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Anti Stokes Thermometry of Plasmonic Nanoparticle Arrays

Simone Ezendam, Lin Nan, Ianina L. Violi, Stefan A. Maier, Emiliano Cortés,*
Guillaume Baffou,* and Julian Gargiulo*

Metallic nanoparticles possess strong photothermal responses, especially
when illuminated as ensembles due to collective effects. However, accurately
quantifying the temperature increase remains a significant challenge,
impeding progress in several applications. Anti Stokes thermometry offers a
promising solution by enabling direct and non-invasive temperature
measurements of the metal without the need for labeling or prior calibration.
While Anti Stokes thermometry is successfully applied to individual
nanoparticles, its potential to study light-to-heat conversion with plasmonic
ensembles remains unexplored. In this study, the theoretical framework and
the conditions that must be fulfilled for applying Anti Stokes thermometry to
ensembles of nanoparticles are discussed. Then, this technique is
implemented to measure the light-induced heating of square arrays of Au
nanodisks. The obtained temperature measurements are validated using
wavefront microscopy, demonstrating excellent agreement between the two
thermometry methods. These results showcase the extension of Anti
Stokes thermometry to plasmonic ensembles, highlighting its potential for
implementation in the diverse photothermal applications involving
these systems.

1. Introduction

Metallic nanoparticles (NPs) exhibit localized surface plasmon
resonances that significantly enhance their interaction with
light.[1] They are powerful harvesters of the energy of incom-
ing photons, that is concentrated in subwavelength regions,[2]
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giving rise to numerous applications.[3] Be-
cause part of the energy is confined in-
side the lossy metal, the use of plas-
monic NPs is inevitably accompanied by
heating.[4] Depending on the application,
this can constitute an undesirable side ef-
fect or can be harnessed as a powerful
quality to exploit.[5–7] While the genera-
tion of heat with plasmonic NPs is an un-
avoidable process, its accurate quantifica-
tion remains a significant challenge, hin-
dering progress in multiple fields. For in-
stance, precise control of the released heat
is essential in implementing hyperther-
mia therapies in medicine,[8,9] or remote
drug release.[10,11] Additionally, tempera-
ture measurements are important in fields
aiming to quantitatively model and con-
trol thermally induced processes, such as
thermally driven nanofluidics.[12,13] Further-
more, some fields struggle to understand
the interplay between thermal and non-
thermal effects, such as in plasmon-assisted
catalysis[14–17] or optical trapping.[18–20] In

all these situations, achieving temperature measurements under
in operando conditions using non-invasive techniques remains a
key challenge.

Numerous experimental thermometry techniques have been
proposed for plasmonics.[21,22] These techniques primarily in-
volve quantifying a temperature-dependent property, such as the
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fluorescence (intensity, spectrum, polarization, lifetime),[23]

Raman (intensity, spectrum),[24,25] phase transition,[12,26]

viscosity,[27] or binding-time[28,29] of a nearby probe in close
proximity to the nanosystem. However, these techniques require
previous calibrations of the probes and yield a temperature that
is not necessarily the same as the NP. In addition, wavefront
microscopy[30–32] can be used to map temperature distributions
around heated NPs immersed in a liquid, with diffraction-limited
resolution, by probing the wavefront distortion created by the
temperature-induced variation of the refractive index of the
liquid.[32]

More recently, an emerging method called Anti Stokes (AS)
thermometry offers promising solutions for measuring the tem-
perature of plasmonic NPs themselves. The method capitalizes
on the temperature-dependent behavior of the AS photolumines-
cence (PL) emission spectrum of the plasmonic material when
illuminated by a continuous-wave laser. AS thermometry is non-
invasive, label-free, and does not require any additional charac-
terization or prior knowledge of the NPs or the properties of the
medium.[22,33]. AS thermometry was first introduced by Xi and
Cahill in 2016 and demonstrated single-particle sensitivity using
Au nanodisks.[34] Since then, it has mostly been applied to indi-
vidual NPS of different shapes (such as Au rods,[35,36] bowties,[37]

spheres,[33,38] and stars,[39] and Au core – Pd shell and Au core-
Pd satellites[40]) supported on glass substrates and in air or wa-
ter environments. However, isolated NPs represent only a limited
scope of plasmonic applications. In numerous scenarios, multi-
ple NPs are simultaneously illuminated.[41] AS thermometry on
gold NPs ensembles has also been performed.[34,37,42] However,
in these cases, the NPs just acted as probes and their plasmonic
properties did not contribute to the heating process. In these pre-
vious reports, the temperature of the sample was controlled ei-
ther via the employment of a thermal stage or by means of a
cryostat. Here, we explore a different heating aspect of NPs ar-
rays. In our study, the heating of NP ensembles is light-induced,
offering the possibility to evidence and study photothermal col-
lective effects that can give rise to significant enhancements
in their photothermal response compared to isolated NPs.[43,44]

To avoid confusions and make a clear difference between these
two approaches, we shall occasionally speak about photothermal
AS thermometry in the following to emphasize that, in our ap-
proach, heating is light-induced. Developing photothermal AS
thermometry is useful for many emerging applications of plas-
monic ensembles, such as photothermal catalysis,[17,45] micro-
optical devices,[46] microfluidics,[47] or the development of anti-
fogging surfaces.[48]

In this work, we demonstrate the implementation of AS ther-
mometry for light-induced heating of plasmonic ensembles and
validate the temperature measurements using wavefront mi-
croscopy. First, we introduce a theoretical formalism for pho-
tothermal AS thermometry of ensembles and discuss its range
of validity. In addition, we provide guidelines on how to opti-
mize its practical implementation to maximize PL signals. Ap-
plying the developed formalism and guidelines, AS thermometry
is employed to study periodic square arrays of different-sized Au
nanodisks. Subsequently, we utilize wavefront microscopy on the
same samples, under identical illumination conditions and using
the same microscope. This enables a direct comparison between
the two methods, and their high level of agreement enhances con-

fidence in both techniques. These results constitute the extension
of photothermal AS thermometry to plasmonic ensembles.

2. Results

2.1. From One to Many Nanoparticles in AS Thermometry

In this section, we discuss the conditions to use AS thermometry
for ensembles of NPs. We limit the discussion to the case where
both heating and probing are performed with the same excitation
laser at irradiance Iexc and wavelength 𝜆exc. For an individual NP,
the AS IAS(𝜆, 𝜆exc, T) and Stokes IS(𝜆, 𝜆exc) PL emission intensity
at wavelength 𝜆 are given by:[33]

IAS(𝜆, 𝜆exc, T) ∝ fI(Iexc)fPL(𝜆, 𝜆exc)n(𝜆, 𝜆exc, T) (1a)

IS(𝜆, 𝜆exc) ∝ fI(Iexc)fPL(𝜆, 𝜆exc) (1b)

Here, fI describes the dependence of the signal intensity on the
excitation irradiance Iexc, fPL is the intrinsic PL spectrum, and n(𝜆,
𝜆exc, T) is the temperature-dependent distribution of the states
that provide the extra energy for AS emission. For an ensemble of
nanoparticles, the total signal is the sum of the individual signals:

IAS
N ( 𝜆, 𝜆exc, T) ∝

N∑
k

fI,k ( Iexc)fPL,k ( 𝜆, 𝜆exc)n ( 𝜆, 𝜆exc, Tk) (2a)

IS
N(𝜆, 𝜆exc, T) ∝

N∑
k

fI,k(Iexc)fPL,k(𝜆, 𝜆exc) (2b)

Here, fI,k and fPL, k are the intensity dependence and the intrin-
sic PL of particle k, Tk is the temperature of particle k, and N is
the number of emitting NPs. In the following, we assume that
all particles have the same dependence on intensity f(Iexc), which
is reasonable given that PL emission scales linearly with the ex-
citation irradiance.[49–52] In addition, we consider the case where
all NPs are at the same temperature. Then, f(Iexc) and n(𝜆, 𝜆exc, T)
can be taken out of the summation.

IAS
N (𝜆, 𝜆exc, T) ∝ f (Iexc)n(𝜆, 𝜆exc, T)

(
N∑
k

fPL,k(𝜆, 𝜆exc)

)
(3a)

IS
N(𝜆, 𝜆exc, T) ∝ f (Iexc)

(
N∑
k

fPL,k(𝜆, 𝜆exc)

)
(3b)

Extracting the temperature of the system from Equation (3) is
challenging as it requires knowledge of the emission properties
of each NP in the summation term. Instead, the ratios QAS

i,j
N

and

QS
i,j

N
between the PL spectra of the ensemble measured at two

different excitation irradiances Iexc, i and Iexc, j can be calculated
so that the terms with the summations are canceled out.

QAS
i,j

N
= QS

i,j
N

n(𝜆, 𝜆exc, Ti)
n(𝜆, 𝜆exc, Tj)

QS
i,j

N
=

f (Iexc,i)

f (Iexc,j)

(4)
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In the context of AS thermometry with continuous-wave excita-
tion (CW), a Bose–Einstein (BE) distribution is used for n(𝜆, 𝜆exc,
Ti), given by:[33]

n(𝜆, 𝜆exc, T) = 1
e[E(𝜆)−E(𝜆exc )]∕kBT − 1

(5)

Here, kB is the Boltzmann constant, and T refers indistinctly
to the lattice or the electron gas temperature, as differences be-
tween the two temperatures are negligible under most experi-
mental conditions with CW illumination.[33] Further discussion
on the choice of n(𝜆, 𝜆exc, T) can be found in Section S1 Support-
ing Information. In addition, if the temperature scales linearly
with the excitation irradiance, we can introduce the photothermal
coefficient 𝛽 through T = T0 + 𝛽Iexc where T0 is the temperature
of the system in the absence of light. Finally, combining this with
Equations (4) and (5) yields the following expression:

QAS
i,j

N
= QS

i,j
e[E(𝜆)−E(𝜆exc )]∕kB(T0+𝛽Iexc,j) − 1
e[E(𝜆)−E(𝜆exc )]∕kB(T0+𝛽Iexc,i) − 1

(6)

Equation (6) is identical to what has previously been derived
for a single NP and has only one unknown parameter, 𝛽.[33] This
expression can be used for any arrangement of nanoparticles,
whether they are identical or not, as long as the condition that
the temperature is constant across the collection of nanoparticles
is fulfilled.

Because the same laser is used to heat and excite PL, the corre-
lation between the strength of PL signals and the number of NPs
in the ensemble is not trivial. Due to collective effects, the en-
semble heats more efficiently compared to the isolated NP. This
means that lower irradiances are required to achieve the same
temperature increase. Unfortunately, the PL signal is propor-
tional to the irradiance, resulting in weaker signals per NP when
increasing the number of illuminated NPs at a constant tempera-
ture. This could represent a problem for which photothermal AS
thermometry could not be extended to many particles. To quan-
titatively analyze this effect, we define a figure of merit called
F = PPL

ΔT
which is given by the ratio of the total emitted PL power

PPL to the light-induced temperature increase ΔT under the same
illumination conditions. For a single NP, Fs = 4𝜋𝜙�̄�RL, where ϕ

is the PL quantum yield, �̄� is the averaged thermal conductivity
of the surrounding media and RL is the Laplace radius of the NP
(for a detailed derivation of this expression, refer to Section S2,
Supporting Information). F provides information on the emitted
PL power per increased degree, and it is useful to compare the
emission of systems at the same temperature.

For a 2D periodic array, the general dependence of F on the
number of illuminated particles N is given by (see Section S2,
Supporting Information)

F2D ∝
√

A
RL

√
NFs (7)

where A is the area of the unit cell (for a square lattice, A = p2

with p the interparticle distance). This means that moving from
one to multiple NPs in AS thermometry at constant temperature
makes the signal increase proportional to the square root on the

Figure 1. AS thermometry for ensembles of nanoparticles. Illustration of
the conditions for measuring collective heating using AS thermometry
(not to scale). A collection of NPs in an array with pitch p are excited with
a Gaussian beam with a full-width half maximum size H. The collection
size D indicates the region from where the PL emission is collected.

number of NPs, and not to the number of NPs as could have
been expected.

In the derivation of Equation (7), it was assumed that the num-
ber of illuminated and detected NPs is the same. However, in
some experimental cases, it might be necessary to collect the PL
signal only from a subset of the illuminated NPs, causing a de-
crease in the figure of merit. This is the case of the experimental
measurements presented in the next section, where we study a
square periodic array of identical NPs illuminated by a Gaussian
beam with a full-width half maximum size of H and collect the
emitted PL signal only from the NPs inside an area of diameter D.
A schematic illustrating these parameters is shown in Figure 1b.
In this particular case, the figure of merit is given by (see Sec-
tion S2, Supporting Information)

Fa = 2
√

ln 2𝜋�̄�D2𝜙

H
= D2

H
1

2
√
𝜋RL

Fs (8)

Equation (8) indicates that in order to maximize PL signals, the
collection size D should be as close to H as possible. However, the
applicability of AS thermometry as described in Equation (6) is
limited to situations where the temperature is uniform within the
NPs in the collection area, which imposes an upper bound to D.
In summary, the collection size D should be as large as possible
to maximize signals, but small enough to minimize temperature
variations within that area.

2.2. Experimental Results

2.2.1. Methods, Setup, and Samples Description

Figure 2a shows the experimental setup used for AS thermome-
try and wavefront imaging of NPs arrays. A lens is used to focus
a 647 nm excitation beam at the back focal plane of the objective
(water immersion, NA=1.1). This produces a collimated Gaus-
sian beam with H ≈ 18μm at the sample position that serves both
for heating and PL excitation. For AS thermometry, the emitted
PL is collected by the same objective and focused on a multi-
mode optical fiber coupled to a spectrometer. The collection size

Adv. Optical Mater. 2024, 12, 2301496 2301496 (3 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Setup and sample. a) Illustration of the setup. The 647 nm excitation laser is focused on the back focal plane of the objective to achieve
collimated Gaussian illumination. The emitted PL is transmitted to a spectrometer after being spatially filtered using a fiber. For wavefront microscopy,
a lamp for Köhler illumination is added in transmission and the signal is directed to a wavefront analyzer. b) Scanning electron microscopy images (top
and middle) along with a dark-field image (bottom) of a d = 100 nm array. c) Normalized transmission in water of the arrays with three different disk
sizes. The dashed vertical line indicates the laser wavelength of 647 nm.

corresponds to D = 6μm at the sample plane. For wavefront mi-
croscopy, the sample is illuminated with a halogen lamp in a Köh-
ler configuration. The transmitted light is directed to quadriwave
lateral shearing interferometry (QLSI) camera, consisting of a
CCD camera with a 2D grating separated by a millimetric dis-
tance. For both techniques, the laser light is blocked by a notch
filter before reaching the detector.

To minimize any potential sources of heterogeneities in the
samples and experimental setup, we took temperature measure-
ments with AS thermometry and wavefront microscopy under
the same microscope, at the same sample position under the
same excitation conditions in the following way: i) The desired
excitation irradiance was set, and the microscope was configured
as shown in Figure 2a without the components shown in dashed
lines. PL emission spectrum was acquired. ii) Without changing
the sample position, the laser’s shutter was closed, the halogen
lamp was turned on, and the detection port was switched to the
QLSI camera. A reference wavefront image (without heating) was
acquired. iii) The laser shutter was opened, and a second wave-
front image was acquired. iv) The process was repeated with a
new excitation irradiance value.

For this study, three different square arrays of Au nanodisks
were fabricated using electron-beam lithography, named d065,
d100, and d157, as shown in Figure 2b,c. The name indicates the
diameter of the disks (see Section S3, Supporting Information,
for information on the size characterization). The interparticle
distances are pd065 = 250 nm, pd100 = 250 nm, and pd157 = 350 nm.
All arrays are 40 × 40 μm2 in size, and all disks have a height of 40
nm. Figure 2b shows Scanning Electron Microscopy (SEM) and
dark field (DF) images of sample d100. Before the photothermal
measurements, the arrays were softly annealed by illuminating
them for 2 min at a high irradiance of Imax = 0.156 mW μm−2

with the 647 nm laser beam. It was observed that this process
stabilizes the disks under illumination (see Section S4, Support-
ing Information for further details). Additionally, this illumina-
tion is also beneficial to photobleach any residual molecule that
could emit PL or fluorescence and contribute to the background.
Figure 2c shows the optical transmission of the arrays measured
in water, after the photothermal annealing. The vertical dashed
line indicates the excitation wavelength used for annealing and
AS thermometry.

2.2.2. Photothermal AS Thermometry

PL spectra were measured for the three fabricated arrays. Be-
cause the collection area D is three times smaller than the excita-
tion beam size H, the temperature of the NPs within that region
can be considered constant.[43] Therefore, their photothermal re-
sponse can be described by a single photothermal coefficient 𝛽.
The number of NPs inside the collection area is Nd065

c ≈ 450,
Nd100

c ≈ 450 and Nd157
c ≈ 230 for each arrays. It is interesting to

calculate the figures of merit under these measuring conditions,
as defined by Equation (8). The values are Fd065 = 17, Fd100 = 12
and Fd157 = 9. These numbers indicate that despite having hun-
dreds of emitting NPs inside the collection area, the PL signals
are only tens of times larger than a single emitting NP at the
same temperature.

Figure 3a displays exemplary PL spectra obtained from a d100
array at four different excitation irradiances. Figure 3b shows ex-
amples of the calculated AS QAS

i,j
N

and Stokes QS
i,j

N
ratios, respec-

tively. The AS ratios were fitted by Equation (6). Because T0 is the
room temperature (T0 = 20°C) and the excitation irradiances are
known, the photothermal coefficient 𝛽 is the only free parameter

Adv. Optical Mater. 2024, 12, 2301496 2301496 (4 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Photothermal measurements. a) PL spectra of the d100 array at four different excitation irradiances. b) EAS and Stokes ratios in solid lines,
with the AS fitted for the photothermal coefficient 𝛽 shown in dashed orange lines. c) Histograms of the photothermal coefficients obtained for the three
different disk sizes.

to fit. The dashed lines in Figure 3b indicate the resulting fits.
If M different excitation irradiances are used, the number of ra-
tios QAS

i,j
N

that can be calculated is
(M

2

)
. We measured the arrays

at seven different excitation irradiances, ranging from 0.011 to
0.156 mW μm−2 with an integration time of 30 s. This means that
𝛽 is measured

(7
2

)
= 21 times for each sample. Figure 3c shows

the histograms of the obtained values of 𝛽 for the three differ-
ent disk sizes. The obtained values were 𝛽d065 = (370 ± 19) μm2

K mW−1, 𝛽100 = (791 ± 19) μm2 K mW−1 and 𝛽157 = (405 ± 31)
μm2 K mW−1. These values exceed the typical values for isolated
NPs by an order of magnitude (see for example Ref. [33] and Sec-
tion S7 of the Supporting Information), confirming the existence
of collective heating. In particular, the d100 array demonstrated
the highest photothermal coefficient, which can be attributed to
its plasmon resonance being closer to the excitation wavelength,
as shown in Figure 2c.

2.2.3. Wavefront Microscopy

Wavefront microscopy was implemented as described in previ-
ous reports.[30] For each excitation irradiance of the heating laser,
two wavefront images are acquired, with and without the heating
beam. The subtraction of these two images gives the wavefront
distortion created by the temperature increase in the surround-
ing water medium, from which a quantitative temperature map
of the sample can be calculated. An example of such a map is
shown in Figure 4a, corresponding to a d100 array at an excita-
tion irradiance of Iexc = 0.156 mW μm−2.

It must be noted that wavefront microscopy using QLSI
is a diffraction-limited technique, and therefore the spatial
resolution of the temperature field is ≈300 nm. However, the
experimental conditions presented here correspond to a temper-
ature regime known as “delocalized”, wherein the temperature

varies smoothly in the surrounding medium. In other words,
the temperature is smooth throughout the array, even at the
microscale, and despite the nanoscale nature of the heat sources.
This regime occurs when 𝜁2 =

p2

3HRL
<< 1 (for more details refer

to Ref. [43] and Section S5 of the Supporting Information). For
the three arrays under study, 𝜁 2 < 0.04. This facilitates the com-
parison between wavefront microscopy and AS thermometry,
as it allows the assignment of a single temperature value to the
region marked with a black circle in Figure 4a, corresponding to
the collection area used for AS thermometry. For each irradiance
and each array, we calculated the average T and the standard
deviation 𝜎T of the temperature inside that region. Typically,
𝜎T

T
∼ 1.5% (see Section S6 of the Supporting Information for

details).

2.2.4. Discussion

Figure 4b shows the temperature increase ΔT versus excitation
irradiance Iexc experimentally determined by both techniques.
Solid lines correspond to the median 𝛽 measured by AS ther-
mometry, and the shaded area shows the range between the 1st
and 3rd quantile. The data points in circles are the values deter-
mined using wavefront microscopy, with most of the points lying
in the shaded area.

In addition, it is illustrative to compare the experimental re-
sults with thermal theoretical calculations. For that, we first cal-
culated the absorption and extinction cross-sections of the indi-
vidual Au disks, shown in Figure 4c (refer to Section S7, Sup-
porting Information for details on the calculations). In the same
figure, the wavelengths of minimum transmittance of the arrays
from Figure 2c are indicated with vertical solid lines. Evidently,
the theory fails to predict the exact position of the plasmon res-
onances. Then, the theoretical photothermal responses of the

Adv. Optical Mater. 2024, 12, 2301496 2301496 (5 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Validation of measured temperatures. a) Exemplary extracted 2D temperature map using wavefront microscopy. The dashed line illustrates
the array size, and the black circle corresponds to the collection area for the AS measurements. b) Experimental results of wavefront microscopy and
AS thermometry. The solid line shows the temperature increase against maximum irradiance estimated from the median photothermal coefficient 𝛽,
shaded area shows the 1st and 3rd quantile. Data points show the temperature determined by wavefront microscopy. The dashed line is the calculated
temperature increase at the center of the array. c) Optical simulations of the extinction and absorption cross-sections of the disks. The vertical solid lines
correspond to the measured transmission minima as presented in Figure 2c. The verticle dashed line indicates the laser wavelength used for heating
and PL excitation.

arrays are calculated and shown in dashed lines in 4c (refer to
Section S8, Supporting Information for details). The theory sig-
nificantly overestimates the temperature values for d100, which
has the heating wavelength closest to its plasmon resonance. For
this reason, any error in predicting the position of the resonance
propagates to the calculation of absorption. In contrast, the other
two arrays have heating wavelengths far from resonance, where
the spectra present smaller slopes and are thus less sensitive to
miscalculations. It is not our intention here to fully discuss the
source of modeling errors, probably caused by a deviation from
a perfect 3D disk shape or a change in the Au degree of crys-
tallinity during the annealing process, as also observed by Osaka
and coworkers.[53] On the contrary, the aim is to draw attention
to the complexity of quantitative prediction of photothermal re-
sponses when complete system information is not available. The
complexity mainly resides in the calculation of exact absorption
cross-sections and in the setting of the thermal boundary condi-
tions due to the presence of irregular interfaces or the existence
of interfacial Kapitza resistances.[37,54] Overall, these complexi-
ties highlight the necessity for accurate nanothermometry tech-
niques.

3. Conclusion

In conclusion, we have demonstrated the applicability of pho-
tothermal AS thermometry for investigating the collective heat-
ing of plasmonic ensembles. We have derived a method to ex-
tract the photothermal coefficient 𝛽 of a group of NPs from the
analysis of its PL emission, analogous to what has previously
been derived for isolated NPs. Additionally, we have introduced
a figure of merit that enables the comparison of PL signals be-
tween NP ensembles and their isolated counterparts, taking into
account experimental parameters such as the excitation beam
size and the collection area. Importantly, the PL signal (at con-
stant temperature) is not proportional to the number N of NPs
illuminated and probed, as it is usually the case in metrology.
The signal only scales as

√
N. In this regard, the figure of merit

proves valuable in the context of AS thermometry as it provides
guidelines for optimizing experimental designs and evaluating
the feasibility of measurements.

Then, we performed AS thermometry for three different
square periodic arrays of varying sizes of Au nanodisks. Specif-
ically, we measured the photothermal coefficient of a group

Adv. Optical Mater. 2024, 12, 2301496 2301496 (6 of 8) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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of a few hundred central NPs within each array. The results
obtained with AS thermometry were compared and validated
against wavefront microscopy measurements, an independent al-
ternative thermometry method. The comparison revealed a good
agreement between the two techniques, which enhances confi-
dence in both approaches. Moreover, this also enhances confi-
dence in AS thermometry for its implementation at the single-
particle level, where a comparison with alternative non-invasive
techniques is technologically more challenging. It is interesting
to note that although both techniques agree with each other, they
deviate from theoretical estimations. This emphasizes the chal-
lenge of thermal modeling when complete information about
the systems is lacking and brings to light the importance of
thermometry methods, particularly those capable of operating in
complex environments difficult to model.

In this work, we studied the collective heating of an array,
and focused on measuring the temperature of a single group of
NPs within it. It is worth noting that alternative measurement
strategies could be explored in the future, such as moving
the position of the collecting fiber (or its image at the sample
plane) to target different groups of particles, that is, to obtain a
spatial thermal profile. The spatial resolution of this scanning
approach will be determined by the size of the collection area
at the sample plane. However, a decrease in the collecting area
will reduce the collected signal. Again, the figures of merit
introduced here (such as the one given by Equation (8)) serve as
valuable tools for assessing the limitations of the measurement
conditions.

Until now, AS thermometry has mainly been used at the
single-particle level. Here, we have shown that it can be extended
to ensembles of multiple particles and provided guidelines on
how to perform this extension. A crucial aspect is that the method
we have presented can also be employed with non-ordered ar-
rays, non-identical particles, or more complex surrounding me-
dia. This versatility makes it valuable for the wide range of pho-
tothermal applications involving plasmonic ensembles. By show-
casing the extension of AS thermometry to such scenarios, we
have opened up new possibilities and expanded its potential im-
pact in the field.
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