is amplitude modulated at frequency ω. The demodulated transmission 

signal and the backscattered signal are measured on an oscilloscope or optionally (dashed line) a 

lock-in amplifier for the magnitude of the signal at ω, which is directly proportional to the 

extinction coefficient of the absorbing nano-object. 
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Toroidal microresonators are commonly observed to support two optical resonances at each 

azimuthal mode number106,313  corresponding to optical modes propagating in a clockwise and 

counterclockwise direction. Light is initially coupled into a single mode, but any scattering centers in the 

toroid can couple light between the two modes. Light propagating in the reverse direction (backscattered) 

will re-couple into the tapered optical fiber in the opposite direction it was launched from. By employing 

a fiber-optic circulator, this backscattered light can be separated from the initial probe beam and detected 

with a low-noise photodiode (Figure 69).95 Backscattered light is observed from whispering-gallery mode 

resonances in the absence of a photothermal signal. However, the time-dependent local change in 

refractive index induced by photothermal microscopy serves to scatter additional light into the counter-

propagating WGM. By modulating the amplitude of the pump beam while focused onto an absorbing 

nanoparticle, we observe a synchronous modulation in the intensity of backscattered light, demonstrating 

that local heating of the microresonator is visible in the backscattered detection channel.  

 

 

11.3 Experimental  
 

High-frequency amplitude modulation of the pump beam (necessary to minimize the effect of 

low-frequency noise on the measurement) requires a fast readout on the toroid resonance wavelength. 

Sweeping of the probe laser wavelength is limited to sub-kHz rates by the 1.2 kHz mechanical resonance 

of the piezo used to tune the laser. Instead, the probe laser can be forced to actively track the exact center 

of the resonance through the Pound-Drever-Hall (PDH) wavelength-locking technique.161 In PDH, the 

wavelength of a tunable laser is actively locked to an optical cavity, and although this technique is often 

used to stabilize laser operating wavelength, it can also be used to track perturbations in an optical 

cavity.162 In this experiment, the PDH technique is used to lock the probe laser wavelength to the toroid 

resonance wavelength, giving a sensitive, high-bandwidth readout of the resonance position. The locking 
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feedback loop requires a dispersive error signal, which is implemented by phase-modulating the laser at 

RF frequencies (in this experiment, Ω = 200 MHz) and measuring the transmitted light. Modulation creates 

optical sidebands on the carrier. When the carrier is precisely resonant with the microresonator, the upper 

and lower sidebands are equal in magnitude and opposite in phase, and thus cancel completely. Detuning 

in wavelength changes this phase relationship and consequently the sign and magnitude of the voltage 

recorded by the photodetector. This error signal, after demodulation, is used as feedback to lock the 

probe laser wavelength to the microresonator. Periodic perturbations in the resonant wavelength—

caused by amplitude modulation of the pump beam and the resulting modulation of the photothermal 

signal—are readily observed in the error signal. A lock-in amplifier is used to increase the signal/noise by 

rejecting all fluctuations in the toroid resonance except in a narrow bandwidth at the pump modulation 

frequency.  

While the probe laser is locked to the microresonator, single absorbing nanoparticles are imaged 

by scanning the position of the pump beam across the surface of the microresonator and measuring the 

change in resonance wavelength133 133 (Figure 70). Identical images are obtained with both imaging 

methods, verifying the fidelity of the backscattered detection channel. Importantly, backscattered 

detection works while the PDH locking loop is engaged, allowing for simultaneous and independent 

detection of resonance shift and thus single-particle absorption via the two different detection channels. 
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We typically detect 10-50 nW of backscattered light with ~ 5 μW of light impinging on the transmission 

photodetector. Part of the low yield for backscattered light is attributed to the high losses in bare fiber 

splices between the backscatter detector and the tapered fiber. Use of a fusion splicer would significantly 

increase the signal intensity in the backscatter channel. Because the lock-in amplifier is only sensitive to 

backscattered photons with a frequency component at the pump beam modulation frequency, and the 

pump beam is only coupled to the probe beam through photothermal single-particle absorption, an 

increase in collection efficiency should directly improve the signal/noise ratio.  

 

11.4 Discussion 
 

The photothermal signal from an individual absorbing nano-object that produces a resonance 

shift of 93 fm is resolved with very high signal/noise. A normalized power spectrum of the PDH and 

backscattered channels (Figure 71) reveals an extremely sharp peak at the amplitude modulation 

frequency (ω = 4.05 kHz). The signal/noise ratio can be calculated by comparing the ratio of the signal at 

 

Figure 70: Photothermal mapping with the PDH  and backscattered channels.  

A single nanoparticle is mapped using the transmitted light channel (the PDH error signal) and 
backscattered channel. Each image was acquired at 10 mW pump power at λ = 1320 nm, at 0.25 

μm/pixel resolution, with a lock-in time constant = 100 ms. 
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4.05 kHz to the baseline at a slightly detuned frequency. The ratio in signal between 4.05 kHz and the 

baseline at 100 Hz detuning is 200,000:1 for the PDH signal, and slightly lower for the backscattered signal, 

30,000:1.  Low-frequency noise is also substantially higher in the backscattered signal, along with a 

prominent set of 60 Hz sidebands on the photothermal signal, indicating that reduction in technical noise 

and a lower-noise photodetector could further improve the signal/noise ratio, along with improvements 

to the signal level from decreased losses in the probe beam’s optical path.  

We believe that higher technical noise in the less-optimized backscattered channel explains the 

contrast in our findings with previous work on backscattered detection in toroids,95 where PDH sensing 

was found to be substantially noisier at low frequencies. Additionally, we believe that a major source of 

noise is vibration and drift in the position of the tapered fiber used to couple light into and out of the 

toroid. This noise can be in principle eliminated through active169 or passive stabilization of the fiber’s 

position314 at critical coupling, as proposed in earlier work with backscattered detection95.95  Coupling 

noise quadratically affects the strength of the backscattered signal, because a decrease in taper-toroid 

coupling lowers the circulating intensity in the resonator as well as the outcoupling rate into the 

backscattered channel. The PDH signal is affected by coupling fluctuations in several ways. The PDH error 

signal is proportional to the resonator Q-factor, which is nonlinearly degraded by overcoupling of the 

tapered fiber. Changes in coupling also contribute detection noise from light that is not coupled into the 

resonator. We do not employ active stabilization of the tapered fiber’s position, degrading the relative 

signal/noise of the backscattered channel and explaining the difference in relative performance to ref. 95.  
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PDH and backscatter detection are in some sense complementary techniques because PDH is (to first 

order) insensitive to laser intensity noise and backscatter detection is insensitive to frequency noise (to 

first order). Although low-frequency noise is most relevant to typical biosensing experiments,72,73,104 

microresonator absorption microscopy is immune to drift in laser frequency or intensity outside of the 1 

Hz measurement bandwidth of the lock-in amplifier. The modulation frequency (ω) is a free parameter, 

and the exact choice of frequency will determine whether laser intensity noise or laser frequency noise is 

greater in magnitude, thus determining whether transmitted or backscattered light is most appropriate. 

This is in contrast to sensing through the reactive shift of the toroid’s resonant frequency from a stochastic 

binding event,73,315 where the signal is inherently DC and cannot be modulated. The high signal/noise ratio 

reported in Figure 71 does not take into account the more significant experimental limitation of drift in 

the position of the tapered coupling fiber, which in practice is a much larger limitation than noise within 

the lock-in amplifier’s bandwidth. However, as reported above, techniques have already been 

demonstrated for greatly reducing fluctuations in the fiber’s position. 

 

Figure 71: Normalized power spectra of the Pound-Drever-Hall (A) and backscattered (B) 

channels.  

Photothermal signal from a single abosrbing nanoparticle (93 fm resonance shift) is visible with 

high signal/noise at the pump beam modulation frequency (ω = 4.05 kHz). Simultaneous 

acquisition of both channels reveals high signal/noise ratio on both channels.  
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11.5 Conclusion 
 

           Microresonator absorption microscopy is a powerful tool for characterizing individual 

nanoparticles, with a sensitivity projected to reach single-chromophore sensitivity. Backscattered 

detection is used to measure small shifts in the resonant wavelength of the microresonator, and is 

immune to frequency noise in the probe laser, a concern with diode lasers. Backscattered detection faces 

different noise sources than detection via the PDH error signal, allowing for greater flexibility in adapting 

the experimental setup to technical noise sources. Looking forward, a resonance shift of 2 fm is achievable 

for a single chromophore pumped at its maximum absorption wavelength,133 suggesting that the 

technique presented here is well-positioned to reach single-chromophore sensitivity.   
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Appendix 4 

 

12. Photothermal Imaging of Individual Carbon 

Nanofibers with Optical Microresonators7 
 

 

12.1 Abstract  
 

A new method is described for measuring the absorption of light by single non-emissive nanoparticles. 

Individual carbon nanofibers are imaged using a photonic transducer to quantify the heat dissipated after 

the electronic energy is thermalized. Leveraging the high sensitivity of ultrahigh-quality-factor optical 

microresonators as photothermal transducers provides high sensitivity. Polarization-resolved 

measurements indicate that the orientation of the absorption dipole of a nanofiber matches the long axis 

of the fiber. The per-atom absorption cross-section is determined to be (2.9 x 10-18 cm2/carbon atom), in 

close agreement with the value for bulk graphite.   

Keywords: Photothermal Microscopy, Single-Particle Spectroscopy, Carbon Nanofibers, Nanophotonics 

 

12.2 Introduction 
 

Optical measurements on single nanoparticles provide a wealth of information that is lost in 

ensemble averaging, including the distribution of single-particle electronic structures. One important 

application requiring thorough understanding of the electronic properties of individual nano-components 

is the design of next-generation computer interconnects using single carbon nanofibers.316 Carbon 

nanofibers are a promising alternative material to copper for interconnects owing to their low thermal 

                                                           
7 The material in this chapter was originally published as:  
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and electrical resistivity, and high chemical stability.317 Nanofiber circuits are well-suited for non-contact 

optical characterization. Additional information about the orientation and electronic structure of the 

nanofiber can be found by incorporating wavelength- and polarization-resolved absorption spectroscopy. 

Typically, single-particle spectroscopy is performed with luminescence or scattering. Luminescence is only 

applicable to a small subset of systems, and is blind to plasmonic nanoparticles, carbon nanofibers/tubes, 

and a wide variety of other important targets. Detecting scattered light bypasses this obstacle, but 

scattering cross-sections scale unfavorably(α V2) with decreasing particle size compared to absorption (α 

V).21 Another approach, photothermal detection of optical absorption, has been used in a far-field 

geometry to image plasmonic nanoparticles,227 carbon nanotubes,226 and under favorable conditions, 

single molecules.51  Photothermal detection is achieved by measuring the heat dissipated after non-

radiative relaxation of a single nanoparticle upon optical pumping. The amount of heat is proportional to 

the absorption coefficient of the nano-object. We have recently shown that the sensitivity of this 

measurement can be greatly increased by using toroidal optical microresonators as the detection 

apparatus instead of quantifying the scattered light in the far-field.133 Toroidal optical microresonators 

offer a unique combination of ultranarrow resonant line widths106 and small mode volumes.135 The 

wavelength of the microcavity resonance varies with temperature due to the thermooptic coefficient 

(dn/dT) of silica shifting the optical path length, and is highly sensitive to the presence of local 

perturbations in temperature. The extension of photothermal single-particle imaging to optical 

microresonators enables more sensitive measurements to be made, potentially allowing for substantially 

lower detection limits than existing methods of photothermal imaging. Previously, we used this approach 

to determine the absolute absorption cross-section  of multi-walled carbon nanotubes.133 Carbon 

nanofibers provide an interesting target system as their optical properties have not been explored at the 

single particle level.  

 



220 

 

12.3 Experimental 
 

The experimental setup combines photothermal excitation with an optical microresonator as a 

sensing element (Figure 72). Single nanofibers are deposited randomly on the top surface of the 

microresonator by spincoating from HPLC-grade ethanol. A fiber-coupled tunable diode laser (Newport) 

centered at 1550 nm is used to probe the resonant wavelengths of the toroid. Nanofibers are 

photoexcited with a pump beam (640 nm) focused by a microscope objective (60×, 0.95 NA) to a near-

diffraction-limited spot (780 nm 1/e2 diameter).  The position of the focused pump beam in the sample 

plane is controlled via a servo mirror at a plane conjugate to the objective back aperture (Figure 72a). 

Polarization optics (a polarizer and half-wave plate) are used to tune the linear polarization angle at the 

target nanofiber. Photothermal maps at variable resolution are taken by scanning the pump beam across 

the top surface of the resonator and measuring the dissipated heat via the shift in resonant wavelength. 

Figure 72: Apparatus for photothermal mapping of carbon nanofibers.  

(a) Block diagram of instrument. A tunable-wavelength, fiber-coupled laser (black and blue) is used to 

couple into the resonator and its transmission is detected with a photodiode. A free-space pump beam 

(red) is focused onto the surface of the resonator.  A half-wave plate is used to control the excitation 

polarization while the position of the excitation spot in the sample plane is controlled with a servo 

mirror and relay optics.  (Inset) SEM of a toroidal optical microresonator with a 10 μm scale bar. (b) 

Coarse-resolution photothermal map of a microresonator. The bright set of pixels on the top right side 

is a single absorbing nanofiber, significantly stronger than the background arising from substrate 

absorption. 
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Wide-area maps (50 μm × 50 μm) at low resolution (2 μm/pixel) are taken to characterize the location of 

single absorbers (Figure 72b, Figure 73a). The shape of the nanofiber is defined with a high-resolution 

map (3 μm × 3 μm at 0.25 μm/pixel) (Figure 73b). At every pixel, the resonance wavelength is measured 

with the pump beam off and on, correcting for ambient temperature drift.  Individual particles are 

observable as “hot spots” of resonance shift, easily distinguished from the background from absorption 

by the silicon substrate.132 Scanning electron micrographs (SEMs) taken of the resonator’s surface provide 

information about the size and orientation of particular nanofibers (Figure 73d). 

 

 

12.4 Discussion 
 

 An individual carbon nanofiber is imaged via photothermal mapping and SEM (Figure 73). The 

SEM image of this nanofiber (Figure 73d) yields dimensions of 775 nm length and 90 nm diameter. The 

nanofiber was located on the resonator by photothermally scanning the entire microresonator (Figure 

73a) until a signal was observed in the lower-right corner. A high-resolution photothermal map (Figure 

73b) reflects the nanofiber’s size, but is convoluted with the dimensions of the near-diffraction-limited 

excitation beam. The absorption coefficient is strongly dependent on the polarization of the pump light 

(Figure 73c). The maximum absorption is observed with the pump beam polarized parallel to the long axis 

of the nanofiber. Using this technique, the orientation of nanofibers can be determined even when the 

image resolution is insufficient to resolve the orientation.  

Calculating the absorption cross-section from the measured resonance shift requires finite-

element simulations, which were performed using COMSOL Multiphysics.  These simulations have been 

previously demonstrated to correctly model the thermal physics of toroidal microresonators.132 The local 

increase in temperature resulting from the heat dissipated by the nanofiber increases the refractive index 

of the microresonator. An overlap integral between the electric field distribution of the propagating mode 
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in the microresonator and the change in refractive index is used to calculate the resonance shift. This 

simulated resonance shift can be compared to the experimental value and used to determine the amount 

of dissipated heat necessary to produce the observed resonance shift. The absorption cross-section of the 

single nanoparticle is equal to the heat dissipated divided by the incident optical pump intensity, weighted 

by the overlap integral of the focused pump beam spot and the physical dimensions of the nanofiber.  

Figure 73: Representative data set with carbon nanofibers.  

(a) Large-area, low-resolution photothermal map of an entire microresonator. A single nanofiber is 

visible in the marked region to the lower right. (b) High-resolution photothermal map of the nanofiber. 

(c) Polarization-dependence of the absorption of the nanofiber. The maximum of photothermal signal 

is coincident with the long axis of the nanofiber. (d) SEM of the same nanofiber, giving the physical 

dimensions.  The observed image is elongated by sin (45°) in the vertical direction because of stage tilt. 
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Because the SEM provides exact physical dimensions for the nanofiber the per-atom absorption 

cross section can be reported. The observed value (2.9 x 10-18 cm2/atom) agrees well with that of multi-

walled carbon nanotubes133 (2.3 x 10-18 cm2/atom) and bulk graphite (2.5-2.8 x 10-18 cm2/atom).230 This is 

physically reasonable, as the internal lattice of the carbon nanofiber is identical to graphite.318  

The size, shape, and orientation of carbon nanofibers varies greatly from particle to particle, as 

illustrated in Figure 74a-f. Small fibers (Figure 74a, d) appear as circular spots, mapping out the point-

spread function of the microresonator photothermal microscope. Longer nanowires (Figure 74b, e) show 

a definite resolved orientation.  

 

 

12.5 Conclusion 

 

 

Figure 74: Representative photothermal maps of single carbon nanofibers.  

(a)-(f) are taken at a resolution of 0.25 μm/pixel. The intensity axis is the shift in resonant wavelength of 

the toroid. 
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In summary, a method has been demonstrated for imaging single nanoparticles using the heat 

dissipated upon optical pumping. The absolute absorption cross-section of an individual carbon nanofiber 

was determined. This method is not uniquely applicable to carbon nanofibers, but can be applied to a 

wide variety of nano-systems. In particular, hyperspectral imaging can be readily incorporated by 

measuring the wavelength dependence of the photothermal signal using a tunable-wavelength pump 

laser. This type of single-particle spectroscopy offers great promise as a tool for characterizing nanoscopic 

systems.  
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