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Materials whose luminescence can be switched by optical stimulation drive
technologies ranging from superresolution imaging'*, nanophotonics®, and optical
datastorage®’, to targeted pharmacology, optogenetics, and chemical reactivity?®.
These photoswitchable probes, including organic fluorophores and proteins, can be
prone to photodegradation and often operate in the ultraviolet or visible spectral
regions. Colloidal inorganic nanoparticles® can offer improved stability, but the
ability to switch emission bidirectionally, particularly with near-infrared (NIR) light,
has not, to our knowledge, been reported in such systems. Here, we present two-way,
NIR photoswitching of avalanching nanoparticles (ANPs), showing full optical control
of upconverted emission using phototriggers in the NIR-1and NIR-Il spectral regions
useful for subsurface imaging. Employing single-step photodarkening'®*®*and
photobrightening'***'¢, we demonstrate indefinite photoswitching of individual
nanoparticles (more than1,000 cycles over 7 h) inambient or aqueous conditions
without measurable photodegradation. Critical steps of the photoswitching
mechanism are elucidated by modelling and by measuring the photon avalanche
properties of single ANPs in both bright and dark states. Unlimited, reversible
photoswitching of ANPs enables indefinitely rewritable two-dimensional and
three-dimensional multilevel optical patterning of ANPs, as well as optical nanoscopy
with sub-A localization superresolution that allows us to distinguish individual ANPs
within tightly packed clusters.

Upconverting nanoparticles (UCNPs) are lanthanide ion (Ln*")-based
phosphors that efficiently convert near-infrared (NIR) light to higher
energies in the NIR, visible or ultraviolet (UV) regions” . Unlike
organic**%, protein®*?*¥ or hybrid organic-inorganic luminescent
probes?, UCNPs do not measurably photobleach, even with extended
single-particle excitation under ambient conditions”?' or within
microlasers under high pump powers*>**, While this exceptional photo-
stability suggests that Ln*"-based UCNPs cannot be modulated by light,
certain Ln**-based bulk materials have beenreported to be susceptible
to photodarkening or brightening™>**"¥”, Based on observations of pho-
todarkening in Tm**-doped fibres"** and studies of colour centres
and charge traps in UCNPs™%3* we sought to determine whether
Tm**-doped avalanching nanoparticles (ANPs) can be modulated by
lightinthe same manner. ANPs are UCNPs with the steepest nonlinear

emission response of any nanoscale material’**°*, which is enabled by

the photon avalanching (PA) upconversion mechanism. Single-ANP
characterization has shown that relatively minor variations in shell
thickness lead to sharp changesinavalanche threshold*. This suggests
that light-induced charge or energy transfer within the nanocrystal
might also shift the PA threshold, magnifying the influence of aminute
density of trap states into major emission differences (Fig. 1a,b).

To determine whether ANPs are capable of photoswitching, we
characterized single, core-shell NaYF, ANPs with 8 mol% Tm>*" under
1,064-nmexcitation at arange of power densities (Extended DataFig.1).
Tm**-doped ANPs were grown as reported*** and Gd** was added to
theshells of some batches of ANPs to facilitate hexagonal shell growth*®
(Supplementary Figs.1and 2 and Supplementary Tables 1 and 2). By
advanced scanning transmission electron microscopy (STEM) imaging
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Fig.1|Photoswitchable PA nanoparticles. a, Schematic highlighting the fully
reversible NIR photoswitching response of ANPs. Emission is photodarkened
using1,064 nmlightand photobrightened using wavelengths between400 nm
and 840 nm.b, Optical manipulation of the PA threshold in ANPs enables
photoswitching behaviour. The plots are derived from the differential rate
equationfits of experimental datain Fig. 3a. ¢, High-angle annular dark-field
STEM (left), differential phase contrast-STEM (middle) and magnified
differential phase contrast-STEM overlaid with NaYF, unit cell (right) ANP
images.Scalebarsinc, 4 nm (left and middle); 2 A (right). NaYF, crystallographic
positionsare50%Na/50% Y (red circle); Y (orange); F (green); Na (blue).

(Fig.1c), these ANPs are pure 3-NaYF, without any observable extended
defectsoraclear core-shellinterface. Above the avalanching threshold
intensity /;,, the ANPs exhibit extremely nonlinear luminescence at
800 nm. As the pump intensity is increased well above /,, (Extended
Data Fig. 1c,d), we observe that single ANPs darken or blink, exhibit-
ing discontinuous, single-step jumpsinluminescence (Extended Data
Fig.1c-e and Supplementary Figs. 3-9) within the time-resolution of
our measurement (Supplementary Fig. 9 and Methods).

Additional measurements in ensemble films of 4% and 8% Tm>'
nanocrystals suggest that PA plays a central role in the photodarkening.
UCNPs doped with approximately 4% Tm>*, whose nonlinear emission
is subavalanching (that is, energy looping*), do not show the same
photodarkening or blinking behaviour (Extended Data Fig.2a). When
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doping is increased to 8% Tm?*', the NPs exhibit pronounced PA and
noticeable photodarkening at excitation intensities greater than or
equal to143 kW cm (approximately 6 x /,, Extended Data Fig. 2b). We
further observe that the rate of photodarkening accelerates as pump
intensity increases. The ANP photodarkening is observed in particles
with both thin (2.6 nm) and thick (8.5 nm) inert shells (Extended Data
Fig. 3) as well as in ANPs in which passivating oleic acid ligands have
been removed, which suggests that surface quenching does not play
amajor role. We also note that this dependence of photodarkening
on Ln* content and pump intensity is consistent with the reported
behaviours of Tm**-doped fibres under intense 1,064 nm or 1,120 nm
excitation™?¥,

To determine whether ANP photodarkening can be reversed, we
examined the emission of 112 individual ANPs under various pump
conditions (Fig. 2). llluminating these photodarkened 8% Tm*" ANPs
with 400 nm light results in full recovery of ANP brightness in all 112
ANPs. Further single-particle experiments (vide infra) have shown
that thisrecovery is consistent for all ANPs examined, including those
synthesized by different protocols (Supplementary Methods).

We then examined the nonlinear emission of single ANPs in both
bright and photodarkened states to better understand the origins of
these ANP behaviours. Photodarkened nanocrystals continue to exhibit
PA emission, but with avalanching threshold intensities /,;, shifted to
approximately five-fold higher pump intensities (Fig. 3a). Because of
thesteeply nonlinear PA process, the luminescenceintensity at the same
1,064 nm pump intensity is reduced by greater than four orders of mag-
nitude following this five-fold increase in I, (Extended Data Fig. 4a)*.
Inthis case, a saturating pumpingintensity at first leads to bright ANP
luminescence, but then shifts to weak pre-avalanche luminescence
upon the attendant /,, shift (Fig. 3a and Supplementary Fig. 10).

To further explain this, we fit the experimental power-dependent
emission curves for darkened and undarkened ANPs to arate equation
model that we developed (Supplementary Methods and Supplemen-
tary Table 3) to describe the population balance and the radiative and
non-radiative relaxation processes in ANPs? (Fig. 3a, dashed lines).
Fits to the model reveal that, compared with undarkened ANPs, the
darkened ANPs have a 5.3-fold faster overall relaxation rate (W,) from
theF, first excited state of Tm** (Supplementary Information), consist-
ent with the observed /;, shift. This suggests an added, faster, loss of
energy from°F,, which canbe probed independently with luminescence
lifetime measurements (see below).

Todetermine the dependence of luminescence recovery onillumina-
tionwavelength, we performed photobrightening scans from 400 nm
t0 940 nm on photodarkened ANP films (Fig. 3b, Extended Data Fig. 5
and Methods). Plots of luminescence recovery as functions of photo-
brightening wavelength (that is, photobrightening activity spectra)
showa5-100%recovery, depending onillumination wavelength. These
photobrightening activity spectra (Fig. 3b and Extended Data Fig. 5a)
include broad features at wavelengths less than 530 nm attributable
to colour centres, and peaks at both 800 nm and 700 nm, which cor-
respond directly to Tm***H, and °F, ; transitions. There is a sharp dip
inthe activity spectrum at 450 nm, where absorbed photons resultin
enhanced upconversion to photodarkening UV manifolds (Extended
Data Fig. 6d). Higher resolution activity spectra reveal that the dip
has a full-width at half-maximum (FWHM) of approximately 5 nmand
luminescence studies show that UV emissionis strongest under 450 nm
excitation (which is resonant with excited-state Tm*" absorptions),
while no UV is observed under 480 nm excitation (corresponding to
the *H4-to-'G, ground state absorption) (Extended Data Fig. 6c,d).
Increasing the irradiation intensity or exposure time also enhances
photobrightening, so that nearly full luminescence recovery can be
achieved in afew seconds with 700 nm light (Fig. 3c).

To further elucidate the mechanisms of ANP photoswitching, we
measured photobrightening efficiency in different ANP composi-
tions. We observe that photobrightening efficiency increases as ANP
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Fig.2|Consistent photoswitching of single ANPs. Single-particleimaging of
ANPs before photodarkening (top), after photodarkening (middle) and after
photobrightening (bottom) of112 nanoparticles (mostly single ANPs, with a
few dimers or small clusters). Columns are different regions of the sample. The

core diameters decrease (Extended Data Fig. 5b), which suggests that
the number of active colour centres is determined by core volume or
surface area. For 700 nm or 800 nm irradiation wavelengths, which
correspond to Tm** transitions, photobrightening becomes more effi-
cientas Tm* contentincreases from 8% to 30% (Extended DataFig. 5c),
which suggests that these wavelengths induce photobrightening by
undergoing efficient upconversion to visible wavelengths (as higher
ANP Tm*' content leads to shorter interionic distances, whichincreases
the probability of upconversion), which thenreleases carriers trapped
inthe colour centres.

Taken together, these experiments and models are consistent with
a photodarkening scheme in which extended ANP photoexcitation
populates high-lying Tm*" excited states (for example, 'l and 5d'4f"
states; asin Extended Data Figs. 6d and 7a) and ultimately resultsin the
transfer of an electron (hole) from the Tm*" ion or the neighbouring
atoms to the NaYF, conduction (valence) band (Fig. 3d and Extended
DataFig.7b). These are thentrappedindefects, activating colour cen-
tres that can quench the Tm***F,-to-ground-state transition. Direct
evidence of suchnon-radiative quenchingis provided by the decrease
in the lifetime of this *F, state upon photodarkening (Extended Data
Fig. 4b). Measurements of purely thermal luminescence recovery in
photodarkened ANPs (Extended Data Fig. 7c) are consistent with trap
depth energies suggested by the photobrightening activity spectra
(Fig.3band Extended DataFig. 5a). Because the processis fully revers-
ible (Figs.2 and 4 and vide infra) and does not involve surface quench-
ing, any active colour centres are in the ANP interior, probably at the
core-shell interface®®. These interfacial point defects can arise dur-
ing synthesis but are too minor to be imaged within the nanoparticle
interior, even by high-resolution transmission electron microscopy
(TEM) (Fig. 1c). As reported previously, such colour centres can have
excited states that are capable of quenching the approximate 0.7 eV
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imaging and photodarkening (PD) intensities (1,064 nm) of 8% Tm*'17.4/2.6 nm
core-shell ANPs are 28 kW cm2and 140 kW cm?, respectively.
Photobrightening (PB) is achieved with400 nmirradiationat25 kW cm™.
Photoswitchingis observedinall112 ANPs.

3F, transition of Tm>" via energy transfer'>**%#’ which increase W,
(Extended Data Fig. 4b) and, critically, shift /,, as observed® (Figs. 1b
and 3a, Supplementary Fig. 10 and Supplementary Methods). Several
photoionization mechanisms in Tm**-doped glass fibres under NIR
excitation have been proposed'®*>* and detailed identification of all
transitions involved inthe current system will require further in-depth
study and development of more sensitive characterization tools, as
current STEM imaging cannot observe interfacial point defects or
dopants due to the projection through the entire structure along the
beam direction.

Wefurtherinvestigated ANP photoswitching behaviour by measuring
the emission of single aqueous 8% Tm** core-shell ANPs ** while sequen-
tially exposing them to repeated cycles of 1,064 nm photodarkening
followed by 700 nm photobrightening in ambient (Fig. 4a,c) oraqueous
environments (Extended Data Fig. 8). Successful photoswitching of a
single ANP was observed over 1,158 cycles in either ambient or aque-
ous conditions without any permanent photodegradation (Fig.4c and
Extended Data Fig. 8c). A probability histogram of single-ANP photo-
switching shows that emission intensities overwhelmingly return to
their original values (Fig.4b). Partial emission recovery is occasionally
observed (for example, cycle1,152inFig. 4c), possibly originating from
theinvolvement of additional trap or defect states''¢***’, We observe
no effect on photoswitchingin ANPs with shell Gd**, added to facilitate
homogeneous shell growth*¢, compared with those without (Fig. 5 and
Extended Data Figs. 3 and 5).

Recent work has stressed the benefits of nanomaterials and pho-
toswitchable emitters for optical data storage®*>*°. To determine
whether ANP photoswitching can be leveraged in high-density pat-
terning applications*, we deposited a thick (5 pm) film of 8% Tm?*"
ANPs onto a glass slide to darken and brighten in sequential two- and
three-dimensional (2D and 3D) patterns, which were then imaged by
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Fig.3|ANP photobrightening and photodarkening. a, Emissionintensity
(800 nm) versus excitation intensity (1,064 nm) of asingle 8% Tm>"17.3/5.6 nm
(core diameter-shell thickness) ANP before and after photodarkening.
Switching between brightand dim statesin ANPsis induced by shifting of the
PA threshold, using 1,064 nmlight to darken and wavelengthsless than or equal
to 840 nmtobrighten.b,c, Photobrightening recovery of aphotodarkened
20% Tm>"10.4/2.7 nm core-shell ANP ensemble film sample versusirradiation
wavelength (b) or exposure time (c). The photobrightening laser power at the
sampleis set tolmW for all wavelengthsinb, which corresponds to 90 kW cm™

confocal microscopy (Fig.4d,e). Rewritable 2D patterns (Fig. 4d) were
created using continuous-wave 1,064 nm and 700 nm focused beams
forimaging/darkening and writing, respectively. The large nonlinearity
of PAemission and photodarkening enables patterning resolutions less
than 70 nm (ref. 20), with potential for exceptionally long storage life-
times and unlimited read-write cycles due to ANP photostability (Fig.4c
and Extended Data Fig. 8c). Because the low scattering of NIR wave-
lengths in this process enables subsurface imaging into samples***,
we attempted optical patterning of a complex 3D design 3 um across
inallthree dimensions (Fig. 4e). This patterned diamond spiral shows
voxel-to-voxel addressability that expands rewritable functionality
beyond the existing thermal reset approach® . Furthermore, multiple
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at700 nm.Photobrightening exposure timesare1.3 sinb. Photodarkening
exposuretimesarel.2sinbandc.1,064-nmlaserintensities for luminescence
pumpingand photodarkeningare 69 kW cm2and 345 kW cm™, respectively, in
bandc.Forphotobrightening, 700-nmirradiationintensities are shownin the
legendinc. Theinsetincisamagnified plotinthe exposure-time range from
340 msto1,340 ms. Errorbars are standard deviations of data points measured
atfour differentspotsinthesame ensemble sample. d, Potential mechanistic
pathways for photodarkening and photobrighteningin ANPs. CB, conduction
band; VB, valence band; W,, °F, relaxation rate.

grayscale levels of 800 nm Tm>" emission can be achieved in an ANP
film using varying darkening wavelengths and photon doses, so that
asingle voxel can host five or more levels (Fig. 4f), expanding density
by enabling multibit storage per voxel. These results highlight unique
advantages offered by ANPs, including the combination of ideal pho-
tostability, extreme nonlinearity, sub-100 nm pixel sizes?® and the use
of NIR wavelengths for all read-write-reset processes.

To determine how indefinite ANP photoswitching affects localiza-
tion accuracies in superresolution microscopy techniques, we used
indefinite NIR PA localization microscopy (INPALM) to image single
ANPs (Fig. 5a-e) and ANP clusters (Fig. 5d,e, Extended Data Fig. 9
and Methods). In related single-molecule localization microscopy
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Fig.4|2D and 3D microscale optical write, erase and rewrite of stable
NIR-photoswitchable ANPs. a, Time-resolved luminescence and excitation
intensities for asingle aqueous17.3/5.6 nm core-shell ANP under ambient
conditions.A1,064 nm pump intensity of22.8 kW cm2is continuously applied,
which excites detectable emissioninthebright state but notin the dimstate.
Irradiation conditions for darkening are 75.5 kW cm2at 1,064 nmand 5 s (yellow
arrows); and for photobrightening are 164.0 kW cm2at 700 nm for10 s (red
arrows). b, Ahistogram of the average emissionintensity of the brightened ANP
for1,158irradiationcycles.c, Trace of emission from the single aqueous ANP
forthefirst 70 and last 25 irradiation cycles. d, Rewritable photopatterning of
successive crown and face designsin al00-nm-thick ANP film. The applicable

methods', accuracies are generally limited by the number of photons
collected from a photoactivated probe before photobleaching’.
Aswith photoactivatedlocalization microscopy (PALM)*2,in INPALM, the
number of emitting ANPsisintentionally kept at low levels by choosing
photobrightening illumination exposure times, intensities or wave-
lengths corresponding to small probabilities of luminescence recovery

Emission intensity (Au)

um

0

pixelsinthesample were irradiated withintensity of 435 kW cm2at1,064 nm
for7 s for erasingand 164 kW cm2at 700 nm for 5 s for positive lithography.
Scalebars, 5 um. Colour bar, normalized luminescence intensity. e, Side and top
views of a3Drendered image of adiamond spiral optically patternedintoan
approximately 5-um-thick ANP film. The dark voxelsin e represent emission
intensity reduced by more than 70% relative to average emission intensity
before photodarkening. f, Left, animage of spotsinaphotodarkened 8% Tm>'
ANP film photobrightened withincreasing intensities ofa700 nm focused
beam. Right, alinecut from the white dashed line. Scale bar, 500 nm. Colour bar,
normalized luminescenceintensity. Red dashed lines and red error bars are the
amplitudes and standard deviations of fitted Gaussian curves, respectively.

(Fig.3b,cand Extended DataFigs. 5aand 7d). Because only asmall sub-
set of probes is emissive at agiven time, non-overlapping point spread
functions of emitted photons can be calculated to determine precise
centroid fittings and localization accuracies. Unlike single-molecule
localization microscopy methods where probes are irreversibly pho-
tobleached, ANPs may be brightened and darkened repeatedly and
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Fig.5|Indefinite NIR photonavalanchinglocalization microscopy of ANPs.
a, 2D map of the frame-by-frame localizations of a single 8% Tm*" core-inert
NaYF,shell ANP (N=403 frames; ANPis photoswitched offand on foreach
frame). See Methods for details of constructing this map. Thered circle
diameters correspond to the localization accuracy of each centroid. For each
frame, the signal acquisitiontimeis 1.8 s. b, Fitting of a2D Gaussian function to
thedataina. Colourbarinb: number oflocalizationsineach pixel.c, The
centroid, marked by ared x, obtained from the 2D Gaussianfitinb, overlaid on
an SEM image of the same ANP. Localization accuracy values (see text) include
the contribution of 0.2 A from drift correction. d,e, Confocal scanning image
(d) and SEM image (e) of asingle and a trimer of 8% Tm>* ANPs. Colour barin

photons may be collected indefinitely, to radically improve localiza-
tion accuracies’.

The high-precision localizationis apparentin a2D map of the locali-
zations from more than 400 INPALM frames on a single ANP (Fig. 5a).
Almost 108 total photons were collected from the ANP without signs
of degradation, averaging nearly 200,000 per frame. This enables
calculation of localization accuracies of 0.76 A and 0.50 Ain the long
and short axis, respectively (Fig. 5c, Methods, Supplementary Dis-
cussion on localization analysis of single ANPs and Supplementary
Tables 4 and 5).

To further demonstrate INPALM, we acquired diffraction-limited
images of photoactivated ANPs from a sample containing a single 26/4
nm core-shell 8% Tm>* ANP and an ANP trimer (Fig. 5d,e). Far-field
optical and scanning electron microscopy (SEM) images show that
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d, normalized luminescence intensity. f, Frame-by-frame localizations of the
trimerine (N=172).For each frame, the signal acquisition timeis1.5s. Thered
circle diameters correspond to the localization accuracy of each centroid.

g, Clustering of localizations in fusing the Gaussian mixture method
(Methods). h, fitting of 2D Gaussians to the clustered localizationsing. Colour
bar, number of localizations in each pixel. i, The centroids derived from the 2D
Gaussian fits overlaid on an SEM image of the trimer. Localization accuracies
(symbol, x-axis precision, y-axis precision) are (blue diamond, 0.52 nm,

0.48 nm), (green cross, 0.33 nm, 0.33 nm) and (yellow circle, 0.50 nm,

0.64 nm).Scalebars,a,3nm;b,c,15nm;d,e,200 nm;f,g,h,i,20 nm.

individual ANPs in the trimer cannot be resolved optically under
wide-field illumination or with confocal scanning, even with the approx-
imately 70 nm resolution possible due to the extreme nonlinearity
of ANPs?. For each INPALM frame, ANP image spots were fit to a 2D
Gaussian function, yieldingamean position and the standard error of
that mean. This localization accuracy scales inversely with the square
root of the number of collected photons (Fig. 5¢,i). After each frame
acquisition, the active ANPs within the region of interest are photodark-
ened and then a photobrightening beam is briefly applied to activate
another random subset of ANPs within the same region. After repeated
photoswitching cycles,acomposite superresolutionimageis generated
by first overlaying the centroid positions fromeach frame, then cluster-
ing thelocalizations using a Gaussian mixture method (Methods) and
finally fitting the centroid position maps to a 2D Gaussian function.



This final fit provides the overall INPALM centroid positions for each
ANP and their respective localization accuracies. Because an unlimited
number of photodarkening-photobrightening cycles canbe acquired
without photodegradation, as many photons canbe collected for each
ANP asdesired, leading to exceptionally precise localizationaccuracies.
Corrections for sample drift and rotation are performed by imaging
reference ANPs outside the region of interest, which remain active in
each frame (Methods and Extended Data Fig. 10).

Because our ANPs are reasonably symmetrical (Fig. 1e), we observe
that the localization centroid fittings are very close to the centres of
ANPs determined by electron microscopy, within experimental limits
(Fig. 5e). As with most superresolution imaging techniques, there is
atradeoff between imaging speed and localization accuracy, which
depends onthe number of photons collected (Supplementary Discus-
sion). While the INPALM experimentsin Fig. 5 were optimized for high
localization accuracy, faster frame rates are also possible, down to
15 ms exposure time for photobrightening of 34% of ANPs (Extended
DataFig. 7d, I, 700nm = 240 KW cm 2,700 nm). Additionally, 91% of ANPs
are turned off with an exposure time of 188 ms (/o ; 064 nm = 252 kW cm?,
1,064 nm). For signal acquisition times, under the conditions of Fig. 5,
the average number of detected photons for a single ANP is approxi-
mately 50,000 counts for 500 ms (similar to signal levels for fluorescent
proteinsinreported PALM experiments®), which enables localization
accuracy of a few nanometres per frame (Fig. 5a,f). Better accuracy
canthen be achieved by collecting from the same particle for multiple
frames.

In conclusion, we report unlimited NIR photoswitchingininorganic
ANPs, showing that they are photodarkened under NIR-Il irradiation
and recover with NIR-I or visible irradiation. We find no measurable
degradation of ANP emission over more than 1000 repeated photos-
witching cycles, under both ambient and aqueous conditions. The key
mechanism of photoswitchingin ANPsis revealed to be adiscrete shift
of PA threshold intensity mediated by defect-based colour centres in
the coreoratthecore-shellinterface. Further, we demonstrate super-
resolution imaging of ANPs with sub-A localization precision, as well
as rewritable 2D and 3D multihued optical patterning with modest
NIR lasers. These results motivate the search for new ANP composi-
tions demonstrating diverse photoswitching parameters*® and open
new pathways in a variety of applications including superresolution
imaging**, high-density optical memory"**** and robust patterning
inboth two and three dimensions®-¢,
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Methods

Materials

Sodium trifluoroacetate (Na-TFA, 98%), sodium oleate, ammonium
fluoride (NH,F), yttrium chloride (yCl;, anhydrous, 99.99%), thulium
chloride (TmCI;, anhydrous, 99.9+%), gadolinium chloride (GdCl;,
anhydrous, 99.99%), yttrium trifluoroacetate (99.99+%), oleicacid (OA,
90%) and1-octadecene (ODE, 90%) were purchased from Sigma-Aldrich.

Synthesis of core and core-shell ANPs
NaY,, Tm,F,ANP cores with average diameters ranging fromd =10 nm
to 18 + 1 nm (Supplementary Table 1) were synthesized based on
reported procedures®***. For x = 0.01 (that is, 1% Tm*" doping), TmCl,
(0.01 mmol, 2.8 mg) and yCl; (0.99 mmol, 193.3 mg) were added into
a 50 ml three-neck flask following injection of 6 ml of OA and 14 ml of
ODE. The mixture was stirred under vacuum and heated to 100 °C for
1h. The solution was pumped with vacuum and purged with N, over
three cycles toremove water and oxygen. Subsequently, NH,F (4 mmol,
148 mg) and sodiumoleate (2.5 mmol, 762 mg) were added to the flask
with N, gas flow. Afterwards, the flask was resealed and placed under
vacuum for 15 min at 100 °C, followed by analogous three cycles of
alternating vacuum pump and N, purge for an additional 10 min. After
that, the solution was quickly heated to 320 °C (with approximate ramp
rate 25 °C min™). The temperature stayed at 320 °C for 40-60 min.
The solution was cooled to room temperature with compressed air.
Ethanol was added to atube containing the ANPs and the nanocrys-
tals were separated by centrifugation for 5 min at 4,000 rpm. The
dispersion with suspended pellets was additionally centrifuged to
remove large aggregated particles. The nanoparticles were purified by
acombination of ethanol wash, centrifuging and pellet dissolutionin
hexane. The whole cycle was repeated once more to further purify the
nanocrystals. The nanocrystals were stored in hexane with two drops
of OA to prevent aggregation.

Shellgrowth
A 0.1 Mstock solution of20% GdCl;and 80% YCl, was prepared by mixing
YCl; (2 mmol, 390.5 mg), GACl, (0.5 mmol, 131.8 mg),10 mlOA and 15 ml
ODEina50 mlthree-neck flask. Gd** was added to facilitate homogene-
ous shellgrowth*, The mixture was stirred under vacuum and heated to
110 °C for 30 min. The flask was filled with N, gas and heated t0 200 °C
forabout1h, untilthe solutionbecame clear and no solid was seeninthe
solution. The solution was cooled to 100 °C and placed under vacuum
for 30 min. A 0.2 M solution of Na-TFA was prepared by mixing Na-TFA
(4 mmol, 544 mg),10 ml OA and 10 ml ODE in a flask, under vacuum, at
room temperature for 2 h to ensure that all chemicals were dissolved.
Then,3-9 nmNaY, Gd,,F4 shells (Supplementary Table 1) were grown
on ANP cores using a layer-by-layer protocol* inside a nitrogen-filled
glove box containing aworkstation for automated nanocrystal discovery
andanalysis”. For example,fora3 nmshell thickness, 6 mlODEand 4 ml
OA wereinjected to the dried ANP cores and heated to 280 °Cat 20 °C
per minute in the workstation for automated nanocrystal discovery
and analysis glove box. A 0.2 M Na-TFA stock solutionanda 0.1 Mstock
solution of 20% Gd and 80% Y oleate solution was added alternatively
according to the automated protocols. Each alternatinginjection cycle
was performed every 40 min (for example, oneinjection every 20 min)
over six repeated cycles. After the last injection of each cycle, it was
annealed at280 °C for an additional 30 min. After that, it was cooled
rapidly by N, gas flow. The core-shell particles were separated and puri-
fied using an identical purification protocol described above.
Core-shell NaYF, nanocrystals with varying Tm** concentrations
(from 1% to 100%) were fabricated using analogous protocols.

Nanoparticle characterization
TEMwas achieved using aJEOLJEM-2100F field emission TEM operating
at an acceleration voltage of 200 kV, FEI Themis 60-300 STEM/TEM

atan acceleration voltage of 300 kV and Tecnai T20 S-TWIN TEM at
200 kVwithaLaBé6 filament. The statistics of the nanocrystal sizes were
calculated based onthe size of approximately 100 nanoparticles using
Image]J software. X-ray diffraction (XRD) measurement was performed
using a Bruker D8 Discover diffractometer with Cu Ka radiation (Sup-
plementary Figs.1and 2 and Supplementary Tables1and 2).

The high-resolution STEM images were acquired on an aberration
corrected Titan80-300 called TEAM 0.5 at the Molecular Foundry. The
microscope was operated at 200 kV with a convergence semi-angle of
17 mrad and approximately 5 pAbeam current. The 4D Camerawas used
to acquire a series of diffraction patterns from a grid of 1,024 x 1,024
probe positions with real-space step size of 40 pm and acquisitiontime
of 11 ps. The centre of mass of each diffraction pattern was calculated
and then used to estimate the phase of the electron beam by the dif-
ferential phase contrast technique. Each algorithm wasimplemented
in the open source stempy package. The phase is much more sensi-
tive to weakly scattering atoms such as fluorine compared with the
Z-contrast of the annular dark-field signal. This allowed us to image
the atomic structure of beam sensitive ANPs to confirm they do not
contain large scale defects.

Preparation of nanocrystal film samples

To prepare film samples, nanocrystalsina40 plsuspension with acon-
centration of 1 uM were either drop-casted or spin-coated on a cover-
slip. Atomic force microscopy measurements (Bruker Dimension AFM)
were performed to measure the film thickness of the prepared films.

Optical characterization of ANPs

For confocal microscopy of ANPs, an inverted confocal microscope
(Nikon, Eclipse Ti-S) fitted with a 3D (XYZ) nanoscanning piezo
stage (Physik Instrumente, P-545.xR8S Plano) was used. Single par-
ticles deposited on glass coverslips were excited with a1,064-nm
continuous-wave diode laser (Thorlabs, M9-A64-0300). A 950 nm
long-pass filter (Thorlabs, FELH 950) and 950 nm short-pass dichroic
mirror (Thorlabs, DMSP 950) were placed on the excitation beam path
to filter out all the wavelengths above 950 nm. An 850 nm short-pass
filter (Thorlabs, FESH 850) and a 750 nm long-pass filter (Thorlabs,
FELH 750) were used to selectively collect the 800 nm photons from
the sample. A1.49 numerical aperture (NA) x100 immersion oil objec-
tive (Olympus) and a 0.95 NA x100 air objective lens (Nikon) were
used for the imaging of single ANPs and ANP ensembles, respectively.
Emitted light was directed to an electron-multiplying charge-coupled
device-equipped spectrometer (Princeton Instruments, ProEM: 1600*
eXcelon 3) or asingle-photon avalanche diode (Micro Photon Device,
PDM sseries). Aneutral density wheel with a continuously variable den-
sity (Newport, 100FS04DV.4) was synchronized with the collection
systemand automatically rotated by an Arduino-controlled rotator to
perform power dependence measurements. A Thorlabs power meter
(PM100D and S120VC) simultaneously recorded the approximate 10%
of the laser power reflected by a glass coverslip. Average excitation
power densities were estimated using measured laser powers on the
sample plane converted by the recorded laser power by the power
meter and using the area calculated from the FWHM of the imaged
laser spot.

For measuring the photobrightening activity spectra, we used a
reflective objective lens (Thorlabs, LMM40X-P01), which does not
show notable chromatic aberration, and selected filters (Thorlabs,
FESH700 and FESH750) to block residual light from the 800 nm pump
source.

Where appropriate, the error barsin optical data plots were derived
by performing four separate measurements onthe same single ANP (for
single-ANP measurements) or on different regions of anensemble film.
For photodarkening and photobrightening experiments withensemble
films, we move 3 pm away from the previously measured position to
select a spot that was not photodarkened.
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Time-tagged time-resolved luminescence

For time-resolved luminescence experiments of emission wavelengths
less than1,000 nm, atime-correlated single-photon counting (TCSPC)
device (Picoquant, Hydraharp 400) coupled to a single-photon ava-
lanche diode was used to record the timing data of detected photons.
Time-tagged-time-resolved (TTTR) luminescence of ANP ensembles
was measured by detecting single photons and recording the arrival
time relative to the beginning of the measurement.

Time-resolved luminescence from the Tm* °F, state

Tomeasure the luminescence decay lifetime of the °F, state, a1,064-nm
continuous-wave laser (Qphotonics, QLD-1064-500S) was focused
onto an ANP film placed on an inverted optical microscope (Olym-
pus, IX73). A 50:50 beam splitter (Thorlabs, BSW511R) and a reflec-
tive objective lens (Thorlabs, LMM40X-P0O1) were installed in the
microscope. The laser passed through a1,064 nm bandpass filter and
a1,326 nmshort-pass filter (Semrock, FF01-1326/SP-25) on the excita-
tionbeam path toblocklaser bleeding above 1,400 nm. Both 1100-nm
and 1,500-nm long-pass filters (Thorlabs, FELH1100 and FELH1500)
and a bandpass filter with the centre frequency of 2,000 nm and the
FWHM of 500 nm (Thorlabs, FB2000-500) were placed on the collec-
tionbeam pathtoblock the laser beam and collect luminescence above
1,750 nm. The photons were collected by a superconducting nanowire
single-photon detector coupled with anoptical fibre (Single Quantum,
EOS CS, 1,550 nm detector and HI 1060 fibre). The superconducting
nanowire single-photon detector was connected to a time-correlated
single-photon counting device (Picoquant, Hydraharp 400) to measure
time-resolved MIR luminescence of the *F,-*H, transition.

Photoswitching of ANP ensemble films with two lasers
Toinvestigate the photoswitching properties of ANP ensembles, illumi-
nationat1,064 nmand400-920 nmfroma1,064-nm continuous-wave
diode laser (Thorlabs, M9-A64-0300) and a Ti-sapphire pulsed laser
(Coherent, Chameleon OPO Vis, 80 MHz) or a532 nm continuous-wave
laser (Coherent, Sapphire CDRH) was focused on the ANPs on the
inverted confocal microscope. A 950 nm short-pass dichroic mirror
(Thorlabs, DMSP950R) was placed in the excitation beam path to
merge two laser beams for photodarkening and photobrightening.
Thealignment of two laser beams at the sample plane was confirmed
by measuring the beamimages ona CMOS camera (Amscope, MU503)
installed on a side port of the inverted microscope. The timing of
the two illuminations was programmed by Scopefoundry, a custom
Python-based software, which controls the two dual-position sliders
(Thorlabs, ELL6).

Correlative light and electron microscopy for INPALM

The single ANPs on a glass coverslip marked by a finder grid (Gilder
Grids, G200F1-C3) were placed on an inverted microscope (Nikon,
Eclipse Ti2000-U). Wide-field illumination from a 1,064-nm
continuous-wave diode laser (3SP Technologies, 1064CHP) and focused
illumination from a 532 nm continuous-wave laser (Cobolt, Samba
50 mW) were directed on the sample through a1.4 NA x50 immersion
oil objective (Nikon, PLAN APO x60). The two-colour illuminations were
alternated using two stepper motors which opened and closed abeam
block onthe signal of an Arduino board controlled by a Python-based
program (Scopefoundry). To shift from1,064 nmillumination forimag-
ing to that for photodarkening, the beam size of the wide-field illumi-
nationwas changed using amotorized flipper (Newport, 8892-K-M) in
which a plano-convex lens (Thorlabs, AC254-400) was mounted. The
1,064 nmexcitation intensities forimaging and photodarkening were
33.8 kW cm™2and 267 kW cm?, respectively. The 532 nm excitation
intensity for photobrightening was 842 kW cm™. The probability of
the photobrightening occurrence is governed by the statistical dis-
tribution in Extended Data Fig. 5a. The exposure times for darkening

and brightening were set to 2 s and 8 s, respectively. The samples
under 1,064 nm excitation were imaged by an electron-multiplying
charge-coupled device camera (Andor, iXon DU-888D-C00-#BV). The
EM gain and the exposure time of the cameraweresetto300 sand1s,
respectively. The scanning electron microscopy was performed using
a10 kV SEM (Carl Zeiss, SigmaHD) after the sample was coated with
platinum for 120 s using a sputter coater (Cressington, 108).

Data processing for INPALM

To reconstruct and quantify INPALM images, the centroid of point
spread functions was estimated using a 2D Gaussian fitting. Each ANP
image spot within a frame was fit to a 2D Gaussian function, yielding
amean position and the standard error of that mean (the localization
accuracy). These fittings were then performed for each frame and a
composite image was then generated by overlaying their centroid
positions. Sample drift and rotation result in a dispersion of the col-
lection of centroids for each ANP within this composite (Extended
Data Fig.10b,c). For Fig. 5, correction for lateral and rotational drift
was achieved by imaging, in addition to the photoswitched ANPs, six
reference ANPs within each frame that are not photoswitched during
INPALM frame collection (Extended Data Fig. 10a). Corrections based
on the point spread functions centroid fits of these six ANPs yielded
ANP centroid positions fromall the frames that were tightly clustered
withinapproximately 20 nmregionsinthe corrected composite image
(Extended Data Fig.10d). Each of these centroid clusters (see, for exam-
ple, Fig. 5a,f) is then fit to a 2D Gaussian function (Fig. 5b,h)*®, with each
centroid weighted by the number of photons collected for its evalu-
ation, which provided the overall INPALM positions and localization
accuracies for each ANP.

For ANPs in nanoscale proximity to one another, data processing
using a Gaussian mixture method was used to separate a mixture of
localizations into several groups (Fig. 5f,g)*°. Also, the near-uniform
brightness of each ANP proved beneficial, allowing the use of asimple
intensity filter toreject frames thatinclude more than one brightened
ANP within a cluster, eliminating another source of error (Extended
Data Fig. 10f). In rare instances, more than one particle can partially
photobrighten, resultingin erroneous position localization estimates.

When the ANPs are used, for example, as targeted markers of bio-
molecule position, the localization accuracies will also be limited by
factorssuchas the size and stiffness of the nanoparticle surface passiva-
tion and linker®®. For kinetic studies of biomolecule motion, tracking
of positional changes is limited largely by the stiffness of the surface
passivation and linker, which determine how faithfully probe motion
tracks biomolecule motion®.,

Data availability

All data generated or analysed during this study, which support the
plots within this paper and other findings of this study, are included
in this published article and its Supplementary Information. Source
dataare provided with this paper.

Code availability

The code for modelling the PA behaviour using the differential rate
equations described inthe Supplementary Informationis freely avail-
able at https://github.com/nawhgnahc/Photon_Avalanche_DRE_cal-
culation.git.
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Extended DataFig.1|Photodarkening and photoblinkinginsingle ANPs.
(a) Atomic force microscopy (AFM) and (b) confocal scanningimages of asingle
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nanocrystal atl,,=164 kW cm™.
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wavelengths>1,750 nm were selected with along-passfilter and collected using
asuperconducting nanowire single-photon detector (SNSPD; Single Quantum
EOS 6). Asingle exponential decay is observed in the non-photodarkened ANPs
(top panel). Thelifetime curve from the photodarkened region (bottom panel)
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consistent with the rate equation analysis and fitsin Fig. 3a.
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Extended DataFig. 5| Photobrightening recovery percentage of various
ANP ensemble filmsamples. a, Photobrightening recovery of darkened ANP
films asafunction of irradiation wavelength. The Tm** contents for green, red,
blue, and purple markers are 8%,20%,30%, and 100%. Excitation (1,064 nm)
and photobrighteningintensities are 54 kW cm?and 277.87 kW cm?,
respectively, for green triangles (10.2/4 nm), red triangles (10.4/2.7), blue
triangles (13.0/2.1nm), and purple triangles (15.8/4.2 nm). Excitation

(1,064 nm) and photobrighteningintensities are 33 kW cm?and 167 kW cm?,

shell thickness (nm) Core size (nm)

respectively, for greencircles (17.3/5.6 nm), green squares (26.6/4.0 nm),
andred circles (17.5/2.7 nm). Exposure times for photodarkening and
photobrighteningarel.2and 1.3 s, respectively. Error bars are standard
deviations of data points measured at the four different spotsinthe same
ensemble sample. The photobrighteninglaser power at the sampleissetto
1 mW. Photobrightening recoveries as afunction of ANP core size at 420 nm
(b), Tm* concentrationat 710 nm (c), shell thickness at 420 nm (d), and core
sizeat710 nm (e).
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Extended DataFig. 6| ANP photodarkening with450 nmexcitation.

a, Potential mechanistic pathways for photodarkeningin ANPs under 450 nm
excitation. b, Photobrightening recovery of darkened 20% Tm*"10.4/2.7 nm
core diameter/shell thickness ANP films as a function of irradiation wavelength
from440 nmto 480 nm. The photobrightening laser power at the sampleis set
to1mW for allwavelengths. ¢, Emission spectrafromanensemble film of20%
Tm?>*10.4/2.7 nm core diameter/shell thickness ANPs before photodarkening
(top), during 450 nm exposure (middle), and after photodarkening with 450 nm
exposure (bottom).1,064 nmilluminationis used for pumping the

Wavelength (nm)

Wavelength (nm)

luminescenceintheleftand right panels. The1,064 nmintensity is 75 kW cm™,
and the 450 nm excitation intensity is 222 kW cm™. The emission intensitiesin
barenormalized to the maximum intensity in the left panel.d, UV emission
spectraof20% Tm* 10.4/2.7 nm core diameter/shell thickness ANPs under blue
excitation withawavelength range from440 nmto 480 nm. The excitation
powersarel mW. Theemissionintensitiesincare normalized to the maximum
intensity in the panel obtained under 450 nm excitation. The 345 nmand

365 nmemission peaksare attributed to the excited-state transitions from the
!l state to the °F, state and the 'D, state to the ®H, state, respectively.
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Extended DataFig.7|Photodarkening and photobrightening mechanisms
and fast photobrightening with sub-20-ms exposure. a, Ultraviolet emission
spectraof 8% Tm>*17.3/5.6 nm ANP ensembles at 1,064-nm excitation intensities
above photodarkening threshold intensity (/,p). Spectraare normalized to the
365 nmpeak.The 345 nmand 365 nm emission peaks are attributed to the
excited-state transitions from'l, to °F, and 'D, to *Hg, respectively. b, Potential
mechanistic pathways for photodarkening and photobrighteningin ANPs via
charge transfer from the host material, resulting in Tm** asanintermediate. CB:
conductionband, VB:valence band, W,:°F, relaxationrate. Hole trapsin
additiontoelectron traps can be produced through the charge transfer process,
which canboth potentially quench the >F, excited statein Tmions. ¢, Recovery
was accomplished with external heating only (S minequilibration ateach
temperature), rather than by photobrightening. Before and after heating, 20%
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Tm?'10.4/2.7 nm films were photodarkened and probed with1064 nm
intensities 0f 320 kW cm-2and 64 kW cm-2, respectively. Percentage recovery is
defined astheratio of the recovered luminescence intensity after temperature
increasetothe reduced luminescenceintensity after initial photodarkening.
Error barsarestandard deviations of data points measured at the four different
spotsinthe same film. d, Photodarkened regions of a film of 20% Tm>"

10.4/2.7 nm core/shell ANPs were exposed toa 700 nm photobrighteningbeam
forshortexposure times, and the luminescence recovery was measured as a
function of exposure time. The 1064 nm pumping and photodarkening
intensities are 51kW cm™?and 252 kW cm™, respectively. 700 nm
photobrightening excitation intensity is 240 kW cm™. The photodarkening
exposuretimeis188 ms. Error barsare standard deviations of data points
measured at the four different spots in the same ensemble sample.
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a, Time-resolved luminescence and excitation intensities for asingle 8% Tm>* cm™2at700 nmfor10 s. b, A probability histogram of the average emission
17.3/5.6 nmaqueous ANP**in water.A1,064 nm pump intensity of 16.7 kW cm™ intensity while turning onfor1,520 irradiation cycles. ¢, Trace of emission
iscontinuously applied, which excites detectable emissionin the onstate but fromthesingle aqueous ANP for the first 60 and last 35irradiation cycles.

notinthe off state. Irradiation conditions for photodarkening (turning off) are
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Extended DataFig.10 | INPALM of ANPs with drift correction and intensity
filtering. a, Wide-fieldimage of ANPs of 8% Tm>"26.6/3.0 nm ANPs. Scale bar is
2um. b, Frame-by-frame localizations of the ANPs marked with circlesina
before drift correction. Only particlesinthe red circle (identical tothe ANPsin
Extended DataFig.9) are exposed to periodic1,064 nmand 532 nmillumination
for photoswitching. The other ANPsinthecirclesareinthe onstate while
photoswitchingthe ANPsin the red circle and used for drift correction.
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Magnified frame-by-framelocalizations of the ANPs marked with circlesina
before (c) and after drift correction (d). The diameter of the localizationin ¢
represent the 10 times of the standard deviation of the 2D Gaussian point
spread function (PSF), and thatind represent the standard deviation of the 2D
Gaussian PSF. e. SEM images of ANPs inaregion marked with dashed linesina.
Scalebar is 500 nm. f, Frame-by-frame localizations of the ANPs marked with a
red circlein abefore (left) and after (right) intensity filtering.
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