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Single-particle absorption spectroscopy by 

photothermal contrast 

 

by 

Sara Nizzero 

Independent characterization of absorption of nano-objects is fundamental to 

the understanding of non-radiative properties of light matter interaction. To resolve 

heterogeneity in the response due to local effects, orientation or rare interactions, a 

single particle approach is necessary. Currently, there are very few methods that 

attempt to do so. Furthermore, they are limited in the type of structures and the 

spectral range for which they succeed. This work presents the first general and broad 

band method to measure the pure absorption spectrum of single particles. 

Photothermal microscopy is combined with a supercontinuum pulsed fiber optic 

tunable laser to detect a signal proportional to the pure absorption cross section of 

single particles at different excitation wavelengths.  For the first time, a method is 

available to measure the pure absorption spectra of single nano-structures that 

exhibit spectral features from the visible to the near IR.  This method is used to 

resolve the radiative and non-radiative properties of simple gold nanostructures, 

revealing the heterogeneity present in the response. 
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Chapter 1 

Introduction: Why single particle 

absorption spectroscopy?  

To date, the investigation of optical properties of nano-objects has been 

heavily focused on the understanding of the radiative properties. For molecules, the 

standard method is fluorescence, while for plasmonic particles, who often have  weak 

luminescence, scattering methods have been developed. For non-radiative 

properties, though, a general spectroscopic method is still missing. This work[1] 

demonstrates for the first time a pure absorption single particle spectroscopic 

method. This chapter reviews the current state of the art of absorption detection and 

the innovation introduced here[1] to obtain a broadband pure absorption 

spectroscopy method.  
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1.1. Context 

In the last few decades, the scientific community has become increasingly 

interested in the observation and understanding of light and matter interaction 

phenomena at the nanoscale. In fact more and more often outstanding solutions to 

big contemporary challenges, such as energy sources, medical therapies, etc. are 

found when looking at the nano-world.  

One of the fundamental tools to investigate matter at the nanoscale is 

currently fluorescence. Fluorescence –based methods have earned a key role in the 

resolution of small scale dynamics and phenomena, both as a detection and 

spectroscopic tool.  Single-molecule fluorescence spectroscopy has had a 

tremendous impact in materials science, biophysics, and quantum optics as it 

removes sample heterogeneity and resolves competing kinetic pathways.[2-4] 

However, there are many molecules and nanoparticles that do not exhibit significant 

radiative signal. Many examples can be found of these types of structures. In the 

molecule world, dark quenchers or dark strong absorbers do not exhibit any direct 

fluorescent signal. In the plasmonic world, many particles exhibit  luminescence and 

scattering modes that are too weak to be detected through their radiative 

properties. Structures of both these types have instead been measured with 

absorption-based detection, down to the limit of a single molecule[5] and a single 

particle among scatterers[6]. The natural counterpart for analyzing the optical 

properties of such structures would thus be a spectroscopic tool that quantifies the 

non-radiative response, i.e. absorption.  The success of fluorescence-based methods 
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to enlighten radiative properties of matter-light interactions has established how 

important it is to have such type of investigation tools available. Nonetheless today   

a generalized method to investigate the pure non-radiative properties of light-

matter interactions is still missing, even though they are widely exploited for several 

applications, from hot electron generation, to light harvesting and cancer therapy. 

One example for all, the peculiar resonant response to light characteristic of 

plasmonic structures is being currently exploited to attack one of the giant enemies 

of modern Medicine: cancer.  In the innovative approach called theragnostic 

(therapy plus diagnostic), multifunctional nanoparticles are functionalized and 

brought to the cancer target. In recent work[7], Joshi et al. demonstrated the use of 

magneto-fluorescent theragnostic gold nanoshells for pancreatic cancer imaging 

and therapy. This particular type of cancer is one of the most deadly ones, with a 

survival rate between 5% and 20% in 5 years, even in the best cases of early 

detection.  In this specific work, a gold core is covered with a porous SiO2 layer 

containing FDA approved Fe2O3 magnetic particles for MRI purposes as well as 

fluorescent indocyanine green (ICG) dye molecules for fluorescence imaging. The 

particles are functionalized with Neutrophil Gelatinase-associated lipocalin (NGAL)-

antibodies to target NGAL overexpression in cancer cells.  Once on site, those 

particles are illumintaed with low power laser light. Because of their plasmonic 

resonant absorption properties, they act as localized heaters to ablate the 

surrounding tumor cell. The excitation wavelength can be tuned to selectively 

activate the plasmon absorption or the fluorescence, resulting in a multi-functional 

essay.  The fluorescent signal at 785 nm excitation reported a 50x increase thanks to 
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the near field plasmonic enhancement. The cancer therapy reported efficient 

thermal ablation at 808 nm plasmonic excitation without cytotoxicity or damaging 

of healthy tissues from light radiation.  

Despite the wide exploitation of non-radiative light-matter interaction 

properties of nanoscale objects for a variety of applications, their understanding is 

often only accessible through simulations. The development of an absorption 

spectroscopy technique will naturally complement fluorescence: while fluorescence 

determines radiative properties, a pure absorption method will resolve 

independently the non-radiative properties. Furthermore, the availability of an 

absorption spectroscopic tool will finally give access to the properties of objects 

with dark or weak radiative responses. Given the success of fluorescence, an 

absorption counterpart promises to become a popular, indispensable tool to 

develop innovative and outstanding solutions to modern science challenges.  

 

1.2. Towards absorption spectroscopy 

One of the currently most used and simplest ways to characterize absorption 

spectra is UV-Visible spectroscopy (Figure 1). This method is quite popular as a 

quick and easy way to quantify the extinction coefficient of a solution.  
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Figure 1 - UV-visible extinction measurement.  

The incident beam is absorbed by the molecules or particles dispersed in 

solution. With a known concentration and length of the path in the solution, 

the extinction coefficient can be calculated from the ratio between the incident 

beam I0 and the transmitted beam I1. 

This technique is so established that commercial machines have been 

developed to simply and automatically measure the extinction spectra of a solution. 

Those types of spectrometers can be found in almost every experimental laboratory 

that does research related to chemistry and material sciences. UV-visible extinction 

measures successfully absorption for a lot of hypothetically identical molecules 

whose scattering or local effects are negligible. Nonetheless this type of ensemble1 

measurement is intrinsically limited in the level of details resolved. In fact, in any 

ensemble measurement, the quantity measured is the result averaged over the whole 

population of elements in the solution that cross the beam path. Thus, any detail 

related to the orientation, the local environment, geometry and composition 

distribution is lost. These parameters have been demonstrated to result in a 

heterogeneous response, for example when analyzing optical properties of plasmonic 

                                                        
 

1 Measurement taken as the average over a collectivity. 
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particles at a single particle level[8]. Such heterogeneity in the response can only be 

resolved with a single particle approach.  

Transferring transmission measurements of extinction to a single particle 

level at room temperature is no trivial task for two main reasons. First, high 

concentrations are necessary in ensemble measurements to overcome the intrinsic 

high background. In fact, when a beam of light is incidet  onto the sample, extinction 

is measured as the difference between the passing light spectrum and the source 

spectrum. But as the concentration is diminished, down to a single molecule/particle, 

the signal to be measured becomes extremely small and hard to detect over the high 

background of the incident light. Ultrasmooth surfaces and ultrasensitive 

photodetectors become a necessity to perform such kind of measurements[9]. 

Second, this method actually measures the extinction, not the absorption. Thus, even 

for bigger objects where the signal is increased, then typically also the scattering 

contribution becomes important and contributes to the extinction signal. For 

molecules or small particles, whose scattering contribution is negligible, this 

measurement still gives a good estimate of absorption. For this reason, single-particle 

extinction techniques[10] such as spatial modulation spectroscopy[11-14] and 

white-light scattering interference spectroscopy[15] have been successfully 

employed for small particle characterization of absorption. But for intense scatterers, 

such as big plasmonic or hybrid particles, the scattering contribution can no longer 

be neglected. Moreover, it is often fundamental to understand the pure absorption 

spectrum and to separate it and compare it to the scattering spectrum of the same 
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particles[16]. Nonetheless, this is often only possible through theoretical simulations, 

without having direct access to experimental data.  

A double-modulation technique enabled the detection of optical absorption 

detection for the first time[17]. Nonetheless, this experiment had to be carried out 

under cryogenic conditions to exploit the 106 magnification of the absorption cross-

section of the zero-phonon line. After that, absorption detection has evolved with the 

development of combined indirect detection schemes and modulation techniques. 

Some examples include ground-state depletion microscopy[18] and photothermal 

microscopy[5, 19-21]. Photothermal detection was developed in 2002 by Boyer, 

Lounis, Orrit et al.[6] to image single absorbing objects. In this technique, the heat 

locally released upon excitation with a first beam tuned at the absorption resonance 

is detected through scattering with a second beam. The heating beam is modulated 

and the detected probe is filtered at that modulation frequency thanks to the use of 

an Acousto-Optic Modulator (AOM) and a lock-in amplifier, thus allowing the 

recording of the small signal of a single particle. Following a few years, Lounis et 

al.[20] successfully measured the absorption spectra of singe gold nanospheres with 

a diameter down to 5 nm. The experimental setup and the measured spectra[20] are 

reported in Figure 3.  



 
8 

 

Figure 2 - Photothermal detection spectroscopy method with CW excitatation 

The setup for CW photothermal detection in transmission mode is reported. A 

tunable dye laser allows the spectral acquisition over a narrow range of 

excitation wavelenghts. The inset reports the measured spectrum of single 

gold nanospheres of 5 nm and 33 nm diameter as measured by Lounis et 

al.[20].  

This result is particularly relevant as for the first time a single particle pure 

absorption spectrum was measured independently from the scattering. However, 

given the narrow spectral range of excitation available with Continuous Wave (CW) 

dye lasers, this method is ultimately only applicable to objects with spectral features 

in a limited window of the visible. 
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1.3. Innovation  

The method presented here extends the photothermal microscopy to a 

general, versatile broadband single-molecule/particle absorption spectroscopy tool, 

to be used to characterize the pure absolute absorption spectrum of nanostructures 

with any material, size, and shape  This method exploits the recent advancement of 

fiber optics technology towards the production of supercontinuum broadband 

tunable lasers as excitation source in a conventional photothermal setup, together 

with  an innovative calibration procedure that accounts for chromatic errors and 

wavelength-dependent excitation efficiencies.  The combination of photothermal 

microscopy and a super continuum broad band tunable excitation source is used to 

directly investigate the spectral dependence of absorption for individual 

nanostructures.
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Chapter 2 

Method: Photothermal Spectroscopy 

 

This work[1] presents a significant advancement of photothermal microscopy 

towards absorption spectroscopy. This chapter presents the method[1], where a 

photothermal setup is extended to become a spectroscopic tool by substituting the 

narrow band of a CW excitation beam with a broadband pulsed laser and optimizing 

a simple calibration method to account for all chromatic aberrations and wavelength-

dependent efficiencies. The method presented is first tested in a single wavelength 

detection configuration (photothermal microscopy), comparing the response to CW 

versus pulsed excitation. Then, the procedure for the spectral acquisition is 

optimized. The use of a tunable laser introduces wavelength-dependent excitation 

efficiencies and chromatic effects that are corrected for with a simple calibration 

process. The performance of the setup and the calibration method are tested using 

plasmonic nanoparticles.  
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2.1. Photothermal imaging with tunable, pulsed heating  

The extension of a photothermal microscopy setup to a spectroscopic method 

is possible thanks to the exploitation of a recently developed class of white light 

lasers: the super continuum fiber optics lasers. The super continuum laser used here 

provides an excitation spectrum between 450 nm-2000 nm and the accompanied 

acousto-optic tunable filter enables the precise selection of excitation wavelength 

with narrow spectral lines. The use of a pulsed laser source, substituted for the 

conventional continuous wave heating beam, only limited to a narrow range of 

wavelengths, enables the broadband spectral acquisition of a signal proportional to 

the absorption of the studied object. 
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2.1.1. Principle of operation 

The conceptual representation of photothermal detection is reported in Figure 3. 

 

Figure 3 - Absorption detection through photothermal imaging 

In photothermal detection, the interference beatnote between the modulated 

probe beam and the reference probe beam carries a signal which is 

proportional to the absorption cross section of the target object. For plasmonic 

particles, this results in a very sensitive detection tool for small particles, for 

which the absorption signal’s relative intensity (proportional to the particle’s 

volume) is stronger than the scattering one (proportional to the particle’s 

volume square).  

In Photothermal microscopy a first beam, the excitation beam, is tuned to the 

resonant absorption frequency of the target object and is incident onto the sample. 

The energy absorbed by the nano-object is then quickly released through localized 

heat. For this reason, the first beam is also called heating beam. To be able to detect a 

single particle absorption signal, a modulation frequency filtering technique is used. 

In this approach, the heating beam is periodically turned on and off by a square 

modulation wavefunction of frequency . In photothermal microscopy with a CW 

excitation, this modulation signal is received by an acousto-optic modulator (AOM) 
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which modulates the heating intensity on and off. In the pulsed case, the AOM is 

substituted by an acousto-optic tunable filter (AOTF) which also selects the heating 

wavelength. This localized heating provokes a change in the optical properties of the 

embedding medium. Specifically, the change in the temperature provokes a time-

modulated change in the refractive index of the medium, creating what’s called a 

thermal lens. A second beam, the probe beam, scatters with the thermal lens. The 

interference at the modulation beat note between the probe background signal and 

the time-modulated thermal lens scattered signal is then detected by a photodetector. 

A second channel of the modulation signal is fed into the lock-in amplifier and coupled 

to the signal coming from the detector through a bandpass-like filter centered at . 

This way, only the changes in the probe signal happening exactly at the modulation 

frequency are detected. With this trick, the method becomes background free. 

2.1.2. Experimental setup 

In this work, single-particle photothermal (absorption) spectroscopy is 

performed in the transmission mode. The home built setup was constructed 
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around the Zeiss Axia Observer D1 commercial microscope and is shown in 

Figure 4. 

Figure 4- Tunable pulsed excitation photothermal spectroscopy setup.  

 
Figure 4- Tunable pulsed excitation photothermal spectroscopy setup 

a Illustration of photothermal microscopy in transmission geometry 

employing a broadband laser equipped with an AOTF (see text for details). b 

Relative laser powers for different wavelengths selected using the AOTF and 

measured before entering the microscope with a fiber-coupled spectrometer 

(Ocean Optics USB4000). The spectral sensitivity of the spectrometer is 

accounted for by recording the power for each laser line with a calibrated 

optical energy meter (Thorlabs PM100D). The spectral lines are renormalized 

to the maximum power. The gap in the spectral range from ~610 nm to 

~640 nm is due the limited transmission of the dichroic mirror(Chroma 

Technology Corp., ZQ633RDC) used to combine heating and probe beams. c 20 

μm x 20 μm photothermal image of 50 nm gold nanoparticles (round spots) 

and 15 nm thick gold film (large uniform-signal area). This image was 

recorded with heating beam intensity at 550 nm = 36 kW/cm2; probe beam 

intensity at 633 nm = 0.27 MW/cm2; integration time of lock-in amplifier = 

10 ms; modulation frequency Ω = 230 kHz. Except for the heating beam 

intensity these parameters remain the same for all experiments. d Measured 

photothermal signal as a function of time during one time trace for the gold 
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film (red), a 20 nm gold nanoparticle (green) and background (black). Each 

time trace is acquired positioning the cursor on the photothermal image and 

changing the wavelenght of the heating at regular time intervals (10 s). These 

wavelenght changes are evident from the intensity steps in the time trace. 

A pulsed supercontinuum (Fianium, Whitelase SC450, 6 W) laser light source 

accompanied with an acousto-optical tunable filter (AOTF) constitutes the tunable 

heating beam. The laser pulse duration is 12 ps and the repetition rate is 60 MHz. The 

AOFT selects the heating wavelength with spectral linewidths between 3 and 6 nm, 

and it modulates the heating at 230 kHz. The AOTF modulation is driven by a square 

function provided by a FLUKE 271 10 MHz DDS function generator. The excitation 

laser light is linearly polarized with anisotropy of 97% before entering the 

microscope. The probe beam is provided by a Melles Griot 25-LHP-925-249 CW HeNe 

laser at 633 nm. Both beams are overlapped onto a dichroic mirror (Chroma 

Technology Corp. ZQ633RDC), directed through the excitation objective (N.A.=1.4, 

63X, oil, Apochromat) and then focused on the sample plane. The heating and probe 

beams are spatially and axially overlapped at the sample plane, and the alignment and 

focus are optimized to maximize the signal from the particles. The interference signal 

between the scattered probe field and the reference probe field is collected by 

another microscope objective (N.A.=0.7 , 40X, air, LD Achroplan) in transmission and 

detected by FEMTO HCA-S 200M-Si silicon photodetector whose output is connected 

to a lock-in amplifier (Stanford Research Systems SR-844). The photothermal signal 

is then extracted by using the lock-in amplifier as described earlier.  Photothermal 

images are acquired using a three-dimensional piezo scanning stage (Physik 
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Instrumente P-157.3CL). For the measurements with CW excitation, the excitation 

laser is provided by a Coherent Verdi V6 laser at 532 nm, where the modulation is 

given by an IntraAction AOM-402AF1 acousto-optic modulator. The data acquisition 

was performed with a home built LabVIEW program to interface with the 

aforementioned instrumentation. 

2.1.3. Sample preparation  

Gold nanoparticles are chosen to demonstrate this method thanks to their 

high absorption even at small sizes and the availability of theory to compare the 

results with.  All samples are prepared by spin-coating a suspension of gold 

nanoparticles onto an indexed BK7 glass slide. The glass slides are first cleaned with 

a 1:4:20 solution of NH4OH:H2O2:H2O. Then a thin film (15 nm) of metal (Au or Al) is 

deposited on the glass substrate through a TEM mask via metal evaporation in order 

to obtain patterned substrates. A 2 nm Ti film is used to increase adhesion of gold 

with the glass substrate. Aqueous solutions of nanoparticles are spin-coated for 60 s 

at 2,500 rpm enabling a homogeneous distribution of nanoparticles on the surface. 

Finally, a few drops of embedding solvent (water, glycerol, or oil) are deposited on 

top of the sample, which is sealed with the help of a spacer (GraceTM Bio-Labs, depth 

= 500 µm) and a clean glass cover slid. Figure 5 reports the schematic structure of 

the sample.  
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Figure 5 - Sample geometry 

The sample is made of gold nanospheres and a thin metal film deposited onto 

a thin glass slide. Both the film and particles are embedded in the 

photothermal medium i.e. glycerol. A spacer is used to keep a constant 

distance between the substrate and the top slide that seals the sample in a 

sandwitch-like structure.  

The film is also used to spatially correlate the photothermal and scattering 

measurements. A uniform distribution of nanoparticles with interparticle distances larger 

than 1 µm was obtained by spincoating, enabling measurements at the individual 

nanoparticle level. The thickness of the film, designed to be 15 nm, is measured using a 

spectroscopic imaging ellipsometer (Nanofilm, EP3) to be 13±1 nm, in good agreement 

with the expected value. FDTD calculations show that the thickness of the substrate has a 

minor effect (variation < 3%) on the spectral shape of the film absorption for values 

between 7 nm and 15 nm (Figure 17). Therefore, possible slight variations in the 

thickness of the gold film do not introduce significant errors for the corrected 

nanoparticle absorption spectrum.  
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2.2. Spectra acquisition 

An ideal spectrometry method would not require any adjustment of optics or 

alignment during a single measurement. In fact, the acquisition of a spectrum requires 

tuning of the excitation wavelength over a broadband spectral range while the signal 

from a particle is recorded, ideally with a single time trace. This may introduce 

chromatic effects such as: spatial, axial, focus shift, power intensity and excitation 

efficiency differences, detector and optics efficiencies and changes in the beam size. 

While adjustments for intensity variations and aberrations could in principle be made 

for each wavelength, and potentially even automated, the finding of a simple but very 

powerful technique that corrects for all these changes is necessary for high 

throughput absorption spectroscopy.  

2.2.1. From time trace to spectra 

In order to record the absorption spectrum of the selected particle, first a 

photothermal signal time trace on the film and on the particle is taken, changing the 

wavelength with 10 nm time steps every 10s. The photothermal signal average for 

both the film (red squares) and particles (green triangles) is averaged over the 10s 

time interval and reported as a function of the excitation wavelength in Figure 3c. 

The wavelength is gradually varied from 450 nm to 750 nm with 10 nm step sizes. 

Therefore, the recorded time traces were 3100 s long. The signal that was acquired 

for times around 180 s corresponds to the dichroic ‘bad’ transmission window and 
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is thus excluded from the analysis. In the detection path, a 633 nm bandpass filter is 

used to select the signal at the probe laser wavelength (633 nm). Part of the 630 nm 

heating laser power passes the filter and saturates the detector, and that gives rise 

to the spike in the signal around 630 nm. Therefore, the signal measured at 630 nm 

does not have any physical meaning and the data for this wavelength is always 

excluded from the spectra. 

2.2.2. Calibration for chromatic aberration 

The success of the method hereby presented is strictly correlated to the 

success of the chromatic aberration correction. Such correction is designed to be 

analogous to the correction for conventional dark-field spectroscopy.  In dark-field 

spectroscopy, the measured spectrum is divided with the lamp spectrum to account 

for the lineshape of the excitation light source. For photothermal spectroscopy a thin 

metal film is used to create a correction spectrum to have a similar function compared 

to the lamp spectrum in scattering.  

FDTD simulations are used to calculate the absorption spectrum of the thin 

gold film (blue circles in Figure 6a), which is used as a reference for the calibration 

and correction for chromatic errors. The correction factor as a function of the 

wavelength is calculated by dividing the theoretically simulated FDTD spectrum of 

the film with the experimentally measured film spectrum. The corrected nanoparticle 

spectrum is obtained by dividing the measured nanoparticle spectrum by the 

correction factor spectrum. This comparison between the theoretical film absorption 

spectrum and the measured one provides a simple, reproducible and precise broad-
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band correction factor to obtain the absorption spectrum from the photothermal 

signal. Because the measurements for the film and for the particle are performed 

under the same excitation and detection conditions, the applied method to correct the 

measured spectrum accounts for all chromatic aberrations, as well as different 

excitation powers and efficiencies.  

The success of the measurement and calibration process is verified with 50 

nm gold nanospheres and reported in Figure 6a. 

 

Figure 6 - Photothermal spectra for proof of concept 

a Raw spectral data of the gold film (■) and a single 20 nm diameter 

nanoparticle (▲). The calculated absorption spectrum of the gold film from 

FDTD simulations (●) used for the calibration is also shown. b Corrected 

spectrum (★) of the same gold nanoparticle as in a obtained via a correction 

factor based on the ratio of simulated and measured film absorption. The 

formula in b shows how the correction factor is calculated and applied.  

As expected, the final absorption spectrum shows a nice plasmon resonance 

at the wavelength of 550 nm. This result is verified with Mie theory simulations, 
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giving a good match. One may notice that the measurements show a mismatch with 

the theory for wavelengths below 500 nm, in the interband transition region. That is 

attributed to the pulsed nature of the heating. In fact, when the nanoparticles are 

excited with a pulsed laser, two- or three-photon processes can produce enough 

energy to ionize electrons at the high energy interband regions. In fact, a two-photon 

excitation at 490 nm or 2.53 eV corresponds to the work function of golf (5.1 eV)[22]. 

Multiphoton ionization could potentially result in heating by a different mechanism, 

thus explaining the lower signal measured.  

 

2.2.2.1. Independence ofthe film material  

The efficacy of the calibration method presented is independent from the 

specific nature of the thin metal film used (Figure 7). In fact, the calibration process 

is repeated with both aluminum and gold films, and using different film thickness. 
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The results are in good agreement with Mie theory for a particle with a diameter of 

44 nm, independent of the film material used for the calibration. 

 

Figure 7 - Independence of from film material for the calibration 

This figure shows the spectra for gold spheres (nominal size 50 nm) from the 

same batch , corrected using the measurement from a 15 nm Al film (red 

squares) and 2 nm Ti + 15 nm Au film (blue circles).
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2.2.3. Reproducibility and stability 

To verify the repeatability of the method presented, a few control experiments 

are done. First, the stability of the time trace is recorded for different wavelengths at 

different powers, and reported in Figure 8. 

  

Figure 8 - Time trace stability 

Three different traces are reported as recorded on a particle for a long time at 

a fixed wavelength and power in the working regime. These measuremens are 

taken on the 50 nm Au NPs sample in glycerol.  

The demonstrated stability of the photothermal signal during the time period of the 

spectral acquisition is important to ensure the reliability of the measurement. The 

reproducibility of such measurements is reported within 20%, as demonstrated by 

Figure 9. 
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Figure 9 - Reproducibility  

This figure reports the relative error calculated from repeated measurements 

on the same particle. The errors are calculated as the standard deviation of 5 

measurements over the average intensity value.  

As can be seen, in the working range of powers, the relative error is within 

10% for most wavelengths. It must be pointed out that great care has to be 

dedicated to the optimization of the working power regime, to avoid reshaping, 

melting or particle desorption from the substrate. The working power regime is 

found to be mainly related to the particle signal intensity, independently from the 

type of structure. This suggests the critical parameter to be the maximum 

temperature reached by the particle. To translate this into a power threshold, a 

slight calibration is required for each different type of structure studied.  The 

precision increases as approaching the peak wavelength, which is reasonable as it 

exhibits the highest signal. The effect of the power intensity on the spectral 

lineshape is further investigated in the working range of power, as shown in Figure 

10. 
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Figure 10 - Power dependence of spectral lineshape 

The absorption spectrum of the same nanoparticle was measured at two 

heating powers (12 µW and 50 µW) to check for linewidth broadening due to 

heating. No significant broadening is seen in the working regime of powers.  

Slight variations can be noticed in the measured absorption spectrum when 

using higher heating powers, in particular at wavelengths corresponding to 

interband transitions. However, no significant broadening is introduced in the 

absorption spectrum linewidth. 

 

2.3. Pulsed laser for tunable imaging 

Besides the proven efficacy as an absorption-based spectroscopic method, 

the use of a broad-band tunable laser as a heating source results in a secondary 

advancement in terms of imaging application. The spectral range of this laser allows 

the implementation of a tunable, versatile imaging method that can be applied to 
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detect any type of object absorbing between the visible and the infra-red, without 

the need to physically change the heating source.  

2.3.1. Image resolution and sensitivity: pulsed vs CW excitation 

The maximum imaging resolution of photothermal detection using CW 

excitation is given by the convolution of the heating and probe profile[23]. However, 

for the nature of the white light generation processes in a fiber optic laser, the light 

used as excitation source is pulsed. The extremely high pulses power that irradiates 

the sample can complicate the excitation and heat relaxation dynamics of the 

particle for photothermal detection. Therefore, the effect of picosecond pulsed laser 

on photothermal detection needs to be experimentally investigated.  

Figure 11a shows the photothermal (absorption) image of 20 nm diameter 

gold nanoparticles immobilized on glass embedded in microscope objective oil with 

refractive index of 1.518.  
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Figure 11 - Photothermal imaging: pulsed vs CW excitation 

a Photothermal images of 20 nm gold nanoparticles with spatial and axial 

profiles recorded using supercontinuum pulsed laser excitation at 532 nm 

with a heating intensity of 25 kW/cm2. The spatial and axial resolutions are 

σx=340 nm, σy=470nm, and σz=720 nm. b Same sample area as in a but 

measured with cw laser excitation at 532 nm with a heating intensity of 

38 kW/cm2; σx=220 nm, σy=250 nm, and σz=560 nm. c SNR of the 

photothermal signal for 55 nanoparticles measured with pulsed excitation. d 

SNR of the photothermal signal for 32 nanoparticles measured with cw 

excitation. The SNRs shown in c and d are normalized to the same heating 

power and obtained on 20 nm gold nanoparticles.  

This image is recorded in transmission geometry using the pulsed excitation 

source tuned to 550 nm as the heating. When imaging performances with pulsed and 

continuous wave excitation are compared, only slight differences in sensitivities and 

in spatial and axial resolutions are observed. The slight differences can be attributed 

to the nature and specifics of the pulsed laser as follow. The first effect is seen on a 

roughly 2.5 difference in the sensitivity. While the pulsed excitation creates a high 
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peak power over the pulse duration (12 ps), the delay between pulses (16.7 ns with 

60 MHz of repetition rate) gives enough time to the system to relax and cool down, 

thus effectively reducing the heat accumulation effect. In other words, where the CW 

heats less but constantly during the whole integration time of the measurement (10 

ms), the pulsed laser heats faster and a lot more during the pulse but the fast heat 

relaxation time characteristic of the materials employed dissipates most of the heat 

accumulated before the successive pulse. During this time, the signal collected and 

integrated results in a lower SNR. The second effect can be seen in the spatial 

resolution. The spatial and axial resolutions of the photothermal spot obtained with 

pulsed excitation are ~360 nm and 1 micron, respectively; slightly higher than those 

values obtained with CW excitation. Among the possible causes, the under filling of 

the excitation objective back aperture is excluded by expanding the heating beam 2 

and 3 times and verifying the invariance of the result. The probable cause for this 

relies on the quality of the beam. In fact, it is often reported that fiber optic produced 

lasers do not exhibit a pure TEM00 mode. Future improvements might include the use 

of a single mode fiber optic, shall it not be too costly in terms of loss in excitation 

power. Nevertheless, the obtained sensitivity and spatial resolution are not only close 

to those reported in literature[24] using continuous wave excitation, but also 

demonstrate to be sufficient in the case of pulsed excitation to record broadband 

spectra of small particles with high reproducibility. Thus, the pulsed laser ultimately 

provides enough sensitivity and resolution for the scope of the work. 
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2.3.2. Photothermal nature of the signal 

The pulsed nature of the light excitation subjects the material to intense, 

highly localized in time light fluxes. Thus, to confirm the absorption nature of the 

signal measured, the linear dependence of the photothermal signal on the power and 

the effect of the embedding medium are verified.  

 

Figure 12 - SNR medium dependence 

Here the SNRs are compared in measurements on the same sample of 50 nm 

Au nanospeheres in water and glycerol. The SNR ratio increases from 9±4 to 

23±5 when changing from water to glycerol. Inset shows that the power 

dependence of the photothermal signal (PT) under pulsed laser excitation is 

linear. 

 

As expected, the photothermal signal is proportional to the photothermal 

strength of the medium and to the heating power. Specifically, the signal from the 

same particles from the nominally 50 nm diameter sample in water and glycerol are 

compared. Figure 12 shows the expected increase for glycerol, known as a better 

photothermal medium than water. The inset shows the linearity of the 
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photothermal signal with the heating power, as theoretically predicted[24]. This 

confirms the thermal nature of the measured signal.  
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Chapter 3 

Absorption spectra of nanostructures 

The demonstration of this method as a broadband absorption spectroscopy 

tool opens a new window on the study of single optical absorbers. In this chapter, 

the comparison of pure and independent absorption and scattering spectra of gold 

nanospheres is reported. This is the first time that radiative and non-radiative 

properties can be accessed experimentally with independent measurements[1]. 

This achievement already reflects the power of a single particle absorption 

spectroscopy method. In fact, these measurements reveal the intrinsic heterogeneity 

in the response of plasmonic structures to light[8]. Furthermore, gold nanorods are 

reported as an example of a tunable plasmonic structure, confirming the success of 

this spectroscopic absorption method.  
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3.1. Radiative vs non-radiative properties 

One of the strong points of this method is the capability to isolate and 

determine absorption independently of scattering. Thus, the natural first application 

is to study and compare those two properties. Gold nanospheres are once again 

chosen thanks to their simplicity in terms of optical resonances and theory. As the 

size is increased, the scattering contribution is no longer negligible. This is the size-

range for which extinction methods fail to approximate extinction as absorption, 

while the method presented here gives access to absorption directly. A representative 

spectrum for a particle of 50 nm nominal diameter is presented in Figure 13. 

 

 

Figure 13 - Absorption and scattering correlation of 50 nm Au NPs.  

a Schematic representation of conventional dark-field spectroscopy used to 

record the scattering spectrum of single gold nanoparticles for direct 

comparison with absorption measurements of the same individual 

nanoparticles. b Correlation of absorption and scattering images of 50 nm gold 

nanoparticles (Scale bar is 5 µm). c Correlated absorption and scattering 

spectra of the nanoparticle highlighted by ☆ and ○ in the images. The 

experimental absorption and scattering spectra are shown by ★ and ◦, 

respectively, while the solid lines illustrate the corresponding calculated 

spectra obtained using Mie theory for a nanoparticle diameter within the 
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experimental size distribution (Figure 16) and an effective refractive index of 

1.495 for nanoparticles on glass and embedded in glycerol. Ten multipolar 

modes are included in the Mie Theory calculations. Excellent agreement is 

found between experimental and theoretical spectra for a nanoparticle size of 

46 nm. The average heating laser intensity used to record the image and the 

spectrum is 20 kW/cm2 at 550 nm excitation. 

For the first time, the pure absorption spectrum of large particles can be 

measured and distinguished from the scattering contribution. With the setup 

represented in Figure 13a, single particle dark-field spectroscopy is used to detect 50 

nm diameter nanoparticles with very high SNR. A large NA (1.2 to 1.4) objective is 

used to excite the particles, while a low NA (0.8) objective detects the scattered light.  

This results in a zero-background, i.e. dark field, scattering based detection method. 

The use of a white light excitation source (lamp) makes it possible to measure  the 

scattering spectrum.  

  The correlated photothermal absorption and dark-field scattering images are 

reported in Figure 13b for the same gold nanoparticles on two different microscopes. 

The spatial correlation is possible thanks to the use of indexed substrates.   Figure 13c 

shows the correlated measured absorption (green stars ☆) and scattering spectra 

(red circles ○) of the same individual gold nanoparticles coming from a sample with 

nominal size of 50 nm. The solid lines are the calculations from Mie theory, with  a 

multipolar mode of order n = 10. The inclusion of higher order modes in Mie theory 

becomes important for particles whose size is comparable to the wavelength of 

incident light, to account for oscillation modes different than the dipolar one. In fact, 

these become important as the quasistatic limit that validates the dipole 
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approximation fails. The exact size of each particle is first estimated by matching the 

experimental scattering spectra with Mie theory[16]. After that, the same size is used 

to calculate the expected theoretical absorption spectra from Mie theory. As can be 

seen from Figure 13c, when the calculated spectrum is overlapped with the 

experimental absorption spectrum, excellent agreement is found. This once again 

reinforces the power of this method to measure the pure absorption spectrum free 

from scattering contribution.  

As can be seen from Figure 13, this method is sensitive enough to detect for 

the first time the damping induced red-shifted scattering spectrum compared to the 

absorption spectrum[25]. This redshift appears in the theoretical prediction of 

scattering and absorption[16], but the physical nature of is currently still under 

investigation. Therefore, it is extremely important that now for the first time an 

experimental confirmation of it is presented. Also, the study of the heterogeneity in 

the radiative vs. non-radiative relative response has the potential to shine light on the 

nature of this retardation effect.  

3.1.1. Heterogeneous response 

Single particle independent measurements of absorption and scattering are 

here used for the first time to reveal the heterogeneity in the response of single 

nanoparticles interacting with light. The scattering and absorption measurement 

correlation on 15 particles exhibits some heterogeneity in the response, as reported 

in Figure 14.  
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Figure 14 - Effect of heterogeneity on the response of 50 nm Au NPs.  

The correlated absorption and scattering spectra are presented for three more 

particles from the 50 nm nominal size sample, in addition to the one shown in 

Figure 13. 

 

As can be seen from Figure 14, a highly heterogeneous response is found in 

the measured structures. This reflects not only the size deviation from the average 

distribution, but may also be a result of local environment differences, the presence 

of facets, and geometric deformations. This is a result of extreme relevance for the 

employment of the non-radiative properties of such structures.  This once again 

underlines the importance of having a general, pure absorption spectroscopic tool 

to characterize the pure non-radiative light-matter interaction properties.  

 

3.2. Absorption spectra of multi-resonance structures: Au 

nanorods 

The ultimate purpose of this work is to develop a method that gives access to 
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a plethora of absorbing objects, with resonances ranging from the visible to the near 

IR. This becomes possible thanks to the broadband tunability of the supercontinuum 

laser source as opposed to the dye laser employed in a previous study[20]. Thus, the 

tool developed here is not only limited to spherical nanoparticles but can also be used 

for nanoparticles with different shapes. Gold nanorods are an excellent example of 

structures that present tunable plasmon resonances in red wavelengths, still keeping 

a pretty simple spectral shape with two peaks. Furthermore, they also exhibit 

orientation sensitivity to polarization that can be precisely described with Gans 

theory or FDTD simulations.  Thus, gold nanorods are the perfect candidates to start 

exploring the power of this technique towards the resolution of absorptive spectral 

properties of more complicated structures, such as Fano resonances.  

The absorption spectrum of a single gold nanorod is reported Figure 15. 

 

Figure 15 - Absorption spectrum of a single gold nanorod  

The absorption spectrum of a single gold nanorod (★) is recorded with an 

average heating laser intensity of ~8 kW/cm2 at 690 nm, which is the 

wavelength chosen to first image individual nanorods on glass and embedded 
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in glycerol. The experimental spectrum is compared to FDTD simulations (▬). 

For the simulations an effective refractive index of nglycerol-glass = 1.495 is 

employed. Excellent agreement is achieved between the experimental and 

calculated absorption spectra for a nanorod width and length of 33 nm and 

65 nm, respectively, consistent with the experimental size distribution[26].  

 The transverse and longitudinal plasmon resonance peaks of the nanorods 

are shown at 530 nm and 6550 nm, respectively. Although the heating laser is linearly 

polarized in this experiment, both the transverse and longitudinal modes are clearly 

observed. The slight mismatch between experiment and theory for the relative ratio 

of the two modes can be attributed to the orientation of the nanorod with respect to 

the heating laser polarization. The measured spectrum was correlated with an FDTD 

calculated spectrum of a nanorod with an inferred size of 33 nm × 65 nm, within the 

known size distribution of the NRDs solution. For this comparison, the width is 

selected to correspond to the nominal distribution width, while the length is varied 

in order to match the longitudinal plasmon resonance of the measured spectrum. The 

measurement is performed in glycerol, and the spectrum recorded with the same 

method as explained earlier. The transverse and the longitudinal modes are observed 

in the measured spectrum confirming the expectations as shown in the calculated 

spectrum for a single gold nanorod. The excellent agreement of the data with the 

theoretical prediction within the sample size distribution validates once again the 

procedure developed here.   
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Chapter 4 

Conclusion 

The work presented here[1] demonstrates for the first time a broadband 

absorption spectroscopic method, which can be applied to a variety of structures 

absorbing from 450 nm to the near IR. The success of this method is determined by 

the combination of a fiber optic supercontinuum broadband tunable laser as 

excitation source in a conventional photothermal absorption detection setup and an 

innovative calibration for chromatic aberrations and wavelength-dependent 

efficiencies. As a main result, a broadband pure absorption spectroscopy tool is 

demonstrated.  The success of this technique on small gold nanoparticles is verified 

through the excellent agreement of the results with Mie theory.  As a collateral 

effect, a tunable versatile imaging tool is also developed. The potential of this pure 

absorption spectroscopic tool in resolving radiative versus non-radiative light 

matter interaction properties is demonstrated on gold nanoparticles. For the first 

time, scattering and absorption are measured and compared on the same particles 
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at a single particle level. The single particle nature of this method allows the 

resolution of response heterogeneity even in simple spherical nanoparticles. 

Furthermore, the absorption of gold nanorods is investigated. This first step paves 

the way towards the understanding of absorption of single molecules and nanosized 

structures. 
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Appendix A: Supporting Information 

This appendix contains some information in support to this thesis, but not 

directly a subject of study of this work. First, the size distribution as measured 

through Transmission Electron Microscopy (TEM) is reported, followed by details 

on FDTD simulations and the hyperspectral scattering setup.  

1. Size distribution 

2. FDTD simulation 

3. Scattering spectroscopy method 
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1. Size distribution 

 

Figure 16 - Nanoparticle size distribution. 

The size distribution was characterized for both the nominally 20 nm (a) and 

50 nm (b) nanoparticle suspensions via transmission electron microscopy 

(TEM). 

 

The spherical nanoparticle suspensions were purchased from 

BBInternational. The size distribution characterization for the nanospheres is 
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reported here to be 19±2 nm and 49±4 nm, for nominally 20 nm and 50 nm 

diameter particles respectively. The nanorod suspension was purchased from 

Nanopartz and characterized in a previous publication[26]. The average diameter 

and length of the nanorods used is 28±5 nm and 76±10 nm, respectively. 
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2. FDTD simulation 

 

 

Figure 17 - Details on FDTD simulation 

In this figure the setup design for the FDTD simulation is reported (a).  The 

calculated absorption (1-(R+T)) is  also reported for the two embedding 

materials used(b). Absorpion spectra  is finally reported for two different film 

thicknesses (c).  

The FDTD simulation is performed using a commercially available package, 

Lumerical[27]. The wave vector k represents the propagation direction of the 

incident light, perpendicular to the sample surface. The different materials are 

defined through their physical properties. Particularly, for Ti and Au, values from 

the literature for the optical constants are used[28, 29]. For Au, the energy-

dependent values used come from the tabulated experimental data for bulk Au, from 

Johnson and Christy[28]. The glass substrate in the experiment is modeled as a SiO2 

dielectric layer with a constant refractive index of 1.45. The use of a Perfectly Matching 

Layer (PML) as boundary conditions avoids any reflection, thus reproducing the 
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case of an infinite film. The total simulation volume is defined to be 400 nm × 

600 nm × 600 nm. The minimum grid size used in this simulation is 2 nm. Default 

convergence criteria are used. The calculations are carried out using the Shared Tightly-

Integrated Cluster (STIC) provided by Rice University. Each job requires a total of 36 

CPUs with approximately one-hour run time. The Discrete Fourier Transform (DFT) 

monitors (represented by the red box), measure the transmitted (T) and reflected 

light. Absorption is calculated from A = 1- (R + T). Calculated film spectra in in 

different media are shown in Fig. S4b.  Upon the change in film thickness from 15 nm to 

7 nm the absorption spectrum of the gold film shows only a slight variation (maximum 

~3%) over the entire wavelength range relevant for the experiments discussed. 
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3. Scattering spectroscopy method 

A custom-built hyperspectral dark-field setup[30] constructed around a Zeiss Axia 

Observer D1 commercial microscope is used to measure the scattering spectra. The 

nanoparticles are excited through a dark field condenser. This signal is detected through a 

slit and registered by a spectrograph (Princeton Instrument Acton SpectraPro 2150i). A 

translational stage controlled by a home-written LabVIEW program is used to move the 

spectrometer. The spectrograph is equipped with a thermoelectrically cooled back-

illuminated CCD camera (Princeton Instruments PIXIS). The microscope uses a Zeiss 

objective with N.A. = 1.4 (63X, oil, Plan Apochromat). The stage and the data acquisition 

are synchronized so that as the slit is moved across the image plane, the spectra are recorded 

over the selected height of the slit. This way of recording spectral images is known as 

hyperspectral microscopy. The collected data are shaped as cubes which contain lateral 

position, intensity, and wavelength information. Each nanoparticle’s scattering spectrum is 

obtained by subtracting the local background and accounting for the excitation lineshape 

of the lamp spectrum. To spatially correlate the scattering measurements with the 

absorption ones, an indexed metal film is used, as reported in Figure 18. 
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Figure 18 - Spatial correlation between dark-field scatteing and photothermal 

absorption images 

a DSLR image taken with a Canon Rebel EOS T2i camera of 50 nm Au 

nanoparticles on glass. b The same particles are seen in a 20 µm×20 µm 

absorption image obtained with 532 nm excitation wavelength. c The 

scattering image obtained from the hyperspectral microscope is also reported.  

 

The particles to be measured are first selected in the spatial correlation of 

nanoparticles selected in the DSLR image. From the overall color that the 

nanoparticle spots exhibit in this image, an idea can be inferred on the shape and 

resonance position. This information is used as a guide to choose the particles to be 

measured. As expected for nanospheres, most of the spots in Figure 18a have a 

green color, corresponding to the 520 nm-550 nm plasmon resonance peak of the 
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spheres. The same particles are then imaged in absorption and scattering, thanks to 

the use of an indexed metal film to correlate the images spatially.  
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