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1 Overview of photon avalanche in lanthanide doped materials

In this chapter, the photon avalanche phenomenon is reviewed and discussed for every single
lanthanide ion (among those, where PA and PA-like mechanisms are expected). Not only historical
achievements, but also already experimentally confirmed as well as hypothetically predicted PA or PA-
like emissions are briefly discussed and commented. PA emission in bulk and fiber PA materials were
reviewed previously 3. The convention we assumed presents energy levels with optical transitions
being important for achieving the PA emission, starting from various ESA processes, various CR looping
mechanisms, non-radiative quenching and various possible emission transitions, all of them
accompanied by transition wavelengths (expressed in nm) and electron dipole lines strengths:

Ag= Y 0 |(arNatsiy|uPaNa s Ly Eq. 1-1
1=2,46
where exemplary [Q, Q, Q¢ = [6.07 3.05 10.52] Judd-Ofelt parameters for fluorides were
considered (unless explicitly indicated for other matrix) and tensor U, 4¢ values for given transitions
were based on Ref. 4. All transitions were confronted with the ones observed experimentally, and their
intensities were qualitatively presented in the diagrams through the corresponding line thickness. The
feasible cross-relaxation processes, which are critical for the energy looping and feeding the
intermediate energy levels suitable for further ESA processes, were also indicated together with line
strengths and energy mismatch. All these data have been additionally tabulated below the subsequent

graphs for each of the analysed ions. The theoretical values of Ayj gives rough estimation on the line
strength and the probability of given transition, which should allow to predict and design PA processes
in new materials.

1.1 Praseodymium ions — Pr3*

Praseodymium trivalent ion (Pr3*) is broadly utilized in spectroscopy > (performed even on the single
ion level °), optoelectronics %' and laser techniques >, including systems with surface plasmon
resonance enhanced performance 6. Moreover, as these ions can be efficiently excited in NIR region
corresponding to the transmission window of biological tissues 7, utilization of Pr3* doped
nanocrystalline matrices was proposed in bio detection and bioimaging 181°. Materials doped with Pr3+
ions were also tested as the promising candidates for applications in therapeutics, especially as the
sensitizers in radiotherapy %%, Praseodymium trivalent ion (Pr3*) is broadly utilized in spectroscopy >
(performed even on the single ion level °), optoelectronics 1! and laser techniques %73, including
systems with surface plasmon resonance enhanced performance . Moreover, as these ions can be
efficiently excited in NIR region corresponding to the transmission window of biological tissues %7,
utilization of Pr3* doped nanocrystalline matrices was proposed in bio detection and bioimaging 819,
Materials doped with Pr3* ions were also tested as the promising candidates for applications in
therapeutics, especially as the sensitizers in radiotherapy 2021,

Particular interest in spectroscopic research of Pr3* doped materials was motivated by the fact that
blue, green and red emission can be obtained via visible and NIR excitations.?*?? , as shown in the
Figure S1. One of the most common ways to excite Pr3* ions is to directly pump from the 3H, ground
state to the higher: 3P, , levels (using 440 — 480 nm light or via upconversion mechanism using
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combination of 1010 nm and 835 nm light beams with 1G, level as the intermediate state) or D, level
(using ~590 nm light) >61423.24_ The resulting emission occurs mainly from 3P, state transitions to 3H s ¢
or 3Fy, levels, emitting in blue (~480 nm, the most intense typically), green (~540 nm) and orange
(~610 nm) spectral ranges for end states 3H,, 3Hs, 3Hg, respectively, as well as producing red light
(~640 nm, ~695 nm and ~720 nm) for 3F,, 3F; and 3F, terminating levels, respectively >4, Alternatively,
orange (~600 nm), red (~700 nm) or NIR (~810 nm and ~870nm) emissions corresponding to
transitions from 1D, level to 3H,, 3Hs, 3Hg and 3F, states, respectively °. However, it is worth to note that
also IR emissions, promising for applications as the laser sources, can be obtained from Pr3* ions,
namely from transitions occurring between lower laying energy levels: Gy, 3Fy 1, and 3H, s, giving
numerous emission bands, with the most important: 1.35 um, 1.6 um, 1.7 - 2.6 um and 3 —5 um 2>26,
Other efficient way of pumping Pr3* is ETU, typically with Yb3* ions employed as sensitizers. In such
systems 2Fs, state in Yb3* can be populated by 940-980 nm laser light, and then their energy can be
transferred non radiatively to nearby Pr3* ion, increasing occupation of 1G, state thereof ?7. lons in this
state (whose lifetimes are typically in the range of tens or hundreds of us 28, which is long enough to
perform such processes) can be then subsequently promoted to one of 3P, ; ; levels. Finally, it is worth
to note that output from Pr3* doped hosts, multicolour originally, can be further successfully tuned
with dispersive and spectrally selective optical components to produce laser lines in desired spectral
range >. Co-doping Pr3* with Yb3* ions can be also exploited in PA excitation scheme, when the
excitation wavelength matches excited-state absorption in Pr3* ions (e.g. ca.850nm) and does not fall
into excitation bands of Yb3* 2930 In such sensitized Photon Avalanche case described in Chapter 6.3,
Yb3* ions take over and accumulate part of Pr3* energy in the long living %Fs/, state within, usually a few-
to few-tens-fold larger number of Yb3* ions (e.g. 20% Yb3* vs 0.1 —0.5% for Pr3*), and then donate
energy back to Pr3*ions, and thus enhance energy looping. Similar sensitization should be feasible with
other dopants such as Ho3*, Tm3* or Er3*. Similar mechanism was demonstrated for NaYF, nanocrystals
co-doped with Pr3* and Yb3* ions, where Yb3* ions make migration network to propagate energy3!. Due
to the fact, this process is called as a Migrating Photon Avalanche (MPA). Initially, under excitation with
852 nm, few of ions in ground state absorption are excited to their excited state, namely Pr3* to G,
and Yb3* to 2Fs;,. When Pr3*ions are in 3P, higher-energy excited state (after ESA;), the Yb3* ions due to
strong interaction with Pr3*ions, can be promoted to the higher level, namely 2Fs;, and in this time Pr3*
come back to G, level (CRyo). Subsequently, Yb3* ions give energy to Pr3* ions, populating G, excited
state (CRy,). Increasing of number if ions in 1G4 excited level leads to effective ESA transition, and then
to observe PA emission from 3Py, 3P, and 1D, levels. There was observed also PA emission from Yb3*
ions at 977 nm with slope reached 26.
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Figure S1: Transitions and energy transfers suitable for PA to occur in Pr3* singly doped and Yb3* and
Pr3* co-doped materials.

One of the most promising advantages of Pr3* ions is their broad ability to host processes necessary
for nonlinear enhanced emission via photon avalanche mechanism. The very first report describing
observation of the PA in lanthanides ions, published by Chivian et al. in 1979 32, have concerned Pr3*
ions doped into LaCl; and LaBr; matrices (Pr3* concentration of 4.88%). There were observed
characteristic, highly nonlinear changes in optical properties of Pr-doped bulk crystals as a function of
the power density of laser irradiation used for excite Pr3* ions from 3Hs to 3P, (ESA,). Namely, when
some threshold value of the excitation power density (in the range of 1.2 — 12.2 W/cm? in reported
experiments) was exceeded, resulting intensity of green output of such system was rising avalanche-
like and any minute variations of the laser irradiation power led to large changes of emitted light
intensity. This phenomenon was caused by energy looping between three lowest energetic levels of
Pr3+, fed by efficient energy cross-relaxation between nearby ions, one in 3Hg state, while the other in
3H, ground level (CR,). As a result of this process, two ions in the intermediate 3H; level were obtained,
promoting suitable conditions for absorption of laser irradiation and pumping into emitting states.
Therefore, population of this level was doubled in each of iteration of such loop, playing a role of
positive feedback and gain. This phenomenon occurring in LaCl;:Pr3* and BrCl;:Pr3* was studied in
details in other works, where PA was also established by cross relaxation processes between 3H, and
3H, states, resulting in gained populating of 3H; levels 3334, however also other similar CR mechanisms
between lower energy levels could be involved in such operation (CR;;). 333* however also other
similar CR mechanisms between lower energy levels could be involved in such operation (CRy3).
Moreover, other mechanisms were investigated, like pumping the 3F; — 3P, transition (677 nm, ESA;),
resulting in the emission from 3Py, — 3F, transitions (644 nm, EMI,), with suggested PA processes
multiplying population of the Pr3* ions in 3F; state (for example CRs.; processes, accompanied with
MPR) 3. It is worth to mention that the best performance of such system (25% conversion efficiency)
has been found for the temperature of 80 K and it was gradually decreasing with rising temperature
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till 210 K, where emission was terminated 3°. It is worth to mention that the best performance of such
system (25% conversion efficiency) has been found for the temperature of 80 K and it was gradually
decreasing with rising temperature till 210 K, where emission was terminated .

Observations of PA were successfully carried out also in others Pr3*-doped hosts, such as fibers, SiO,
glass fibers 3¢, where critical threshold pumping power was estimated to be lower than 0.5 W/cm?.
Numerous experiments were conducted also for systems, where Pr3* and Yb3* ions were co-doped in
such hosts like LiYF, 37, ZBLAN (ZrF4, BaF,, LaFs;, AlF;, NaF) fibers 3, Y,05 38 or BaY,Fg 223°. Co-doping
with Yb3*ions, due to good matching of its 2F,,, — 2Fs, transition energy with, both, 3H, — 1G, (GSA;)
and G, — 3P, (ESA;) transitions energies, supported with rather long lifetime of the G, (in the range
of tens of s typically, dependent on crystal matrix being used 28), enables utilization of this level as
the reservoir state for photon avalanche, populated by the cross relaxation between ground 3H, state
and one of the 3P, ; ;levels (CRs ;). Furthermore, it was possible to obtain PA in such systems with much
lower concentrations of Pr3* ions than in systems doped with Pr3* only. Moreover, in the selected
cases, Pr3* doped PA-hosting systems were utilized as the laser sources 13223335 Despite numerous
possible scenarios of such Pr3*-doped systems pumping, in most of the cases the resulting emitting
state was the metastable 3P, level, and several emission peaks in visible range, including blue, green,
orange and red was observed.

Table S1: Collection of transitions suitable for obtaining photon avalanche in Pr3* doped materials.
A/ v denote excitation/emission wavelength in nm/cm~; Av denotes either energy mismatch (for CR)
or energy gap (for GSA, ESA, EMI) between respective levels; Data for LiYF, matrix : Q,=0 Q,=8.07
Q6=7.32%. A; defined by Eq.1.1. *°

Term Term A v Aj Comment, Ref
Start End [nm] [em]
Excitation
ESA, 1G, 3p, 795-885 11400 10.04
ESA, 3H; 3p, 530 19200 2.96 32,33,38
ESAs 3F3 3P, 670 14900 1.58 35,36
Looping Av
CRy (3F3;*Ha) (*Hs; *He) 50 2.80; 1.29 38
CR, (®F3;°Hs) (*He; *Hs) 100 8.76; 6.58
CRs (3F3; 3Ha) (*Hg; *Hs) 50 8.76; 6.11 38
CR4 (®Hs; 3Hy) (®Hs; 3Hs) 150 6.58; 6.11 32-34,38
CRs (3Pg ; *Ha) (1Gs; 'Gy) 950 0.34;0.12 37
CRg (®P1; Ha) (1Gs; 'Gy) 1550 0.49; 0.12 13,37
CRy; (1G4, Ha) (*Hg; *F2) 650 8.67;4.14 37
CRg (*Ga ;°Hs) (3F4; °F)) 150 3.05; 7.23
CRy (1Ga; *Hs) (3F4; 3F4) 1700
CRyg (>F7/2;3Po) (%Fs/2; 1Gy) 50 0.34 31
CR11 (?F7/2; 1Dy ) | (%Fspo; 3F4) 750 6.29 31
CR1z (*Fsz; 3Ha) (2F;/2;1Gy) 352 0.12 31
Emission A v
EMI, 3Py 3H, 480 20650 1.38 15,31,36,38
EMI, 3p, 3H, 520 19200 2.96 1531
EMI; 3Py 3H, 607 15700 0.53 15,22,32,39
EMI, 3Py 3F, 635 15700 <0.01 13,15,22,3435
EMIs 1p, 3H, 609 16420 0.51 3




1.2 Neodymium ions — Nd>*

Nd3*ions, most commonly excited via up-conversion mechanism under 808 nm, exhibit emission lines
in visible, near infrared and infrared spectral regions 2. Moreover, also upconversion emission (laser
operation) in LaF;:Nd3* at 380 nm (EMI,- Figure S2. Table S2) was obtained after excitation with two
photons in range of NIR and yellow region resonant with GSA #l;, — *Fs;; and with transition from *F3/,
to “Dsj, (ESA,) respectively.#*Nd3* ions, most commonly ex3cited via up-conversion mechanism at
A=808 nm, exhibit emission lines in visible, near infrared and infrared spectral regions 4%42, Moreover,
also upconversion emission (laser operation) in LaF;:Nd3* at 380 nm (EMI;) was obtained after
excitation with two photons in range of NIR and yellow region resonant with GSA 415/, — 4Fs;, and with
transition from #F;/, to D/, (ESA,) respectively.®

In the case of neodymium, avalanche phenomenon was first observed in Nd-doped LiYF, bulk crystal
pumped at 603.6 nm (*F3;, — “D3/, transition, ESA,), leading to the anti-Stokes emission at 413 nm,
corresponding to the 2P3;, — #l;; transition (EMI,), where energy looping possibly occurs through the
CR, mechanism resulting in (after MPR from close higher levels) increased %Fs;;, metastable state
population.*? Similar mechanism was observed also in Nd-doped LiKYFs single crystal.** It is worth to
mention that non-linear increase of emission intensity under increasing pump power were observed
under NIR excitation at room temperature in the case of LiLa;,Nd,P,04, nanocrystalline powders,
where emission was observed at 585, 656, 685 and 750 nm, corresponding to the 2G;, + *Gs;; — gy, ,
2Gyy + 4Gsjy — Ma1jn , Fopp — g and 4y, +2S3, — gy, transitions, respectively. * However, the
utilized excitation wavelength at 808 nm in this case was resonant with strong GSA transition in Nd3*,
which put in question the PA origin of the observed emission. Similarly, it was also known to use
neodymium doping NdAIO; nanocrystalline powders, , which in high temperature of 350 °C and under
(ground state matching) laser excitation at 808 nm corresponding to GSA exhibit bright yellow anti-
Stokes emission, with intensity further increased by two orders of magnitude under vacuum
conditions.*> Furthermore, it is also possible to observe photon avalanche-like emission at room
temperature in YAG co-doped with neodymium and ytterbium ions.*® Some signs of PA behaviour were
noticed (such as slow and pump power dependent rise times, relatively high pump power gains), but
it is most probably not a clear photon avalanche. Moreover, in this configuration Yb3* ions, absorbing
976 nm light, work as the sensitizers and Nd3* plays the role of activator, giving unconventional
emissions at 813 (EMly), 757 (EMIg), 690 (EMIg) and 597 nm (EMI;) (%Fs;; + 2Hgjs — *lgja,
4F;2 + %Sz, — Hoja, *Fojs — Hgjn and 4Gs), + Gy, — 4lg); transitions, respectively). What is interesting,
under excitation at 976 nm (as compared to 808 nm) no emission from level %F3,, was observed, which
is most probably related with the fact phonon emission (Nd—Yb+1®) is more probable than phonon
absorption (Yb+h@w—Nd). Moreover, in the reported power dependence measurements nonlinear s-
shape dependence was observed with the maximal slope of around 5. Interestingly, the nonlinearity
of the process was rising proportionally to the rising emitting state energy. Photon avalanche like
upconversion was also observed in neodymium aluminum borate NdAI;(BOs), nanoparticles doped
with Nd3* ions under excitation at 1064 nm*748, This mechanism relays on an initial sideband ground
state absorption leading to the population of metastable *F;/, level and excited state absorption
4111/ — %F3/, (ESA3). After cross-relaxation (CR;) looping the population of the *l;5/, 11/, State can be
doubled and every iteration contribute to the enhancement of luminescence intensity by photon-
avalanche-like emission. Emission bands at 880 (EMl,,), 810 (EMly;), 750 (EMl,), 690 (EMIg) as well as
at 660 (EMIg), 600 (EMIs) and 536 nm (EMI,) (Figure S2) were observed and it was noted, that non-
radiative relaxations cause increase of temperature of researched samples and simultaneously



luminescence intensity increase is reported.*® Similarly, PA-like process under excitation with 1064 nm
was investigated involving external heating and also an increase of luminescence intensity with
temperature increase was observed.*” Moreover, PA threshold moved to lower values of pump power
density with increasing the temperature. We suppose, that also ESA; and ESA, are likely after energy
transfer from Yb3*ions, excited as an activator, to Nd3* ions. We decided to show cross-relaxations CRs-
CRs because these transitions seem useful to populate #l5/, level for ESA;. It is worth to notice that
Nd3* ions have found also application in the luminescence thermometry,*® moreover their emission in
the first and second biological window as well as absorption band A = 808 nm do not overlap water
absorption, which makes them desirable in bio-applications.’%>! Theoretical modelling of the PA
phenomenon in Nd3* pumped via ESA at 1064 nm, beside great potential for PASSI,>? exhibits also, due
to thermal dependences of the essential processes incorporated in the PA, very promising features for
thermometric utilizations, especially in single-band-ratiometric (SBR) luminescence thermometry
approach, where feasible monitoring of ratio of the single emission band under two excitations types,
GSA at 808 nm corresponds to #lg;, — *Fs;; and ESA at 1064 nm (ESA3) for #ly1/, — *F3),, characterized
with contrary thermal dependences, can be used to measure the temperature, with potential sub-
micron resolutions.4?>3->5
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Figure S2: Transitions and energy transfers suitable for PA for Nd** doped materials.



Table S2: Transitions suitable for obtaining photon avalanche in Nd** doped materials. 1 denotes
excitation/emission wavelength in nm; Av denotes either energy mismatch (for CR) or energy gap (for
GSA, ESA, EMI) between respective levels; Data for LiYF, matrix : Q,=1.9 Q,=2.7 Qs=5.0*. *° A; defined

by Eq.1.1.
Term Term A v 2 Con;rgfent,
Start End [nm] [cm?]

Excitation

ESA; 11/ 4y 980 10204 |0.64

ESA, 4y 2G(1)g) 980 10204 |0.18

ESA; 112 4F3) 1064 9398 2.36 2
ESA, F3/2 D3/, 603.6 16567 |0.27 43,56
Looping Av

CR; (4F3/2;4|9/2) (4|15/2} 4|15/2) 550 0.14;0.23 2
CR, (2P3/2; *losa) | (BH(2)o/2; 4F7/2) 250 0.040; 2.23 a3
CRs (4|15/2} 4|9/2) (4|13/2} 4|11/2) 250 7.61;6.15

CRy4 (*l1s/2; Hop2) | (Bliayz; Hasy) 250 2.12;2.32

CRs (*liasas Yoga) | (*lizyz; Haag2) 150 6.60; 6.15

Emission %

EMI; D3/ 11y 380 26316 | 0.84 43
EMI, 2P3/, 1172 413 24213 [0.050 2/43,56
EMI5 2P/, 45/ 730 13699 |0.40 57
EMI, 4Gy, Ho/2 536 19000 |0.81 47,48
EMIs 4Gy N1/ 600 17150 [1.33 47,48
EMIg 4Gy, 13/ 660 15150 (0.91 47,48
EMI, 4Gs)» 4y 597 16750 |2.99 47,48,58,59
EMlg Fop *oy2 690 14650 |0.24 47,48,58,59
EMI, “F1/2 *o/ 750 13500 |[2.24 47,48,58,59
EMlyo “Fs/y o/ 810 12350 |2.63 47,48,58,59
EMIy, “Fs/, 1172 940 10638 |0.64 €0
EMI;, 4F3/, *lo/ 880 11364 |0.89 47,48,52
EMIs3 4F3/ *l11/2 1064 9398 |24 52
EMI1q 43/ *l13/ 1333 7502 (1.0 47,4852
EMlss 43/, *l1s/2 1852 5400 |0.14 47,48,52




1.3 Samarium ions — Sm3*

The luminescent properties of Sm3* ions are relatively less frequently studied as compared to other
lanthanide ions. The PA phenomenon was observed in Sm3*-doped lanthanum bromide (LaBr;) while
investigating this material in the context of quantum counters development. This process was
discovered at the temperature of 4.2 K, and under excitation at 593 nm (corresponding to the ESA
®H,/,—>%Gs, transition, Figure S3- ESA;) emission line at 644 nm was reported (EMIs) ¢1. The avalanche
origin of the emission was confirmed by both, rapid output intensity growth with rising excitation
power density (with the threshold around 3 kWcm2) and significant slowing down of the emission
risetime in the avalanching region. The proposed mechanism of PA contains, beside ESA pumping, also
radiative and nonradiative energy dissipation to the low lying ®Hy/, level, which then is able to initialize
CRg with nearby ions in the ground state, leading to multiplying ®H,/, level population and therefore
providing environment for the PA-powering energy looping.

It is worth to notice that beside of the mentioned PA mechanism, set of other hypothetical pumping
and looping schemes might be proposed in Sm3*. Rich structure of energy levels of these ions can host
numerous possible CR processes with very low energy mismatch. Especially, there are accessible CR
including the emitting metastable *Gs/, state(CR,_;), providing suitable way to utilize part of its energy
to spread the population of the ions in the lower laying energy levels (which also can exchange energy
to populate given state considered as the starting one for ESA pumping). However, rich energetic
structure is on the other hand one of the most important limitations for PA performance in Sm3*, as
the ESA transitions are in most of the cases also close to the resonance with GSA transitions present in
the system, as shown for ESA, , transitions.
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Figure S3: Transitions and energy transfers suitable for PA for Sm3* doped materials.



Table S3: Transitions and energy transfers suitable for Sm3* doped materials. A/ v denote
excitation/emission wavelength in nm/cm; Av denotes either energy mismatch (for CR) or energy gap
(for GSA, ESA, EMI) between respective levels; Data for glasses phosphate matrix Q, = 1.50;

Q,=3.75; Q¢=1.89. A; defined by Eq.1.1.

Term Term A \% A; Comment
Start End [nm] [em™]

Excitation

ESA; H,/, 4Gs)y 600 16620 0.049

Looping Av

CR, (*Gs/2;Hs/2) | (°F7/2;5F9)) 676 0.046;0.74 6263

CR, (*Gs/2;Hs/2) | (8Fs/2;8F11/2) 76 0.017;0.10 64 65 64 65

CR3 (4G5/2;6H5/2) (6F9/2;6F7/2) 324 0046,119 64,65

CR, (*Gs/2;Hs/2) | (5F11/2;5F7)2) 1076 0.0013;1.19 64

CRs (*Gs/2;5Hs/2) | (°Fs/2;°F14/2) 1076 0.0068;0.10 62

CRs (*Gs/2;5Hs/2) | (5F7/2;5F9)) 324 0.0068;0.74 65
65

CR; (“Gsy2;°Hsza) | (F11/2;°Fspa) 76 0.0013;1.07

CRg (6H9/2}6H5/2) (6H7/2} 6H7/2) 100 1.09;1.21

Emission \

EMI, *Gs), ®Hs,, 564 17720 0.0027 62 63 65

EMI, ‘G5, H,/, 602 16620 0.049 62 63 65

EMI; *Gs), ®Hy,, 648 15420 0.046 62 63 65

EMI, *Gs), ®H,1/, 708 14120 0.024 6263

EMIs 4Gs, 6F11/2 1404 7120 0.0013 62

EMIg F3 6F11/ 1242 8050 0.0036 62

EMI; ®Fy52 ®H,/, 1408 7100 1.12 62

EMlg °Fs), H,/, 1639 6100 1.28 62

1.4 Europium ions — Eu?*

Moreover, beside the presence of a few possible ESA transitions in Eu3*, a few promising schemes of
CR that potentially may lead to multicolour photon avalanching in these ions (Figure S4). In particular,
there can be found several CR (Figure S4- CR,3) leading to increased populations of the lower excited
states (’F;, J = 3,...,6) using the matching energy portions from transitions between the D, (J'=0,...,3)
higher levels, as well as set of internal CRs between the 7F, levels ("F3; ’Fo) — (7F,; 7F,) or ("Fs; "Fo) — (7F3;
’F;). Their combination might provide suitable energy pathways to host the PA mechanism and thus
offer broad palette of the visible emission achievable by avalanche pumping. Another profit of the
mentioned possible pumping schemes originates from the fact that energy looping, as well as its spatial
spreading and cumulation in the material, might not be competitive in respect to the emission, but
might occur simultaneously, fuelling the CR not directly by the energy of the emitting state, but by the
excess energy of the levels higher than the °Dg state. Therefore, double positive effect can be obtained
—increasing population of the excited metastable state by promoting transfers from the ground state,
and rising population of the emitting state, both at the same time, what could potentially result in
brighter output than in typical PA materials.
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Figure S4: Transitions and energy transfers suitable for Eu** doped materials.

Table S4: Transitions and energy transfers suitable for Eu3* doped materials. A/ v denote
excitation/emission wavelength in nm/cm™; Av denotes either energy mismatch (for CR) or energy gap
(for GSA,ESA,EMI) between respective levels; Data for Y,0; matrix Q, = 9.86; Q,=2.23; Qg=0.32. A;

defined by Eq.1.1.
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Term Term A \ A
Start End [nm] [em?]
Excitation
ESA, "Fg Dy 813 12300 <0.01
ESA, F, Dy 613 16300 0.03
ESA; F, Dy 694 100 <0.01
ESA, F5 D, 585 17100 0.05
ESA; F, °D, 556 18000 <0.01
Looping Av
CR; (°Dy;’Fo) (°Do;’F3) 200 0,0
CR, (°Dy;7F,) (°Do;7F4) 200 0;2.20
CR; (®Dy;7F3) (°Dy;7Fs) 300 0;2.40
CR, (®D1;7F4) (°Dy;7Fg) 400 0;2.07
CRs (7F3; Fo) (7F5; 7F,) 100 2.30;1.35
CRg (7Fs; 7Fo) (7F3; 7F3) 100 2.40;0
Emission \
EMI, Dy F, 613 16300 0.03
EMI, 5Dy 7F, 694 14400 <0.01
EMI; D, ’F, 538 18600 0.03
EMI, D, F4 585 17100 0.05
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1.5 Terbium ions — Tb3*

Based on the Tb3* energy levels diagram and on the possibility of ESA-type pumping of the emitting
states, one can propose promising pathway to provide avalanching in matrices doped with these ions.
In the probable scenario the pumping from 7Fs or 7F, (ESA; and ESA;, respectively) leads to pumping
the °D; state, which is then followed by emission or, alternatively, by the CR, process. CR; in turn results
in increased population of the 7Fj level, which is relaxing fast to the both ESA-starting states via MPR
supported also by set of possible CR (CRy.¢) providing further promotion of the nearby ions from ground
state to the higher 7F,(J=1..6) levels. Nevertheless, photon avalanching process has not been observed
in materials doped with terbium ions. However, similarly to the GSA from 7F¢ level, also ESA transitions
from 7F5 are observed in terbium ions, both of them populating the two main emitting °D; and °D,
levels in terbium ions. Decay time of °D, level is about one order of magnitude longer than in the case
of °D; level in wide range of temperatures.®® It motivated the studies on utilization of Th3*-doped
materials in the luminescence thermometry, especially in the approach so-called single-band-
ratiometric thermometry, where temperature can be estimated from the intensity ratio of the chosen
single emission band under two different excitation wavelengths, corresponding to GSA and ESA
pumping schemes, typically, as it has been shown by J. Drabik et al. for KLaP,04, doped with Th3*ions.®”
They observed emission associated with D, — ’F3 transition originating from GSA-type excitation with
Agsa = 485 nm (“Fg — °D, transition), as well as from ESA-type pumping with Agsa = 543 nm (“Fs — °D,
transition) ¢. The enhancement of the emission intensity after ESA excitation with increasing
temperature was observed due to increased probability of thermal promotion of the electrons from
ground level (’Fg) to the first excited level (’Fs), according to the Boltzmann distribution.
Simultaneously, due to the same reason, the GSA-pumped emission intensity exhibits opposite
behaviour, as population of the initial state for this process is reduced with the rising temperature.
These are transitions from °D, level to ’Fs, ’F,, ’F, ’F at 620, 650, 670 and 680 nm, respectively, from
which °D, — 7F; is the most intense. Besides the mentioned transitions, the most effective emission in
terbium ions is the °D,—’Fs transition at 540 nm. Similar SBR approach was applied for other
wavelengths corresponding to GSA (Fg — >D3) and ESA (’F; — °Dj3) transitions in nanothermometers,
where good 3.2%/°C thermometric sensitivity was achieved.®® Likewise, Th3* ions were applied also in
other matrices, namely Y,03 and Lu,05; where luminescence of defects increased and simultaneously
Th3* luminescence decreased with temperature. % For the designed thermometers 4.92%/°C and
2%/°C sensitivities were obtained respectively for ¥,05:0.05%Tb3* and Lu,0;:0.5%Tb3* nanocrystals. In
KTbP,0,, co-doped with Cr3* ions or with Eu3* ions, sensitivities of 2.75%/°C and 1.36%/°C were
achieved respectively. 696667
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Figure S5: Transitions and energy transfers suitable for PA for Tb** doped materials.

Table S5: Transitions and energy transfers suitable for Tb3* doped materials. A/ v denote
excitation/emission wavelength in nm/cm; Avdenotes either energy mismatch (for CR) or energy gap
(for GSA, ESA, EMI) between respective levels; Data for matrix of LiYF,: Q, = 28.3; Q, = 1.65; Qg = 2.15%,
A defined by Eq. 1-1.

Term Term A v A

Start End [nm] [cm?]
Excitation
ESA; ’Fs 5D, 543 18400 | 0.40
ESA, ’Fs 5Ds 405 24700 | 0.03
ESA; ’F, 5D, 430 23300 | 0.21
Looping Av
CRy ("Fo; 'Fe) ("F4; "Fs) 200 | 0.23; 16
CR, ("Fy; Fe) ("F4; "Fs) 0 | 0.28; 16
CRs ("F3;7Fe) | ("Fa;’Fs) 500 | 6.30; 16
CR, ("F3;7Fe) | (’Fs; ’Fs) 200 | 5.70; 16
CRs ("Fy; Fe) (’Fs; 'Fa) 0 | 0.31;3.90
CRs ("Fy; "Fe) (’Fs; "Fa) 500 | 0.96; 3.90
CRy (°Ds; ’Fs) | (°Da; "Fo) 500 | 1.50;0.31
CRg (°Ds; "Fg) ("Fo;°Da) 500 | 0.02;0.00
CRy ("Fa;7Fs) | (’Fs;’Fs) 700 | 16.28;15.81
Emission v
EMI, 5D, "Fg 373 26800 | <0.01
EMI, 5D, 7Fs 405 24700 | 0.03
EMI; 5D, ’F, 430 23300 | 0.21
EMI, D, "Fg 488 20500 | 0.02
EMIg D, 7Fs 543 18400 | 0.40
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EMI, 5D, 7F, 588 17000 | 0.01
EMI, 5D, 7F, 621 16100 | 0.39

1.6 Dysprosium ions — Dy3*

There are no literature reports describing photon avalanche phenomenon in materials doped with
dysprosium ions. However, analysing the energy diagram of Dy3*, one may find a set of processes,
which might lead to photon avalanching. First of all, structure of energetic levels in Dy3*, with
numerous lower levels and large energy gap separating them from the higher ones, opens the
opportunity for hosting several ESA transitions (for example at 590 nm and 606 nm, marked as ESA,
and ESA; in the Figure S6, respectively), which are simultaneously far from resonance with GSA,
fulfilling one of the critical requirements to initialize PA. Moreover, some promising CR processes can
be found, in which energy of %l;s;, and #Fy/, levels can be exchanged with neighbour ions in the ground
state to promote the population of the intermediate level and enable ESA excitation.
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Figure S6. Transitions and energy transfers suitable for Dy** doped materials. Due to the lack of
sufficient data, the oscillator strengths were not provided for Dy3* ions. For the same reason, the line
thicknesses do not qualitatively correspond to oscillator strengths

Table S6. Transitions and energy transfers suitable for Dy3* doped materials. A/ v denote
excitation/emission wavelength in nm/cm™; Av denotes either energy mismatch (for CR) or energy gap
(for GSA, ESA, EMI) between respective levels; Data for matrix of LiYF,: Q,=2.01; Q,=1.34;
Qg = 2.397970,79, A; defined by Eq.1.1.

Term Term A v A

Start End [nm] [em™]
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Excitation

ESA, H,3/, 4Fo/ 569 9600 No data
ESA, ®H11/2 4Fo/2 653 17570 No data
ESA; ®H11/2 15/ 606 16490 No data
Looping Av

CR, (6F5/2; 6H15/2) (6H7/2, 6F9/2} 6H13/2) 100 1.41,;2.54
CR, (6F7/2; 6Hls/z) (6H9/2, 6F11/2,' 6H13/2) 150 1.20; 2.54
CR3 (6H7/2, 6F9/2; 6H15/2) (6H11/2} 6H13/2) 150 1.00,;2.54
CRy (6H9/2, 6F11/2} 6Hls/z) (6H13/2} 6H13/2) 750 2.77,2.54
CRs (°F3/2; ®H1s0) (°Hoya, ®F11/2; ®Hi1/0) 200 0.96; 1.60
CRg (6F7/2;6H15/2) (6H11/2} 6Hn/z) 500 1.60;1.54
CR; (°Hsz; ®His0) (°Hoya, °F11/2; ®Hi1/0) 200 0.93;1.17
CRg (6H9/2; 6F11/2,' 6H13/2) (6H11/2} 6H11/2) 350 2.13;1.17
CRy (°Fs/2;°H13/2) (°H7/2, °Foy2; ®Hoya, °F11/2) 850 1.41;2.77
CR1o (°F7/2;°H13/2) (°Hs/2, °F11/2; ®Hoya, °F11/2) 900 (1.20; 2.77)
CRy; (*Fo/2;°His/2) (°Ho/2, °F11/2; ®F1y) 20 (-0)

CR1, (*Fo/2;°H1s/2) (°H7/2, 5Foy2; °Fsya) 130 (- 0.81)
CRi3 (*Fo/2;°H1s/2) (°Hs/2; °F72) 170 (- 1.71)
CRy4 (*l15/2;°H1s/2) (°Hi/2; °F1/2) 3090 (- 0)

CRs (*l15/2;°H1s/2) (°Hs/2; °Fs2) 60 (- 0.81)
Emission \

EMI, Fo/2 ®Hs)) 477 20747 No data
EMI, Fo2 ®Hy3/) 569 17575 No data

1.7 Holmium ions — Ho3*

PA in holmium doped materials was first observed in 1999 in YAP crystal 7' and ZBLAN glass 72.
Holmium is well-known upconverting ion, which, sensitized by Yb, exhibits mostly green emission at
540 nm (°F,,°S, — °lg, EMI,),”® accompanied with red 650 nm emission (°Fs — >lg, EMI;) ref and NIR
emission at 1185 nm (°lg — °lg, EMI;)737> | Introduced the doping of ytterbium opened up additional
possibilities for cross relaxation in this system , which affects a much more intense, S, level emission
Since mid- 1960s Ho3** doped crystals were utilized in laser applications, commonly with garnet hosts:
YAG, YSGG and YSAG 7678 Although in the first Ho-based designs low temperatures were required,
nowadays holmium lasers operate at room temperature and are the ones of the most widespread solid
lasers with numerous applications in e.g. medical tretments’.

Complex system of the energy levels in Ho3*, with numerous homogeneously arranged and similarly
separated levels, promotes presence of several possible CR transitions between them and suggests
possibility of PA hosting for this ion. One of the earliest demonstrations of the avalanche-like energy
looping or PA phenomenon in Ho3* doped materials were reported in 1996 for ZBLAN host,® followed
by the reports for the YAP®! crystal and the ZBLAN glass®? in 1999.80 8182 Similar mechanism was
employed for these experiments, based on the ESA pumping from the first (and long-living) excited
state (°l,, playing the role of the metastable state) to the °Gg + °F; levels (~585 nm) followed by the fast
non-radiative transitions to the °S, state and green emission centred at 545 nm (although also red
emission at 660 nm was observed). However, the used excitation line is also in resonance with 3lg
— >G4+ 3K; ESA transition, leading to populating the higher energy levels. Nevertheless, despite
presence of clear pumping threshold combined with PA characteristic features in the emission rise
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time dynamics, it is not possible to define only one CR transition resulting in direct doubling the
population of ions in metastable state and starting from the ground end the emitting levels. More
probable is the situation which requires a combination of several elemental possible CR transitions
giving finally the desired energy looping in the (°S,; °lg) — (°l; °l;) scheme 718384 |nterestingly, due to
presence of matching transitions, the improved operation of such systems was demonstrated with co-
doping with Tm3* ions 718384 The early 2000s, next to adaptation of the previous pumping scenario to
the new materials, like LiYF,, YAG and YAP,2> brought also other approaches to the PA investigations in
Ho-doped materials. In LiYF, crystals Kiick and Sokdlska observed the photon avalanche emission at
545 nm (however also much weaker emissions at 650 nm and 485 nm were measured) under 750 nm
photoexcitation . The used pump line wavelength, well fitted to the ESA transition, was at the same
time not far from the resonance with GSA (~740 nm), nonetheless detailed studies evidenced
significant differences in the luminescence rising kinetics during varying the excitation line spectral
position between the ESA and GSA resonant ones, suggesting avalanche pumping in the former case.
Green emission after ESA-resonant excitation at 750 nm was also observed in the broad set of Ho-
doped materials 872, Interestingly, similar pumping scheme based on 750 nm ESA excitation was also
utilized in the Ho-Yb co-doped system, in which Yb ion, with the energy gap matching to °S,+°F; — °l¢
and °lg — 5l transitions in Ho, was used as the mediator increasing the number possible avalanche-
powering CR events®®°! . The same dopant combination was applied also for observation of non-linear
responses from Gd,0; nanocrystals (~100 nm in size), however this time the 976 nm excitation was
used, fitted into the Yb absorption and close to resonance in selected ESA transitions in Ho®2.

Because Ho3* is one of the most efficient upconverting ions, the presence of Yb3* sensitizer should have
important contribution in PA excitation. The scheme of such sensitized PA emission was indicated on
Figure S7. First, weak ESA excitation (e.g. 746 nm) initiates the looping which partially populates the
35 level. Because no concentration quenching in Yb3* occurs (energy gap between the two levels is
much higher than the matrix phonons) and Yb3* are known for its high absorption cross-section, the
energy of °I5 Ho%* level may be effectively transferred to quasi-resonant ?Fs, level in Yb3* ions (3). This
will be followed by efficient energy donation from excited Yb3* ions back to neighbour Ho3* ions (2) like
in conventional ETU upconversion process. In consequence the intermediate °l;, °lg levels of Ho3* ions
should be populated aiming to increase the absorption cross section for ESA,., . These preliminary
steps, should eventually enhance energy looping between Ho3*-Ho3* pairs.?%°3

Migrating photon avalanche was also observed for Ho3* ions using energy transfer between Yb3* ions
after excitation with 852 nm. Ho3*ions were placed in four-layer structure, between layers connecting
Yb3* and Pr3* ions: NaYF,:Yb/Pr(15/0.5%) @ NaYF,:Yb/Ho(3/4%) @ NaYF,:Yb/ Pr(15/0.5%) @ NalLuF,.
Thanks to effective PA process obtained in core, the energy was transferred to Ho3* ions and then PA
emission from Ho3* at 541nm (°S,/°F,>°lg) and 646 nm (°Fs—>°lg) was observed with slopes reached 28.
As a comparison there were prepared nanoparticles with single Ho®** as well as co-doped with Ho®** and
Yb3* ions and in both cases PA emission under 852nm excitation was not observed.
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Figure S7. Transitions and energy transfers suitable for PA to occur in Ho?* singly and Yb3*-Ho?* co-
doped doped materials.

Table S7. Collection of transitions suitable for obtaining photon avalanche in Ho** doped materials.
A/v denote excitation/emission wavelength/energy in nm/cm; Av denotes either energy mismatch
(for CR) or energy gap (for GSA, ESA, EMI) between respective levels; Data for matrix of LiYF,:
0,=1.16; Q,=1.62; Qg = 1.60% A; defined by Eq.1.1.

Term Term A v Ay
Start End [nm] [em™]

Excitation

ESA; 51, 35S, ,°F, 746 13400 | 0.65

ESA, 5lg >Gg, F4 746 13600 | 0.38

ESA; 51, SFs 966 10350 | 1.25

ESA, 5lg S, ,°Fa 1010 9900 0.69

ESA; 51, >Gg 585 17094 | 0.66

Looping Av

CR, (5la; Slg) | (Blg; Sl5) 450 1.11; 2.68
(SSZrSF4

CR, ;2lg) (®1;°15) 250 0.49; 2.68

CRs (3l °1g) (315 °lg) 450 0.26;1.18
(°S2,°F4;

CR, Slg) (315;°lg) 1250 0.96; 1.18

CRs (5Fs; °lg) (315 °ls) 800 1.25;0.17
(°S2,°F4;

CRg Slg) (31g;°l5) 1250 0.69;0.17
(°S2,°F4;

CR; Slg) (315;°14) 250 0.66;0.01
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CRg Cls; °ls) | (l7;°l7) 1550 | 1.74;2.68
CRs (Cls; °lg) | Clz; 1) 1050 | 1.46;2.68
CRyo (°Fs; °lg) (°ls; °ls) 750 1.00;1.64
CRyy (°la; °1s) (°ls; °l6) 1100 1.11;1.74
CRy (%Fs2; °lg) | (*F72;°ls) 450 1.20;
CRis (%Fss2; °17) | (3F42;°Fs) 350 1.25;
(2F7/2;
CRy (%Fsyp; 5lg) | °S5,°F4) 800 0.69;
Emission \
EMI, 5lg Slg 1200 8550 1.20
EMI, 35 Slg 910 11150 | 0.17
EMIy °Fs Slg 650 15400 | 1.603!
EMI, 5S,,°F4 Slg 540 18450 1.503%

1.8 Erbium ions — Er3*

Erbium ions, characterized by strong green and red emissions, are one of the most broadly used ions
in various aspects, including laser techniques, thermometry or photothermal therapy, especially in
materials co-coped with Yb ®4°>, Their versatile utility motivated investigation of Er ions in the field of
PA.

In LiYF,°% and ZBLAN 979893100 g|asses doped with erbium ions the PA phenomenon was observed for
yellow and red excitations (at 579 nm  °6190 and 690 nm, ESA; and ESA;, respectively), which
correspond to the 435/, — 2Gg/; (*Gg/; according to ref. 31) and #ly;, — 2Hg, (2G(1)s, according to ref.
31) transitions, respectively. In LiYF, °¢ and ZBLAN %7719 glasses doped with erbium ions the PA
phenomenon was observed for yellow and red excitations (at 579 nm 267190 agnd 690 nm, ESA; and
ESAs, respectively), which correspond to the *l;;/, — %Gy, and *ly3, = 2Hgp, transitions, respectively.
As a result green emission at 550 nm (*S;/, — *l;5, transition, EMI, was observed). In contrast to other
ions, the PA phenomenon in erbium doped materials is observed only above 130 K. This is due to the
energy mismatch taking place in the CR process, which is compensated by photon absorption.

Because Er3* is one of the most efficient upconverting ions, the presence of Yb3* sensitizer should have
important contribution in PA excitation scheme — the sequence of such sensitized PA emission was
indicated on Figure S8. First, ESA, excitation (e.g. 690 nm) is weakly absorbed and initiates the looping
(CR3,4,5), which partially populates the 4l;;/, level. Because no concentration quenching in Yb3* occurs
(energy gap between the two levels is much higher than the matrix phonons) and Yb3* are known for
its high absorption cross-section, the energy of Er3*: 4l3,,, level may be effectively transferred to quasi-
resonant 2Fs/, level in Yb3* ion (3). This may be followed by efficient energy migration between Yb3*
ions and the donation from excited Yb3* ions back to other Er3* ions (3) like in conventional ETU
upconversion process. In consequence the intermediate *l;3,, 4111, and g, levels of Er3* ions should
be populated aiming to increase the absorption cross section for possible ESA,.; processes. Eventually,
these preliminary steps and Yb3* sensitization!®!, should potentially further enhance energy looping
between Er3*-Er3* pairs.
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Figure S8: Transitions and energy transfers suitable for PA to occur in Er3*.

Table S8: Transitions and energy transfers suitable for Er’* doped materials. A/ v denote
excitation/emission wavelength in nm/cm; Avdenotes either energy mismatch (for CR) or energy gap
(for GSA,ESA,EMI) between respective levels; Data for LiYF, matrix : Q,=1.92; Q0,=0.26; Qs=1.96***
Aj defined by Eq.1.1. Data base on ref. 1%

Term Term A v A

Start End [nm] [em?]
Excitation
ESA, 411/ 4Gy, 579 17250 0.24
ESA, 13/ Fip 690 13800 0.09
ESA; 11/ 2G(1)g/2 690 14300 0.32
ESA, g2 4Gy1p 690 11250 0.19
ESA; 13/ 4Fg/ 1156 8650 0.20
ESA¢ Y13/ S35 844 11850 0.68
ESA, 411/ 2H(2) 142 1105 9050 0.18
ESAg 13/ 2H(2) 112 796 12650 0.16
Looping Av
CR, (*los2 ; *1s/2) (*l13/25 *lasy2) 750 1.41;2.87
CR, (*Fosa; *lissa) (*l1a/2 5 *l1zz2) 1450 2.65;2.87
CR3 (*Ss/2 5 *l1sy2 ) (*l1a/2 5 %) 1850 0.15; 0.83
CR4 (453/2}4|15/2) (4|13/z;4 I11/2) 1750 0.55; 0.67
CRs (ZH(2)11/2} 4I15/2) (* lo/2; ; |13/2) 400? 0.98;1.04 102
CRg (4F7/2 ; |11/2) (4|11/2} 4 I:9/2) 1450 2.65;2.24
Emission \
EMI, 2G(1)g/2 13/ 552-562 17900 0.87
EMI, 2G(1)g/2 15/ 410 24400 0.45 102
EMI; 2H(2)11/ 15/ 522 19150 1.64
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EMI, 4S5, 41572 545 18350 0.35

EMIs o, Y1572 660 15150 1.04

EMI, 1372 Y1572 1538 6500 2.87

1.9 Thulium ions — Tm3*

Thulium ions are well-known as showing blue, red and NIR emission. Blue emission arrives from
D, — 3F, and G, — 3Hg transitions (around 455 nm and 480 nm, EMI; and EMI;, respectively Figure
S9), while NIR emission at 800 nm is observed for 3F, — 3Hg transition (EMls, Figure S9). Absorption
from ground state up to D, level occurs at about 355 nm. Thulium ions are also one of the most
investigated and most commonly used to observe PA. First demonstrations of the PA hosted on Tm3*
were reported mostly in low temperatures in bulk materials doped with this ion such as LiYF, crystal
103 'YAP (YAIO3) 194, YAG (Y5Als04,) 1%, LaF; YSO (Y,SiOs) single crystals 196, BIGaZYTZr fluoride glasses
107 Y, 05 crystals %8, ZBLAN fibre 1%, fluoroindate glasses 93-10? |n the most of the cases, after red or
infrared photoexcitation there was observed PA blue emission at 480-486 nm and at 450 nm
corresponding to G, — 3Hg and D, — 3F, transitions , respectively. It is worth to notice that most
frequently observed transition was G, — 3Hg'%1%5, nevertheless in some materials both of these
transitions were obtained, for example in the case of Y,0;crystal fibre 108110 BIGaZYTZr fluoride glasses
111 ¥SO (Y,SiOs) single crystal 19, fluoroindate glasses 1! and ZBLAN fiber 1%, In the case of LiYF, crystal,
the G, — 3Hg emission was present at 483 nm under 628 nm excitation and D, — 3F, at 450.2 nm
under two-photon absorption 784.5 nm and 648 nm excitation 112-120

For many years, the possibility to observe PA phenomenon in nanomaterials and at room temperature
was questionable. In 2021 the pure PA phenomenon was observed for the first time in NaYF,:
Tm3*@NaYF, core-shell nanoparticles, where the core, covered by passive shell, was doped with Tm3*
ions with various concentrations of 1%, 4%, 8%, or even as high as 20% and 100%, vitally exceeding
the typically employed dopant concentrations in upconverting systems*?, For all of the nanoparticles,
excited at ambient conditions with 1064 nm light (resonant with 3F, — 3F,3 ESA transition and not
resonant with any GSA transition) there was observed photon avalanche emission around 800 nm
(corresponding to 3H, — 3Hg transition) with high slope values exceeding 30 for nanoparticles doped
with 20% of Tm3*. Simultaneously, other hallmarks of PA phenomenon were observed such as emission
risetime dynamics with significant slowing down for pumping power close to the PA threshold.
Interestingly, 1450 nm photoexcitation, resonant with 3F, — 3H, transition also resulted in nonlinear
output, however slopes around 5 were observed. After architecture optimization (core/shell size
regulation) and detailed comparison of the resulting quantum yields in broad range of applied
excitation power, the 8% doped nanocrystals (slope of 26 and the PA threshold around 6 kW/cm?)
were recognized as the optimal ones for further applications and selected for super resolution imaging.
It was shown, both, experimentally and with theoretical modelling, that for these nanocrystals,
characterized with highly nonlinear performance, and scanned using gaussian excitation beam with
appropriate power density fitted into PA regime (7.6 kW/cm?), it was possible to take images with
resolution significantly exceeding the diffraction limit (70 nm). This result is highly consistent with
previously proposed approach of PA assisted super resolution imaging (PASSI) >2.

There are other well-known techniques leading to sub-diffraction imaging that are based on combining
super linear excitation-emission (USEE) and super-resolution stimulated emission depletion (STED)
microscopy, where nanoparticles co-doped with Tm3* (activator) and Yb3*(sensitizer) can be employed
122 Upconverting nanoparticles (NaYF,:20%Yb, 8%Tm) functionalized by colominic acid were used to
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realize this approach.’?? Upconversion after excitation at 976 nm of Yb3*ions, resulting in blue emission
of Tm3* ions is observed at 455 nm, which corresponds to !D,->3F, transition. High concentration of
Tm3* ions provides to an efficient cross-relaxation processes, which lead to population of the excited
states. This states can be also populated via non-radiative energy transitions from Yb3* ions. Energy
looping and avalanche-like behaviour caused by CR processes are beneficial for uSEE as well as for
STED.'?? Simultaneous combination of both mentioned operations (USEE and STED) enables to use
lower laser power (2.46 MW/cm?2) than in case of single STED mode (10 MW/cm?). Nanometer optical
resolution enabling imaging of single UCNPs was obtained based on low-power super-resolution
stimulated emission depletion microscopy approach.??* The NaYF,: x% Tm3*, 20% Yb3* (x= 1 and 8 %)
nanoparticles were excited with 980 nm and then simultaneously with 980 and 808 nm wavelengths.
For nanoparticles doped with 8% of Tm3* ions clear decrease of blue emission from higher D, and G,
levels was observed. Simultaneously NIR emission from 3H, levels was dominating. In the case of
nanoparticles doped with 1% Tm3* the effect of inhibiting blue emission was less visible. The essence
of this phenomenon lies in CR processes, which dominate in case of small distances between emitting
ions, in case of higher concentrations of emitting ions. Photon-avalanche-like behaviour was observed,
which, in comparison with PA, does not show non-resonant GSA, but plays key role in stimulated
emission depletion.

Recently PA phenomenon was observed in LiYF, crystals doped with 3% as well as with 8% of Tm3*
ions.'?* PA dependence on crystals size was investigated by analysis of bulk, micro and nano sized
materials. Additionally, nanocrystals were synthesized and investigated in core and core-passive shell
architectures. The experimental results were supported by theoretical model presenting, how
radiative and non-radiative rates as well as cross-relaxation and ESA affect the PA phenomenon. In all
the investigated materials PA was observed for emission at 800 and 475 nm. The highest slope value
(12.6) was obtained for core nanocrystals with threshold around 700 kW/cm?. It was observed, that
with decrease of crystal size, thresholds shift to higher values. As a demonstration of suitability of
investigated materials for photon avalanche single beam super-resolution imaging (PASSI) core-shell
nanocrystals doped with 3% of Tm3* ions were used and allowed to achieve spatial resolution of
125 nm.

Like discussed earlier, the energy scheme of Tm3* may show some prospects for Yb3* sensitization of
the photon avalanche. Because Tm3*, like Er3*, is one of the most efficient upconverting ions, the
presence of Yb3* sensitizer should have important contribution in PA excitation scheme —the sequence
of such sensitized PA emission was indicated on Figure S9. Similarly to the Yb3* sensitized Er3* PA
emission, first, slight ESA; excitation (e.g. 1064 nm) would be responsible for initialization of the
looping (CRy34), Which then would populate the 3F, , 3Hs, 3H, levels. Because no concentration
quenching in Yb3* occurs (energy gap between the two levels is much higher than the matrix phonons)
and Yb3* are known for its high absorption cross-section, the energy of 3H, Tm3* level could be
transferred to %Fs;, level in Yb3* ions. This may be followed by efficient energy migration between Yb3*
ions and the Energy donation from excited Yb3* ions back to other Tm3* ions like in conventional ETU
upconversion process. In consequence the intermediate 3F, 3, G, and !D, levels of Tm3* ions can be
populated, the looping CR.;; can be activated and absorption cross section for possible ESA;,
processes should be further enhanced.

Similarly as for Ho® ions, MPA (Migrating Photon Avalanche) was also obtained in Tm3* ions, which
were placed in four-layer core-shell nanoparticles: NaYF,:Yb/Pr(15/0.5%)@NaYF,:Yb/ Tm(3/4%) @
NaYF,:Yb/Pr(15/0.5%) @ NalLuF, 3. Excitation with 852nm caused PA looping in core of this particles,
then energy was transferred to Tm3* ions and PA emission was observed at 452 nm (*D, - 3F,). To
evidence, that the presence of Pr3*ions is crucial for obtaining photon avalanche emission from Tm3*
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ions under excitation with 852 nm, Tm3* as well as Tm3* and Yb3* co-doped particles were evaluated,
which did not show any emission under this excitation.
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Figure S9. Transitions and energy transfers suitable for PA for Tm3* doped materials.

Table S9. Transitions suitable for obtaining photon avalanche in Tm3* doped materials. A/ v denote
excitation/emission wavelength in nm/cm Av denotes either energy mismatch (for CR) or energy gap
(for GSA,ESA,EMI) between respective levels; Data for matrix B-NaGdF,: Q,=2.37 Q,=3.05 Q¢=0.411%>,
A; defined by Eq.1.1.

Term Term A \Y Ay Comment
Start End [nm] [em?]
Excitation
GSA; 3Hg 3H, 1234 8100 1.22 126
ESA, 3F, 3F, 1142 8750 1.35 121
ESA, 3H, 1G, 1176 8500 0.10
ESA; 1G, D, 1481 6750 0.98 109
ESA, 3F, 3F, 1064 8750 1.21
ESA; 3H, 1G, 1064 8500 0.10
ESA¢ 3F, 1G, 650 15450 0.54
ESA, 3H, D, 650 15250 4.20
Looping Av
CR; (3Ha; 3Hg) (3F4; 3F,) 1350 0.80; 1,20 121,126
CR, (1G 4;3Hq) (3F, 3F,) 450 0.25;1.20 | %
CR; (3F3; 3Hs ) (3F4; 3Hs) 650 1.3;1.22
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CR, (3F3; 3Hg) (*Hs; 3F4) 650 2.55; 1.20

CRs (1Ga; He) (*Hs; *Ha) 400 0.42;3.53 | 1%
CRg (Ga;He) (®Hg; *Hs) 400 0.10;1.22 | 126
CR, ("Ga; *He) (3F3;3F4) 1100 0.38;1.20

CRg (3F3; 3F4) (®Hg; *Hs) 700 0.07; 1.49

CRg (3F3; He) (3Hs; 3F4) 650 2.55;1.20

CRyo (*D; *Hg) (3Hg; 3F)) 900 4.20;1.31 126
CRy; (1Dy; *He) (3F2; *Hy) 250 1.09; 3.53
Emission v

EMI, 'D, 3F, 455 22200 0.42 | 3112631126
EMI, 1D, 3Hg 365 27800 0.98 | 126
EMI, 1G, 3Hg 480 21050 0.35 | 126
EMI, 1G, 3F, 650 15450 0.54 | 126
EMIs 3H, 3Hq 800 12550 3.53 |27
EMIg 3H, 3, 1440 6950 0.80 | 128
EMI, 3F, 3H, 1600 6250 2.55

EMIg 3F, 3Hg 1786 5600 1.20 | 126

In this case absorption can occurs to level 3F, or 3F;. Because of it there are two values of A; respectively
for absorption 3F,—>3F, and 3F,>3F;.
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2 Comparison of photon-avalanche and photon-avalanche-like luminescence in Ln3* doped (nano) and micro-
materials

Table S10: Comparison of most representative examples of photon-avalanche and photon-avalanche-like luminescence in Ln?* doped materials. I, |57,

Smax and 1ty respectively denote excitation power threshold and saturation (if provided), highest power dependence slope, presence of the clear PA features —

power dependent risetimes with the time required to get X% of steady state emission (1xs); legend: the [X] symbols denote missing/unavailable information,

M denote the feature was observed but (possibly) no numerical values were provided or were impossible to extract; NC — nanocrystals; C@S denote core-shell
NPs, where size or composition may differ between core and shell; T, — operating temperature; RT — room temperature operation. The Iy and Isar are in [kW

cm?], unless these numbers were provided in power units only.

Ln3* Host size Aexc / Aemi | b/ lsar Smax T To
Z?Fl,gt:;i Host & dopant (nm/nm] | [kw/cm?] (n.al] s] [°C] Additional comments Ref
Nano No energy scheme suitable for
10 x 50 nm PA. Most probably, this is
(nanoplates, relatively more  efficient
nanowires, upconversion due to the
Ce CeVO, straw-sheaves) 808 / / 7.8 (straw- smaller excitation threshold 2
450 - 670 sheaves)
caused by the strong cross-
relaxation between the
bundled nanorods in the
sheaves.
Nano As Ce ions are 2 level system
30 nm—-40 nm they are unable to host PA
square-plate mechanism; relation between
Ce CeVO, 800 / 593 23 mw / 15 ESA and GSA, as well as sIc')w‘ing 130
down of the emission
raisetime are not studied, thus
observed results are difficult to
be explained as PA mechanism
Pr, Yb Pr,Yb:YAIO, Unknown size 836 nm/ %,:=0.6-10 PA observed for YLF host only, | 37
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Pr,Yb:YLF 3p,—3F, Tog%=0.5-1073 no PA mechanism found in
YAIO; matrix
NaYF,:Yb/Pr
(15/0.5%)@
NaYF, .
_ 852 nm / Apparent multicolor (Pr,Ho,Tm
NatF4.Yb/Pr(15/ 1G,~>3P, PA emission overlap
0.5%)@ ~60-80 26@980 (Yb) To5%=19.2:10°
(Pr)/ 5 " spectrally), photon avalanche
NaYF,:Yb/Ho(3/ kW/cm 20@609(Pr) 3in o
0 apparentl emission of Pr:482,520,645
Pr- 4%)@ NaYFaYb/ | g ¢ 15 1 core for 28@541(Ho) | havbevb/Pr nm,  Yb:980, Ho:540,650
Yo@Yb- | Pr(15/05%)@ | o Y PrYbHo | 28@646(Ho) | (1/05%@NaY | Ry r e TODALE, | 4
2.5-4.5 nm shell | multicolo Fa Tm:455 was observed under
Tm/Ho NaLuF, . ~200 21@484 (Pr) . .
r emission nanoparticles 852nm with features
NaYF,:Yb/Pr(15/ kW/cm?2 46@452(Tm) (26 nm in . .
from ) characteristic for PA (high
0.5%)@NaYF,:Y for Pr/Tm diameter)
b/Tm(3/4%)@ Pr,Yb,Tm, slopes, clear threshold, slow
NaYF.:Yb/ Ho risetimes). SRl shown in-vitro.
4
Pr(15/0.5%)@
NalLuF,
Glass Bulk Relatively low values (less than
glass' ceramics 25-50 nm 2) of observed slopes and lack
. " | (calculated from | 976 /Vis | 1.7 mW / of dynamics analysis suggest
. 131
Pr Ez;i::li‘ XRD) 2.2 mW >-28 (@548 nm) ] = that observed results may be
nanocrystgals caused by energy looping
rather than PA
3Hs;(2) to
LaCl; or LaBrs 3p(1) /| 1.2- . .
Pr doped with 3py-3P4, 12.2W/c M \I;:lli%:Iyur:nllr:)ij;rﬂuorescence 132
4.88% Pr* PF, | m2 pumep
3|:)0_3|:2
NaYF,: 15% Yb*, | NC ~60/ Mechanism  of  migratin
Pre+ 05%  Pr*@ 852/480 | above 850 26 RT Erating | 13
NaYF photon avalanche
4
Pr Yb NaYF,: x% Pr3*, | NC 852/ 482 | Between 9 (482 nm) Tso%™~5 MS RT In this work were considered | ,,
! 15% Yb3*@ | cores ~ 20 nm (3P — 1281 and for emission different concentration of Pr3+
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NaYF, (x= 0.1,
0.3,0.5,0.7)

c@s~ 30 nm

3H,), 607
(3Po ™ 3Hg)

817/
above 107

at 607 nm:
Tgo%~12 ms
at 482 nm:
Tg0%-
between 10
and 25 ms

ions, while Yb3* concentration
was constantly 15%.
Additionally, the influence of
inert shell on features of PA
emission was investigated. The
presence of inert shell,
comparing with single cores,
contributed to higher slopes
and lower thresholds of the s-
shape curve. Optimal sample,
with the highest slope around
9 and the smallest PA
threshold, around 281
kW/cm?, was NaYF,: 0.5% Pr3*,
15% Yb3* @ NaYF,.

Nd

1%Nd/5%Yb
YAG

Bulk
Size:
NC ceramics

976 / 597

400 mW

5.4

T90%=2 -103

RT

Hot (thermal) emission
proposed to explain PA-like
(slopes>2, pum-power
dependent risetimes)
behaviour

Nd

NdVvO,

Nano
(nanoplates,
nanowires,
straw-sheaves)
Size: 10 x 50 nm

808 / 500
- 650

X /X

14.1 (straw-
sheaves)

Relatively more  efficient
upconversion due to the
smaller |y caused by the
strong cross-relaxation
between the bundled
nanorods in the sheaves.
Relation between ESA and
GSA, as well as slowing down
of the emission risetime are
not studied, thus observed
results are difficult to be
explained as PA mechanism

129

Nd

NdVO,

Nano

800 nm /

SmW/ ..

22

Relation between ESA and

130
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30 nm wide, 6-8 | 584 nm GSA, as well as slowing down
nm long (like H of the emission risetime are
letter) not studied, thus observed
results are difficult to be
explained as PA mechanism
Nano Pumping via GSA together with
30x9 nm 0mw / lack p01’g clear e\;gidence of
Ndo1¥0oVOs Xj@593n luminescence risetime slowing
Nd NdVO, 808/593, | m 9.5(@593nm) | To04=50-10" down around the PA threshold | 136
535 60mwW /| 6.7 (@535 nm) (@535 nm)
X@535n suggest 'fh?t observed reéults
m may be dlfflcu!t to be explained
as PA mechanism
Nd3* doped NPs: | Nano
NaYF,, Y,0;3 | 10—20 nm 0.7W at c <everal anti-Stokes avalanche-like NIR
Nd YGdO;,  YAIO;, 1064 /| 10°C in r;‘;‘ﬁisecon s 10- | emission, thresholds noticed, | .,
Y;Al5045, 800 LiLaP,0,: 200°C | low slopes, rise-time kinetics
LiLaP,0;,, Gd,04 Nd3* not studied
Nano 1064 /|19 ) 50-260 | Photon avalanche like
Nd NdAl;(BO;), 810,880 | W/mm? 3.7,8.9 10-10° oC Lpconversion 137
Nanoparticles in
sizes from 8.9
nm to 155 nm 595: ~20/
KPb,Cly:  16% | GSPENdNg 0N | e/ sos ~9 (@595 nm)
Nd3* Nd> reaction and 810 ~12 (@810 nm) ~70 ms RT 138
temperature 810: ~10/
and  reagents
ratio (oleic acid
and oleylamine)
nanoparticles
KPb,Cls:  16% 6.7 .
Nd3* N> 1064/ 810 | kW-cm-2/ 200 -196°C | Low phonon energy matrix 139
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Pumping resonantly with GSA

980 togeth ith lack of
YbsAlsOr, whitenm / / 12.2 (white d(z/gni\miecrs \grlmaly;z suogg(fsrfiﬁz
S YbAG):Ln3* Mi light 140
m ( Jitn Icro light and | 4> mW ight) observed results may be
IR difficult to be explained as PA
mechanism
NC around 24 Prolonged
NaGdF,:20% nm ”:i;'sr;es
Tm3 @NaGdF, stead -s:ate The architecture of
@NaGdF,: A3 inte\;sity nanomaterial contains
@NaYF, 1064/ . sensitizer in core, buffer shell,
3+ 3+ ~ ~ . 141
Eu>/Tm ~617 28/~48 14.6 depending = activator in shell and finally
. on power .
A3* — activator, L protective shell.
. . densities
in this case Eu3* .
. were in the
ions
range from
40 to 90 ms.
Pumping resonantly with GSA
h ith lack of
YhiALO 980 nm  / / dyoamics analysts suggest that
b (YbAG):Ln?* 0.27 nm white - 112 y ¥s1s SUge 140
licht 1le® mW observed results may be
8 difficult to be explained as PA
mechanism
NC around 24 Prolonged
NaGdF,;:20% nm rise times
Tm3* @NaGdF, at95% .
Th hitect f
@NaGdF,:  A™ steady-state naiomateiiracl o urecontair?s
NaYF 1064 ~170/~21 intensit
Tb3*/Tm3* @NavF, / / 17.2 " en5|'y sensitizer in core, buffer shell, | 4
~546 4 depending . . .
3 . activator in shell and finally
A3+ — activator, on power rotective shell
in this case Tb3* densities P )
ions were in the
range from
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40 to 90 ms.

Despite pumping resonantly

Ho3* -Yb3* co- | 8, 10, 13, 18 nm with ESA transition and well-
doped glass— 745 / 545 evidenced slowing down of the
Ho ceramics 650 ! 0.410 /X 31 Tgoy from 18 RT luminescence rising times, | .
containing CaF, ) ) to 33103 rather low slope values suggest
nanocrystals that this phenomenon should
be explained by energy looping
than PA
Nano Despite pumping resonantly
50-90 nm with ESA transition and well-
evidenced slowing down of the
1HO:Lu3Ga5012 . . . .
0.331/ X 2.54 luminescence rising times
: 4 143
Ho 1Ho:Y5Gas01, 751/545 0.238/ 2.14 = = rather low slope values suggest
that this phenomenon should
be explained by energy looping
than PA
Nano Despite evidenced slowing
~100 nm down of the Iluminescence
Hor <:Gds0 rising times, rather low slope
0.5- 23 .
values suggest that this
H00_5:Yb3:Gd203 4.8 @553,
7 1 h houl
Ho Annealed 352 / o9 328 W/ 45@669 | Tooy=0.005@ o e OUT e | 1aq
Hoo 5:Ybs:Gd,0, , m 553 nm explained by energy looping
03 than PA. Moreover, other
mechanisms, such as ETU, are
also present in considered
system.
NaYF,: 8% | NC Ho3": 17 (646 | For different
Tm>*@NaYF,: 1064/ nm) - |onts ti Ho3* ions were excited by
3+ 3 0/ LY ~3+ 34, concentrations
i—io [Tm? | 1%Ho>" @NaYF, aH:d !'546246 10.5/~40 Tlr:-’*("sii r(g(]))o all emissions interfacial energy transfer | 145
] o o ) of Tm** and between these and Tm3*ions.
NaYF,: 3% Tm3*: 800 nm) Er>* presented
Tm3*@NaYF,: elongated
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1%Ho>*@NaYF, Ho3*: 18 (646 risetimes from
nm) 06to 1.1s.
NaYF,: 8% Tm?3*, 19 (542 nm)
0.2% Ho**@ Tm3*: 16 (800
NaYF, nm)
Ho3*: 8 (646 nm)
6 (542 nm)
Tm3*:5 (800
nm)
NC around 24 Prolonged
NaGdF,:20% nm rise times
at95%
Tm® @NaGdF, ,
@NaGdF,: A% steady-state The architecture of
3+ 3 intensity nanomaterial contains
1—|o /Tm? | @NaVF "1'24612/ 9/~21 11.5 depending sensitizer in core, buffer shell, | 14
. on power activator in shell and finally
A3* — activator
L ’ densities protective shell.
in this case Ho3* .
. were in the
ions
range from
40 to 90 ms.
Glass 976 nm /| c.a. 10%®
(gIass—Feramlcs, 410, 534, | mW / (ex 976 nm)
ceramics 556, 1020 mwW
. 8.87 @556nm
containing 672nm
Er nano-crystals of | 40nm c.a. 1022 RT GSA / ET / ESA 146
) (ex532nm)
different phases 532 nm /| mW 1.84 @491nm
doped with 387, 410, |/ above )
Er3*/Yb3* ions) 458, 1032 mW
491 nm
Er Yb;Als04, Micro 980 nm / below 11.8 Pumping resonantly with GSA | 140
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(YbAG):Ln3* white e® mw/ together with lack of process
light 4e’ mW dynamics analysis suggest that
observed results may be
difficult to be explained as PA
mechanism
KLa5%ErYb Nano 15-35
e P4O;2 30 nm 980/548, | 1W /X (@545); Yb . .con.centrelntlon affects 147,148
La5%ErYbP;0,,4 650 0.6W /[X] 1- 4 (@654) emission intensity
Nano/Micro 2Ph process (for 980 nm)
Yb3*, Er3*: KLu,F; o
Er NPs 100nmto2um | 377+980 | 2.7 mW / 3.69 RT For dual excitation 149
/ UV, IR quasi-photon avalanche (QPA)
mechanism is proposed
Micro Pumping resonantly with GSA
1to2 um o/t together with lack of process
Er / (0,5,10%) Li 980 / 8'3(235?“) dynamics analysis and rather
Er, Li co-doped BiOC| ~540, 0.070/ 7.33 (0%Li ) low slope values suggest that | '*°
~650 ' @650 observed results may be
difficult to be explained as PA
mechanism
Nano Lack of process dynamics
Gd, 0,5, Er 53.7, 47.5, 47.2 gzg /671, analysis suggest that observed
Er X and 49.1 nm X1/ X results may be difficult to be | 1!
explained as PA mechanism
Short rise times (below 250 ps)
Nano Lack of process dynamics
BIOCI-Er3* 150, 70, 35 nm 980 7.86 (red %==33-103 analysis and rather low slope
Er Nanosheets /540, 650 0.085 /X1 | emission, pH6) values suggest that observed | 1>2
! Togy= 19-1073 results may be difficult to be
explained as PA mechanism
NaBi(WO,), Nano Tr between Pumping GSA of Yb3*, but slope
Er3t /Yb3* | 1% Er3* 7% Yb3* | 53 nm 980/523, | 300 / 175 8.4,6.6 200 and RT equals around 6-9, risetimes | 148
548 mw ) .
500-10° are slightly longer than
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Tgoy, at 1500

upconversion (rather

-10® comparable to upconversion
or looping)
Nano 980 /
Er3* BiOCI: Er3* 550, 650 /0 / 90 651/8 / Energy looping 153
Wem? M
1560
Er® g"gs\ézrgljcé'a% 0.12/ 1.29-3.86 Multi-photon 154
NC around 30 Er3*: 16 (655
nm (cores 20.7 nm)
nm) 19 (542 nm)
NaYF,:8%Tm3*@ Tm?3*: 15 (800 | For different
NaYF,@1%Er3* nm) Er3t ions
concentratio
1064/ Er*: 19 (655 ns . all The Tm3* ions were excited by
NaYF,:8%Tm™ @ Er: 655 | 18-22/ nm) emissions of 1064 nm. Er* jons were
Er3*/ Tm3* | NaYF,@1%Er3* ’ ~ 21 (542 nm) Tm3* and Er3* . o . 145
@NavYF, and 542 40 Tm?*: 16 (800 presented excited by interfacial (?nergy
Tm?3*: 800 transfer (IET) from Tm3* ions.
nm) elongated
NaYF;:8%Tm3*@ risetimes
NaYF,@5%Er3* Er3+: 20 (655 from 0.6 to
@NaYF, nm) 1.1s.
23 (542 nm)
Tm3*: 18 (800
nm)
NC For different . .
Er3* ions Tm3* ions are excited and
NaYF,:8%Tm*@ 1064/ Ers*: 41 (540 Cﬁ”‘:ef‘”.ations frgcﬁs:;rtg;;merfadal Enerey
Er®/ NaYF,@5%Er3* Er*: 655 . nm) &’ emissions . - :
e | vt 5% asio | T |y IO G o ot povlten
Er*", 5% Ce** Tm>": 800 Tm?>": (800 nm) elongated therefore the nonlinearity 01'°
risetimes from Er3*ions emission is enhanced.
0.6to 1.1s.

32




NC around 24 Prolonged
NaGdF,:20% nm rise ) times
Tm* @NaGdF, at9>% _
@NaGdF,: A ?r:f::.z,/i::/tate -r:ziomate?iraclhltecwrecontai::
Er3*/Tm3* @NavF, iggg/ 7/a1b;ve 10.7 depending sensitizer in core, buffer shell, | 14!
A% — activator on power activator in shell and finally
in this case Er3i densities protective shell.
. were in the
'ons range from
40 to 90 ms.
Nano Although excitation is well
40 nm fitted to ESA, it is also well
NaYF;:x%Tm20 1.6 mW fitted to GSA. This fact,
™m %Gd (x=0.1 to 1064 / / 39 combined Wlt}:l lack of the |
1.5) 800 2.0 mW process dynamics suggest that
’ observed results may be
difficult to explain as PA
mechanism
NC ~10/abov
c@s~30 nm e 50
(before
photodar
kening)
i~ B-NaYF,: Tm*@ iggfgzg/d 20120 Individual nanoparticles were | .
NaYysGdg,Fa 800 ~43/abov investigated.
e 150
(after
photodar
kening)
NaYF,:20% Gd3*, | Nano 1064 /
m 0.1-15%Tm* | 10nm 800 104/ 10° 3.2 7
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Nano After adding excitation
40nm wavelength at 808 nm,
/Decrease emission at 455 nm, which for
s with For 8%: For 8%: single excitation at 980 nm was
Yb/Tm co-doped increase X/~1ms/ 7r~1:103 previously observed is
NaYF, UCNPs 980, of ~0.41ms Tgo%~0.41-10 inhibited. Principle of non-
Tm 20% Yb 0.5%-8% 980 + 808 | Tm3**dopa Fo.r 1% 3 RT resonant absorption from | 2
Tm / 455 nt from X1/~1 5rr.1$/ For 1%: ground state is not fulfilled.
71.4 i z~1.5-103 However cross-relaxation
MW/cm? ~0.9ms Tgg~0.9-103 processes are present and
to 0.19 dominates for higher
MW/cm?. concentration of dopant Tm3*
ions.
NaYF,: 20% Yb, Nano . .
Tm 8% Tm 46 nm 976 /455 | 100/250 6.2 super-linear emitters, 3D sub- | 15,
diffraction imaging
Nano Simultaneous super-linear
46 nm 976 (exc) excitation-emission and
NaYF,;: 20% Yb, emission depletion
Tm 8% Tm ¥ 808 | 60 / 90 6.4 Emission intensity of 455 nm | 122
(dep) /| @455 nm . .
455 drops above 8 times after using
two excitation sources (976 nm
+ 808 nm)
microsphere 4.9 (ELNP-PS
blanked with microsphere
nanoplates  of resonators)
Tm NaYosTMo.oiFs fluorides 1064 / ~0.6/2 >.56.1 Low-Threshold Micro lasers 159
5um ~800 (hexagonal
nanoplates (250
x 120 nm))
Tm NaYF,: 20% Yb3*, | Nano 976 /800 | 1-1000 4] Upconversion Nonlinear | 160
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X% Tm3* NPs, x = | ~20 nm / 100- Structured Illumination
0.5-8 10000 Microscopy
NaYF,: x% Yb3*, Value of pump power density
4% Tm3* NPs, x = of threshold as well as slope
20-80 increase with Tm3*
concentration.
B-NaYF, @ pB- | Nano 1064 / It,Smax  varied with dopant
™ NaYF, Size: 17@5.6nm | 800; 6/8 26/ M Tog%=0.6 RT concentration, shell thickness |
8% Tm@... 1450 /| 35/45 14.3 To54=0.608 and Agy; First demo of super-
800 resolution imaging with PASSI
Nanoparticles: 3%Tm:
core 23-31 nm, Nano t50o -
core-shell 38-50 core: 700- 9.4 for nano
nm; 800/2200 3%Tm core,
Microparticles: 36 for nano
23-61 pum; Nano 3%Tm core-
Bulk crystal: ~3 core- shell,
mm shell: 700- >3.7 for Maximum slope value was
800/2500 3%Tm .
Micro: microcrystals obtained for core
LiYF,;: 3% Tm3@ nanoparticles doped with 3%
. 300-400 / 12.6 , .
™ LiYF, 1059/800 1800 122 for 3% RT of Tm3*ions. 12
LiYF,: 8%Tm3* @ 1059/475
. Bulk: 200/ bulk;
LiYF, 1400 Values of Iy, lsat, Smax and Tsoy
are given for emission at 800
1.9 for nano
8% Tm3*: 8%Tm core, nm.
Nano 18 nano
core: 8%Tm core-
2200/450 shell,
0 7.6 for 8%Tm
Nano cor- microcrystals
shell:
1300/300
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0

Micro:
300/ 3100
NaGdF,: Tm3* NC ;834/-”“: Prolonged
@NaGdF, rise times
Tm:~30 at95%
ANPs+QD 1064/ QD: | QD: ~70/ ;’::::Syi;tate The Tm3* doped nanocrystals
630 Tm: . showing PA emission were
3+ 141
m above 77 152 depending = used also to activate PA
on power o
QbD: . emission of quantum dots.
above 155 densities
were in the
range from
40 t0 90 ms.
From 12.2+1.1
nm to 30.8t1.2
3 o ;. | hm  depending 16.6/abov _ 162
Tm KMgF3:5% Tm on reaction time 1064/802 037 27 Tos54,=281 ms RT
and
temperature
Nano 7;R=1.21
diameter ~46.5 -10°3 for the
nm, power 0.53
. 0,
Yb 53;03' 25mol % | length ~381.9 n \?vi(i)te / 600 / w RT Lifetime changes dependent | .
m . 1200 mW on excitation power
emission 7;=14.13
-103 for the
power 1.51
w
NaYF4:8%Tm3+@ NC Eogrﬂifferent
Yb**/Tm3* | NaYF,@5%Er3* 1064/980 | 22.5/~30 14 - lons 145

@NaYF,;:10%

concentrations
all emissions
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Yh3* of Tm3+* and
Er3* presented
elongated
risetimes from
06to1.1s.
Tm3*— NC
Tm3++
Yb3*+Gd3*
1;3+?d3+ ) C-S-S  NaGdF, Spectra  overlap  between
Eus/ NPs 1064 100-150 60 ‘workhorse  Tm ions, and | '7®
Dy**/ Nd3* emitting ions
Tm3*++
Yb¥*+Ho*
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3 Collection of studies on super resolution imaging with lanthanide doped nanopatrticles

Table S11: Up-to-date studies on super resolution imaging with lanthanide doped nanoparticles. STED - super-resolution stimulated emission depletion
microscopy, NL — labels exhibiting non-linear luminescence (e.g. 2,3,4,... photon upconversion; uSEE - super-linear excitation-emission; PASSI — Photon
avalanche single beam super-resolution imaging); NSI - nonlinear structured illumination microscopy, SAT — saturation nanoscopy (FED - Fluorescence
emission difference / near-infrared emission saturation (NIRES) nanoscopy/ NIR Bessel-beam emission saturation nanoscopy); CW= continuous wave; qCW
— quasi continuous wave (i.e. 80MHz); image acquisition: RS- raster scanning, SIM — Structured Illumination Microscopy; * it is not always possible to derive
resolution based on provided data (¢ — denotes the diameter [nm] of the single NPs used), ** for STED experiments the standard excitation and depletion
beam intensity is provided (the numbers without units denote kW/cm?)

Dopants Host Techniq | lexe/lpep Nexe/ Moep/ Resolution* Comments reference
ue [kW/cm?2]** | AL,
[hm]
1%Pr YAG Pulsed 5Mw/ 690/532/<450n ¢ =32 — 50nm, RS UV emission through f- | R.Koleshov et
STED 1.3 us m d depletion and 532 nm | al.’%*(2011)
25 mW probing
2%Yb:2%Er (2hv) KY5F10 (2hv) CW NL 20 uW 980/../540 (2hv) | ¢ =20-50 nm — 2,3,4 photon | Caillat et al.
6%Yb:1%Tm (3hv) LaF3 (3hv) 30 W 980/../470 (3hv) | 297/239/190 (for | upconversion (2013)%65
12%Yb:0.5%Tm (4hv) | KY3F3o (3hv) 5 uW 980/../450 (4hv) | 2/3/4 hv), RS
1%Tm:1%Nd:30%Yb | NaYF,@NaYF, | CW NL 3.6 (2hv) 730/../650 (2hv) | $ =30 nm 250/185 | 2,3,4 photon | B.Wang et al,,
@20%Nd 35 (3-4hv) 980/../474 (3hv) | /168 (with 2/3/4 hv), | upconversion (2016)1e0
980/../455 (4hv) | RS
60%Yb2%Tm NaYF4 He lon- 1.265eV(~ <30 nm 28 nm, RS Emission stable | ZMi et al,
beam 980nm)/../800 >66min, visualization of | (2015)%’
NP in Hela cells
20%Yb 8%Tm B-NaYF4 CW 1 mWw/5- 980/808/455 12.9nm — ~32nm, | High photostability | Y.Liu et al.
STED 40 mW RS demonstrated >30 min | (2017) 123
=660/980 @10MW/cm?
nm
Tm3* B-NaYF, Confocal | For 1064, 700/[X] Below 70 nm Thick layer (5 um) of | 156
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microsc | darkening /800 8%Tm?3*  avalanching
opy was | (1064 nm): nanoparticles was
used to | 435 investigated to check, if
image photo switching can be
photon For photo applied for high-density
avalanc | brightening patterning applications.
hing (700 nm): There were prepared
nanopar | 164 2D and 3D patterns.
ticles
indefinit | for 1064
e NIR PA | nm: 33.8 for The INPAM was used to
localizati | imaging determine, how
on indefinite  ANP photo
microsc 267 for switching impacts
T3 B-NaYF, opy photodarke 1064, 532/[X1 Locallization accuracy | localization accuracies | .,
(INPAL ning /800 <1A in super-resolution
M) microscopy techniques.
For 532 nm: Individual
842 for nanoparticles and
photo clusters were imaged.
brightening
1%Nd:10%Yb:0.5%Er | B-NaYF4 CW 10000 808/808/650 $»=38nm —80 nm, | Solid and doughnut | QWu et al
@ 20%Nd SAT(FED | (solid) RS beams @ 808nm (2017)168
) /10000
(doughnut)
18Yb10Tm (f=18nm) | B-NaYF4 CwW 700/17700 | 975/810/455(Tm | ¢ =18 nm — 66 nm | Visualisation of cellular | Q.Zhan et al.
40Yb10Tm@15Thb STED ) or 547(Thb) (82 nm in-vitro), RS cytoskeleton  protein | (2017) 1¢°
(f=28nm) desmin, two colour
(Tm@455 and Tb@546
STED demonstrated)
20% Yb, 4% Tm B-NaYF4 cw 4000 980 ¢ =40 —<50nm Achieved also at 93 mm | C.Chen et al.
SAT(NIR (doughnut)/.../80 | (8 =33.9 nm), RS depths in thick tissue | (2018)7°
ES) samples
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-.@90%Yb10%Tm B-NaYF4@ B- | CW 77/ 975/810/455 ¢ =29 nm 10us dwell time X.Peng et al.
NaYF4 STED (8 = 72nm), RS (2019)171
Nd - CW NL 1064/-/860 Oth < 25 nm,RS Conceptual work, | A.Bednarkiewicz
(PASSI) theoretical St up to 80, | et.al. 52
discussion on Nd, but | (Mar2019)
applicable to any PA
nanoparticles
20%Yb8%Tm B-NaYF4 CW NL | 1200 976/ /455 ¢ =46 — 202nm(dyy | Non-linear S=6.2, 3D | D.Denkova et al.
(uSEE) =210 nm / | sub-diffraction (Jul2019)18
3, ~ 450 nm), RS microscopy imaging in
neuronal cells
3%Dy B-NaYF4 qCwW 2000/ 452,473/748/575 | ¢ = 25.4 — 89 nm, S.Krause et al.
STED 320000 RS (2019)172
3%Eu B-NaYF4 qCwW 670/ 465/695/532- ¢ =158 —130nm, | 96% depletion | S.Krause et al.
STED 222000 633 RS efficiency at 222 | (2019)172
MW/cm?
40% Yb , 4% Tm [-NaYF4 CW SAT( | 8900 980 ¢ =88 —78nm Achieved in 3D at c.a. | H.Liu et al
NIRB) (doughnut)/.../80 | (5= 98 nm), RS 56 mm inside spheroids | (2020)73
0
40% Yb, 4% Tm B-NaYF4 CwWSsIM | 10 980 (x-y sin|¢$=40nm—><130n | wide-field super- | B.Liu et al
pattern)/.../800 m (6=130nm) | resolution imaging | (2020)'74
8x8 um?, 1fps, 25 | within biological
raw frames transparent window
20%Yb8%Tm B-NaYF4 CW 5500 uSEE 976 / [X1 / 455 Oxy/dz = 248/599 S=6.4, STED+UuSEE used | M.Pl3schner
STED+N | 5500/ 9400 | uSEE (uSEE) jointly, also in neuron | et al. (2020)??
L (uSEE) | uSEE +STED | 976 /808 / 455 dxy/52=132/683 phenotype cells
STED (STED)
dxy/5z=79/502
(USEE+STED), RS
8%Tm/... B-NaYF4@B- |CW NL|7.6/- 1064 /- / 800 $<30nm —><80n First experimental | C. Lee 6!
NaYF4 (PASSI) m, RS demonstration of pure

single beam photon
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avalanche (slopes >20)
nanoparticles for RS
super-resolution

imaging
15%Yb,0.5%Pr B-NaYF4 Single- 828-76/ 852/ [XI/ Vis | $=26nm Super resolution | 31
NIR-CW- (Pr 484/520/645; imaging with
beam Ho 540/650; Tm nanoparticles showing
super 475) and NIR (Yb) PA emission with slope
resoluti above 20.
on
imaging
Pr3*, Yb3*, Tm3* NaYF,, 3D 70 852/[X1/Pr3+:484, | ~58 nm (theoretical | Super resolution | 133
NaGdF, highly- (theoretical | 609; Tm3*452, | model) microscopy based on
nonlinea | model) Th3* 550 theoretical calculations
r super- FWHM=83 nm(@484 | and experimental
resoluti | Experiment: nm) investigations
on 129 (Pr** @
microsc | 484 nm) FWHM=76 nm(@452
opy nm)
245 (Tm* @
452 nm) FWHM=169
nm(@609 nm)
142 (Pr3* @
609 nm) FWHM=111
nm(@550 nm)
232
(Th>*@550
nm)
Pr3+, Yb3*, | NaYF,, Multi- ~300 kWcm- | 852/[X1/Pr3+:484, | 107 nm @605, 120 | 3 spectral channels 175
Tm3*—Gd3* - | NaGdF, colour 2 609; Tm3*452, | nm@440, 108 nm
Th3*/Eu3* sub- Th3* 550 / Eu®* | @550 nm spectral
diffracti 620 chanells
on
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imaging

Pri, Yb3,
Tm3*—>Gd? - The*

NaYF,

2 colour
sub-
diffracti
on
imaging

852/[X1/Pr3+:484
+452 nm;
609+550nm

58 nm @ 70 kWcm?2
76-85 nm @ 130-
250kWcm? @
452/484 nm

111-169 nm @142-
232 kW cm?@
609/550 nm

3D 2 spectral channels,
both axial and horizonal
analysis

133
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