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Abstract 

Removing effects of sample heterogeneity through single-molecule and single-particle 

techniques has advanced many fields. While background free luminescence and scattering 

spectroscopy is widely used, recording the absorption spectrum only is rather difficult. Here we 

present an approach capable of recording pure absorption spectra of individual nanostructures. 

We demonstrate the implementation of single-particle absorption spectroscopy on strongly 

scattering plasmonic nanoparticles by combining photothermal microscopy with a 

supercontinuum laser and an innovative calibration procedure that accounts for chromatic 

aberrations and wavelength-dependent excitation powers. Comparison of the absorption spectra 

to the scattering spectra of the same individual gold nanoparticles reveals the blueshift of the 

absorption spectra, as predicted by Mie theory but previously not detectable in extinction 

measurements that measure the sum of absorption and scattering. By covering a wavelength 

range of 300 nm, we are furthermore able to record absorption spectra of single gold nanorods 

with different aspect ratios. We find that the spectral shift between absorption and scattering for 

the longitudinal plasmon resonance decreases as a function of nanorod aspect ratio, in agreement 

with simulations.  

 

Keywords: Single-particle spectroscopy, absorption spectroscopy, photothermal imaging, dark-

field scattering spectroscopy, gold nanoparticle, gold nanorod, surface plasmon 

 

  



 3 

Single-molecule fluorescence spectroscopy
1
 had a tremendous impact in materials science,

2
 

biophysics,
3
 and quantum optics

4
 as it removes sample heterogeneity and resolves competing 

kinetic pathways.
5
 Many molecules and nanoparticles are, however, not luminescent.

6-8
 

Moreover, the ability to correlate absorption and fluorescence spectra of the same sample offers 

the fascinating possibility to unravel the mechanisms underlying photoblinking and 

photobleaching of single-molecules,
5
 or the nature of absorptive vs. emissive centers in 

conjugated polymers.
9, 10

 Although absorption-based imaging has recently been demonstrated.
11-

18
 no absorption spectroscopy is available for nanostructures of arbitrary size, geometry, and 

material. Absorption spectroscopy of single molecules, complex nanostructures, and 

macromolecular systems would be a significant advancement with great impact as, for example, 

the identification of degenerate intermediates in enzymatic and catalytic processes have so far 

only been examined on the ensemble level.
19

 

 

Recording the pure absorption spectrum of single molecules and nanoparticles at room 

temperature is difficult by standard transmission-type extinction measurements because: 1) the 

reduction in concentration to a single object yields a signal that is typically too small to measure 

on the high background signal of the incident light unless ultrasmooth surfaces and ultrasensitive 

photodetectors
12, 20

 are used; 2) even if the size of the object is increased to enhance the 

absorption, typically scattering is then also present and contributes to the extinction signal. The 

first single-molecule optical detection experiment was achieved by absorption using a double-

modulation technique, but had to be carried out at cryogenic conditions, under which the 

absorption cross-section of the zero-phonon line is 10
6
 times larger.

21
 Indirect detection schemes 

combined with modulation techniques have been developed for absorption-based detection,
22-25
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including ground-state depletion microscopy
15, 26

 and photothermal microscopy.
11, 13, 14, 16, 27-30

 

However, most studies using these methods have reported single-wavelength imaging without 

yielding spectroscopic information. A tunable dye laser, incorporated as the excitation source 

into a photothermal microscope, has allowed the acquisition of absorption, albeit in a limited 

spectral range of 515 nm to 585 nm, for which chromatic aberrations were mostly negligible.
14, 

31, 32
 Single-particle extinction techniques, such as spatial modulation spectroscopy

24, 33, 34
 and 

white-light scattering interference spectroscopy,
35

 have been applied as an alternative route to 

record the spectrum of nanoparticles.
35, 36

 Although for the smallest nanoparticle sizes the 

extinction spectrum is dominated by absorption, it is often important to obtain the pure 

absorption spectrum, ideally in comparison to the scattering of the same nanoparticle.
37

 To date 

this knowledge is often only accessible through simulations, even though it has important 

implications for many applications ranging from cancer therapy
38

 to hot electron generation
39

 

and light harvesting.
40

 In particular, the absorption and scattering spectra of coupled 

nanostructures that support more complex plasmon modes can differ significantly from each 

other. For example, the scattering spectrum of a cluster of nanoparticles supporting a Fano 

resonance shows a pronounced dip indicative of interference of bright and dark modes, while the 

corresponding absorption spectrum reaches a maximum value close to the same wavelength.
41
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Figure 1. Principle of single-particle absorption spectroscopy. a, Illustration of photothermal 

microscopy in transmission geometry employing a broadband laser (Fianium Whitelase SC450) 

equipped with an AOTF. b, Relative laser powers of 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 gap in 

the spectral range from ~610 nm to ~630 nm is due the limited transmission of the dichroic 

(Chroma Technology Corp., ZQ633RDC) used to combine heating and probe beams. c, Typical 

photothermal image of 50 nm gold nanoparticles (round spots) and the 15 nm thin gold film 

(large uniform-signal area). Experimental parameters are: heating beam intensity at 550 nm = 

36 kW/cm
2
; probe beam intensity at 633 nm = 0.27 MW/cm

2
; integration time of lock-in 

amplifier = 10 ms; modulation frequency = 230 kHz. Except for the heating and probe beam 

intensity these parameters are the same for all experiments. The scale bar is 5 µm. d, Measured 

photothermal signal as a function of wavelength for the gold film (■) and the nanoparticle (▲) 

highlighted in c. The calculated absorption spectrum of the gold film using FDTD simulations (●) 
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is also shown. e, The corrected spectrum (★) of the same gold nanoparticle as in c and d obtained 

via a correction factor based on the ratio of simulated and measured film absorption. 

 

Here we demonstrate the implementation of single-particle absorption spectroscopy on 

strongly scattering plasmonic nanoparticles. Pure absorption spectra are obtained through the 

incorporation of a supercontinuum laser as the heating beam into a standard photothermal 

imaging setup employing a transmission geometry. A coherent supercontinuum light source has 

already been successfully combined with spatial modulation spectroscopy.
25

 In addition, we 

describe a simple correction method that accounts for the unavoidable effects of chromatic 

aberrations, necessary in our case because of the much larger wavelength range (300 nm) than 

explored before. We are therefore able to acquire absorption spectra of anisotropic 

nanostructures with multiple plasmon modes. The advantage of our approach is that we are able 

to measure absorption only free from scattering. 

 

Photothermal spectroscopy is carried out in transmission geometry (Fig. 1a, see Supporting 

Information for details). Excitation wavelengths with 3 - 6 nm bandwidth (Fig. 1b) are selected 

from a supercontinuum laser (450 - 2000 nm) with an acousto-optical-tunable filter (AOTF), 

which also provides the time-dependent modulation necessary for sensitive lock-in detection of 

the photothermal signal by a 633 nm probe beam. The photothermal signal at each excitation 

wavelength is proportional to its absorption cross-section, but also depends on the heating beam 

power and size as well as the 3D overlap of the heating and probe beams at the focus. All of 

these parameters change with the excitation wavelength because of the wavelength-dependent 

power output of the laser (Fig. 1b) and the use of diffractive optics that cause inevitable 
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chromatic aberrations. While adjustments for intensity variations and aberrations could in 

principle be made for each wavelength, and potentially even be automated, these issues severely 

hinder the straightforward implementation of photothermal spectroscopy, especially for high 

throughput measurements. 

 

We can solve this problem though, and successfully record the absorption spectrum of 

plasmonic nanoparticles using a calibration approach akin to dark-field spectroscopy where the 

measured nanoparticle spectrum is divided by the scattering from the nearby substrate.
42

 Our 

simple calibration procedure involves the measurement of a single nanoparticle followed by an 

adjacent gold film (Fig. S1), as demonstrated in Figs 1c - 1e for nominal 50 nm diameter gold 

nanoparticles (independent characterization: 49±4 nm, Fig. S2). We first image the sample at a 

fixed wavelength of 550 nm to identify the positions of individual gold nanoparticles (bright 

spots on a dark background in Fig. 1c) and the 15 nm thin gold film (extended bright area). After 

positioning the scanning stage to a nanoparticle, we continuously record the photothermal signal 

as a function of time while automatically changing the heating beam wavelength in 10 nm 

increments each 10 s without any other adjustments (Fig. S3). Conversion of this transient into a 

spectrum results in the distorted lineshape shown in Fig. 1d. This procedure is then repeated for 

the film under the same experimental conditions. Comparison of the measured film spectrum 

with the calculated absorption using finite difference time domain (FDTD) simulations (Fig. 1d 

and Fig. S4) provides a simple, reproducible, and precise correction factor, which, when applied 

to the measured nanoparticle spectrum, gives the corrected absorption spectrum (Fig. 1e).  
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A variety of control experiments demonstrate the validity of our correction procedure. 

Experiments using an aluminum film instead works equally well (Fig. S7). The signal intensity 

and line shape of the film spectrum are furthermore highly reproducible when measured at 

different positions (Fig. S8a). The corresponding corrected nanoparticle absorption spectra using 

either of the measured film spectra are hence in excellent agreement (Fig. S8b), confirming that 

possible small variations in the thickness and local imperfections of the gold film do not affect 

the correction. However, the thickness of the gold film for different samples can vary slightly. 

Therefore, the film thickness of each sample is independently characterized with atomic force 

microscopy (AFM, Fig. S5) and the corresponding film absorption spectrum is simulated and 

used in the correction procedure. In addition, the geometry of the thermal lens created by heating 

of the continuous film in comparison to the nanoparticle could be different within the area of the 

probe laser
43, 44

 and change the relative magnitudes of the measured signals. However, the 

absorption spectra of the same nanoparticle measured using excitation at different angles (Fig. 

S9) show little dependence on the thermal lens geometry. Finally, absorption spectra recorded 

after optimizing the signal in both radial and axial directions at different wavelengths (Fig. S6) 

are the same within the experimental error, indicating that small wavelength-dependent 

migrations of the focal spot do not play a role. 

Although the use of high repetition rate picosecond pulses as the heating beam causes a slight 

decrease in photothermal sensitivity compared to continuous wave (cw) excitation, we are able to 

record absorption spectra of nominal 20 nm gold nanoparticles (independent characterization: 

19±2 nm, Fig. S2). Photothermal imaging has so far only been carried out with cw lasers.
11, 13, 14, 

16
 However, a supercontinuum laser requires high peak power pulses to generate white light in a 

photonic fiber. For pulsed excitation of plasmonic nanoparticles with the same average laser 
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power, heat diffusion and initial transient temperature increase at the nanoparticle surface are 

different.
45

 We therefore characterized the spatial and axial photothermal profiles (Figs. 2a and 

2b) and signal-to-noise ratios (SNR, Figs. 2c and 2d) of 20 nm nanoparticles using 532 nm cw 

and pulsed excitation. The spatial and axial resolutions for pulsed illumination are larger than the 

ones measured with cw excitation (Figs. 2a and 2b). While we can rule out that this difference is 

due to variations in the axial overlap of heating and probe beams or caused by underfilling the 

objective with the pulsed heating beam (see Supporting Information for details), it is possible 

that the laser light emerging from the fiber and AOTF is not of a pure TEM00 mode at the 

sample. Indeed, the resolution of confocal sample scanned luminescence images is similarly 

decreased when using the supercontinuum laser for excitation (not shown). Also, the SNR is 

smaller by a factor of about 2.5 for pulsed excitation for the same average power (Figs. 2c and 

2d), likely because of an overall reduced heating given the 16.67 ns dark periods between pulses. 

Nevertheless, our sensitivity with tunable pulsed excitation is still comparable to the limits set in 

the literature,
29

 and we are able to not only image an individual 20 nm gold nanoparticle, but also 

record its absorption spectrum, in very good agreement with Mie theory calculations that include 

10 multipolar modes (Fig. 2e).
46

 We only observe a slight mismatch between the experimental 

absorption spectra and Mie theory calculations at wavelengths shorter than ~500 nm where 

interband transitions contribute to the spectrum. The photothermal signal is consistently lower 

than the calculated absorption for all gold nanoparticles investigated. The origin of this small 

deviation is not clear at the moment and will be investigated further in the future. 
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Figure 2. Photothermal microscopy using pulsed 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/cm
2
. 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/cm
2
 (scale bar is 2 µm); σx=220 nm, 

σy=250 nm, and σz=560 nm (scale bars are 300 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. e, Absorption spectrum of a 

single 20 nm diameter gold nanoparticle embedded in glycerol measured using a heating laser 

intensity of 11 kW/cm
2
 at 550 nm in comparison to Mie theory calculations. A weighted average 

of the refractive indices of glycerol and glass (1.495) and a nanoparticle size within the 

experimental size dispersion (Fig. S2) are assumed. Excellent agreement is found for a size of 

20 nm. f, Effect of the embedding medium on the photothermal signal of 50 nm diameter 
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nanoparticles. The SNR ratio increases from 9±4 to 23±5 when changing the medium from water 

to glycerol. Inset shows that the power dependence of the photothermal signal (PT) at 550 nm 

under pulsed laser excitation is linear. 

 

We furthermore confirm the photothermal nature of the signal to rule out other contributions, 

such as electronic transitions.
47

 Because the photothermal signal is proportional to the change in 

the medium’s refractive index per temperature increase and to the heating power,
13, 29

 we 

compare the SNR of the same nanoparticles in different media and perform a power dependence. 

The results for different media are consistent with previous cw photothermal imaging (Fig 2f).
29

 

Changing the excitation power by a factor of 3 furthermore does not result in significant 

broadening of the plasmon resonance (Fig. S10), as would be expected for an electronic signal.
48

 

The laser power dependence of the photothermal signal (see inset of Fig. 2f and Fig. S11 for 

additional wavelengths including data for < 500 nm) at selected wavelengths shows the expected 

linear relationship for all wavelengths within the power regime tested and furthermore confirms 

the absence of significant spectral broadening in our absorption spectroscopy experiments. 

Greater care must, however, be taken though with pulsed excitation to not increase the excitation 

power beyond a size specific threshold as we then observe the disappearance of the signal likely 

due to desorption of the nanoparticle from the surface caused possibly by increased radiation 

pressure.  
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Figure 3. Absorption and scattering spectroscopy of 50 nm gold nanoparticles. a, Schematic 

drawing 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. 

The 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 experimental size 

distribution (Fig. S2) and an effective refractive index of 1.495 for nanoparticles on glass and 

embedded in glycerol. Excellent agreement is found between experimental and theoretical 

spectra for a nanoparticle size of 44 nm. d, The same nanoparticle as in c but embedded in water. 

The measured absorption and scattering spectra cannot be reproduced by Mie theory, probably 

due to local inhomogeneities of the medium around the nanoparticle. The average heating laser 

intensity used to record the absorption images and the spectra is 20 kW/cm
2
 at 550 nm. 
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As photothermal imaging measures pure absorption only, a major benefit of our spectroscopy 

method is that it can distinguish the absorption and scattering spectra of larger nanoparticles, 

information that otherwise is hidden in extinction. We demonstrate this advantage here by 

comparing the absorption and scattering spectra of the same 50 nm gold nanoparticles using 

dark-field spectroscopy (Fig. 3a, see Supporting Information for details ) and correlated imaging 

with indexed substrates (Figs. 3b and S1).
49

 Fig. 3c shows the measured absorption and 

scattering spectra, which are in excellent agreement with Mie theory calculations.
46

 Importantly, 

we observe, for the first time experimentally, the expected blueshift of the absorption spectrum 

for a plasmonic nanoparticle.
37

 The spectral shift is about 9 nm. Among 15 nanoparticles 

measured though not all of them show the same match with theory (Fig. 3d), indicative of local 

heterogeneities in the nanoparticle shape and its nanoenvironment as well as substrate effects.
49

 

The nanoparticle in Fig. 3d is an example of a nanoparticle for which Mie theory cannot match 

the absorption and scattering spectra. This nanoparticle is the same as in Fig. 3c, but covered 

with water. Microscope stability over the time course of an absorption spectrum (Fig. S13) and 

issues with measurement reproducibility (average error of ~ 10%, Fig. S14) can be ruled out as 

possible explanations. 
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Figure 4. Absorption spectra of individual gold nanorods correlated with scattering, morphology 

and simulations. a, b, and c are measured (
●
)absorption spectra, correlated with measured 

scattering (▬) spectra on the same nanorods. The experiments are repeated for nanorods with 

different scattering (absorption) plasmon resonances of 610.6 nm (606.8 nm), 652.0 nm 

(649.6 nm) and 687.8 nm (687.7 nm) for a, b, and c, respectively. The correlated SEM images of 

the nanorods are shown in the insets of a, b, and c (the size of each image is 250 nm). Using the 

SEM images, the lengths and widths of the nanorods are determined as 61.5 nm × 40 nm, 

63.5 nm × 34 nm, and 71.5 nm × 34 nm for the nanorods in a, b, and c, respectively. These sizes 

are used to perform FDTD simulations with the results given shown in d, e, and f. The calculated 

scattering (absorption) plasmon resonances in d, e, and f are 613.4 nm (608.9 nm), 650.6 nm 

(649.0 nm), and 685.8 nm (684.7 nm). The measured (calculated) peak shift between absorption 

and scattering for the longitudinal plasmon resonance is 3.8 nm (4.5 nm), 2.4 nm (1.6 nm), and 

0.1 nm (1.1 nm). The average laser intensity at 500 nm is ~51 kW/cm
2
. Individual gold nanorods 
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are deposited and immobilized on a glass substrate with gold film pattern by spin-coating and 

then embedded in glycerol. 

 

The broad wavelength tunability of the supercontinuum laser source as compared to previously 

used dye lasers
14

 allows us to extend our single-particle absorption spectroscopy method to other 

plasmonic nanoparticle shapes. Absorption spectra of single gold nanorods with different aspect 

ratios are compared to scattering spectra in Fig. 4a-c (see Fig. S15 and S16 for the size 

characterization of the nanorod samples). To record the entire absorption spectrum without a gap 

in the spectrum for different nanorods, we replace the 632 nm probe laser with a 785 nm laser 

and switch accordingly the bandpass filter in the detection path of our photothermal microscope. 

Scattering spectra are measured before and after photothermal spectroscopy to check whether 

photothermal heating has led to a change in nanorod morphology. Any nanorods showing a 

blueshift of the longitudinal plasmon scattering indicative of melting are discarded from the 

analysis. Creating circular polarized excitation over a broad wavelength is difficult, and we 

therefore perform the single-particle absorption spectroscopy of each nanorod with two 

orthogonal polarizations by simply rotating the sample by 90 degrees. The two orthogonal 

polarized spectra are then averaged to obtain the final ‘unpolarized’ absorption spectrum that 

shows no bias for nanorod orientation. Focusing on the longitudinal plasmon resonance, a clear 

blueshift of the absorption maximum is seen compared to scattering response for small aspect 

ratio nanorods, similar to the spherical nanoparticles but smaller in magnitude. However, the 

magnitude of this spectral shift decreases as the nanorod aspect ratio increases and the 

longitudinal plasmon resonance peaks at longer wavelengths. The transverse plasmon mode of 

the nanorods is either very weak or not observed at all by dark-field scattering spectroscopy. 
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The measured nanorod absorption spectra are in very good agreement with the corresponding 

FDTD simulations shown in Fig. 4d-f, validating the procedure developed here. For the 

simulations, we neglect the substrate and instead employ an effective refractive index of nglycerol-

glass = 1.495. In order to perform simulations for the exact nanorod sizes, we correlate the optical 

measurements with scanning electron microscopy (SEM, see insets to Fig. 4a-c). The FDTD 

simulations are performed using linearly polarized light and exciting the nanorod along the long 

and short axis of the nanorod. We then again average the simulated spectra as in the case of the 

experiments. The simulations reproduce the spectral shapes and resonance maxima of both 

absorption and scattering well. In particular, the measured trend of decreasing spectral shift with 

larger aspect ratio is captured by the simulations. The shift between the absorption and scattering 

maxima is due to different frequency-dependent resonance conditions of the scattered and 

absorbed powers by the nanoparticles, as can be explained with a damped harmonic oscillator 

model proposed by Zuloaga et al.
50

 

 

 

Figure 5. Correlation of longitudinal plasmon resonance absorption and scattering maxima for 

20 small (  ) and 4 large (  ) volume nanorods. Example SEM images of a small and large 
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volume nanorod are given as insets with red and green boxes, respectively. The size of each 

SEM image shown is 250 nm. The solid black line (▬) is a guide to the eye corresponding to no 

shift between absorption and scattering maxima. The dashed red line (---) is the linear fit to small 

volume nanorod data. A decreasing peak shift between absorption and scattering maxima of the 

longitudinal plasmon resonance is observed for larger aspect ratio nanorods.  

 

To further quantify the shift between absorption and scattering maxima for the longitudinal 

plasmon resonance as a function of nanorod aspect ratio, we investigate a total of 24 single 

nanorods. Peak positions in the scattering and absorption spectra are determined by fitting 

Lorentzian curves. The scattering spectra are well fit with a Lorentzian line shape, signature of a 

single-particle measurement. For the absorption spectra, we only consider the longitudinal 

plasmon mode. We estimate an overall error for our measurements of less than 1 nm. Fig. 5 plots 

the absorption maximum of each nanorod as a function of its corresponding scattering maximum. 

The magnitude of the spectral shift between longitudinal mode absorption and scattering 

decreases in a linear dependence with increasing nanorod aspect ratio (dashed line). The solid 

line indicates the case where absorption and scattering maxima are the same. The data in Fig. 5 

includes measurements on two different nanorod samples, which differed in overall volume. Red 

points represent measurements on nanorods with an average width and length of 22±3 nm, 

49±6 nm (Fig. S15), while green points correspond to nanorods with an average width and length 

of 41±4 nm, 60±6 nm (Fig. S16). Color-coded, representative SEM images are given as in insets 

in Fig. 5. Despite a limited data set, the large volume nanorods appear to behave similar to the 

small volume nanorods. 
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In summary, we have described a conceptually simple, efficient method to record single-

particle absorption spectra free from scattering by incorporating a broadband laser with 

photothermal microscopy. Implementation of an innovative calibration method to account for 

chromatic aberrations and varying excitation powers is necessary to obtain absorption spectra of 

anisotropic nanostructures with multiple plasmon modes. In particular, we have measured for the 

first time the spectral shift between the absorption and scattering spectra of single gold 

nanoparticles as a function of size and shape. These results open the possibility of investigating 

pure absorption spectra of many other single nanostructures. We expect to be able to record 

absorption spectra of even smaller nanoparticles, and potentially single molecules, given the 

demonstrated sensitivity of photothermal imaging. 
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