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ABSTRACT: The past decade has seen significant progresses

in the ability to fabricate new mesoporous thin films with highly

controlled pore systems and emerging applications in sensing,
electrical and thermal isolation, microfluidics, solar cells
engineering, energy storage, and catalysis. Heat management
at the micro- and nanoscale is a key issue in most of these

applications, requiring a complete thermal characterization of

the films that is commonly performed using electrical methods.
Here, plasmonic-induced heating (through Au NPs) is
combined with Tb**/Eu* luminescence thermometry to
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measure the thermal conductivity of silica and titania mesoporous nanolayers. This innovative method yields values in accord
with those measured by the evasive and destructive conventional 3w-electrical method, simultaneously overcoming their main
limitations, for example, a mandatory deposition of additional isolating and metal layers over the films and the previous
knowledge of the thermal contact resistance between the heating and the mesoporous layers.
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he fabrication of highly integrated nanodevices with a

series of interacting components has a profound impact in
nanotechnology development, demanding, however, a complete
thermal characterization, particularly in applications dealing
with on-chip heat management, such as micro- and nano-
electronics, microfluidics, catalysis, thermoelectric energy
conversion, and theranostic nanomedicine."”” Further under-
standing and engineering of nanoscale heat transfer processes
are being driven by diverse experimental techniques to
accurately measure the thermal dynamics occurring at the
submicrometric scale, together with the advancements in
computational simulations.'~’

The thermal conductivity of thin films (<107 m) is usually
measured by electrical or laser-based methods, analyzing the
material’s response to a thermal disturbance.” In electrical
methods, a metal strip (e.g., Al or Si;N,), acting simultaneously
as heater and thermometer, is deposited on the surface of the
material whose thermal conductivity is unknown.*” The 3w-
method is the most used electrical technique employing an
alternated heating current and measuring the temperature
through the third harmonic of the voltage signal.”'”'' A
significant contribution from the substrate to the thermal
conductivity and the previous knowledge of the thermal contact
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resistance between the heater/thermometer layer and the thin
film are some of the drawbacks of the method.'""” In
comparison to the 3w-method, laser-based techniques, as
time-domain thermoreflectance,” are much less evasive
presenting the additional advantage of distinguish the thermal
conductivity of the thin film from the thermal conductance of
its interfaces.”"® On the other hand, complex experimental
setup and powerful picosecond laser sources are needed,
invalidating the routine implementation of the technique.
Noncontact methods to determine the thermal conductivity of
solids also include the analysis of the photoluminescence of
GaN semiconductors.'* In this case, however, the relative
thermal sensitivity is quite reduced (<0.5%-K™') resulting,
typically, in large temperature uncertainties (5—10 K).
Nanomaterials with controlled porosity present high
technological interest because their thermal conductivities can
be finely tuned by adjusting the synthesis route. Moreover, as
these materials might present a small dielectric constant (low-x
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dielectrics'®), applications in sensing, electrical and thermal
isolation, microfluidics, solar cells engineering, energy storage,
and (photo)catalysis are envisaged.lé_lg Mesoporous thin films
with highly controlled pore systems, for instance, presents high
technological value because they can be combined with
optically or catalytically active molecular, polymeric or
biological fragments, becoming a highly tunable “nanofacility”
in which the well-defined mesopores act as nanocavities with
controlled environment, behavior, and positioning.20 On the
other hand, patterning techniques (e.g, scanning probe
microscopy and UV or deep X-ray lithography) permits the
tailoring of complex structures that exploit the optical,
chemical, and catalytic or transport properties at a local
scale.”' 7> For these reasons, mesoporous thin films (obtained
by spin or dip coating, using the evaporation-induced self-
assembly process”) are ideal illustrative materials for testing
the measurement of the thermal conductivity at the nanoscale.

Luminescence thermometry was reported in the past years as
an effective alternative to the conventional electronic-based
temperature sensors.”” " Although the technique is hastily
evolving from the initial breakthrough to real applications,®!
there are still major challenges regarding the conciliation of
nanometric probes with high sensitivity and predictability of the
thermal response of the system. On the other hand, plasmonic
heating permits one to increase the temperature of metallic
nanoparticles (NPs) (typically Au or Ag) by means of their
irradiation at specific wavelength.” The optothermal properties
of the plasmonic Au nanostructures can be synthetically tuned,
making these particles adequate for controlled heat release
applications.”””” Here we demonstrate that the combination of
light-induced heating with luminescence molecular thermom-
etry constitutes an accurate and precise noncontact technique
to infer the thermal conductivity of mesoporous nanolayers.

Two kinds of SiO, mesoporous nanolayers were deposited
on the top of two different plasmonic heating nanolayers, as
schematized in Figure 1. The nanostructures were synthesized
using different procedures and the main features are presented
in Table 1, (details in the Supporting Information, pages 2—6).
Although in route A (samples 1 and 2), the heating layer is
prepared by depositing Au NPs (14.5 = 1.8 nm) on a glass
substrate (Figure 1a—c) in route B (samples 3 and 4) it is made
up of a mesoporous titania (TiO,) thin film whose pores were
partially filled (4%) by Au NPs (7.0 + 1.0 nm) (Figure 1d,e).
The SiO, mesoporous layer is deposited on top of the heater
layer by dip-coating. Control of the dip-coating withdrawal
speed, template removal method, thermal treatment, and
templating molecules (cetyltrimethylammonium bromide,
CTAB, or triblock copolymer Pluronic F127) leads to adjusting
the thickness, pore volume, and pore diameter of the
mesoporous SiO, layer. The thicknesses and porosities of all
the mesoporous layers that form the nanostructures were
determined by ellipsometric porosimetry (Supporting Informa-
tion, pages 7—8).

A luminescent molecular thermometer was deposited on the
SiO, layer surface exposed to the air (Figure 2a,b) (synthesis
and fabrication process in Supporting Information, pages 2—3).
The thermometer uses the emission of a Tb*"/Eu®" codoped
organic—inorganic diureasil hybrid to infer the surface temper-
ature of each mesoporous structure and was calibrated in the
295—-335 K range (Figure 2c). Specifically, the temperature is
calculated using the thermometric parameter A (Figure 2d)
defined by the integrated areas ratio of the D, — "Fs (Tb*,
Iy,) and °D, — F, (Eu*', Iy,) transitions:
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Figure 1. (a) Scaled model of 1 and 2. (b) Lateral and (c) top view of
representative TEM micrographs. (d) Scaled model of 3 and 4. (e)
Top view of a representative TEM micrograph. (Scale bars 20 nm.)

A= I,
Iy, (1)

The relative sensitivity (S, eq S3) and the temperature
uncertainty (5T) of the molecular thermometer are computed,
resulting in a maximum S, of 7.1 + 0.2%-K™' and a minimum
8T of 0.10 + 0.02 K, both at 298 K (Figure 2e,f and Supporting
Information, pages 9—13). The maximum S, value is one of the
largest reported so far for luminescent thermometers at
temperatures around room temperature.25 The photolumines-
cence measurements were performed at 50% relative humidity
and due to vapor condensation the mesoporous are totally (in
1) or partially (in the remaining samples) filled with water, as
determined by ellipsometry (Table SS in Supporting
Information).

The light-induced heating protocol is a plasmonic process
consisting of irradiating the samples across the glass substrate
with a 980 nm fiber guided laser that induces a controlled heat
release on the metallic NPs embedded into the mesoporous
film layers (Figures 2a,b). First, the samples were illuminated
during t, = 300 s with a given power density and in this steady-
state regime, the temperature at the surface of the nanoporous
layer exposed to the air was measured using a thermocouple (in
contact with the surface) and compared with the value
measured by luminescence thermometry, where the integrated
areas of the °D, — "F; and D, — ’F, transitions are converted
to temperature using the calibration curve shown in Figure 2d.
Within the experimental errors of both measurements the two
values are similar (Figure S9 in Supporting Information).
Subsequently, the 980 nm heating beam is turned off and the
emission spectra are recorded in respect to the elapsed time.
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Table 1. Mesoporous Template, Thickness L (nm), Porosity ¢ (%), and Pore Diameter d (nm) of the SiO, (Index S) and TiO,

(Index T) Layers in 1, 2, 3 and 4

SiO, layer TiO, layer
sample template Lg ¢bs ds template Ly ¢r dr
1 SC-E*? 198 + 5 40 +3 2.9 + 02
2 SE-E®? 106 + S 30+3 5.6 + 0.4
3 SE-C*? 100 + 8 37+3 6.0 £ 1.0 TE-C** 145+ 5 27+3 70 £ 03
4 Sc-c*? 200 + 10 38+ 3 6.0 + 1.0 TE-C** 145+ 5 27 +3 70 £ 03

“SC, CTAB-templated SiO,; SF, F127-templated SiO,; TF, F127-templated TiO,.

b E, extracted template; -C, calcined sample.
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Figure 2. Scheme of the experimental setup used to perform the
thermal characterization of (a) 1 and 2 and (b) 3 and 4. (c) Emission
spectra of the molecular thermometer upon 325 nm LED excitation in
the 298—333 K range. The Tb** (°D, — F,) and Eu** (°D, — F,)
transitions used to compute the temperature are identified. (d)
Calibration curve of the molecular thermometer. The values reported
for the A parameter correspond to the average of the thermometric
parameter computed from 240 consecutive emission spectra (acquired
during 60 s), whereas the error bars are the corresponding standard
deviation. The solid line corresponds to the best fit to a second degree
polynomial (r* > 0.998). The temperature is the readout of a K-type
thermocouple (0.1 K accuracy). (e) Relative sensitivity and (f)
temperature uncertainty of the thermometer in the 298—333 K range.

The resulting thermometric parameters are converted to
temperature resulting in the cooling curves of Figure 3a and
Figure S10 in Supporting Information, well described by the
Newton cooling law:**
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Figure 3. (a) Experimental temperature decay curves of 1. The dots
mark the experimental temperature readout (molecular thermometer)
and the lines are fits using eq 2 (Table S2 in Supporting Information).
The inset represents schematically the heating protocol. When the 980
nm heating beam is turned on the temperature increases reaching the
steady-state regime, AT, = ATy for t > 100 s. Then the laser is
turned off and the temperature decay curve is acquired when the
sample is cooling until room temperature. (b) Linear dependence of
ATyr with Py for 1, 2, 3, and 4. The solid lines are linear fits with null
intercept, the slopes m and the corresponding correlation coefficients
7> are listed in Table 2 and Table 3. (c) Comparison between the
thermal conductivity values calculated for 1 and 2 (red and yellow
triangles, respectively) with values of mesoporous SiO, thin films with
distinct porosities reported in the literature. The values were collected
from ref 18 (cubic structure: blue, magenta, and green diamonds stand
for B76, P123, and KLE surfactants, respectively. Hexagonal structure:
light blue hexagons for P123 surfactant). (d) Comparison between the
thermal conductivity values calculated for 3 and 4 (blue and purple
circles, respectively) with values of mesoporous TiO, thin films with
distinct porosities reported in the literature. The values were collected
from ref 19 (triangles and squares stand for P123 and KLE surfactants,

respectively).
t— to)
T

ty, and 7 stand for the temperature of the

T(t) = T, + AT, exp(—

)
where T, AT,
system when t — oo (room temperature), the maximum
temperature increase, the time instant when the pump probe is
turned off, and the time decay constant, respectively,

(Supporting Information, pages 14—16).
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Table 2. Calculated m (K'm*>W™), %, (N,.)s, N..s, 65 (m?), (AT,./ATy1)s, (AT, /ATyr)s, and &g (K'm™*W™!) Values for 1

and 2
sample m (107%) e (N,)s (10%) N, (10'°) ¢ (1071%) K. (AA%) ( — )
MT S MT S
1 3.20 0.993 13 114 0.560 0.33 62.3% 37.7%
2 139 0.975 13 3 0437 0.26 93.9% 6.1%

To estimate the thermal conductivity of the mesoporous
layers (kg for SiO, and xy for TiO,) we rationalize the heat
transfer processes in the nanostructures based on a one-
dimensional lumped elements thermal circuit model.”>~*” The
model considers that the Au nanoparticles and the water
molecules contained in the pores of the mesoporous layers are
independent heat sources and, thus, the total temperature
increment is the sum of the temperature increase resulting from
each source separately (Figure S11 in Supporting Information).
This is exactly the same approximation employed by Swift et al.
in the description of the thermal heat flow for power
transformers in electronic circuits.”” The thermal conductivity
of the mesoporous thin films is known to be independent of its
thickness, as the thermal resistance of the mesoporous films are
much higher than the contact resistance.''® Therefore, we
consider that the thermal resistances of the mesoporous layers
are much higher than the contact resistances. Whereas in 1 and
2 this is justified due to the small contact area between the Au
NPs and the SiO, layer, in 3 and 4 negligible contact resistances
are expected due to the similar nature of the contacting
mesoporous layers.

On the other hand, as the thickness of the mesoporous layers
(100—200 nm) is much lower than the dimensions of the top
and bottom parts of the nanostructures (~4—5 X 107> m) the
heat flow propagates essentially in the same direction of the
incident radiation (across the nanolayers thickness) with
negligible thermal gradients (107> K, Supporting Information,
page 18).%® Therefore, the heat dissipation to the surroundings
is essentially dominated by the dissipation from the top and
bottom surfaces (as the area of the lateral parts is much lower).
Moreover, the fraction of the total heating power that is actually
going out through the air at the top surface is determined by p;/
Py where p; and p, are the thermal resistances of the
mesoporous layers (j = S for SiO, or j = T for TiO,) and
the glass substrate, respectively (Figure S11 in Supporting
Information).

With these assumptions, and considering moderate temper-
ature increments, the temperature increase at the top surface
measured by the molecular thermometer (ATyr = AT,.,)
corresponds to

P
ATy = (AT, + AT,)
P

(
2
= A| NP + Z ANaR Py
AT K 3)

where AT,, and AT, are the temperature increases induced by
the laser irradiation of the Au NPs and water molecules
contained in the pores of the mesoporous layers, respectively.
Ny, and N,, stand for the effective number of Au NPs (with
radius R) and of pores containing water (with radius R,,) that
are releasing heat when illuminated by the 980 nm laser with
power density Pp, o is the absorption cross section of the Au
NPs (Q = 6Py, represents the heat released per particle),”””

and a 9is the absorption coefficient of water at 980 nm (a = 50.2
m™)%,

According to this model, ATy is directly proportional to Pp,
which is exactly what is observed for all the samples (Figure
3b). Therefore, the thermal conductivities of the SiO, layer in 1
(kg1) and 2 (kg,) and of the TiO, layer in 3 (kr3) and 4 (xr4)
can be estimated from the corresponding slopes m; (i = 1—4) of
the linear dependences between ATy and Pp, despite the
model considers the nanoparticles as a series of independent
particles, not taking into account particle—particle interactions.
For 1 and 2, this approximation is reasonable as particle—
particle interactions can be indeed negligible, there is practically
no superposition between particles (Figure 1c). For 3 and 4,
however, an average particle—particle distance of 10 nm is
estimated based on the pore volume, filling fraction, and NP
radius. As this interparticle distance is larger than NP size, only
a minor plasmon coupling interaction should be considered.
Nevertheless, in these systems the deposition of the top silica
layer over the gold-loaded mesoporous TiO, and the following
heating process applied are probably responsible for the
differences in the dielectric environment of the particles and
the absorption spectra obtained for each sample (Figures
$12,13 in Supporting Information). In any case, no significant
shift in the plasmon position is detected after thermal
treatment, as was reported to occur during heat-induced
coalescence of confined particles.*’

Then, for 1 and 2 the thermal conductivity of the SiO, layer
is given by

1/2
K i N, Og;
Kg = [i(m + 4Nw51aR2 )} ,

mLg\  47Rs v
i=1forlandi=2for2 (4)
where k, and L, are the thermal conductivity and thickness of

the glass substrate, respectively, (Supporting Information, page
18), Ry is the center of the size distributions of the Au NPs
(Figure S4 in Supporting Information), L; is the thicknesses of
the SiO, mesoporous layer, and R, = dg/2 (Table 1). (N,,)s,
N,s (effective number of pores containing water in the SiO,
layer), and o values are listed in Table 2 that also presents the
AT,, and AT, contributions to the total temperature
increment ATy. Whereas the absorption cross sections of
the Au NPs at 980 nm are determined numerically by the Mie
theory, knowing the index of refraction of the surrounding
media and the size of the particles (Table S3 and Figure S2 in
Supporting Information), (Ny,)s and N, are estimated based
on the effective illuminated volume and on the number of Au
NPs and pores filled with water, respectively (details of the
calculus in Supporting Information, pages 17—25). The k;; and
K, values are then 0.33 + 0.03 and 0.26 + 0.04 W-m™" K™,
respectively (Table 2). Because of the high amount of water
within the porous of 1 (Table SS in Supporting Information),
its contribution for the total heating is larger, ~38%, relative to
~6% in 2, implying, concomitantly, a larger thermal
conductivity value.
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Table 3. Calculated m (K'm*W™), , (N,,)1, Nur, 61 (m?), (AT,./ATyr)1, (AT,,/ATyr)r, and kp (K'm™*W™!) Values for 3

and 4
sample m (107 P (Nu)r (10%) Nyr (10°) or (10719) r () (AATET)T
3 2.49 0.952 4.6 0.134 0.34 99.4% 0.6%
4 2.95 0.997 4.6 0.134 0.31 99.3% 0.7%
The calculated «; values are of the same order of magnitude kLo ( (N 1/2
than those listed by Coquil et al.'® for cubic and hexagonal Ky = —T(A“iTUT + 4NwTiaRéT) ,
dehydrated (24 h at 433 K) mesoporous SiO, thin films of mL \ 4nRp
. . _ 0 _ . —1. —1 . _
different porosity (21—48%), 0.18—0.38 W-m™"-K™". It is well = 3for3andi= 4 for4 )

known that for hydrated samples the thermal conductivity
should increase; for instance Bippus et al. noticed a decrease of
the thermal conductivity from 0.08 to 0.04 W-m™"-K™" with the
removal of water by thermal treatment in initially water-filled
mesoporous SiO, particles.”' Then, the thermal conductivity of
1 and 2 should be larger than the reported values obtained in
dehydrated SiO, mesoporous samples increasing with the
increase on the water content. Figure 3c compares the
calculated «, values with those measured for similar SiO,-
based mesoporous thin films using the 3w-method.'®

The thermal conductivity of the mesoporous TiO, layer can
be computed using a similar reasoning. When these samples are
illuminated by the 980 nm beam, the laser-induced temperature
increment measured by the molecular thermometer ATy
results from (i) the Au NPs within the pores (with radius
Rp) of the TiO, layer (AT,,); (ii) the water-filled pores (with
radius R,r) of the TiO, layer (AT,r); and (iii) the water-filled
pores (with radius R,) of the SiO, (AT,) layer

ATy = ﬁ[ATAu + AT, + AT,]

f
_ P/ (Na) 101 + 4N, 1R o7 + 4N,s0R o p
Ay 4nRKp K Kg P

()

where Ry is the center of the size distributions of the Au NPs in
3 and 4 (Figure S2 in Supporting Information), R, = dr/2
(Table 1) and the calculated o7, (N,,)r and N, (effective
number of pores containing water in the TiO, layer) are listed
in Table 3. (Ny,)1, Ny, and N, are estimated based on the
effective illuminated volume and on the filling percentage of the
TiO, pores with Au particles (4%) and pores filled with water
(Table S5), respectively (details of the calculus in Supporting
Information, pages 21—25). With all these values and taken into
account the P, values used in this work (Figure 3b) and the
typical thermal conductivity of mesoporous SiO, and TiO,
layers (Figure 3c), eq S gives ATy ~ 40 K. As ATyr < 10 K
(Figure 3b), we may conclude that not all the illuminated Au
NPs and water-filled pores contribute for the heating of the
mesoporous layers. Thus, to get ATy, values consistent with
those experimentally measured we consider an effective
penetration length for the heating laser beam in the TiO,
layer corresponding to ~30% of the total layer thickness
(equivalent to the absorption of the laser beam by the six first
pore layers). With this assumption, AT, in eq S is negligible
and the thermal conductivities of the TiO, layer in 3 (xr3) and
4 (kp4) can be estimated by

yielding kry = 0.34 + 0.05 W-m "K' and xp, = 0.31 + 0.04
W-m™"K™! (Table 3). The similarity between these two values
is in accord with the analogous structural features of the
samples that differ only in the total amount of water within the
pores. The table also lists the ATy, and AT, contributions to
the total temperature increment ATy Because of the small
amount of water within the porous (20—25% of the TiO, pores
are filled with water, Table SS in Supporting Information), the
contribution of the water in the TiO, layer for the total heating
is ~1% (Table 3). The thermal conductivity of 3 and 4 should
be also larger than the reported values obtained in dehydrated
TiO, mesoporous samples, increasing with the increase on the
water content. Nevertheless, the obtained values are in
agreement with those listed in the literature for amorphous
sol—gel dehydrated mesoporous TiO, films, 0.25—0.48 W-m™"-
K™% Figure 3¢ compares the values computed in this work
with those measured for similar TiO,-based mesoporous thin
films using the 3w-method.

As an added benefit, our approach enables the measurement
of the effective thermal time constant of the system, which
permits one to infer the corresponding convective heat transfer
coefficient, a characteristic constant that has been difficult to
measure by other methods. The value found, ~140 W-m™K™*
(Supporting Information, pages 26—27), is in accord with the
values expected for air-forced convection of flat plates.*’
Moreover, we should remark that the measurement of the
effective thermal time constant of the system cannot be
performed neither by electrical methods nor by infrared
thermometry.

In summary, we demonstrated here that light-induced heat
releasing from Au NPs embedded into SiO, or TiO,
mesoporous thin films produces controllable temperature
increments that can be accurately measured by luminescent
thermometry, allowing evaluation of the thermal conductivity
of the mesoporous nanolayers. The molecular thermometer
uses the emission of a Tb*"/Eu®" codoped organic—inorganic
diureasil hybrid presenting a maximum relative sensitivity of 7.1
+ 0.2%-K~! and a minimum temperature uncertainty of 0.10 +
0.02 K, both at 298 K. The thermal conductivity values
obtained by luminescent thermometry, 0.26—0.33 for SiO, and
0.31-0.34 W-m K™ for TiO,, are in accord with those
reported using the conventional and evasive 3w-electrical
method for analogous samples. The method predicts the
thermal conductivity of mesoporous thin films, independently
of its electrical properties, and is simpler in terms of
experimental requirements, because it is uses conventional
light sources and portable spectrometers to infer the temper-
ature changes on the samples. Moreover, it overcomes the main
limitations of the 3w electrical method: (i) a mandatory
deposition of additional isolating and metal layers over the films
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and (ii) the previous knowledge of the thermal contact
resistance between the heating and the mesoporous layers.

The fruitful combination of luminescent thermometry and
plasmonic heating enables the real-time monitoring of the heat
fluxes in multilayer devices, helping to unveil their thermal
properties. The precise position-sensitive temperature measure-
ments presented here give the design principles that will permit
the production of tunable light-triggered heating systems for
nanoscale fluidics, electronics, and mechanics. The possibility of
this time-space thermal flow assessment permits one to
envisage the advanced design of nanoheating architectures
with highly controlled thermal flow with applications in light or
thermal responsive systems, drug delivery, and molecular
sorting.
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