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Single up-conversion nanocrystal as a local
temperature probe of electrically heated silver
nanowiret
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Luminescence thermometry is a powerful technique for monitoring temperature in a sensitive, remote
(through light), and minimally invasive manner. Up to now, many macroscopic and microscopic lumine-
scence temperature probes exploiting different temperature sensing schemes have been investigated,
with the majority of the studies using aggregates of nanothermometers. This work presents isolated
single up-converting NaYF4:Er**/Yb®* nanocrystals as functional temperature indicators operating in a
standard confocal microscopy configuration. More specifically, the nanocrystals were used to monitor the
temperature of a single silver nanowire, whose temperature was controlled electrically via the Joule
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process. We demonstrate that individual nanocrystals placed near the nanowire can precisely determine
the temperature distribution in its surroundings. These results, which combine nanoscopic heat gene-
ration with temperature readout using isolated nanocrystals, represent an essential step for the application
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Introduction

Knowledge of the temperature of physical systems has, for cen-
turies, played a crucial role in exploring and understanding
natural phenomena. In recent years, due to the rapid develop-
ment of nanoscience, the challenge of temperature measure-
ment is still relevant and often crucial for understanding
physical effects, chemical reactions, or biological processes
that take place at the micro- or nanoscale. Therefore, much
attention has been paid to applying optical techniques for
luminescence-based thermometry."”> In particular, lumine-
scence thermometry, which involves nanoscopic luminescent
probes, yields precise local temperature readout based on the
analysis of the spectral properties of the probe. Importantly,
their small dimensions and minute heat capacity provide
minimal impact on the investigated system and enable temp-
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of isolated single nanoprobes for luminescence thermometry at the nanoscale.

erature mapping with high spatial resolution, limited only by
the diffraction and/or the size of the probe.

Over the years, various nanoprobes, such as fluorescent
dyes,®* proteins,” semiconductor quantum dots,*’
porous silica nanoparticles,® and other inorganic nanocrystals,
such as nanodiamonds® or lanthanide-doped nanocrystals'®**
have been synthesized and intensively studied in the context of
luminescence thermometry. An exciting class of nano-
structures for luminescence thermometry are rare-earths (REs)
doped nanocrystals (NCs), which stand out with multiple spec-
trally narrow emission lines, long luminescence decay times,
and remarkable optical stability.'* They feature neither blink-
ing nor bleaching of emission and thus are predisposed for
precise, high-accuracy ~ spectroscopic measurements.
Additionally, some REs ions like Pr**, Nd**, Ho*", Er’*, and
Tm?*" can be efficiently excited by sequential absorption of
infrared photons in the up-conversion processes.'® Infrared
excitation provides efficient penetration through scattering
and absorbing samples (such as tissues), minimizes autofluor-
escence of the sample, and thus gives the advantage of excel-
lent temperature readout capabilities. For this reason, REs-
doped probes have found many technological and biomedical
applications as temperature sensors."*

Of particular interest are Er’*/Yb*" co-activated nanocrys-
tals, commonly used as luminescence temperature
indicators.">'® For this material, optical temperature readout
is typically realized by spectral analysis of the green lumine-
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scence of Er®*, positioned between 520 and 560 nm."”
This emission band consists of two close-lying lines assigned
to f — f electric-dipole transitions *Hy;,, — “I5/5, the H band,
and *S;, — *I;5,, the S band (Fig. 1a). The energy gap (AE)
between *H;;, and 'Sy, levels is relatively small, typically
around several hundred cm™.'® In this way, both the lumine-
scence intensity ratio (LIR) of the H and S band and the popu-
lation ratio are driven by the local temperature, according to

the Boltzmann equation™’
. —AFE
X
P\l

where Iy and Is represent the intensity of the H and the S
band, respectively, N describes the population density of the
particular state, and kg is the Boltzmann constant. Thus, any
temperature rise populates the high-lying *Hy,,, state at the
expense of the low-lying *S;,, which changes the intensity
ratio of the H and S emission bands, and modifies the emis-
sion spectrum, as schematically presented in Fig. 1b. Erbium
and ytterbium co-doped nanocrystals have found numerous
applications in the temperature sensing, including outstand-
ing realizations like near-field thermal imaging®® or intracellu-
lar temperature sensing.>’ Until today, it has not been expli-
citly demonstrated that single up-converting nanocrystal can
be successfully used as high-sensitivity temperature probes
with the same sensitivity as their ensembles.

The key prerequisite for a suitable experimental design to
address this challenge concerns, in addition to measuring the
optical response of a single up-converting nanocrystal, the
ability to heat locally. Indeed, it is clear that in order to evalu-
ate the robustness and reliability of temperature measure-
ments with high spatial resolution, i.e., on a single nanocrystal
level, any homogenous volumetric sample heating approach
would be inappropriate. Therefore, it is important to devise
ways to control the temperature at a spatial scale comparable
to that of the probe. Up to date, only a few sub-microscale
heating techniques have been presented. Among them, rela-
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tively easily accessible are optical techniques involving inter-
actions between light and various metallic nanoparticles.**??
Apart from laser heating, which produces optical noise poten-
tially disturbing a single luminescent nanoprobe, electrically
controlled metallic structures heating at the micro- and sub-
microscale appear to be very interesting.>® In recent years,
many promising approaches utilizing current-induced Joule
heating in silver nanowires (AgNWs) have been presented, and
their heating capabilities have been studied.>*>° For instance,
a random network of silver nanowires was used for thin-film
heater fabrication, featuring high-temperature stability and
excellent performance.”””*® Another time, AgNWs have been
used as thermochemical nanoreactors to precisely control the
growth of ZnO nanostructures.”® In this case, nanowires
showed great potential as a heat source capable of controlling
chemical reactions in situ, literally at the nanoscale. Last but
not least, electrically heated silver nanowire networks have
been used for exploring the thermal properties of various up-
conversion nanomaterials.***!

In this work, we assemble a heat source based on a single
AgNW to measure the temperature in its vicinity using a single
up-conversion nanocrystal. In this experiment, the physical
properties and parameters of nanowires are the key issue.
Since their diameters are comparable to the size of the lumine-
scence nanoprobes, their thermal impact is also spatially well-
defined. At the same time, their lengths of tens of micrometers
are highly advantageous, as the AgNWs can be easily observed
or even manipulated under the optical microscope. In particu-
lar, the AgNWs can be electrically biased, and at the same
time, they feature no inherent luminescence, limiting any
interference with the optical response of the nanotherm-
ometer. On the contrary, under optimal circumstances, the
luminescence response of a single emitter placed in the vicin-
ity of an AgNW can be significantly enhanced due to plasmo-
nic effects.*?

Explicit demonstration of the sensoric properties of per-
fectly isolated, single up-converting nanocrystals is achieved by
placing them at distances of up to a few micrometers from a

L2

*S3/27> lisp

population

2 4
Hi1o> Ylisp

high T

low T
emission intensity

1 1 1
520 540 560

wavelength (nm)

Fig. 1 (a) lllustrative energy diagram of the Er®*/Yb3* system together with the up-converting excitation scheme leading to the activation of the
green emission of Er**. Note the thermally controlled population ratio of *Ss;, and 2H,/, levels. (b) Modeled impact of a temperature rise on the Er**

green luminescence spectrum.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023, 15, 10614-10622 | 10615



Paper

single AgNW, whose heating was controlled in an electrically-
driven Joule process. Using conventional confocal microscopy, we
have shown that individual nanocrystals can precisely measure
the temperature in the vicinity of the nanowire. Indeed, upon
increasing the current through the AgNW, we find a monotonic
change of the up-conversion luminescence spectrum of a single
nanocrystal. Experimental results confirm that we obtained high
repeatability, long-term stability, and nanoscale precision of
spatial positioning of the temperature readout.

Methodology
Luminescence probes

As temperature nanosensors, erbium(u) and ytterbium(i) co-
doped sodium yttrium fluoride nanocrystals were used. Owing
to a ladder of absorption lines,** visible photoluminescence
(PL) of Er** can be activated both in the ultraviolet (f-d tran-
sitions) or in the visible (f-f transitions) spectral range.'”> Due to
the presence of sensitizing Yb®* ions, also near-infrared exci-
tation can efficiently activate visible PL in the up-conversion
process.*® In particular, a laser operating at 980 nm excites ytter-
bium ions (donors), the energy is then transferred to erbium
ions (acceptors) and activates the luminescence. The green
emission of Er*" can be excited via all of the above excitation
channels and can be exploited for temperature readout.

The nanocrystals were prepared by a wet chemistry method:
in the first step, the core material was synthesized using the
already described protocol.>**” The obtained NaYF, cores
consist of 2 mol% of Er** and 20 mol% of Yb*", offering
efficient up-conversion luminescence. At this stage, the cores
are fully optically operative and will not be further changed.
However, to prevent luminescence quenching by the solvent or
other unspecific surfactants, the cores were coated with an
optically passive layer of undoped NaYF, in the additional syn-
thesis procedure.*®**° Eventually, the obtained core@shell NCs
are optically stable and not susceptible to external factors. The
final product of the reaction was dispersed in chloroform.

Nanoscale

The morphology and microstructure of the NCs were inves-
tigated with transmission electron microscopy (Philips CM20
SuperTwin). The NCs feature a quasi-spherical shape with an
average diameter of about 22 nm (core) and about 9 nm (on
average) thin shell (Fig. 2a and Fig. S1, ESI{). Due to the high
uniformity of the host matrix, no structural transition between
the core and the shell structure is noticeable. The crystalline
structure of NCs was investigated by X-ray diffraction (X'Pert
PRO). The measured XRD patterns were assigned using the
International Centre for Diffraction Data (ICDD) database.
Observed reflexes (Fig. 2b) can be identified as the pure hexag-
onal (p) phase of the NaYF, crystal (no. 04-011-3581).

Nanoheaters

We used single silver nanowires as well-defined microscopic
heaters. They were prepared using the polyol process, a
straightforward and affordable synthesis procedure.”’ The
obtained nanowires have lengths from a few to several dozen
micrometers and an average diameter of about 120 nm (Fig. 2¢
and Fig. S2, ESIY). First, the solution of AgNWs was examined
optically by analyzing its extinction spectrum. Colloidal
dilution of good quality nanowires in water shows an extinc-
tion spectrum with a maximum at about 400 nm.*” Afterward,
the quality of the crystalline structure of individual AgNWs
was examined experimentally, analyzing the propagation
length of the light-activated surface plasmon polaritons.*?
Only high-quality nanowires, free of local defects, with propa-
gating lengths reaching dozens of micrometers, were used for
further experiments, as they require high thermal and electri-
cal conductivity.

Experimental setup

The key optical experiments were performed using a custom-
built confocal luminescence microscope (Eclipse Ti-S, Nikon,
Japan), optimized for detecting up-converting photo-
luminescence (Fig. 3). Nanocrystals were excited using a con-
tinuous-wave laser diode operating at 980 nm with light
coupled to a single mode fiber. The excitation beam was colli-
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Fig. 2 (a) Transmission electron microscopy image together with (b) X-ray diffraction patterns of Er**/Yb®* doped core@shell nanocrystals. (c)

Scanning electron microscopy image of silver nanowires.
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Fig. 3 Sketch of the experimental setup, where: M — mirror, PH —
pinhole, EC — electrical contacts, DM — dichroic mirror, SF — short-pass
filter, FM — flip mirror, BF — band-pass filter, SPCM — single photon
counting module.
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mated and directed to a high numerical aperture oil-immersed
objective (Plan Apo 60x, NA = 1.40, Nikon, Japan) using a
dichroic mirror (675dcspxr, Chroma, USA). The resulting exci-
tation spot was about 430 nm in diameter, determining the
optical resolution of the system.** The luminescence signal
was collected by the same objective, it was first collimated and
then focused onto the confocal aperture (d = 25 pm), and later
directed toward the detector.

Luminescence spectra, crucial for temperature readout,
were measured by a Czerny-Turner monochromator (Shamrock
500i, Andor, UK) equipped with a back-illuminated Electron
Multiplying CCD camera (Newton, Andor Technology, UK)
capable of single NC luminescence detection. Alternatively, the
luminescence was redirected to the set of two Single Photon
Counting Modules (COUNT-100, Laser Components,
Germany), SPCMs, following dichroic mirror (HC BS R532,
Semrock, USA). The role of the dichroic mirror was the spectral
separation of the two green Er’" bands used for temperature
readout. Band-pass filters centered at 520 nm (Z520/20%,
Chroma, USA) and 550 nm (FB550/40, Thorlabs, USA)
mounted in front of SPCMs were used for final filtering. The
sample holder was integrated with a piezoelectric stage (P-517,
Physik Instrumente, Germany) and mounted on the top of the
microscope body.

SPCMs were synchronized with the piezoelectric stage using
a multifunctional I/O PC card (PCI-6236, National
Instruments, USA) for photoluminescence raster scanning. PL
intensity maps could be acquired in a maximal range of 100 x
100 pm” with a minimum step size of the piezoelectric stage
much better than the optical resolution of the system.

The local temperature was controlled by a single AgNW and
the Joule heating process. The heating control system con-

This journal is © The Royal Society of Chemistry 2023
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sisted of two micropositioners (DPP220, Cascade Microtech,
USA), each with an arm equipped with a tungsten tip
approaching the sample. Positioners were firmly attached to
the top plate of the microscope, giving access to the sample
from above. The electric circuit was powered by a programma-
ble power supply (DP831A, Rigol, China), operating in the
range of single milliampere. The process of approaching the
selected silver nanowire with the probe tips was monitored in
real-time utilizing a wide-field white light transmission mode
and a CCD camera (1501C, Thorlabs, USA).

The sample was prepared as follows. First, a small fraction
of synthesized NWs colloid was diluted in deionized water to
lower their density. Afterward, about 40 pl of concentration-
optimized colloid was spin-coated at 5000 rpm for 45 seconds
on a glass coverslip. The achieved surface density of the
AgNWs was about 2-3 nanowires per 250 um®. Next, 20 pl of
diluted colloid of NCs in chloroform was spin-coated for 5 s at
2500 rpm on the same sample. The colloid concentration was
lowered to achieve the surface density of the NCs about 10-20
particles per 250 pm?. Such a procedure resulted in well-separ-
ated silver nanowires and single nanocrystals distributed over
the whole coverslip area, with some fraction of isolated NCs,
deposited in the close vicinity of the nanowires.

Results and discussion

First, the luminescence response of nanocrystals exposed to
well-known temperatures was calibrated. For this purpose, a
transparent heating glass plate (ThermoPlate, Tokai Hit,
Japan) placed less than 1 mm over the sample (nanocrystals)
was used. The temperature of the thermoplate was stabilized
automatically with an accuracy of 0.3 °C and monitored by a
built-in sensor. Since the oil-immersion objective was very sen-
sitive to macroscopic temperature fluctuations induced by the
thermoplate, for calibrations we used an air objective (S Plan
Fluor, 60x, NA = 0.70, Nikon, Japan), in order to minimize heat
conductivity between the sample and the objective. Because
the low aperture objective reduces the sensitivity of the optical
detection, the calibration procedure was performed using
small agglomerates of NCs giving about 10 times higher PL
signal-to-noise ratio. Such an approach is justified since in
core-shell nanocrystals the optically active core is effectively
isolated even from the surfactants.?” Therefore, any interaction
between nearby NCs is impossible and their spectral response
does not depend on their local concentration.

It has been demonstrated that under 980 nm laser illumina-
tion Er’*/Yb*" activated nanocrystals can also warm up.*® As
any laser-stimulated temperature rise is strongly unwanted in
the temperature sensing experiment, we placed great care on
careful optimization of the excitation laser power density.
Detailed analysis of single NCs emission spectrum shows no
thermal modification of the S and H band relative intensities
for the laser powers up to 500 uW (p = 3.5 mW pm?)
measured before the objective. At the same time, such an exci-
tation power ensures reasonable spectra acquisition time (5 s)

Nanoscale, 2023, 15, 10614-10622 | 10617
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and a signal-to-noise ratio (SNR) of about 15, providing good-
quality emission spectra of single nanocrystals.

The calibration luminescence spectra were acquired in a
precisely controlled temperature range, from 25 °C to 50 °C
with a step of 5 °C. We assumed no significant heat losses on
a millimeter distance between the macroscopic thermoplate
and the sample surface. For each step, the natural logarithm
of the LIR has been plotted versus the reciprocal of the temp-
erature (Arrhenius plot) and presented in Fig. 4a. The experi-
mental points were fitted by a linear function

AE

B

+C (2)
where the slope AE/kg = 950 + 15 K and C = 1.56 + 0.05. The
estimated energy gap AE is about 665 + 15 cm ™" which agrees
with previous spectroscopic observations in the same
material.”” The uncertainties of the fitted parameters were cal-
culated based on the SNR of the acquired spectra using the
uncertainty propagation theorem.*® The LIR and relative sensi-
tivity S, = 100% x AEkg 'T> calculated for a temperature
range from 250 to 400 K are presented in Fig. 4b. Note that the
1-1.5% K" relative sensitivity is achieved in the temperature
range interesting for biological applications.

(a) e experimental points
-1.4+ liner it 1
InLIR) = -AE k' T+ C
—~~
X 15} ]
-
N—"
£
-1.6F 1

32 33
T'(10°K")

3.1

Fig. 4

(b) | |

Nanoscale

The nanowire, serving as a microscopic heat source, was
coupled with an external current source in a multistep pro-
cedure. First, the tip probes were positioned close to the ends
of a chosen nanowire. Next, they were slowly lowered toward
the surface, where the contact moment between the nanowire
ends and tip probes were continuously monitored under the
microscope. When the circuit was closed, a clear current signal
was observed. For typical heating operations, the current
values reached up to 10-15 mA, depending on nanowire
quality and length. Exceeding this range usually results in
destroying the nanowire. An exemplary single silver nanowire
observed before and after the connection with the electrical
circuit is presented in Fig. 5.

The sample containing both up-converting nanocrystals
and silver nanowires was assembled in a random way, as
shown in Fig. 6. Few randomly oriented single nanowires can
be seen, including a well-isolated, about 60 pm long nanowire
placed in the middle of Fig. 6a. The positions of the nanowires
were determined by mapping the spatial distribution of the
backscattered (BS) laser light recorded in the confocal con-
figuration. The same area observed in the PL imaging mode
(Adet = 550/40 nm) shows several well-separated single NCs,
visible as bright spots in Fig. 6b. Their luminescence intensity

LIR

350
TIK]

250 300 400

(a) Natural logarithm of the luminescence intensity ratio (LIR) plotted versus the reciprocal of temperature used for the calibration procedure.

(b) Calculated LIR and relative sensitivity (Sr) plotted versus temperature in the temperature range from 250 to 400 K.

Fig. 5

(a) Single silver nanowire deposited on a glass coverslip, observed under the optical microscope in a white light transmission mode. (b) The

same nanowire is connected to the current source via tungsten tip probes attached to the NW ends. The laser spot (pink) indicates the position of
the sample over the objective. The sample holder could be freely moved in the range of about 100 um, both for X and Y directions, with about 5 nm

precision.
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Fig. 6

(a) Single silver nanowires distributed over the sample, observed in the backscattered laser light (lexc = 980 nm) mode, (b) PL up-conversion

intensity map (lexc = 980 NnM, 4ot = 550/40 nm) of the single nanocrystals spin-coated on the sample, (c) superposition of the image (a) and (b) illus-
trating the geometry of the sample. The NC1 and NC2 are localized 4 pm and 13 pm away from the nanowire, respectively. White spots indicate the

positions of the electrical tip probes.

reaches about 10 keps, sufficient for carrying out single nano-
crystal spectroscopic temperature measurements.

As nanoscopic temperature indicators, single NCs deployed
around a single silver nanowire were used. The mutual spatial
orientation between NWs and NCs is seen in Fig. 6¢, which
combines BS and PL maps. We correlated the nanocrystals and
single nanowire positions and chose nanocrystals that were
sufficiently close to the electrically connected nanowire - the
heat source. In the following, we focus on the nanocrystals
labeled NC1 and NC2, positioned collinearly in the middle of
the nanowire at distances of 4 um and 13 pm, respectively, and
exposed to the local temperature gradient.

The luminescence spectra of NC1 and NC2 exposed to the
maximal available temperature (I = 10 mA) together with the
reference spectrum (room temperature) are presented in

Fig. 7a. Measured spectra consist of two well-defined H and
S bands, centered at 525 and 550 nm, respectively, which
relative intensity can be controlled by the local temperature.
Each band, however, shows narrow peaks attributed to the
levels split by the crystal field of the host matrix.*’
Additionally, the temperature was monitored in real-time by
comparing the relative intensities of H and S bands by two
SPCMs.

The key observation reported here is that the intensity of
the H band apparently increases with a simultaneous
decrease of the S band intensity as a function of the current
driven through the silver nanowire. As driving the current
results in nanowire heating, we attribute this spectral behav-
ior as resulting from the temperature changes in the vicinity
of the nanowire. Such behavior follows the model presented
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(a) Normalized luminescence spectra of single NCs (NC1 and NC2) exposed to a single nanowire Joule heating. The spectral intensities are

normalized at 1y = 540 nm. (b) The temperature readout of NC1 and NC2 made for several temperatures of the nanowire plotted versus the applied

current.
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in Fig. 2. The most temperature-sensitive transition within
the S band is the long-wavelength one at 557 nm, attributed
to the emission from the lowest crystal level of the *S;, mul-
tiplet. On the other hand, a worth noticing weak line cen-
tered at 504 nm and attributed to the *F,, — *I;5, tran-
sitions exhibit essentially no change as a function of the
electric current in the nanowire. This insensitivity is
expected as the “F,,, level cannot be populated thermally in
this experiment. Importantly, it demonstrates the stability
and repeatability of the measurement.

The emission spectra of NC1 and NC2 were measured sys-
tematically for several current values with 1 mA step, up to
10 mA. Higher currents were not applied to avoid any damage
to the nanowire. The H and S band intensities were integrated
for each value of the current, and the temperature was calcu-
lated according to eqn (2) using determined calibration para-
meters. Temperature readouts are plotted in Fig. 7b for both
selected nanocrystals as a function of the applied current.
Notice the monotonic temperature rise observed for both
nanocrystals. Starting from room temperature (20 °C), NC1
placed 4 pm from the NWs achieves about 50 °C for 10 maA,
whereas NC2, distant by 13 pm heats up to about 30 °C. The
20 °C temperature gradient can be attributed to the different
distances from the nanowire and, thus, different heat conduc-
tivity and dissipation. The core-shell architecture of the nano-
crystals ensured a high signal-to-noise ratio of the temperature
readout, despite relatively small NCs being used. Indeed, small
nanocrystals, due to the large surface-to-volume ratio, may fre-
quently suffer from quenching of the luminescence by nearby
surfactants.’® In this work, similar parasitic effects have not
been observed due to effective shell protection.

Conclusions

In this work, we demonstrated a functional technique for
monitoring temperature at the nanoscale. The temperature
readout was realized by spectroscopic analysis of individual ca.
20 nm (core) large erbium and ytterbium ions co-doped nano-
crystals. Individual thermometer nanocrystals were dispersed
around a single silver nanowire that served as a microscopic
heat source. The nanowire was connected to an external milli-
ampere range power supply, warming up in the Joule process,
and controlling the temperature of the nanowire and its vicin-
ity. Careful analysis of nanocrystal emission spectra showed
several dozen Celsius degrees of the temperature gradient
around the nanowire. A high signal-to-noise ratio and high
sensitivity were achieved primarily due to the efficient anti-
Stokes excitation mechanism of the nanocrystals operating in
the up-conversion mode as well as the high thermal stability of
the single silver nanowire.
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