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Photon avalanche (PA) is a highly nonlinear luminescence phenomenon that occurs in lanthanide doped ma-
terials. PA exhibits a very steep power law relationship between luminescence intensity and the optical pump
power. Due to the mechanism of PA emission, even weak perturbations to the energy looping and energy distri-
bution within excited levels of lanthanide emitters are expected to significantly modify luminescent properties.
Therefore, in this work, we experimentally study the impact of temperature (from —175 to 175 °C, with 25 °C
steps) on the sensitized PA emission in NaYF4 nanoparticles co-doped with 15% of Yb®* and 0.5% of Pr3* ions
under 852 nm pumping wavelength. Significant variations of the PA nonlinearity (S = 4.5-9), PA gain (from 50
up to 175), and PA threshold (from 100 up to 700 kW/cm?) were observed under temperature rise from —175 to
175 °C, respectively. The relative temperature sensitivities based on luminescence intensity changes were larger
than 1.5% C! in the whole temperature range, reaching the maximal value of 7.5% °C! at 0 °C. Moreover,
anew thermometric parameter was proposed, namely, the PA pump power threshold, which exhibited over
0.5% °C relative sensitivities in the same wide temperature range. Owing to PA properties, the temperature
sensitivity range and the corresponding relative sensitivities may be intentionally tuned by selecting the appro-
priate pump intensity in respect to the power dependence relationship. These studies not only provide a better
understanding of fundamental processes and susceptibility of the sensitized photon avalanche emission to tem-

perature variation, but also show the possibility of using PA materials as sensitive (nano)thermometers.
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1. Introduction

Photon avalanche (PA) is one of the upconversion pro-
cesses, in which the emitting photon has a higher energy
than the excitation photon [1, 2]. There are several condi-
tions that must be met for the PA phenomenon to occur.
First, the energy of the excitation photons must resonantly
match the transition from the excited state and should
mismatch the absorption from the ground state. Typically,
the ratio of excited state absorption (ESA) cross-section to
ground state absorption (GSA) cross-section, ogsa/ casa
should be larger than 10%. Moreover, the intermediate level
(from which ESA occurs), initially empty, should be effi-
ciently populated in the course of energy looping, which
occurs through the mechanisms known as energy cross-
relaxation (CR). In conventional phosphors, CR is consi-
dered as a parasitic process that depopulates emitting levels

and leads to the so-called concentration quenching, but
here, CR is responsible for energy looping between two
neighbor ions and enhancement of the population of the
intermediate level. Therefore, the PA occurs above a cer-
tain critical optical pump power density of the excitation
laser (PA threshold) and uniquely shows a highly nonline-
ar, power law based relationship between pumping power
and luminescence intensity (PA slopes), as well as a high
(over 100) PA gain.

The PA emission was first observed in infrared quantum
counters, LaCls and LaBrs; doped with Pr3* ions [3]. Since
then, the PA phenomenon was also observed in various hosts
(bulk crystals, glasses, micro- and aggregated nanoscale mate-
rials) singly doped with lanthanide ions (Ho*, Nd®*, Tm%,
etc.), mainly at low temperatures [2-4]. Sensitized PA (SPA)
emission was also demonstrated in Pr3* and Yb®*" co-doped
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systems, where Yb®* ions play the role of supportive ions
(sensitizer like) and are essential for the formation of an
energy migration network transferring energy to Pré* ions
[5, 6]. Recently, SPA in nanocrystalline colloidal nanopar-
ticles has been successfully demonstrated and further ex-
tended with core-shell energy migration concept to observe
multicolor PA emission [7, 8]. In the previous studies,
BaYaFs [6], LiYF4 [5, 9], and NaYF4 [7] crystals doubly
doped with Pr¥* and Yb%* ions were excited with wave-
length at around 850 nm, which is resonant with ESA from
1G4 in Pr3* ions and far from resonance for both, Yb3* and
Pr3* ions GSA [energy diagram of Pr*, Yb3* co-doped
system was presented schematically in the Fig. 2(a)]. How-
ever, even weak absorption from the Yb® ground state
enhances the population of G, level of Pré* ions, from
which ESA can occur. The latter process and appropriately
arranged energy levels in Pré* ions enable efficient energy
looping and the occurrence of PA emission above the
pump power threshold. While this system seems to be well
understood, only very limited information is known on the
susceptibility of PA or SPA emission to temperature in the
nanoscale materials [10], which is of great interest for lumi-
nescence nanothermometry field and applications [11-13].
Although a single-band ratiometric (SBR) approach strategy
was recently proposed [14, 15], which gains from the PA
like (i.e., non-GSA) excitation scheme and increased cross-
relaxation, all current SBR thermometry studies relied on the
sideband ESA and no clear evidences of photon avalanche
behavior have been shown so far [14, 16].

In this work, we evaluate the temperature dependent
sensitized photon avalanche in NaYF, core-passive shell
nanocrystals co-doped with 15% of Yb%* and 0.5% of Pré*
ions. Unlike in those previous SBR thermometry studies,
we clearly demonstrate all the characteristic features of the
PA emission, such as the distinct pump power threshold,
the high nonlinearity order of the upconversion emission
(Sup to 9) and the high PA gains (over 100). The PA
emission was recorded at 607 nm (°P; — Hg transition)
and at 482 nm (®Py — 3H, transition) under 852 nm laser
excitation. The novelty and major motivation behind our
work was to study the above-mentioned relationships in a
wide temperature range from —175 up to 175 °C, aiming to
understand how the temperature dependent (multi)phonon
and cross-relaxation assisted processes affect the sensitized
photon avalanche emission at nanoscale.

2. Materials and methods

2.1. Synthesis methods

Reagents. All reagents were used without any further pu-
rification. Yttrium oxide Y03 (99.99%), ytterbium oxide
Y203 (99.99%), praseodymium oxide PrsO11 (99.99%) and
trifluoroacetic acid (99%) were purchased from Alfa Aesar.
Sodium hydroxide NaOH (> 98.0%), methanol (99.8%),
ethanol (96%), n-hexane (czda), chloroform (98.5%), and

acetic acid (99.5%) were purchased from POCH S.A. Am-
monium fluoride NH4F (> 98.0%), octadecene (90%), oleic
acid (90%), sodium trifluoroacetate (98%) were purchased
from Sigma-Aldrich.

Synthesis of core B-NaYFs: 0.5% Pr3*, 15% Yh%
nanocrystals. The core nanoparticles were prepared by
thermal decomposition of oleate salts in high boiling sol-
vents [17]. Initially, a precursor in a form of acetates was
prepared. Appropriate amounts of PrgO11, Y203 and Yb20s
oxides (total amount of 2.5 mmol) were mixed with an acetic
acid and water in a 1:1 volume to volume ratio. As pre-
pared mixture was maintained at 200 °C for 2 h in a Tef-
lon-lined autoclave. Afterwards, the solvents were evapo-
rated using a rotary evaporator and dried at 140 °C on a hot
plate for one night. Then, 30 ml of oleic acid and 75 ml of
1-octadecene were added to the flask with precursor. The
solution was maintained at 140 °C for half an hour under a
vacuum to form oleate salts from acetates. Then, the mix-
ture was kept under a nitrogen atmosphere and the temper-
ature was decreased to around 70 °C. Next, a solution of
12 mmol of NaOH and 20 mmol of NH4F in 13 ml of
methanol was added. The mixture was stirred for 10 min at
60 °C. Subsequently, the solution was heated up to 100 °C
and left under nitrogen flow for 45 min to slowly evaporate
the methanol. Then the temperature was increased to 110 °C
and kept under vacuum for 15 min. After the evaporation
of methanol, the temperature of the solution was increased
to 300 °C and kept for one hour. Subsequently, the solution
was cooled to around 80 °C and ethanol was added to pre-
cipitate the nanoparticles. Nanoparticles were centrifuged
at 10 000 rpm for 10 min. The prepared nanocrystals were
washed with n-hexane and again precipitated using etha-
nol, centrifuged at 14 000 rpm for 10 min and dispersed in
10 ml of chloroform.

Spherical undoped shell deposition. Nanoparticles with
spherical shell were synthesized by thermal decomposition
of the trifluoroacetates method. First, a precursor was pre-
pared by dissolving of 2.5 mmol of Y205 in a solution of
10 ml of water and 10 ml of trifluoroacetic acid at 90 °C
for 1 h. After cooling to room temperature, solvents were
evaporated using a rotary evaporator. The precursor was
dried at 140 °C for one night. Subsequently, 5 mmol of
sodium trifluoroacetate, 40 ml of oleic acid, and 40 ml of
1-octadecene were added to the round-bottomed flask con-
taining precursor. As prepared solution was kept under a
vacuum at 120 °C for half an hour to remove residual oxy-
gen and water. Then the solution was cooled down to 70 °C
under a nitrogen atmosphere. 5 ml of colloidal core nano-
crystals were added to the flask and the mixture was stirred
for 10 min. Then, the temperature was increased to 80 °C
and flask was opened for 30 min to evaporate chloroform.
Subsequently, the temperature was increased to 110 °C and
the solution was kept under vacuum for 15 min to evaporate
residual chloroform. Thereafter, under a nitrogen atmos-
phere, the solution was heated up to 300 °C and kept for 1 h.
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After synthesis, the solution was cooled down to around
70 °C and nanoparticles were precipitated using ethanol
and centrifuged at 10 000 rpm for 10 min. The nano-
crystals were washed with n-hexane and again precipitated
with ethanol and centrifuged at 14 000 rpm for 10 min.
As prepared nanoparticles were dispersed in 5 ml of chlo-
roform and drop casted on a glass 0.17 mm plate.

2.2. Optical setup

A special optical setup was built to study PA photolu-
minescence and risetimes in a wide range of excitation
power densities (102107 W cm2). Single mode laser diode
(FPL852S — 852 nm, 350 mW, butterfly laser diode, SM
Fiber, FC/APC) was used to generate an 852 nm excitation
beam. The laser beam passed through the set of neutral
density filters, attenuating the excitation light and provid-
ing the way for precise control of the power density of the
excitation beam. Then the excited beam was reflected by
a dichroic mirror (DMSP805R) to the side port of an in-
verted microscope (Nikon Ti-2 Eclipse). Subsequently, the
laser beam is focused by long distance (f = 20 mm) objec-
tive lens (M Plan Apo 20x) on the sample placed on a mi-
croscope slide and kept on heating stage THMS 600
(Linkam), used for temperature control. The intensity of
the emission light of the sample (482 nm and 607 nm) was
then collected by the same objective lens and, after passing
through the dichroic mirror, was recorded by two photomulti-
plier tube (PMT) detectors (1001M and 2101M, Thorlabs)
connected to a photon counter (QUTAG, quTOOLS). The
emission light was spectrally separated between these two
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detecting modules using a DMSP505R dichroic mirror
(Thorlabs), and then by F01-475 (Semrock) or 600BP40
(Omega Filters) bandpass filters. With an alternative detection
path, emission spectra were registered using an Andor
Shamrock 500 spectrograph equipped with a Newton
CCD camera (DU920P-BEX2-DD). While the absolute
emission intensities measured with the spectrometer and
the PMTs are not directly comparable due to differences in
spectral sensitivities and transmission of dichroic filters,
their relative changes are valid.

2.3. Data analysis

Temperature and pump power dependent luminescence
intensity at two spectral bands were analyzed with Origin
Lab software, as well as with custom Matlab algorithm,
that we have previously developed for analyzing PA pro-
perties, with capability to automatically derive PA nonli-
nearities, PA gain and PA threshold [18].

3. Results and discussion

Based on studies by Y. Liang et al. [7], we have synthe-
sized 0.5% Pr®* and 15% Yb®* ions co-doped core and core-
passive shell NaYF. colloidal nanoparticles. Both, core
and core-shell nanoparticles with narrow size distribution
[Fig. 1(b)] were characterized by transmission electron mi-
croscopy (TEM) [Figs. 1(c)-1(f)]. X-ray diffraction (XRD)
confirmed the structural purity of synthesized nanocrystals
Fig. 1(a), and the energy dispersive X-ray spectroscopy (EDS)
cross-section profile [Fig. 1(h)] evidenced successful pas-
sivation of the core nanoparticles with an undoped shell.

Fig. 1. (Color online) Characterization of core and core-shell nanocrystals co-doped with 0.5% Pr3* and 15% Yb3* ions. (a) X-ray pow-
der diffraction patterns, (b) histograms of nanoparticles; TEM images of (c) core and (e) core-shell nanocrystals; high-resolution trans-
mission electron microscopy (HRTEM) images of (d) core and (f) core-shell nanocrystals; (g) EDS elemental mapping and (h) EDS line
scan profiles of Yh®* and Y3* ions in a representative core-shell nanocrystal.
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Fig. 2. (Color online) The mechanism and spectral properties of photon avalanching NaYFs: 15% Yb%* 0.5% Pr3*@NaY F4 nanoparti-
cles. (a) Energy diagram and PA mechanism in Yb3* Pr3* PA system. (b) Representative photon avalanche emission spectrum of NaYFa:
15% Yb3* 0.5% Pr3*@NaYF4 under 852 nm excitation (1.5 MW/cm~2) at room temperature. Solid and dotted lines indicate radiative and
nonradiative transitions. Wavy arrows indicate multiphonon relaxation processes or phonon assisted energy transfer processes.

The core-shell nanoparticles were characterized spectro-
scopically for various pump powers in a wide temperature
range.

Due to rich structure of the energy levels [Fig. 2(a)],
praseodymium ion exhibits many emission bands in the
visible range [Fig. 2(b)], such as 3P; — 3H, (at 468 nm),
3Py — 3H,4 (482 nm); 3P1—3Hs (522 nm); 3Po—3Hs (538 nm);
3P1 i 3He (583 nm); 3P0 - 3He (607 nm); 3Po - 3F2 (641 nm);
3Py = 3F34 (721 nm). There is an ambiguity in assignment
of the ca. 580-620 nm bands to the emission from 3P; or
1D, level across literature reports on various materials and
in particular on fluorides [5, 7, 19-24]. For the reasons
given below, we accede to the opinion there is no D
emission observable in fluorides, and the 583 and 607 nm
emission bands originate from the 3P; — 3Hs and 3Py — 3Hs
transitions. The spectrum was recorded under 852 nm
excitation. This wavelength matches perfectly excited
state absorption of Pr®* ions (!G4 — 3P1), but remains off-
resonance to ground state absorption, both in Yb3* ions
(?F72 = ?Fsp, AE = 1533 cm™) and Pr¥* ions (3Hs — Gy,
AE = 1887 cm™) [Fig. 2(a)]. These energy mismatches are
however small enough to enable weak side band, phonon
assisted absorption that leads to the initial population

of key levels of Yb% (?F7, — 2Fsp) [process (1)] and then
of the Pré* ions (i.e., 'Gy) as a result of Yb® — Pr3* energy
transfer (ET) [Yb®":2Fs — Pr3*:1Gy, process (2)] and energy
transfer upconversion (ETU) [Yb**:2Fs, — Pr*:1D; or 3Poy,
processes (3)]. Then, energy looping, provided by cross-
relaxation occurs and populates the excited state G4 [pro-
cess (5)], what is of crucial importance for PA. Pr3* ions
are known to be highly susceptible to concentration
quenching even at low concentrations of the activators due
to presence of a few possible CR mechanisms between
their energy levels, which on the other hand are also pow-
ering the energy looping that is essential for PA process.
For example, the CRz (°Po; 3Ha) = (*G4; 1G4) + 950 cm™
doubles the population of !G4 level, and thus supports ESA
excitation, energy looping and ultimately enhances PA behav-
ior. However, the CRy (*Dz; *Hs) = (*Gs; 3Fs4) £ 150 cm?
quenches the population of D, level (if it exists), but it
does not contribute to PA gain as it does not double the
population of G, level (i.e., 3Fs4 is fed instead), and in
consequence it may result in emission quenching by multi-
phonon relaxation (MPR) to the ground state. The ratio of
CR;: to CR; should change with temperature, because the
CR; requires first 3Py — D, (AE ~ 3850 cm™*) multiphonon
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relaxation to take place, which however is 15.4, 12.6, and
10.5-fold the energy of the phonons available in the NaYF.
matrix, i.e., 250, 305, and 365 cm™?, respectively. Based on
fundamental [25-28], and more recent [10] studies on
MPR, we have estimated the MPR rates to stay below 320 s
for the cut-off 365 cm™ phonons at room temperature. In
consequence, this CR; process is very unlikely unless ETU
from Yb®* occurs, but since no D, emission is recorded,
we suppose the CR; is not efficient in the studied system.
Therefore, the only possible CR that may play a role here
is the CR; (energy mismatch equals AE ~ 950 cm™) process,
which requires 3 phonons of 305 cm™ energy and thus
should be highly probable. Because all MPR are phonon
(defined by host matrix) and temperature dependent [10],
lower temperatures should further diminish the 3Py — Dy
MPR and thus should support “beneficial” CR; (A E ~ 150
cm™) over “parasitic” CR; (AE = 950 cm™). To understand
the actual role of temperature in PA emission, the intensi-
ties of the two most intense emission bands (°Po — 3H4 at
482 nm and 3Py — 3Hg at 607 nm) were measured for tem-
perature rising from —175 to 175 °C with 25 °C steps [Fig. 3].
Both profiles are very similar, the luminescence lifetimes at
these wavelengths are identical and equal to ca. 19 us at
room temperature. This is quite obvious as the two emission
bands originate from the same 3Py level.

The luminescence pump power dependence studies
[Figs. 3(a) and 3(e), at 607 and 482 nm, respectively]
clearly demonstrate typical photon avalanche behavior in

the whole studied temperature range. Above a distinct
pump power threshold [Figs. 3(a)-3(d) and 3(e)-3(h)], the
intensity of the luminescence increases steeply [Figs. 3(a),
3(b) and 3(e), 3(f)] and then saturates with a further in-
crease of pump power. The slope of the curves [Figs. 3(b)
and 3(f)] measured for different temperatures varied be-
tween ca. 6 and 9.3, but in most cases values from 7 to 8
were obtained. The photon avalanche gain (Day), defined
as the increase in luminescence intensity (lium) when the
intensity of the excitation beam (lexc) is doubled [18], is
expressed as

D, (1) =t Zlac) ®

Ilum(lexc)

The highest D,, [Figs. 3(c) and 3(g)] reached 179.6 at
482 nm emission at 25 °C. These pump power dependent
profiles, high values of Smax and D, , as well as a distinct
pump power PA threshold clearly confirm the photon ava-
lanche character of the observed emission. Moreover, tem-
perature studies indicate the significant influence of tem-
perature on PA phenomenon. The decrease of temperature
from 175 °C down to —175 °C enhances PA emission in-
tensity by 2-3 orders of magnitude [Figs. 3(a) and 3(e)],
decreases the nonlinearity up to 2-fold [Figs. 3(b) and 3(f)]
and lowers PA gain ca. 3-4-fold [Figs. 3(c) and 3(g)]. Con-
currently, PA threshold becomes 10-fold lower [Figs. 3(d)
and 3(h)]. At low temperature, the luminescence behavior
resembles energy looping rather than photon avalanche
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Fig. 3. (Color online) Temperature and pump power characterization of the photon avalanche emission in NaYFs: 15% Yb3*
0.5% Pr3*@NaYFs under 852 nm excitation. Top and bottom rows correspond to orange 607 nm and blue 482 nm emission bands, re-
spectively. (a) and (e) show pump power dependence of photon avalanche emission intensity for various temperatures. (b) and (f) show
the highest PA nonlinearities Smax derived manually (open circles) and by the algorithm described in Ref. 18 (full circles); (c) and (g)
demonstrate maximal PA gain at the excitation intensity corresponding to the highest nonlinearity [i.e., Dav(lexx@Smax)], (d) and (h)
show PA threshold at various temperatures. (b)-(h) datasets were derived from the pump power dependencies (a) and (e) at various

temperatures.
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(lower slopes and gains), while at higher temperature the
emission power dependence shows more photon avalanche
behavior (i.e., higher slopes). These evidences indicate
a complex nature of the sensitized PA phenomenon in
Yb¥, Pr¥* co-doped NaYF, nanoparticles. On the one hand,
lowering temperature reduces multiphonon-relaxation, non-
radiative quenching on the surface or internal losses, which
is evidenced by lower pump power PA threshold. While
surface quenching is reduced by surface passivation,
the losses include efficient cross-relaxations between Pré*
ions and fast MPR between the levels below 10 000 cm™
(1G4 - 3|:3,4 — 3F, = 3Hg — 3H5 — 3H4). On the other hand,
the energy gap mismatches between energy levels of Yb3*
and Pr®* ions require phonon assistance, therefore lower
temperature obviously hinders energy looping between the
two ions. This is somehow contradictory to expectations,
as CRy starts to dominate over possible CR1, and this trend
should enhance PA performance. But one should be aware
of the complicated sequence of processes that lead to sensi-
tized PA emission. These include strongly temperature
dependent absorption of Yb%* in fluoride matrix [29], which
affect not only process (1) in Fig. 2(a), but also energy
transfer between Yb% and Pr* [processes (2) and (3) in
Fig. 2(a)]. Moreover, more CR processes can be expected in
rich energy level scheme of Pr¥* ions than the most probable
CR; (and hypothetical CR;) presented in Fig. 2(a). These
CRs may further hinder understanding of the temperature
dependent phenomena studied here. Lowering temperature
leads to (a) ca. 100-fold enhanced luminescence intensity,
(b) lowering PA nonlinearities, (c) lowering PA gains, and
(d) lowering PA threshold. The first and last effects are

Luminescence intensity
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obviously resulting from reduced MPR quenching of inter-
mediate and emitting levels of Pr3* activators, which are
expected to disrupt energy looping. However, lower PA
slopes [Figs. 3(b) and 3(f)] and PA gains [Figs. 3(c) and 3(g)]
should indicate that the CR; is affected by temperature to a
larger extent than the CR;. Firstly, one should keep in mind
that CR; is critical to achieve PA emission in Pré* ions,
while CR; should be considered as parasitic one. Secondly,
one should also understand the energy mismatch in AE(CR2)
is larger (and thus more temperature and host matrix de-
pendent) than AE(CRy), therefore the CR» energy looping
should be more temperature dependent. In consequence, we
should conclude, the PA emission in sensitized Pr3* ions
results from acomplex balance between a set of direct
(ESA) and sensitized (Yb3* — Pr®*) photoexcitation, phonon
assisted energy looping and MPR quenching mechanisms.
To further evaluate the temperature responsiveness
of the studied sensitized PA system, PA emission intensi-
ty versus rising temperatures was studied for a few, arbi-
trarily selected pump power densities (vertical gray lines
marked in Figs. 3(a) and 3(e), at 0.24, 0.31, 0.44, 0.81, and
1.20 MW-cm™). These data points were extracted from
original datasets [Figs. 3(a) and 3(e)] and further used in
the subsequent analysis in Fig. 4. Approximately, with in-
creasing temperature, the luminescence intensity decreases
exponentially. The temperature change led to PA intensity
increase by over 2-3 orders of magnitude. At the same time,
due to the highly nonlinear behavior of PA emission, the PA
intensity is highly susceptible to small instabilities of the
excitation laser power, mechanical drift of the optical set-
up, and other experimental factors. For these reasons,

Luminescence threshold
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Fig. 4. (Color online) Temperature dependence of photon avalanche luminescence of NaYFa4: 15% Yb%* 0.5% Pr3* under 852 nm photo-
excitation. Temperature dependence of PA luminescence intensity, lium(T), at (2) 607 nm and (c) 482 nm for selected pump power
intensities (lp = 0.24, 0.31, 0.44, 0.81, and 1.20 MW-cm~2); (b) and (d) show corresponding relative temperature sensitivities. Tempera-
ture dependence of PA threshold, 1(T), for emission at (e) 607 nm and (g) 482 nm. (f) and (h) show corresponding relative temperature
sensitivities. The data presented here are based on experimental data presented in Figs. 3(a) and 3(e).
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the experimental PA intensities were neither perfectly
smooth nor monotonic. Therefore, to enable quantitative
evaluation of temperature dependence, the experimental
data points were first fit with an exponential curve, from
which the relative sensitivity (Sr) could be counted by the
well-known formula [30]:

Sg = l-A—e-lOO% , (2)
0 AT
where 0 is a thermometric parameter, e.g., this can be either
luminescence intensity (6 = liym), luminescence intensity
ratio (6 = LIR) or PA pump power threshold (6 = Iy), the
AB indicates luminescence thermometric parameter change
corresponding to AT temperature change.

Depending on the choice of excitation power, one can
intentionally choose greater Sr at the expense of the operat-
ing range of such a thermometer. If a wide operating range
of the thermometer is preferred, a lower Sg is obtained or
the opposite. The highest Sg of 7.5% °C~ was obtained
for emission at 482 nm under excitation power density of
0.31 MW-cm2 for temperatures below 0 °C. Similar prop-
erties (Sr of 7.0% °C1) were found for 607 nm emission in
the same conditions. These sensitivities significantly exceed
those reported for ESA (1.29% °C* for KLaP4O1,:Pr3* [31]
and 5% °C for LaFs:Pr3* [24]) where true PA phenomenon
was not observed despite using ESA based excitation scheme.

In addition, based on the exponential temperature de-
pendence of the PA threshold (lin) as a new thermometric
parameter, relative sensitivities were calculated to be up to
0.9% °C* for 482 nm emission at low temperature.
The relative sensitivities were no less than 0.5% °C™ at
both emission wavelengths in the whole temperature range
from 175 up to 175 °C.

The very high relative sensitivity values, predicted pre-
viously theoretically for avalanching systems [10], could
be used for ultraprecise luminescence nanothermometry.
The proposed single emission band intensity approach,
despite it offers a rather straightforward relationship be-
tween the intensity and temperature, simplify the experi-
mental setup and data interpretation, is immanently con-
nected with several limitations in real life applications,
which should be underlined. Firstly, when the avalanching
temperature nanoprobe is surrounded by the scattering or
absorbing environment (i.e., sample volume), the lumines-
cence intensity based temperature measurement is affected
in two ways. First of all, part of the emitted light is attenu-
ated, especially from the visible range, far from transmis-
sion window of biological tissues, like in the presented
Pr3*Yb** based system. However, a much more significant
influence of scattering medium, even when limited by us-
ing NIR excitation light, comes from attenuating of the
pump light. This is due to the very nonlinear relation be-
tween the excitation power and resulting luminescence
intensity characterizing avalanching materials. In such
case, even minute decrease in the excitation power density

translates to steep decrease in the emission intensity, thus
leading to incorrect temperature measurement. In addition,
the inhomogeneous distribution of nanoparticles in the sys-
tem significantly affects the luminescence intensity readout
and thus the temperature measurement. A similar problem
was described for thermometers based on the other excited
state absorption processes. In that case, in order to eliminate
the aforementioned limitations of the reliability of the tem-
perature reading based on the intensity of a single band,
asingle-band ratiometric approach strategy was proposed
and discussed in detail previously [10, 15, 16]. Additional
GSA pumped probe reference signal that is less sensitive to
the influence of the attenuating medium and temperature
variation can be used in real-life applications.

The ratiometric approaches (SBR or LIR) are widely
used and feasible, but these methods are not always reliable
enough in terms of flexibility, optimum temperature oper-
ating range and often require relatively complicated and
expensive detection instrumentation, which may hinder
wider adoption of luminescence based nanothermometry in
technology and biomedical sciences. Therefore, not only
more sensitive, brighter and robust phosphors are sought,
but also novel temperature sensing schemes, which may
potentially simplify remote quantification and imaging of
temperature. Hence, PA-based thermometers, due to their
high relative sensitivities and monotonic behavior, reveal
promising thermometric performance despite the fact that
the lack of information on what power density reaches
the sample still remains a significant limitation.

Beside consideration on the suitability of the studied
materials for thermometry, the data presented in Fig. 4
confirms previous discussion about a complex nature
of photon avalanche emission in Pré*, Yb% SPA system.
Namely, various temperature and pump power dependent
processes contribute to energy excitation and absorption,
energy transfer and distribution, as well as energy looping
and emission. A qualitative explanation of the observed
relationships must be followed by developing and solving
an appropriate numerical model of the sensitized PA emis-
sion like in Ref. 10 to further advance understanding and
enable optimization of the Pr¥*, Yb% photon avalanche
luminescence.

Conclusions

We reported the temperature dependent PA behavior in
the colloidal core-shell NaYFs: 15% Yb** 0.5% Pré* nano-
crystals. In this system, energy looping, responsible for
powering PA emission, occurs between the ESA-pumped
Pr* ions, but is also supported by the presence of the Yb3%*
sensitizer ions. The PA phenomenon, with significant tem-
perature dependence of the emission intensity and the PA
threshold, was clearly observed in the entire studied tempe-
rature range (from —175to 175 °C). A completely novel ther-
mometric approach for luminescence thermometry, based
on the use of threshold excitation power to observe PA
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luminescence (In) as a thermometric parameter was pro-
posed. A gradual shift of the PA threshold towards higher
excitation power densities (from 100 to 750 kW-cm2) was
observed with increasing temperature. This approach as-
sured relative temperature sensitivity above 0.5% °C.
Simultaneously, with increasing temperature the emission
intensity at 482 and 607 nm decreases significantly up to
four orders of magnitude for selected excitation powers.
Based on such substantial changes in the intensity of a sin-
gle emission band the corresponding temperature relative
sensitivity was calculated and the maximum value of 7.5%
°C! was obtained at 0°C. These relationships not only
confirm suitability of such approach for luminescence
thermometry, but also evidence a complex set of coexisting
phenomena that drive PA emission. The presented results
demonstrate, that the PA emission in sensitized Pré* ions
results from a complex balance between a set of direct
(ESA) and sensitized (Yb% — Pr3") photoexcitation, pho-
non assisted (therefore temperature dependent) energy
looping and MPR quenching mechanisms.
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CeHcubinizoBaHa pOTOHHA NaBUHHA
HaHOTEPMOMETPISA B KOMOIAHNX HAHOYaCTUHKaX
NaYF4, neroBaHux Pr3* ta Yb3*

Zuzanna Korczak, Magdalena Dudek,
Martyna Majak, Matgorzata Misiak, tukasz Marciniak,
Marcin Szalkowski, Artur Bednarkiewicz

®oronna naBuHa (OJI) — 16 HaI3BUYAKHO HENiHIMHE SBHILE
JIOMIHECIEHIii, sIKe BHHHKa€ B MaTepialaX, JIETOBaHUX
nanraHoinamu. @®JI  geMOHCTpye Jyke KpyTy CTEleHEeBY
3aIeKHICTh MK IHTEHCHBHICTIO JIFOMIHECIEHIi Ta MOTY>KHICTIO
ONTHYHO! Haka4ykW. 3aBAsSKU MeXaHi3My BHIpoMiHroBaHHs DJI

HaBiTh CIa0Ki 30ypeHHs EHEePreTHYHOro IUKIY Ta PO3IOILLY
eHeprii B  Mexax 30y[UKeHMX  pIBHIB  JIAHTaHOIJHUX
BUNPOMIHIOBAUiB, SIK OYIKYETBCS, MOXYTb CYTTE€BO 3MIHUTH
JIFOMIHECIIEHTHI BJIACTHBOCTI. EKCIepHMEHTaNbHO HOCHIHKEHO
BB Temmeparypu (Big —175 mo 175 °C, 3 kpokom 25 °C) Ha
BUINpOMiHIOBaHHS ceHcuOutizoBanoi DJI y nanodactirkax NaYFa,
neroBanux 15% Yb% ta 0,5% Pr¥, npm pomxumi xBUIi
HakadyBaHHA 852 HM. 3HauHi 3MiHu HemiHiitHOCTI @JI (S = 4,5~
9), koediuienra migcunenns OJI (Bix 50 no 175) ta mopory ®JI
(Bim 100 g0 700 xBt/cM?) cmocTepirammcst MpH TIiABHMIIEHHI
temneparypu Bix —175 mo 175 °C BigmosimHo. BigHocha
TeMIlepaTypHa YyTJIHBICTh, SIKa 3aCHOBaHAa Ha 3MiHaX IHTEH-
CHBHOCTI JIFOMiHECHEHLi, Oyna Ginbimoro 3a 1,5% °C y Bcpomy
JiarmasoHi TeMIepaTryp, JOCATAalodM MaKCHMAaIbHOTO 3HAaYeHHS
75% °C' npu 0 °C. KpiM TOro, 3ampOIOHOBAHO HOBHUH
TEPMOMETPUYHMI Tapamerp, a caMe. MOpir ITOTYXHOCTI
HakauyBaHHS @JI, gxkuif IEMOHCTPYBaB BiIHOCHY UYTJIHBICTh
nonan 0,5% °C!y ToMy x HIMpOKOMY Jiala3oHi TeMIEparyp.
3apnsaku BractuBocTsM DJI miama3zoH TemmepaTypHOi Yy TJIMBOCTI
Ta  BIONOBIJHAa  BITHOCHA  YYTIUBICTE  MOXYTh  OYyTH
LTECTIPSMOBAaHO HAJIAIITOBAHI IIUIAXOM BHOOpPY BiINOBIIHOT
IHTEHCHBHOCTI HAaKayk¥ 3 ypaxyBaHHAM 3aJISKHOCTI BiJ
moTy>kHOCTi. [IpoBeneHi AOCTiIKEHHSI HE TUIBKU 3a0€3MedyIOTh
Kpame po3yMiHHS (YHIaMEHTAIBHUX TMPOIECIB YYTJIMBOCTI
ceHcuOimi3oBaHOi  (OTOHHOI JAaBHHHOI eMmicii J0 3MiHH
TEMIIepaTypH, ajle TAKOXK ITOKAa3yIOTh MOXKINBICT BUKOPUCTAHHS
®JI marepianiB K 9y TIHBUX (HAHO)TEPMOMETPIB.

KirouoBi cioBa: marepianu, 1O JOMOBaHI JIAHTAHOIAaMH, HAHO-
KpHCTAIH, JIFOMIHECICHITIS, JIaBUHHE
BUIPOMIHIOBaHHS (DOTOHIB.
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