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Abstract

This work reveals the rules of using figures-of-merit on selecting efficient plas-
monic nanoheaters. Here, a size dependence of plasmonic nanoparticle optical
heating was disclosed. The continuous laser heating of gold nanospheres is eval-
uated exploring a theoretical approach and thermal lens spectroscopy, which
allowed identifying micro-degree temperature changes of laser heated colloidal
gold nanospheres of varying sizes. Our findings indicate that the temperature
of photoheating colloidal particles rises accordingly to the Joule number val-
ues. The optimal gold nanospheres diameter for efficient colloidal laser heating
was identified to be 50 nm. Moreover, we demonstrated that long-time domain
measurements of colloidal sample enable the identification of single particle inter-
mediate steady-state temperature. Considering a single particle, nanospheres
with diameter larger than 80 nm exhibit superior heating performance than
smaller particles, revealing that the optimal particle size for single particle optical
heating applications is different from the optimal particle size for collective heat-
ing of nanoparticles. Our results pave the way for the rational use of plasmonic
nanoheaters in photothermal applications.
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1 Introduction

Metallic nanoparticles (NP), when illuminated by a beam of light, are capable of
supporting plasmon resonance when excited at the proper wavelength, a product
of the damped oscillation of free electrons on the metal nanostructure lattice. Such
phenomena can lead to the emergence of remarkable effects, among which plasmon-
mediated temperature increase has been the subject of many recent investigations
[1–4]. Their applications in life and biomedical sciences have been pursued with a
great deal of interest. Photothermal Therapy, for instance, is a technique that may
explore nanoheaters to induce localized temperature increase in tissues, enabling cell
death mechanisms with applications in cancer treatment [5]. Microbubble formation is
another effect that arises due to photoheating. In that case, the plasmonic energy dis-
sipation is responsible for the initial vaporization around the particle, while adsorbed
gases lead to nucleation and promote microbubble growth [6]. In this perspective,
the formation of microbubbles has been exploited to aid the transport of molecules
through cell membranes in optoporation applications [7, 8]. Metallic NPs have also
been explored in photoacoustic imaging. The thermoelastic expansion of the medium
caused by laser absorption generates a strong photoacoustic signal that enhances image
contrast and combines the high resolution achieved by optical imaging techniques with
high penetration depth capabilities provided by ultrasound methodologies [9].

Evaluating the performance of nanoparticles as nanoheaters is a fundamental step
to the development of efficient platforms and techniques that rely on either distributed
or localized heat generation. The assessment of temperature response enables the
development and use of high-performance nanoparticles for effective thermal applica-
tions. In this sense, temperature increase can be measured by thermocouples [10] and
thermal cameras [11, 12]. Such techniques, however, are only capable of assessing the
collective heating of the sample, with slow response time. Alternatively, a straightfor-
ward strategy to probe nanoheaters using a laser beam to assess temperature change
was proposed using thermal lens (TL) measurements [13, 14].

Effective methods for choosing efficient plasmonic particles for photoheating in
thermal applications are still scarcely explored. On selecting metallic nanoparticles for
photothermal applications, the identification of nanostructures with a high absorption
cross-section (σabs) is generally required. Strong light absorption and effective light-
to-thermal energy conversion are needed for a rational use of plasmonic nanoheaters.
Nanoparticles with high σabs values have the ability to significantly absorb light, result-
ing in their temperature rise. The ability of a NP to lose heat to its surroundings is
reliant on its surface area. To grant efficient heat loss, the NP surface area must be
maximized. Thus, NP morphology becomes relevant to thermoplasmonics applications.

In general, by increasing the size of plasmonic particles, not only the absorption
cross-section is enhanced, but the scattering cross-section value also rises. In that case,
light energy is strongly scattered to the surrounding medium of the NP. The plasmonic
heating induced by pulsed lasers or continuum-wave (CW) sources are governed by
distinct dynamics, and therefore, the features of the excitation source should also be
considered to identify efficient nanoheaters.
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An effective way to quantify the ability of nanoparticles to generate heat under a
short pulse illumination is by evaluating the Joule Number (Jo) of the nanostructure,
which is given by [15]:

Jo =
λref

2π

(
σabs

Vnp

)
, (1)

where, Vnp is the volume of the nanoparticle and λref = 1240 nm is the reference
wavelength of a photon with energy of 1 eV.

The heating of a single metallic nanoparticle under continuous optical excitation
is depicted by the Laplace equation, in which the solution can be obtained considering
the single particle as a continuous source of energy [16]. The temporal dynamic heating
of a nanostructure is generally fast (ps to ns regime), characterized by a thermaliza-
tion time, τnp. From the Laplace equation and considering a long illumination time,
greater than τnp, the spatial and temporal dependency of the temperature outside the
nanoparticle can be described as [17]:

T (r, t)− T∞ =
Pabs

4πκmr

(
1− 1√

πt/τm

)
, (2)

for r ⩾ a and t ⩾ τm/π, with κm and τm being respectively the thermal conductivity
and the thermalization constant of the medium and Pabs (= σabsI ) is the power
absorbed by the structure and T∞ is the temperature far away from the nanoparticle,
i.e., the initial temperature of the system. Here, r is the distance from the center of the
NP and a is the NP radius. Thus, equation 2 describes the system spatial-temporal
temperature variation. For t ≫ τm, the solution of the Laplace equation reaches the
steady-state [18], and the maximum temperature of the nanoparticle at the interface
(r = a) becomes:

∆Tnp =
σabsI

4πκma
, (3)

for I the intensity (optical power density) of the laser source. The NP temperature
variation is directly proportional to the ratio of its absorption cross-section to the NP
radius. Therefore, to evaluate the steady-state temperature of single plasmonic particle
under continuous illumination, Pedrosa et al. introduced a new figure of merit, named
Steady-State Factor (S2F), given by [12]:

S2F = σabs/a. (4)

Through theoretical analysis, the Steady-State Factor was initially explored to
identify optimal dimensions (length and diameter) of gold nanorods for effective CW
infrared photothermal conversion [12].

By illuminating a plasmonic colloidal volume, the global temperature rise
(∆Tglobal) of the ensemble is proportional to the absorbed light energy. Therefore:

∆Tglobal ∝ Cnpσabs, (5)

where Cnp is the concentration of nanoparticles. Considering a colloid of gold
nanospheres, with gold mass concentration Cm, one can infer that:
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∆Tglobal ∝
Cm

ρAu

σabs

Vnp
, (6)

where ρAu is the gold mass density. Therefore, by optically heating a plasmonic colloid,
the change of the global temperature should be proportional to the nanoparticle Joule
Number, i.e. ∆Tglobal ∝ Jo.

The global temperature increase rises from the collective heat of individual
nanoparticles. This superposition effect can be described by [18]:

∆Tglobal =

#np∑
n=1

σabsI

4πκm|r⃗ − r⃗n|
, (7)

where #np is the number of particles in the illuminated volume.
On the analyzes of the optical heating of a plasmonic colloid, an analogy with

electrostatics can be drawn, and the nanoparticles can be considered as a homogeneous
heat source distributed throughout the entire heated region [18]. Assuming that the
bulk volume is thermalized, it is possible to rewrite equation 7 as a volume integral.
The “thermal potential” integral for a cylindrical region of length ℓ and radius w0,
leads to [13]:

∆Tglobal =
3

2

(
w0ℓ

a2

)(
Cm

ρAu

)
∆Tnp. (8)

Notice that, for colloids with a high mass concentration of gold nanoparticles, a
significant global temperature rise is reached with considerable low local temperature
increase at each particle [18].

In the present article, TL spectroscopy is explored to investigate the influence of
NP size in photothermal heating probing gold nanospheres of different diameters. We
experimentally demonstrate the correlation of Jo and S2F with the increase in the
temperature of the gold nanospheres, under continuous laser excitation.

2 Materials and methods

2.1 Materials

Gold nanospheres samples were selected to evaluate the collective heating of the colloid
under CW laser irradiation. Citrate-stabilized colloidal samples of monodispersed Au
nanosphere (less than 12% variability in size and shape), with diameter of 5 nm, 50 nm
and 100 nm in deionized water were acquired from Sigma-Aldrich (Missouri, EUA).
All samples were diluted in water, leading to colloids with the same gold mass (17.4
± 1.2 mg/L).

2.2 Computational analysis

The absorption and scattering cross-sections of gold nanospheres were obtained using
Mie Theory. The NP diameter was varied from 5 to 100 nm for spectroscopic analysis.
The permittivity values of gold were obtained from Johnson & Christy reported results
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[19]. To validate the computational procedure, its results were thoroughly evaluated
by comparing them with spectroscopic results reported in the existing literature [20].

2.3 Thermal lens spectroscopy

The spatial (r) and temporal (t) temperature variation of the medium, taking into
account the aberrant nature of the TL [21, 22], is given by:

∆T (r, t, λ) =
2Pαeff(λ)

πCpρw2
0

∫ t

0

1

1 + 2t′/tc
exp

(
− 2r2/w2

0

1 + 2t′/tc

)
dt′, (9)

where P is the laser power, Cp and ρ are respectively the heat capacity and the den-
sity of the medium, w0 is the laser beam waist, tc = Cpρw

2
0/4κm is the characteristic

buildup time constant, αeff(λ) =
[
1− e−αa(λ)ℓ

]
/ℓ defines an effective absorption coef-

ficient taking into account the absorption coefficient (αa), and ℓ is the sample length.
The temperature change induces a variation of the medium refraction index profile,
generating a transient thermal lens.

The main characteristics of the measurement method are detailed in [23] where
it has been extended the experimental procedure for weak absorption (αaℓ ≪ 1) to
higher-moderate ones (αaℓ ⩽ 1). The experimental measurement system integrates a
Z-scan setup, where the sample moves along the propagation z-axis of the modulated
laser beam, with a TL detection mode. In short, the setup explores a chopped 532 nm
laser (Oxxius, LCX-532S) and a photodiode connected to a digital storage oscilloscope.
The colloid was contained in a 1 cm cuvette placed at a translational stage.

The measured signal (S) is defined as the far field intensity change, with cell located
at z. Considering the stationary regime (at t→∞), S is given by:

S(λ) = −1 +
1

1−
[
Pℓ(dn/dT )

λ κm

]
αeff(λ) tan−1

(
2V

3+V 2

) , (10)

where dn/dT is the thermo-optical coefficient of the medium, V = z/zR, with zR being
the Rayleigh distance (zR = πw2

0f / λ) and w0f is the focused beam-waist. Fitting the
equation 10 to the normalized experimental data allows to obtain the αeff value. The
temperature distribution at the stationary regime is than obtained using equation 9.
For further information , please refer to reference [24].

3 Results and discussions

Gold nanospheres with different sizes are well explored as nanoheaters for thermal
applications. The optical properties of spherical gold nanoparticles are reliant on their
size. Gold nanoparticles with small dimensions primarily absorb light with plasmonic
peaks around the wavelength of 524 nm, whereas larger nanoparticles demonstrate
increased light scattering and have peaks that broaden considerably and shift towards
longer wavelengths. Moreover, with the increase in the diameter of a nanosphere, its
absorption and scattering cross-section rise.

Equations 1 and 4, indicate the Jo and S2F size dependence for a single nanopar-
ticle. Figure 1 depicts the Jo and S2F values for gold nanospheres with different
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sizes (diameter), considering their maximum absorption cross-section at the plasmonic
peak, in water. According to Figure 1, when exposed to short pulse illumination,
smaller particles are better suited for attaining higher temperatures compared to larger
structures (blue line). The Jo values of the nanospheres with diameters of 5 nm and 50
nm are approximately four times higher than those of the 100 nm nanoparticles. Dif-
ferently, under CW illumination, the S2F values (red line) indicate that single particles
with large sizes can reach higher temperatures than smaller nanospheres when consid-
ered for single particle heating. In that case, the 100 nm (diameter) gold nanosphere
shows a higher S2F value than 5 nm and 50 nm NP.
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Fig. 1 Gold nanosphere Jo (blue) and S2F (red) values, as function of the NP diameter, obtained
by Mie theory (in water).

On considering plasmonic colloidal volumes illuminated by laser, the absorbed light
energy is proportional to the absorption coefficient of the suspension, which is given
by: αabs = Cmσabs/(ρAuVnp). Figure 2 display the calculated absorption coefficient
values of colloids, considering suspensions with different gold spheres diameters and
same gold mass concentration (17.4 mg/L). Figure 2 indicates that αabs values have
similar behavior observed for Jo (Figure 1, blue line), which indicates high values for
gold nanospheres with 50 nm diameter. Therefore, the Joule Numbers turns to be
an adequate Figure of Merit to identify colloidal nanoparticle size for efficient light
absorption, independent of the illumination condition (pulsed or CW) of the plasmonic
ensemble.

The photoheating of a nanoparticle ensemble can be described involving two dis-
tinct processes. First, the temperature of the nanoparticles increases, reaching an

6



0 20 40 60 80 100
Diameter (nm)

40

50

60

70

80

90
ab

s (
m

1 )

Fig. 2 Calculated absorption coefficient of gold colloid nanospheres, with constant concentration of
gold mass (17.4 mg/L).

intermediate steady state, with temperature (∆Tnp) given by equation 3. The interme-
diate steady-state temperature is the maximum temperature that a single (isolated)
nanoparticle can achieve under CW illumination (or low repetition rate microsecond
pulses). After, when the thermal fields from neighboring nanoparticles reach the sur-
face of the nanosphere, the nanostructure temperature starts to increase again. This
superposition effect leads to a global temperature (∆Tglobal), described by Equation 7.

By using the TL technique, it is possible to infer the spatial temperature profile
within a volume that has been subjected to laser heating. Figure 3(a) illustrates the
time-dependent TL signal obtained from colloidal samples containing 50 nm diameter
nanospheres, located at V = 1.58, when exposed to a laser power of 1.33 mW. The TL
signals depicted in Figure 3(a) exhibit a characteristic buildup time (tc) of approxi-
mately 9.6 ms. The inset of Figure 3(a) shows the behavior of the S versus V for the
50 nm gold nanospheres in water. The inset solid red line is the fitting of equation 10,
which leads to αa = 92.2 m −1.

By analyzing the time-dependent TL signal, it is possible to uncover the sample
temperature profiles. The global temperature distribution, shown in Figure 3(b) was
attained after 44 ms (steady-state) of laser excitation time. The colloidal samples
containing 50 nm and 5 nm NPs reached higher temperatures (up to ∼ 0.033 moC)
compared to the one containing larger nanospheres, resembling the Jo behavior, shown
in Figure 1 (blue line). This indicates that Jo is a suitable figure of merit for selecting
high performance nanospheres for collective heating. As shown in Figure 3(b), the
temperature increase in the colloidal sample containing 50 nm NPs is slightly greater
than that achieved in the 5 nm NPs suspension. However, the obtained results are
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subject to experimental error (∼ 10%). Therefore, these two temperature profiles are
considered statistically indistinguishable.

Fig. 3 (a) Time behavior of TL signal of 50 nm colloidal Au nanospheres, at V = 1.58. The inset
is far field intensity signal S for distinct V values. (b) Temperature change distribution of colloidal
samples of Au nanospheres with different diameters (5, 50 and 100 nm), with P = 1.33 mW.

The global temperature of the illuminated sample is established by the thermal
contribution of all nanoparticles (equation 7). Measuring ∆Tglobal, the intermediate
steady-state temperature could also be revealed, as described by equation 8. The
obtained ∆Tnp values are displayed in figure 4. Considering colloids with same gold
mass concentration illuminated with 1.33 mW laser power, one can observe in figure
4(a) that the highest ∆Tnp values are achieved on larger particles. Moreover, this
result resembles the S2F behavior, as shown in figure 4(a), which simultaneously dis-
play the measured ∆Tnp and calculated S2F values for different particle sizes. To the
best of our knowledge, this is the first experimental study demonstrating that S2F is
an appropriate figure of merit to identify high-performance plasmonic structures for
(intermediate steady-state or single particle) optical heating. The S2F-based selection
of the plasmonic nanoheater can benefit applications that rely on the increase of the
single particle temperature, as: bubble formation [25], plasmonic trapping and particle
manipulation [26, 27].

The intermediate steady-state temperature of a single nanostructure enhances
as the excitation laser power (or intensity) increases, as described by equation 3.
Figure 4(b) depicts the reached ∆Tnp values for different excitation powers, consider-
ing nanospheres with distinct sizes. Higher laser power leads to higher temperatures,
maintaining the size-related behavior.

4 Conclusion

Theoretical analysis and thermal lens technique allowed us to identify micro-degree
temperature changes of laser heated colloidal gold nanospheres of varying sizes. Our
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Fig. 4 (a) Experimental (black) and theoretical (red) S2F values and intermediate steady-state
temperature of a single nanostructure as function of NP diameter (illuminated with 1.33 mW laser
power); (b) Experimental intermediate steady-state values for different excitation powers, considering
5, 50 and 100 nm diameter nanospheres.

measurements shows that the achieved TL global temperature resembles Jo behav-
ior. The optimal gold nanospheres diameter for efficient colloidal laser heating was
identified to be 50 nm. The TL technique also enables the estimation of intermediate
steady-state temperature of a single particle, which was shown to resemble S2F behav-
ior. Such result leads to the understanding that single particle temperature is higher
for bigger nanoparticle sizes, i.e., gold nanospheres with diameter larger than 80 nm.
In this sense, the rules of using figures of merit to select efficient plasmonic nanoheaters
were revealed and size dependence of plasmonic nanoparticle optical heating was
disclosed.
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