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The quest for enhancing the upconversion luminescence (UCL) efficiency of rare-earth doped materials
has been a common target in nanophotonics research. Plasmonic nanoarchitectures have proven poten-
tial for amplifying UCL signals, prompting investigations into localized enhancement effects within noble
metal nanostructures. In this work we investigate the localized enhancement of UCL in silver nanowire
(AgNW) networks coated with upconversion nanoparticles (UCNPs) by employing hyperspectral
microscopy to unveil distinctive regions of local enhancement. Our study reveals that three-photon
upconversion processes predominantly occur at hot-spots in nanowire junctions, contributing to heigh-
tened luminescence intensity on AQNW networks. Intriguingly, our findings demonstrate that enhance-
ment on AgNWSs introduces significant artifacts for thermometry based on ratiometric analysis of the
emission spectra, resulting in the observation of artificial thermal gradients. To address this challenge, we
developed correction methods that were successfully applied to mitigate this effect, enabling the gene-
ration of accurate thermal maps and the realization of dynamic thermal measurements. We quantified the
distance-dependent enhancement profiles and studied the effect of temperature by exploiting the heat
dissipation under varying electrical voltages across the electrically percolated AQNW networks. The obser-
vations were confirmed through numerical calculations of the enhancement factor and the energy trans-
fer rates. This comprehensive investigation sheds light on the complex interplay between plasmonic
nanostructures, three-photon upconversion processes, and their influence on thermal sensing appli-
cations. The presented hyperspectral method not only allows a direct visualization of plasmonic hot-
spots but also advances our understanding of localized enhancements. The correction methods applied
to analyze the emission spectra also contribute to the refinement of accurate temperature mapping using
UCNPs, thereby enhancing the reliability of this thermal sensing technology.

1 Introduction

Upconversion luminescence (UCL) has emerged as a flourish-
ing area of research with widespread applications in bio-
imaging, sensing, and photovoltaics, owing to its ability to
convert lower-energy photons into higher-energy ones.?
However, the inherent challenge of low UCL efficiency has
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driven intensive investigations into strategies for enhance-
ment.? Plasmonic nanoarchitectures have garnered significant
attention in this quest, providing a route to boost UCL
signals.*® Among the various nanostructures, the use of plas-
monic nanoparticles, particularly those made of gold and
silver, has shown relative success in augmenting UCL
efficiency.”™" Plasmonic gratings and top-down fabricated
metallic patterns have also been shown to be effective for
enhancement of UCL.">™ In this context, our study focuses
on the localized enhancement of the UCL of upconversion
nanoparticles (UCNPs) deposited on silver nanowire (AgNW)
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networks. This structure consists of an electrical percolated
network formed by anisotropic plasmonic nanoparticles with a
high aspect ratio (length/width).

Plasmonic interactions between AgNWs and UCNPs have
been previously studied,'>'® first by Feng et al.'” and mainly
by Piatkowski and co-workers."®** A seven-fold enhancement
in UCL was reported for UCNPs located near AgNWs,
accompanied by increased decay rates.>? Polarization effects
were studied, showing higher enhancement when light is
polarized along the AgNW axis. Interestingly, the emission
intensity and the decay rates were higher at the ends of the
AgNWs. Also, guided modes were observed in which near-
infrared (NIR) light excitation at one end of the AgNWs
induced the emission of UCNPs located at the other extreme.>
Conversely, direct excitation of UCNPs on one end results in
the emission at the opposite end of the wire, meaning that
both excitation and emission light can propagate along the
wires mediated by surface plasmon modes. Interactions of pro-
pagating plasmons along AgNWs and other photonic particles,
such as quantum dots, have also been reported.>***

In addition to plasmonic interactions, the dissipation of
heat upon the passage of an electrical current through the AgNW
network allows the precise control of the temperature, which is
useful for studying thermal effects and evaluating the thermo-
metric capabilities of the UCNPs.>>*® UCNPs are well known
nanoprobes for ratiometric optical thermometry, presenting a
non-invasive and versatile approach to temperature sensing.*” >
These nanoparticles offer unique advantages for temperature
measurements through changes in the relative emission intensity
of thermally coupled levels. Despite their considerable potential,
several challenges persist in the application of UCNPs for lumine-
scence thermometry. Overcoming issues such as calibration accu-
racy, signal stability and biocompatibility remains crucial for rea-
lizing their full potential, ranging from biological research to
industrial applications. More recently, concerns have arisen due
to experimental artifacts in the thermal readout produced by
photonic interactions between the UCNPs and the surrounding
local environment.*** Such interactions restrict the nano-
structures on which the UCNPs can be reliably deposited for
temperature sensing.

In this work, we apply hyperspectral microscopy (HSM) to
study in depth both the enhancement of the UCL and the
spectral distortion due to the interaction of small-size UCNPs
with AgNWs. In contrast to observations using large-size
UCNPs (>200 nm) reported in our previous work,’" here we
identify specific locations where UCL is more intense. The
method employed allowed us to locate with high spatial resolu-
tion the regions along the AgNW network where the plasmon
enhancement occurs. On this basis, we propose a spectral ana-
lysis methodology to avoid artifacts in the thermal readout and
obtain a reliable temperature image at the microscale. This
investigation not only contributes to the fundamental under-
standing of UCL enhancement mechanisms but also holds
substantial implications for advancing the development of
high-performance nanophotonic devices and luminescence-
based nanothermometry.
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2 Results and discussion

A thorough characterization of the synthesized AgNWs and
UCNPs and the fabricated samples was performed. Fig. 1(a-d)
show electron microscopy images of the constituent particles
and the prepared samples. AgNWs have a mean length of 40
(20) pm and a mean diameter of 90(40) nm with a thin polyvi-
nylpyrrolidone (PVP) layer, approximately 2 nm thick (Fig. S2,
ESI}). The optical absorption spectra of the AgNW colloid in
2-propanol are presented in Fig. S8 (ESIf) showing a
maximum absorption at 388 nm corresponding to the trans-
verse plasmon mode and an absorption tail that extends into

Fig. 1 (a) SEM image of AgNWs deposited on silicon wafer, (b) TEM
image of UCNPs. Inset: particle size distribution. The solid line is a fit of
a normal distribution. (c and d) SEM image of AgNWs on glass coated
with UCNPs by drop-casting. (e) HSM image. 50x magnification, applied
voltage = 0V, acquisition time = 250 ms. Laser power = 0.25(2) W cm™2.
(f) Optical image under NIR (980 nm) light illumination. (g) Intensity
map constructed from the integration of the UC spectra at each pixel
showing enhanced emission intensity along the NWs. (h) Map of the
signal-to-noise ratio calculated as described in the ESL{ The white-
dashed contour highlights a single NW hardly seen in the intensity map
but clearly exposed in the SNR map.
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the NIR region. For the UCNPs, the statistical counting of up
to 200 particles shows a mean particle size of 22(1) nm (inset
of Fig. 1b). A high resolution TEM image of the UCNPs is
shown in Fig. S1 (ESIf) together with an X-ray diffraction
diagram that shows the characteristic peaks of the hexagonal
(B) phase, with no observable traces of other crystalline phases.
A sample combining UCNPs and AgNWs (Fig. 1c) shows rather
inhomogeneous covering presenting regions of high coverage
completely masking the AgNWs, while other regions show
voids with no UCNPs. Interestingly, we observe the presence of
AgNWs with UCNPs on their sides rather than covering their
entire surface (Fig. 1d and Fig. S3, ESIY). This particular distri-
bution is attributed to the capillary forces exerted during the
drying of the UCNP colloid following drop-casting, with no evi-
dence of a specific chemical interaction between the UCNPs
and the AgNWs (or the PVP layer) that would have led to the
attachment of UCNPs to all facets of the AgNWs. Additional
SEM images are shown in Fig. S3 (ESIf) accompanied by
energy dispersive spectroscopy (EDS) maps.

2.1 Effects of AgNWs on the emission spectra of UCNPs

A raw image from the HSM performed on the sample and the
corresponding photograph under 980 nm laser light illumina-
tion are shown in Fig. 1e and f, respectively. After processing
the hyperspectral data for baseline correction and integration
of each spectral band it was possible to construct a map of the
total intensity (Fig. 1g) and the signal-to-noise ratio (Fig. 1h).
Notably, the intensity map and the image under NIR illumina-
tion enable the direct visualization of the AgNW network
because the emission intensity is higher at the positions of the
AgNWs, pointing at an enhancement effect that cannot be
attributed to a higher concentration of UCNPs. Interestingly,
the SNR map shows an image of great detail of the AgNW
network. Compared to the intensity map, the SNR map
resolves with higher definition the presence of AgNWs and
crossing points. See for example the NW highlighted in the
white contour in Fig. 1g and h. Although this is not the focus
of the current work, the artificial texture observed through the
SNR processing may be of interest for other systems and
nanostructures.

A closer look at the HSM images allows us to compare the
emission spectra at different locations within the AgNW
network. In Fig. 2a, a collection of points of interest is high-
lighted within the intensity map where the color scale indi-
cates a higher intensity over the AgNWs. We selected for com-
parison points located over junctions of AgNWs (P1, P3, P5
and P7), or at certain distances (P2, P4, P6 and P8). The corres-
ponding normalized spectra at each location are shown in
Fig. 2b. The spectra colored in gray fall below the cut-off cri-
terion adopted to discard data points with low SNR spectra
(see the Materials and methods section). The most important
feature to notice is the intensity of the *Ho;, — *I;3, band
(I,,), observed as a peak centered at 558 nm. The height of
this peak is different in each point, being higher at points
located on AgNW junctions, e.g. P1, P3 and P5. We can con-
struct a map of the relative weight of the *Hy, — *I,3/, band by

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Selected region of the intensity map and points of interest
within the AQNW network. (b) Emission spectra corresponding to the
locations indicated in (a). (c) Map of the relative intensity of the 2Hg/» —
4l13/» transition calculated as the ratio of the integrated spectra between
555 nm and 565 nm and the integration of the full spectra. (d)
Schematic energy diagram of the 4f” multilevel structure involved in
energy transfer upconversion. Solid arrows indicate absorption or emis-
sion of photons, dashed arrows indicate transitions between energy
levels and curved arrows represent non-radiative relaxations.

plotting the ratio between the intensity Iy, , and the total inten-
sity of the full spectra. This is shown in Fig. 2c where the red-
colored regions represent the highest values and are mostly
(although not exclusively) located at junctions between
AgNWs. The values of intensity and other parameters of inter-
est for the selected points are tabulated in Table S1, ESL.}

The optical transition behind the *Ho, — “Ij3, band
involves a three-photon process in which the energy transfer
from Yb®" to Er*' occurs in three successive steps (energy
scheme in Fig. 2d). As the probability of such transition is low,
the spectral intensity of this emission becomes relevant at
increasing excitation power. The map shown in Fig. 2c¢ points
out a local enhancement of the excitation light, an effect that
is well known to occur in plasmonic nanoparticles at specific
locations where the electric field is enhanced, commonly
referred to as hot-spots. Both the plasmonic effect in individ-
ual AgNWs and the observation of hot-spots in AgNW net-

15,22,34,35 .
[ L ]

worth mentioning that other non-linear optical processes can

works have been reported by several groups.

also be mediated by plasmonic enhancement, for example, the
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simultaneous absorption of photons with energy lower than
that of a semiconductor band gap.*®

In Fig. 3 we analyze in greater detail the enhancement
across a set of lines crossing different regions of interest, for
example, across individual AgNWs (A, B, D, and F) and junc-
tions between two or more wires (C and E). Fig. 3a shows the
location of the selected regions on the total intensity map,
while Fig. 3b presents the corresponding line profiles. A
simple evaluation of the intensity enhancement factor (Igr)
was calculated as Igr = III:—:;, where I,,. is the peak maximum
intensity and I, is the background value, ie., far away from
the AgNWs. It can be seen that the enhancement factor across a
single AgNW is on the order of 2 to 5, while across junctions the
Igr is higher, e.g,, 7.6 (E) and reaches as much as 15.7 (C). The
enhancement is not homogeneous due to several factors includ-
ing the inhomogeneous covering with UCNPs, the profile of the
excitation light beam, the intrinsic features of the hyperspectral
camera, and the constructive or destructive interference of electric
fields generated by the NWs that affect distinctly the UCNPs situ-
ated in the interstitial regions.’” Although the enhancement is
not uniform, the pixels at the junctions generally exhibit greater
intensity than their surroundings. The color scale in Fig. 3a high-
lights these points of higher intensity, making them stand out,
while less intense areas remain less noticeable. To provide a
clearer view, Fig. S10 (ESI{) presents a detailed analysis with
close-up cutouts of Fig. 3a, where the color scale was adjusted to
maximize the contrast in each area.

Fig. 4a shows a comparison of the profiles for the normal-
ized total intensity and Iy ,. The spatial extent of the enhance-
ment effect across a single AGNW (A, Fig. 3a) and at a multiple
junction cross-point (C, Fig. 3a) is presented in Fig. 4b. The
characteristic lengths of the enhancement effect were calcu-
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Fig. 3 Analysis of the intensity enhancement factor (Igf) across the
AgNW network. (a) Selected region of interest in the total intensity map
for the analysis of the line profiles (blue lines). (b) Intensity profiles at
selected regions and calculated /gf.
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Fig. 4 (a) Comparison of normalized intensity profiles across line A
(Fig. 3a). (b) Comparison of profiles of I,;,, across lines A (single AgNW,
Fig. 3a) and C (multiple junctions, Fig. 3a). Dashed lines are exponential
fitting curves for the calculation of the characteristic length of the
enhancement effect. (c—e) Scanning luminescence thermometry con-
ducted on a glass sample with a deposit of AgNWSs on half of its surface.
A drop of UCNP colloid was applied on top. The surface was scanned
with a step size of 30 pm in a 3.0 mm X 1.5 mm window containing the
boundary between regions with and without AgNWs at the border of
the UCNP drop. (c) Schematic of the sample prepared for scanning. (d)
Total intensity of the emission spectra. (e) Relative weight of the 2Hg/, —
4I13,2 transition.

lated as the decay constant from fitting exponential growth/
decay curves. From the analysis of multiple line profiles, we
obtain a decay length of 1.0(6) um.

The enhancement effect is interesting as a possible strategy
to boost the luminescence of UCNPs. A wide variety of plasmo-
nic nanostructures have been explored for this purpose in the
past. Here, we show that HSM allows for a direct visualization
of the hot-spots and a quantitative measurement of the
enhancement profiles. Nevertheless, an independent confir-
mation of the enhancement effect in AgNW networks is essen-
tial as a control measurement. For that, we performed scan-
ning luminescence thermometry using an experimental setup
that allows the scanning of a surface with a focused NIR laser
light while recording the UCL. A detailed description of the
method can be found elsewhere.*® We applied this technique
to scan a glass substrate that was half-covered with AgNWs
and fully covered with UCNPs in a window comprising the
boundary between regions with and without AgNWs. The col-
lected spectral results with this scanning were processed to
obtain the total emission intensity, and the relative weight of
the *Hy, — *I13, band compared to the total intensity. The
results are shown in Fig. 4(c-e) and confirm the two main con-
clusions observed in the HSM analysis: (i) the higher total

This journal is © The Royal Society of Chemistry 2024
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intensity, and (ii) the higher relative intensity of the *Ho/, —
113/, band in the region with AgNWs. Fig. S7 (ESIT) shows the
non-corrected thermometric parameter to be discussed in a
later section.

Control experiments on UCNPs without AgNWs revealed an
increased relative intensity of the *Ho/, — “I 3/, transition with
higher excitation laser power. This observation mirrors the be-
havior observed in the presence of AgNWs, supporting our
hypothesis that surface plasmon modes in each AgNW mix at
the junctions to yield hybridized plasmon states presenting
high local electromagnetic field values.****° These results are
illustrated in Fig. S9 of the ESL.}

2.2 Calculation of the enhancement factor and the energy
transfer rates

Metal-supported surface plasmons exhibit high polarizability.
When they resonate with incident fields, this polarizability can
induce extremely high-gradient fields, resulting in local field
enhancement.”’™* This enhancement, induced by surface
plasmons, may increase the rates involved in the photophysical
properties of nearby UCNPs, such as absorption, energy trans-
fer, and spontaneous emission coefficients. Specifically, we
will quantitatively demonstrate how the local field enhance-
ment, induced by the presence of a metallic nanowire, affects
the oscillator strengths (f,s., eqn (S9) and (S11), ESIT) of the
Yb** ?F,;, — °F5/, transition through the enhancement factor,
E¢. Therefore, the UCL is augmented, as this local field
enhancement may lead to higher populations of the Er’*
excited levels through non-radiative Yb**~Er** energy transfer,
facilitating the 3-photon UCL process, which is evident with
the appearance of the Er** *Hy, — “I;3, transition (ca.
556 nm, Fig. 2) at very low values of power density (ca. 0.25 W
em~?). For comparison, in the absence of the local field
enhancement effect on the UCNPs, this transition only starts
to appear at high power densities (ca. 29 W ¢m™?), indicating
its utility as a power sensor.**

First, let us quantitatively illustrate how plasmon-photon
coupling changes the absorption rate of the lanthanide donor
(Yb*") in an UCNP by increasing the Yb** *F,,, — Fs, oscil-
lator strength, which is on the order of 107°, as estimated in
the ESI (see discussions around eqn (S11)f). In close proximity
to a silver nanowire, the E¢ can be estimated according to
recent developments as:*!

Ef:1+fgeqfa)7 (1)
where
6
fgeo = % <Rip) (2)
and
fo- “ )

((»‘)R2 - U)ex02)2+(erexc)2

represent the geometry-dependent (eqn (2)) and frequency-
dependent terms (eqn (3)), respectively. While f,., depends on
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the distance between the surface of the metallic NP and the
UCNP (Ry), it also relies on the radius of the metallic nano-
particle (a), and in this case, we consider the radius of the cir-
cular transversal section of the silver nanowire. On the other
hand, f,, is a function of the free-electron plasmon frequency
of the metal (w},), the surface plasmon frequency of the metal-
lic nanoparticle (wg), the full width at half maximum (FWHM)
of the plasmon band (I'g), and the excitation frequency (wexc)-
It is worth mentioning that eqn (1) represents a rearranged
formula, equivalent to the enhancement factor based on the
polarizability (a) of the metallic nanoparticle, expressed as 1 +
2| @exe,@)|*/Ry’,*>*° where the polarizability term o(®exc,a)
depends on the excitation wavelength and the particle radius
and can be derived through the determination of the dielectric
constant of the medium using classical Clausius-Mossotti
expression®® or its quantum mechanics equivalent.***” With
this model, we can estimate the enhancement factor E; as a
function of the distance between the silver nanowire surface
and the UCNP. The parameters were set according to literature
data such as w, = 1.46 x 10" s~" for Ag materials (the plasmon
frequency of the bulk Ag is 9.6 €V).*®*° The other parameters
can be retrieved from our measurements, such as the I'y ~
1.31 x 10" 571, wg ~ 4.86 x 10" 57!, and weye & 1.92 x 10" 571,
as illustrated in Fig. S8 (ESI}). Also, the radius of the circular
transversal section of the silver nanowire is estimated as a ~
75 nm.

The f,, value remains constant as it depends on fixed para-
meters determined by the material and measurement con-
ditions, resulting in f,, = 44.76. Conversely, f.., varies based on
the distance between the metallic surface and the UCNP. We
will consider two scenarios: (1) when the UCNP is positioned
very close to the nanowire surface with R, = 20 nm and (2)
when it is situated far away with R, = 200 nm.

In situation 1, fo, is approximately 618, resulting in a sig-
nificant enhancement of Ef ~ 2.77 x 10®. Regarding absorp-
tion, the oscillator strength of the Yb*" *F,,, — *Fs,, transition
within the UCNP should increase. This is achieved by aug-
menting the dipole strength (S.q, eqn (S6)) from its value of
Seq = 4.6 x 107°° esu® ecm” for Ln’" transitions®® to approxi-
mately Seq = 2.12 x 107°% esu® cm?, which is comparable to a
spin-allowed transition (S, — S; of organic molecules).***> In
numerical terms, this translates to redefining the oscillator
strength (fose, €qn (S9)T) as an “enhanced oscillator strength”
(f5sc) in the presence of the plasmonic effect as:

o 2wm, (n +2)°
0S¢ T 3A(2)" + 1)e> 9n

SedEf + anmd (4)

since S.qFr is much greater than S,,q (the magnetic dipole
strength) we can simplify the equation above to:

fgsc %fOSC - Ef. (5)

Based on the value presented in eqn (S11),T the enhance-
ment factor yields an f5. value of 0.1 for the *F,,, — *Fs, tran-
sition, which is comparable to the absorption of moderately
conjugated systems like ketones.>?

Nanoscale, 2024, 16,18941-18951 | 18945
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When the UCNP is located far from the plasmon-induced
field, as described in situation 2, the value of f,, remains con-
stant at 44.76, while f,., decreases significantly to 6.18 x 107,
This decline nullifies the plasmonic effect, as the product
Jofeeo bDecomes 2.8 x 1072 Consequently, the enhancement
factor approaches a value of 1 (E¢f ~ 1.02), indicating that the
UCNP is practically unaffected by the plasmon-induced field
anymore.

The calculations presented here take into account the inter-
action between a single UCNP-AgNW pair. Most importantly,
they consider only the absorption of Yb*". Er** emissions are
proportional to the population of the Yb** excited state, which
the model predicts will increase due to the increase in the
local field. However, in the UCL process, the final emission
intensity from Er’" ions will not increase by a factor of Ej
because of the various energy transfer steps involved, each
having intrinsic losses. So, it is expected that the intensity
enhancement observed for emissions (Igr) will be much lower
than the Er calculated for the absorption (given by the change
in oscillator strength) of Yb**.

Some additional points are worth mentioning, first, that
the presence of a higher density of UCNP in the medium will
lead to lower experimental Eg values due to interference. So,
the model is ideal for a more dilute system. Second, that the
PVP native layer, forming a ca. 2 nm thick polymer coating
around NWs, was not considered in the calculations. Lastly,
that at NW junctions, the expected effect would be similar to
that of an UCNP in a metallic nanocavity.”**> This could
further increase the Ep (which would need to be modeled
appropriately). Beyond these simplifications, the model ade-
quately addresses the plasmonic interaction and the intensifi-
cation observed in the hyperspectral images, in agreement
with previous reports.

2.3 Effects on ratiometric thermometry

The relative weight of the *Hg, — I3, transition becomes
relevant for the ratiometric determination of the thermometric
parameter A. As stated in the Materials and methods section
and described in a substantial number of published
works,**”%7°8 A can be defined from the ratio between the inte-
grated intensity of the ?Hyy, — “Ij55, and *S;, — “Ij5, tran-
sitions, hereafter named Iy; and Is, respectively. However, the
appearance of the >Hoj, — “I;5,, band constitutes an artifact in
this simple processing because it partially overlaps with the
S5, = "5/, band affecting the calculation of Is. Correction
algorithms must be applied to overcome this effect, for
example, by deconvolution of the multi-peak spectra,** via a
wavelength-resolved power-law study,”” or by cut-off inte-
gration®® to avoid the intrusive peak. Here, we proceed with
the last method by first integrating Is up to 565 nm (we refer to
this procedure as full integration, FI), and then subtracting
Iop from Is. Note that this is equivalent to a partial inte-
gration (PI) of the IS band up to 555 nm. In accordance with
this strategy, a calibration procedure of the UCNPs was per-
formed at varying temperatures (Fig. S4, ESIT). In Fig. 5 we
compare the results of both methods of analysis in the con-
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Fig. 5 (a—d) Temperature maps constructed by ratiometric analysis
considering the Is intensity as the full integration (FI) between 535 nm
and 580 nm (left panels), and corrected temperature maps using the
partial integration (PI) of the *Sz/> — “*ly5/» transition from 535 nm to
555 nm (right panels). Scale bars are 5 pm. (e) Statistical analysis of
temperatures readings at increasing applied voltages. (f) Comparison of
the FI and PI integration methods for determining temperature distri-
bution at increasing applied voltages.

struction of thermographic maps from measurements
obtained at varying applied voltages on the AgNW network.
The comparison of both methods is shown in the temperature
maps of Fig. 5a-d. It can be seen that the full-integration
method, i.e. using A = Iy/Is, gives rise to an apparent thermal
gradient near the AgNWs, where temperature readings on the
AgNWs are slightly under that of the background. As heat is
generated by the Joule effect due to the electric current con-
ducted through the AgNW network, there is no physical expla-
nation for the observation of lower temperatures on the
AgNWs; therefore, an experimental artifact must be in play.
Indeed, we find that the apparent lower temperatures on the
AgNWs are related to the increased relative weight of I, in
the emission spectra of UCNPs located in close proximity to
the AgNWs, especially at junctions within the network. If the
partial integration method is applied, i.e. subtracting Iy, from
Is in the calculation of the thermometric parameter

A=1Iy/ (IS — Iy, /2), then the apparent temperature gradient is

strongly reduced or even disappears. In Fig. 5e, histograms of
the temperature readings in the completed temperature maps
under different applied voltages show a distribution that can
be well modeled by a Gaussian peak. Mean temperatures are
shown in Fig. 5f. There are two aspects worth mentioning: one
is that with increasing applied voltages, the stationary temp-
erature attainable is higher; the other is that the data obtained
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Table 1 Summarized data extracted from HSM images obtained at
different applied voltages. (T¢) and (Tp)) represent the mean tempera-
ture values obtained from full or partial integration methods, respect-
ively. of) and op, denote the standard deviation temperatures obtained
from full or partial integration methods, respectively. Iy, /lrotal is the
relative intensity of the 2Hg/, — “l;3/» band compared to the total inte-
grated intensity

Voltage  Current  Power (Ter) opr (Tpr) opr  Iu,,/
V) (4) mw)  (K) ® ® X Ivotl
0 0 0 288.0 4.0 297.1 3.6 0.0962
2 40 80 297.4 4.6 302.0 4.0 0.0921
4 80 320 313.5 4.6 318.5 4.1 0.0871
6 120 720 3371 4.7 342.8 4.0 0.0788

by the partial integration method are shifted to higher temp-
eratures and show a lower standard deviation compared to the
full-integration calculation. This is the result of the improve-
ment in the determination of temperatures as artificial low-
value readings are avoided. Data obtained from this analysis
are summarized in Table 1.

High values of I, represent an artifact in the temperature
reading produced by a local enhancement of the NIR excitation
light at junctions of NWs. We quantitatively analyzed this
effect and the role of temperature by plotting the relative inten-
sity of the *Hyy, — *113/, transition, defined as the intensity Iy,
divided by the integration of the full spectra (Iowmi), at
different applied voltages. Fig. 6(a-d) show the maps of relative

HETN ov
OBP Al 01f
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Fig. 6 (a—d) Maps showing the relative intensity of the I
transition in a selected region of the HSM images at increasing applied
voltages. Corresponding mean temperatures are 297.1 K, 302.0 K,
318.5 K and 342.8 K, respectively. Scale bars are 5 um. (e) Statistical ana-
lysis of the constructed maps. (f) Mean values of the relative intensity of
the 2Hg/» — *l13/» transition. The standard deviations are plotted as error
bars.
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Iy,, weight in a selected region of the HSM images. It can be
seen that the contrast in the relative intensity Iy, ,/Itoral g€ts
diminished at higher temperatures, meaning that the
enhancement effect is reduced with temperature, which is con-
sistent with a plasmonic interaction.®® Statistical data and ana-
lysis of the constructed maps are shown in Fig. 6e, where the
distribution of the relative weight Iy, /Iretar shifts to lower
values at increasing temperatures while the standard deviation
is reduced. Fig. 6f shows the trend of the mean temperature
values where the standard deviation is plotted as error bars.

Further analysis of the line profiles was focused on the
effect of temperature, comparing the profiles from HSM
images obtained at 0 V and 6 V applied voltages. This is shown
in Fig. S6 (ESIt) where a minor reduction in the maximum
intensity is observed at higher temperatures.

Lastly, we applied the HSM technique to dynamically
measure the temperature evolution during heating and cooling
experiments where we modified the voltage applied to the
sample while running the acquisition of a hyperspectral
image. In Fig. 7a we start with a sample at room temperature
and 0 V applied. When the scanning is up to 200 lines we
applied 3 V, and increased the voltage to 6 V after scanning
200 extra lines. In Fig. 7b we reverse the order of the applied
voltage starting with 6 V, then 3 V and finally 0 V. In each case,
we can observe the heating or cooling directly from the temp-
erature maps constructed using the partial integration
method. The profiles across a single column (highlighted as a
white-dashed line) are shown in Fig. 7c (heating) and Fig. 7d
(cooling). For increasing temperatures we found a maximum

0V —>3V —> 6V

0 25 50 75 100 125 150 175
Position (um)
6V —>3V —> 0V

g 8

«Q
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3
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T 32
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Fig. 7 Dynamic HSM imaging under varying applied external voltages.
Temperature maps obtained by the partial integration method of in situ
HSM imaging under (a) increasing and (b) decreasing applied voltages.
Scale bars are 15 pym. Temperature profiles across the column high-
lighted with a white-dashed line for (c) increasing and (d) decreasing
applied voltages.
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temperature slope of 1.9(2) K pm™'. Considering that the
mean scan time per line is 3.4 s, we can calculate the time
profile and the slope dT/dt = 0.56(5) K s™'. Using the time
resolution given by*®

8T

= . “

and the standard deviation of temperature at 0 V of 1.88 K, we
obtain a time resolution of 8¢ = 3.35 s. We notice that the HSM
imaging was not set to optimize this parameter, being possible
to reduce the time per line if necessary. A similar analysis per-
formed on the map with decreasing applied voltages (Fig. 7b)
gives larger time resolution because of a slower rate of cooling
compared to heating experiments. In this case, a maximum
slope of —0.175 K s™' was measured corresponding to a time
resolution &¢ = 11.05 s.

3 Conclusions

In this work, we applied HSM in combination with Er**-doped
UCNPs to map the temperature profile across a network of
silver nanowires. We found that upon excitation with NIR
980 nm laser light, small-size UCNPs deposited over the AgNW
network reveal spatial locations with increased emission inten-
sity. These regions are located across AgNWs with particularly
intense emission on UCNPs located in the cross-point junc-
tions of AgNWs, pointing at the location of hot-spots where
the enhancement of UCL is more intense. Furthermore, we
show that the emission spectra are modified in close proximity
(<1 pm) to AgNWs presenting a higher intensity of the *Hy/, —
1,32 transition, which is associated with a three-photon
absorption process. This effect reveals a higher local intensity
of the electric field and an increased absorption rate of Yb*",
in agreement with numerical calculations and previously
reported plasmonic effects. The presence of the *Hqj, — I3/
transition introduces an artifact in the determination of the
temperature using conventional ratiometric methods leading
to false low-temperature readings on the AgNWs. A correction
method was implemented to reduce this effect in order to con-
sistently map the temperatures under different electrical
powers applied to the AgNW network. We highlight the impor-
tance of HSM to directly visualize plasmonic effects on lumine-
scence and the location of hot-spots. At the same time, optical
thermometry based on UCNPs was improved by considering
the effect of the nanostructure in the emission spectra. We
consider these two topics as relevant for the study of thermal
and plasmonic effects on other nanostructures and
nanomaterials.

4 Materials and methods
4.1 Preparation of samples

To analyze the heat dissipation in AgNWs we prepared a set of
samples comprising a percolated network of AgNWs coated
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with UCNPs. The synthesis of UCNPs was carried out using the
co-precipitation route.>® In this process, precursor materials
were carefully combined under controlled conditions to yield
B-NaYy 78F4:Ybg »:Erg.0, UCNPs with the desired properties. The
synthesis of AgNWs was achieved through the polyol method,
involving the reduction of silver ions in the presence of polyvi-
nylpyrrolidone (PVP) in ethylene glycol.®® AgNWs were used to
formulate a stable colloid in a mixture of 2-propanol and water
with the addition of sodium poly(stryrene sulfonate) (PSS).*!
On clean glass slides, a coating with AgNWs was formed by
spin coating at 3000 rpm followed by drying at 60 °C on a
heating plate. Electrical contacts were made on opposite sides
of the AgNW networks using a silver conductive paint. UCNPs
were deposited on top of the AgNW networks by drop casting
10 pL of a cyclohexane colloid. Detailed procedures and con-
ditions for both syntheses are elaborated in the ESL{ A cali-
bration procedure for the use of UCNPs as thermal probes was
performed by measuring the emission spectra of UCNPs on a
heating plate at known temperatures from 293 K to 353 K.>* A
reference thermometer (RTD Pt100) was used in thermal
contact by means of a high-thermal conductivity paste, and
the temperature was set with a precision of +0.2 K using a
temperature controller (Novus N321-Pt100). The results of the
calibration are shown in Fig. S4, ESL.{

4.2 Hyperspectral microscopy (HSM)

HSM was performed using a CytoViva system equipped with
an Olympus BX51 microscope. The system was used for the
visualization of the samples under bright field (BF) and dark
field (DF) illumination. An additional port of the microscope
light entrance was used to illuminate the sample with 980 nm
laser light. A 50x objective lens and a positional mirror were
used to deflect the light to any of the two digital cameras avail-
able: a CCD camera (Retiga 4000 R, QImaging) for optical
image acquisition, and a visible and near-infrared (VNIR)
spectrophotometer with an integrated camera for the acqui-
sition of the emission spectra at each point in the field of view.
The CytoViva hyperspectral line-scanning imaging system is
constituted by a digital camera (IPX-2M30, Imperx) coupled to
a spectrograph (V10E 2/3 inch, Specim, with a 30 pm slit, a
nominal spectral range of 400-1000 nm, and nominal spectral
resolution of 2.73 nm).

The described samples were affixed to the stage of the
optical microscope and connected for electrothermal stimu-
lation using a DC power source. A digital multimeter was con-
nected in series to measure the current. Initially, an image of
the sample was captured in dark field (DF) mode.
Subsequently, an image was acquired with the exclusive illumi-
nation from a 980 nm laser, 0.25(2) W cm >, focused on the
sample with a field of view of approximately 200 pm in dia-
meter.®? A hyperspectral image was obtained under the same
illumination conditions, configuring the spectral bands for
acquisition to cover the luminescence range from 500 nm to
580 nm with a 1.24 nm spectral resolution, incorporating a
total of 66 spectral bands. The nominal resolution of the
spectrometer (2.73 nm) refers to the spectrometer’s ability to
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distinguish between two closely spaced spectral lines or fea-
tures. This value, often determined at the FWHM of a peak,
indicates the minimum spectral separation at which the
instrument can resolve two peaks as distinct entities. On the
other hand, the wavelength step at which the spectrograph
records each emission spectrum (1.24 nm) is dependent on
the range of wavelengths the spectrometer is configured to
record and the number of pixels available in the detector, and
so is determined by the settings of the instrument. The con-
structed hyperspectral image comprises 696 x 696 pixels”,
recorded line-by-line in a dark-controlled environment, with a
total acquisition time per image of approximately 40 minutes.
HSM can achieve high spatial resolution as each pixel field-of-
view recorded with a 100x objective corresponds to 129 x
129 nm?, so the pixel size can be as low as 129 x 129 nm>.%* In
contrast, confocal techniques can achieve higher spatial
resolution by focusing the excitation light below 1 pm,*
limited by diffraction. Additionally, the positioning platform
can achieve remarkable precision (below 10 nm) using piezo-
electric stages, enabling images with a pixel size of 10 x
10 nm®. However, the resolving power of the imaging tech-
nique is ultimately constrained by the spot size.

4.3 Image processing

Following image acquisition, hyperspectral data underwent
processing to generate maps depicting emission intensity,
thermometric parameters, and signal-to-noise ratio (SNR).
First, a baseline correction was performed for each image by
subtracting a linear baseline fit from the off-emission wave-
lengths of Er’*". These wavelengths encompassed data points
from 500 nm to 515 nm and from 565 nm to 580 nm (Fig. S5,
ESIY). Subsequently, the intensity of emission bands was deter-
mined by integrating spectra from 515 nm to 534 nm and
from 534 nm to 565 nm, respectively, corresponding to the Iy
(*Hyz = *Lisp) and Is (*S;, — *I1s2) transitions. The total
emission intensity resulted from the summation of both
bands, while the conventional thermometric parameter A was
computed as the ratio between them as A = ’1—‘; To mitigate
unrealistic values from low-intensity pixels, a cut-off criterion
was applied, setting I to zero if its value fell below a specified
threshold. Alternatively, we define a different thermometric
parameter in order to avoid the interference of the three
photon radiative transition *Hoj, — ‘I3, whose integrated
intensity is named here as Iy, and results from the integration
from 555 nm to 565 nm. The new thermometric parameter is
defined as 4 — 21 — M
scut  Is — Iy,
integration from 534 nm to 555 nm.

where Ig.,; results from the

4.4 Ratiometric thermometry

The relationship between the thermometric parameter and the
temperature lies in the thermally coupled populations of the
®H,y1;, and *S), levels following the Boltzmann law. Using a
known reference temperature (7,) and the corresponding ther-
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mometric parameter (4,), temperatures can be calculated from
the emission spectra using:**>¢63:64

1 1 ks A

—=———In[— 7

T T, AE | (A ) @)
where kg is the Boltzmann constant and AE is the energy gap
between the emitting levels.
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