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A B S T R A C T

We theoretically investigate photothermal heating of ultra-flexible metamaterials, which are obtained by
randomly mixing TiN nanoparticles in polydimethylsiloxane (PDMS). Due to the plasmonic properties of TiN
nanoparticles, incident light is perfectly absorbed in a broadband range (300–3000 nm) to generate heat within
these metamaterials. Under irradiation of an 808 nm near-infrared laser with different intensities, our predicted
temperature rises as a function of time agree well with recent experimental data. For a given laser intensity, the
temperature rise varies non-monotonically with concentration of TiN nanoparticles because the enhancement
of thermal conductivity and absorbed energy as adding plasmonic nanostructures leads to opposite effects on
the heating process. When the model is extended to solar heating, photothermal behaviors are qualitatively
similar but the temperature increase is less than 13 K. Our studies would provide good guidance for future
experimental studies on the photo-to-heat conversion of broadband perfect absorbers.
1. Introduction

Plasmonic nanostructures have been exploited in a wide range of
applications including photothermal therapy [1,2], energy storage [3–
5], imaging [6,7], and sensing [8]. Typical plasmonic materials are
noble metals since a large number of free electrons on their surface can
be collectively excited by incident light to obtain plasmon resonances.
Tuning size, shape, interparticle separation distance, and environment
affects the local density of surface free-electrons and changes plasmonic
properties [9,10]. Although noble metals have good activity and high
durability, they are expensive and unstable at high temperatures. Thus,
mass production of plasmonic devices remains limited and challenged.
Recently, oxides and nitrides have emerged as alternative plasmonic
materials in a wide optical range to replace conventional plasmonic
materials [11,12].

Among transition metal nitrides, TiN has received much attention
since its optical properties are equivalent to gold’s but TiN is much
cheaper and easier to fabricate [11,12]. Although TiN has a smaller
carrier density than gold or silver, absorption and extinction spectra
of TiN nanostructures are similar to those of gold counterparts in the
near infrared and visible regime [13–15]. By changing the processing
conditions, the dielectric function and other optical properties of TiN
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are changed [16]. In addition, the melting temperature of TiN is
2930 ◦C, which is higher than that of gold at 1064 ◦C and chromium
at 1907 ◦C. Thus, thermodynamic properties of TiN are more stable to
operate at high temperatures.

Compared to other high melting point materials such as tungsten
and chromium, TiN has several advantages for designing electronic
devices and broadband absorbers. First, TiN is more affordable than W
or Cr. Thus, it is more cost-effective to use TiN for fabricating devices
in mass production. Second, the deposition process of TiN is also more
accessible and can be achieved through physical and chemical vapor
deposition techniques such as sputtering or pulsed laser deposition. In
contrast, the deposition of W and Cr can be complex and challenging
due to high temperatures and corrosive gases [17]. Third, TiN is a
more environmentally friendly material than W or Cr, which may cause
serious environmental pollution and health effects [18–20]. Finally,
TiN is compatible with many types of substrate materials [21]. Thus, it
is easier to integrate into a variety of device structures.

Recently, TiN and Au nanoparticles have been randomly dispersed
in polymer [22] and nanofiber [23], respectively, to design broadband
perfect absorbers having sufficient flexibility. The engineered materials
are called ultraflexible metamaterials and used for solar energy harvest-
ing, biomedical applications, photo-to-thermal conversion, and energy
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storage. The flexibility and stretchability of these metamaterials create
more multifunctional applications than their rigid counterparts. Such
applications require deep understandings of physical mechanisms in the
photothermal process to effectively optimize performance. Although
one can employ finite element simulations to understand spatial and
temporal temperature variation [22] in the ultraflexible metamaterials,
quantitative comparisons have not been achieved. The simulation also
hardly reveals the time dependence of the light-to-heat conversion.
Thus, it is necessary to exploit theoretical approaches and validate their
limitations.

In a recent work [24], we proposed a new model to understand
how to control nanoparticle self-assembly and the spatial tempera-
ture distribution of ultraflexible metamaterials composed of aramid
nanofibers and Au nanoparticles under laser illumination. We indicated
that the structural configuration of nanoparticle assembly is thermally
affected but plasmonic coupling can be ignored. Theoretical steady-
state temperature distribution and the laser-intensity dependence of
the hottest temperature agree quantitatively well with experimental
data. However, a simple arithmetic average for calculating the effective
thermal conductivity, specific heat capacity, and dielectric function
of composites in Ref. [24] is not a good approximation [25,26]. In
addition, several unsolved questions are: (i) Can the time-dependent
temperature predicted by this model compare with experiments? (ii)
Can this model apply to solar energy harvesting? (iii) How can we use
this approach to optimize behaviors of the photothermal heating?

This article addresses the above questions and other related prob-
lems by applying the proposed model in Ref. [24] with better ef-
fective medium approximations for properties and calculations for
absorption coefficient to mimic photothermal experiments on TiN-
based ultra-flexible metamaterials in Ref. [22]. After calculating the
time-dependent thermal gradient when exposed to laser radiation, we
compare numerical results with experiments and validate assumptions.
Varying concentrations of particles in a wide range suggest us how
to optimize the photothermal heating. Then, we extend the model to
investigate conversion of optical energy to thermal energy under solar
irradiation. Applications of our approach to other systems are also
discussed.

2. Theoretical background

Motivated by the metamaterials and light-to-heat conversion in
Ref. [22], we consider the photothermal heating of a random mixture of
TiN nanoparticles and PDMS. Under laser illumination, TiN nanoparti-
cles absorb the light energy, perfectly dissipate into heat, and increase
the temperature of the surrounding medium. Based on a heat energy
balance equation, one derives an expression of thermal response of a
semi-infinite substrate [27,28] to calculate the temporal and spatial
temperature rise. This expression is

𝛥𝑇 (𝑟, 𝑧, 𝑡) =
𝐼0(1 −)𝛼

2𝜌𝑑𝑐𝑑 ∫

𝑡

0
exp

(

−
𝛽2𝑟2

1 + 4𝛽2𝜅𝑡′

)

𝑒𝛼2𝜅𝑡′

1 + 4𝛽2𝜅𝑡′

×

[

𝑒−𝛼𝑧erfc

(

2𝛼𝜅𝑡′ − 𝑧

2
√

𝜅𝑡′

)

+ 𝑒𝛼𝑧erfc

(

2𝛼𝜅𝑡′ + 𝑧

2
√

𝜅𝑡′

)]

𝑑𝑡′, (1)

where 𝑧 is the depth direction parallel with the incident field, 𝑟 is the
adial distance in the horizontal plane, 𝐼0 is the laser intensity, 𝛼 is the
ffective absorption coefficient,  ≈ 0 is the reflectivity, and 𝛽 = 500
−1 is the inverse of the laser spot radius [22], 𝜅 = 𝐾𝑑∕𝜌𝑑𝑐𝑑 is the

hermal diffusivity, 𝐾𝑑 is the thermal conductivity, 𝑐𝑑 is the specific
eat capacity, and 𝜌𝑑 is the mass density. Since TiN nanoparticles are
andomly dispersed in PDMS, the effective thermal conductivity of the
omposites is estimated using its components and the Hamilton–Crosser
odel equation [26,29], which is

𝑑 = 𝐾𝑃𝐷𝑀𝑆
𝐾𝑇 𝑖𝑁 + (𝑛 − 1)𝐾𝑃𝐷𝑀𝑆 + (𝑛 − 1)𝛷

(

𝐾𝑇 𝑖𝑁 −𝐾𝑃𝐷𝑀𝑆
)

( ) , (2)
2

𝐾𝑇 𝑖𝑁 + (𝑛 − 1)𝐾𝑃𝐷𝑀𝑆 −𝛷 𝐾𝑇 𝑖𝑁 −𝐾𝑃𝐷𝑀𝑆
l

here 𝐾𝑃𝐷𝑀𝑆 = 0.16 W/m/K [22], 𝐾𝑇 𝑖𝑁 = 60 W/m/K [22], 𝑛 is a
parameter capturing effects of finite size and shape of the nanoparticles,
and 𝛷 = 𝑁4𝜋𝑅3∕3 is the volume fraction of TiN particles with 𝑁
and 𝑅 being the number of particles per volume and the radius of
particles, respectively. For spherical nanoparticles, 𝑛 is set to be 3 [26].
The Hamilton–Crosser model was found to provide good quantitative
descriptions for the effective thermal conductivity [26].

Meanwhile the effective specific heat capacity and mass density are
calculated by [26]

𝑐𝑑 = 𝑐𝑃𝐷𝑀𝑆

(

1 −
𝜌𝑇 𝑖𝑁𝛷

𝜌𝑃𝐷𝑀𝑆 (1 −𝛷) + 𝜌𝑇 𝑖𝑁𝛷

)

+ 𝑐𝑇 𝑖𝑁
𝜌𝑇 𝑖𝑁𝛷

𝜌𝑃𝐷𝑀𝑆 (1 −𝛷) + 𝜌𝑇 𝑖𝑁𝛷
,

𝜌𝑑 = 𝜌𝑃𝐷𝑀𝑆 (1 −𝛷) + 𝜌𝑇 𝑖𝑁𝛷, (3)

where 𝜌𝑃𝐷𝑀𝑆 = 970 kg/m3, 𝜌𝑇 𝑖𝑁 = 5400 kg/m3, 𝑐𝑃𝐷𝑀𝑆 = 1460 J/kg/K,
𝑐𝑇 𝑖𝑁 = 533 J/kg/K [22].

There are two main methods to determine the effective absorption
coefficient. First, one can use the Maxwell–Garnett approximation [25],
which gives

𝛼 = 4𝜋
𝜆
Im

⎛

⎜

⎜

⎝

√

𝜀𝑃𝐷𝑀𝑆
𝜀𝑇 𝑖𝑁 (1 + 2𝛷) + 2𝜀𝑃𝐷𝑀𝑆 (1 −𝛷)
𝜀𝑇 𝑖𝑁 (1 −𝛷) + 𝜀𝑃𝐷𝑀𝑆 (2 +𝛷)

⎞

⎟

⎟

⎠

, (4)

here 𝜀𝑃𝐷𝑀𝑆 ≈ 1.96 [22] and 𝜀𝑇 𝑖𝑁 are the dielectric function of PDMS
nd TiN, respectively, and 𝜆 is the incident wavelength. The effective
ielectric function of the composite system provided by the Maxwell–
arnett model is known to be better than simply averaging dielectric

unctions of components in the composite [25]. The dielectric function
f TiN can be described using a generalized Drude–Lorentz model over
wide range of frequency [30]

𝑇 𝑖𝑁 (𝜔) = 𝜀∞ −
𝜔2
𝑝

𝜔(𝜔 + 𝑖𝛤𝐷)
+

2
∑

𝑗=1

𝜔2
𝐿,𝑗

𝜔2
0,𝑗 − 𝜔2 − 𝑖𝛾𝑗𝜔

, (5)

where 𝜔𝑝 ≈ 7.38 eV is the plasma frequency, 𝜀∞ = 5.18 is the infinite
frequency permittivity, 𝛤𝐷 ≈ 0.26 eV is the Drude damping parameter,
𝐿,1 ≈ 6.5 eV and 𝜔𝐿,2 = 1.5033 eV are the Lorentz oscillator strengths,

𝜔0,1 = 4.07 eV and 𝜔0,2 = 2.02 eV are the Lorentz energies, 𝛾1 = 1.42 eV
nd 𝛾1 = 1.42 eV are the Lorentz damping parameters [30]. Second,

according to the Beer–Lambert law, the effective absorption coefficient
is

𝛼 = 𝑁𝑄𝑒𝑥𝑡 =
3𝛷𝑄𝑒𝑥𝑡

4𝜋𝑅3
, (6)

where 𝑄𝑒𝑥𝑡 is the extinction cross section of a TiN nanoparticle. Two
main mechanisms contributing to the extinction are absorption and
scattering. The validity of Eqs. (4) and (6) is discussed in the following
section.

3. Results and discussions

Before investigating the temperature increase, we theoretically
study 𝑄𝑒𝑥𝑡 to understand variations of the absorption coefficient. We
employ Mie theory [25,27] to calculate the normalized extinction cross
section at different sizes of TiN nanoparticles and present numerical
results in Fig. 1a. The maximum value of the normalized extinction
spectrum approximately raises from 2.2 to 5.4 when 𝑅 increases
rom 20 nm to 60 nm. Increasing the particle size also red-shifts the
pectrum. This variation behaves in the same manner as the normalized
bsorption (𝑄𝑎𝑏𝑠∕𝜋𝑅2) as shown in Fig. 1b. Our numerical results
learly indicate that the extinction cross section is mainly contributed
y the absorption for small nanoparticles. The scattering contribution
o the extinction becomes dominant as the particle size increases. A
eduction of the extinction cross section at long wavelengths allows
arge transmission of light through the system and, thus, the absorption

ength, 𝛿 = 1∕𝛼, becomes longer. At a certain wavelength, adding TiN
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Fig. 1. (Color online) The wavelength dependence of (a) the extinction cross section and (b) absorption cross section of TiN nanoparticles normalized by its area at different radii.
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Fig. 2. (Color online) The absorption length as a function of wavelength calcu-
lated using the Beer–Lambert law (solid curves) and Maxwell–Garnett approximation
(dashed–dotted curves) at different volume fractions of 30-nm TiN nanoparticles.

nanoparticles to the composite enhances the absorption and reduces 𝛿.
he analysis is consistent with calculations in Fig. 2a.

The absorption lengths as a function of wavelength of flexible
etamaterials of 30-nm TiN nanoparticles determined by both the

ffective medium approximation and the Beer–Lambert law are shown
n Fig. 2. These two theoretical approaches provide numerical results
lose to each other for a given volume fraction. One can capture more
inite-size effects in Eq. (5) by modifying the Drude damping parameter
𝐷 → 𝛤𝐷+𝐴𝑣𝐹 ∕𝑅, where 𝑣𝐹 is the Fermi velocity and 𝐴 is an adjustable
arameter describing the change in the mean free path of electrons [31,
2]. However, our goal is to develop a minimalist approach to rea-
onably predict the absorbed energy without any adjustable parameter.
hus, we use Eq. (5) without any modification. The Maxwell–Garnett
pproximation can be analytically derived by considering contributions
f the transverse electric and magnetic dipole mode to the extinction
ross-section. Meanwhile, the full Mie calculations take into account
ultipole contributions of the surface plasmon to the absorption and

cattering. It means that finite-size effects of nanostructures are not
ully encoded in the Maxwell–Garnett approximation. For this reason,
e use the Beer–Lambert law to calculate the effective absorption

oefficient and other calculations.
Under laser illumination, the photo-to-heat conversion of TiN

anoparticles increases temperature of ambient medium. Fig. 3 shows
he time-dependent temperature rise at the surface with different
ntensity laser radiation calculated using Eqs. (1), (2), (3), and (6). To
3

Fig. 3. (Color online) Time dependence of the largest temperature rise at the surface
(𝑟 = 𝑧 = 0) of ultraflexible metamaterials with 𝛷 = 0.8×10−4 of 30-nm TiN nanoparticles
nder 808-nm laser irradiation at various laser intensities. Data points and solid curves
orrespond to experimental data [22] and our numerical results, respectively.

ompare with the metamaterials fabricated in Ref. [22], the radius is
ereafter fixed at 𝑅 = 30 nm. Theoretical predictions and experimental
ata in Ref. [22] corresponding to 𝐼0 = 0.2 and 0.6 W/cm2 are

relatively close to each other. Higher intensity laser radiation causes
a larger growth of the surface temperature. For 𝐼0 ≥ 1 W/cm2 and
𝑡 ≥ 25 s, 𝛥𝑇 (𝑟 = 𝑧 = 0, 𝑡) > 100 K and properties of PDMS
polymer can be thermally varied. However, our approach and other
simulations [33–35] assume that the thermal conductivity, specific heat
capacity, and mass density remain unchanged as increasing tempera-
ture. This explains why theory predictions deviate from experimental
counterparts. In addition, Eq. (1) indicates a linear correlation between
the temperature rise 𝛥𝑇 and the laser intensity 𝐼0. This variation closely
agrees with photothermal results in previous works [23,36,37].

For known materials, this approach provides a predictive model,
which can well describe photothermal experiments in a minimalist
manner. If the thermal conductivity of plasmonic nanoparticles is un-
known, one can tune this parameter to obtain quantitative agreement
between theory and experiments at low laser intensities and, thus,
determine the thermal conductivity of nanostructures.

The concentration of plasmonic nanoparticles has a significant and
nontrivial effect on the photothermal heating. From pristine PDMS,
adding TiN nanoparticles to the polymer enhances the absorbed energy.
Thus, for a fixed laser intensity, 𝛥𝑇 (𝑟 = 𝑧 = 0, 𝑡 = 300 s) grows

hen 𝛷 increases from 0 to ∼ 3 × 10−3 as shown in Fig. 4. At higher
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Fig. 4. (Color online) The largest temperature rise at the surface (𝑟 = 𝑧 = 0) of
ultraflexible metamaterials at 𝑡 = 300 s as a function of volume fraction of 30-nm
TiN nanoparticles under 808-nm laser irradiation at various laser intensities.

Fig. 5. (Color online) Spatial contour plot of the temperature increase on the surface
(𝑧 = 0) of the ultra-flexible metamaterial exposed by a laser spot of 4 mm with
the intensity 𝐼 = 0.6 W∕cm2. The packing fraction of 30-nm TiN nanoparticle is
𝛷 = 0.8 × 10−4.

volume fractions (𝛷 ≥ 3 × 10−3), although the presence of more plas-
monic nanoparticles absorbs more light energy, it enhances the thermal
conductivity and reduces the temperature rise. However, the drop of
𝛥𝑇 (𝑟 = 𝑧 = 0, 𝑡 = 300 s) at high volume fractions is relatively small.
The result suggests that the photothermal heating can be approximately
assumed to remain unchanged when the volume fraction is greater than
a critical value. In addition, optimizing the photothermal effect requires
consideration of the density and size of plasmonic nanoparticles.

Eq. (1) also allows us to determine spatial temperature distribution
on the surface of the metamaterials irradiated by laser with the inten-
sity 𝐼0 = 0.6 W∕cm2. As shown in Fig. 5, the temperature rise at the
hottest spot is 𝛥𝑇 (𝑟 = 𝑧 = 0) = 56 K. The diameter of the hot area
defined by 𝛥𝑇 (𝑟, 𝑧 = 0) ≥ 40 K is about 6 mm. These calculations can
be compared with the thermal gradient measured by infrared camera.
One can experimentally test our model in different ways.

When we consider the ultra-flexible metamaterial is exposed under
sunlight, Eq. (1) can be rewritten as

𝛥𝑇 (𝑟, 𝑧, 𝑡) =
𝜆𝑚𝑎𝑥 𝐸𝜆𝛼 𝑑𝜆

𝑡
exp

(

−
𝛽2𝑟2

)

𝑒𝛼2𝜅𝑡′
4

∫𝜆𝑚𝑖𝑛 2𝜌𝑑𝑐𝑑 ∫0 1 + 4𝛽2𝜅𝑡′ 1 + 4𝛽2𝜅𝑡′
Fig. 6. (Color online) Time dependence of the largest temperature rise on the surface
of the ultra-flexible metamaterial irradiated by a solar spectrum with a spot size of
4 mm and different packing fractions of 30-nm TiN nanoparticle. The inset shows the
solar-induced temperature rise at 𝑡 = 300 s as a function of the packing fraction.

×

[

𝑒−𝛼𝑧erfc

(

2𝛼𝜅𝑡′ − 𝑧

2
√

𝜅𝑡′

)

+ 𝑒𝛼𝑧erfc

(

2𝛼𝜅𝑡′ + 𝑧

2
√

𝜅𝑡′

)]

𝑑𝑡′, (7)

where 𝐸𝜆 is the AM1.5 global solar spectrum, 𝜆𝑚𝑖𝑛 = 280 nm and
𝜆𝑚𝑎𝑥 = 3000 nm are the lower and upper limit of the wavelength range
of incident radiation, respectively.

Fig. 6 shows the temperature rise at the surface of the metamaterials
as a function of time with several values of 𝛷. The spot size of the
solar radiation is still kept at 4 cm. At a given volume fraction, the
temperature monotonically increases with time during the irradiation
period. When 𝛷 increases from 0.6×10−4 to 1.2×10−4, 𝛥𝑇 (𝑧 = 0, 𝑡) nearly
remains unchanged with changing the volume fraction. Physically, the
absorbed energy and thermal conductivity still have opposite effects on
the temperature rise over a wide range of wavelength. One can expect
a non-monotonic variation of 𝑇 (𝑧 = 0, 𝑡) with 𝛷 in the same manner
as the results in Fig. 4. We carry out the theoretical calculations and
present them in the inset of Fig. 6. We find that after turning on the
solar light for 300 s, the temperature rise non-monotonically varies
with 𝛷 and reaches the maximum at 𝛷 ≈ 10−4. However, 𝛥𝑇 (𝑟 =
𝑧 = 0, 𝑡 = 300 s) slightly changes as 𝛷 ≥ 10−5. This result clearly
explains why four curves of 𝛥𝑇 (𝑟 = 𝑧 = 0, 𝑡) in the mainframe of Fig. 6
overlap as varying the volume fraction. It also suggests that the same
photothermal heating is obtained when as 𝛷 ≥ 10−5. This temperature
rise is much smaller than the case of laser irradiation above. The main
reason is the intensity of solar radiation is ∫ 𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
𝐸𝜆𝑑𝜆 ≈ 1000 W/m2,

while the investigated laser intensities are greater than 2000 W/m2.
By tuning the upper and low limits of the integral of Eq. (7), we

determine the contribution of separated wavelength regimes to 𝛥𝑇 (𝑧, 𝑡).
We find that the optical energy of UV range contributes about 0.61 K
of the temperature rise. The heating effect is sufficiently small to dam-
age/destroy structures in the ultraflexible metamaterials. Under solar
irradiation, only one possibility for degradation of these metamaterials
or outdoor devices is the UV-induced bond breaking.

When PDMS in our metamaterials is replaced with water, the system
becomes TiN nanoparticles of 30 nm radius randomly dispersed in a
water solution. Although the state of matter changes from solid to
liquid and the dielectric function of water is frequency dependent, our
above approach and equations can be still applied to investigate the
photothermal heating in the aqueous solutions under laser and solar
illumination.

For water, the thermal conductivity is 0.6 W/m/K, the mass density
is 1000 kg/m3, and the specific heat is 4200 J/kg/K. The absorption
coefficient, 𝛼 , and the dielectric function of water can be determined
𝑤
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Fig. 7. (Color online) Time dependence of the largest temperature rise on the surface of TiN nanoparticle solutions irradiated by (a) 808-nm laser with different laser intensities
and (b) a solar light with a spot size of 4 mm. The average radius of TiN nanoparticles is 30 nm.
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using experimental data in Ref. [38]. Thus, the effective absorption
coefficient of TiN nanoparticle solution is

𝛼 = 𝛼𝑤 +𝑁𝑄𝑒𝑥𝑡 = 𝛼𝑤 +
3𝛷𝑄𝑒𝑥𝑡

4𝜋𝑅3
. (8)

ote that although based on the Beer–Lambert law, the explicit differ-
nce between Eqs. (6) and (8) is the effective absorption coefficient of
edium 𝛼𝑤. For PDMS, the dielectric function is supposed to be a real

onstant and has no imaginary part. It means that the medium does
ot absorb the incident light and the effective absorption coefficient
f PDMS is zero. Meanwhile, 𝛼𝑤 > 0 and pure water can absorb light
nergy.

Fig. 7a shows our numerical calculations for the temperature rise
t the hottest spot of TiN nanoparticle solutions having 𝛷 = 0.8 × 10−4

nder different laser intensities. At a given laser intensity, 𝛥𝑇 (𝑟 = 𝑧 =
, 𝑡) of the TiN nanoparticle solutions is much less than that of our
tudied metamaterials (results in Fig. 3). A main reason is that thermal
onductivity and specific heat of water are larger than those of PDMS.
ater requires more thermal energy to increase temperature compared

o PDMS. The same observation can be found in Fig. 7b when the 808-
m laser light is replaced by the solar light. The temperature rise in
he solution is significantly depressed in comparison with the case of
ltraflexible metamaterials as presented in Fig. 6. Again, 𝛥𝑇 (𝑟 = 𝑧 =
, 𝑡) nearly remains unchanged within the range of volume fraction of
.6×10−4−1.2×10−4. Our model can be applied to other host materials.

. Conclusions

We have theoretically studied optical properties and the tempera-
ure rise of TiN-based ultra-flexible metamaterials under illumination
f laser and solar light. Approximations used to compute the effective
hermal conductivity, specific heat capacity, and dielectric functions in
his work are more accurate than those used in Ref. [24]. Metamaterials
ith a small TiN concentration absorb a small amount of light and have

light heating. Increasing the TiN concentration enhances both light
bsorption and thermal conductivity, and leads to a non-monotonic
ariation of the light-induced temperature rise. As the volume fraction
s greater than a critical value, the temperature is slightly varied. The
hoto-to-heat conversion at a large volume fraction of TiN nanoparti-
les can be quantitatively equivalent to that at a small volume fraction.
e can minimize the concentration of nanostructures dispersed in

DMS but still obtain an appropriate heating performance for pho-
othermal and solar harvesting applications. At low-laser intensities
𝐼0 ≤ 0.6 W/cm2), our calculations for the time dependence of the
urface temperature rise describe well experiments in Ref. [22]. It is
he first time the predictions of 𝛥𝑇 (𝑡) of ultraflexible metamaterials
ave been compared with experiments. It indicates that the proposed
5

odel is reliable. At higher-laser intensities, an increase of temperature
reater than 100 K could change the thermal properties of the metama-
erials and lead to remarkable deviations between theory predictions
nd experiments. Since the solar light intensity is 0.1 W/cm2, the
emperature rise at the hottest spot of the metamaterials after 𝑡 = 300
of solar light irradiation is less than 13 K but it non-monotonically
aries with the volume fraction in the same manner as the case of laser
rradiation. This finding suggests how to optimize the photothermal
fficiency. In addition, our approach can identify the contribution of
he wavelength range of the incident light to the heating process. From
his, we found that the temperature change caused by the energy of UV
ange is relatively small to damage the metamaterials. The degradation
f metamaterials is only induced by UV-induced bond breaking. Our
heoretical approach can be exploited to investigate the photother-
al heating of plasmonic nanoparticles randomly dispersed in water

r other materials, which have a dielectric function and absorption
oefficient strongly sensitive to frequency.

There are some ideas to develop this model. First, our approach
nd many simulations [33–35] assume that physical quantities such
s specific heat capacity and thermal conductivity do not depend on
emperature. This assumption may not be true when the systems,
articularly polymers and polymer composites, are investigated over a
ide temperature range [39–41]. This is a main reason why theoretical
redictions at low-laser intensity are much closer to experimental data
han that at high-laser intensity. Taking into account the thermal
ependence of physical quantities in our model and simulations is
nteresting but challenging to solve. Second, our theoretical model
an be used to determine the thermal conductivity of materials by
djusting the parameter to obtain the best fit between theoretical and
xperimental 𝛥𝑇 . This problem is promising and under study. Third,
e completely ignore the thermal dissipation from the absorber to the
xternal environment in this work. However, different conditions of
eat transfer can cause nontrivial variations in the thermal distribution.
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