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Liquid Crystalline Order and Electric Switching
of Upconversion Luminescence in Colloidal Nanorod

Suspensions
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1. Introduction

The polarization-dependent photon upconversion luminescence properties

of large-scale orientationally ordered soft matter systems formed by colloidal
nanorods dispersed in an isotropic solvent are studied. The electrostatically
charged photon-upconverting nanorods form an isotropic dispersion at low
concentrations, whereas orientational order and a nematic phase emerge at
high concentrations. When an alternating electric field is applied, particles
align in the direction of the electric field in both nematic and isotropic phases,
though the nature of this electric switching is different in these two phases.
Owing to the long-range orientational order in the nematic phase, the upcon-
version luminescence from the particles is polarized without an external field.
Polarization dependence of these properties can also be electrically induced

in an isotropic phase of the colloidal nanorods. Further, the dynamics of
switching of photon upconversion luminescence in both nematic and isotropic
dispersions are explored and their potential technological uses are dicussed.
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Photon-upconverting materials, which
can convert infrared light to visible
light, have been gathering increasing
interest due to their unique optical prop-
erties, namely large anti-Stokes shifts,
nonblinking emission, and high photo-
chemical stability, which can be advan-
tageous to many applications ranging
from biological deep-tissue imaging!!l to
high-efficiency solar cells®?! and micro-
scale lasers.’l Typical methods for syn-
thesis of upconversion nanomaterials
involve replacement of a few cations
from solid nanocrystalline material with
rare-earth ions, such as erbium (Er®*), to
introduce excited metastable states. They
are codoped with sensitizer cations with
larger absorption cross-section, such
as ytterbium (Yb3'), to increase the efficiency of the upcon-
version process. Owing to the polarized luminescence in
the visible region, upconversion nanoparticles have been
envisaged to have potential applications in display devices.
Polarized upconversion emission arises from the crystal
field interactions of the host matrix with the lanthanide
ions, influenced by the local crystal symmetry of the crystal-
line matrix surrounding the luminescent ions.**! Although
upconversion particles possess desirable properties for their
use in optical devices, they pose a major challenge due to
the low quantum efficiency of the upconversion process,
which necessitates the use of high concentrations of particles
for any practical applications. Furthermore, controlling the
optical response of such a large number of nanoparticles is
critical for their applications in optical devices. In this regard,
recently, upconversion nanorods (UCNR) were aligned in an
anisotropic matrix, like nematic liquid crystals or a liquid-
crystalline polymer network, providing a way to polarize and
modulate the upconversion luminescence emission in a com-
posite material.>~7]

We propose to take advantage of the anisotropic shape
of the nanoparticles to reveal their anisotropic physical
properties as an ensemble. When dispersed in a solvent at
a higher concentration, it is well known that high-aspect-
ratio nanorods can spontaneously form a lyotropic nematic
liquid-crystalline phase.®12l In this case, orientational
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order of the particles naturally arises from the interactions
between nanorods in the isotropic solvent rather than from
their confinement and aligning surface interactions in an
anisotropic matrix. Moreover, dispersions of nanorods in a
solvent usually show a strong response to the application of
an alternating electric field.'31% In the nematic phase, the
director aligns along or perpendicular to the electric field
direction (depending on dielectric anisotropy), whereas, in
the isotropic phase at a lower concentration, the electric
field induces the orientational order of the nanorods.!'!l
In this article, we demonstrate the electric switching and
polarization-dependent luminescence of nematically ordered
suspensions of UCNR in an isotropic medium. Further, we
demonstrate the electric switching of the nematic director
and the emergence of orientational order in the low con-
centration isotropic dispersion of the nanorods induced
by the external electric field. We also establish that the
upconversion luminescence emission of the particles
forming the nematic phase is strongly polarized. Finally,
we show how the upconversion luminescence can easily be
switched and modulated by applying an electric field and
discuss potential applications. More generally, we demon-
strate how tunable properties of mesostructured composite
materials can be designed by combining properties of indi-
vidual nanoparticles with the emergent soft matter behavior
in the form of long-range orientational order and facile elec-
tric switching.
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2. Results and Discussion
2.1. Upconversion Nanorods and Their Properties

The slender B-NaYF,:Yb/Er nanorods used in this study have
been designed to form a lyotropic liquid-crystalline phase when
dispersed in a solvent at high concentrations. Transmission
electron microscopy (TEM) images reveal their highly aniso-
tropic shape (Figure 1a). In addition, the particles were treated
with hydrochloric acid (HCI) to improve the colloidal stability
of the suspensions by electrostatic stabilization and to further
increase the aspect ratio of these particles (Figure 1a,b). Indeed,
the as-synthesized particles had a length L =1.6 um and diam-
eter D =40 nm, whereas they were =1.6 um long and =20 nm in
diameter after the acid treatment (Figure 1a,b). Stable colloidal
suspensions were produced by dispersing the nanorods in
ethanol. Moreover, when filled into capillaries, the suspensions
spontaneously showed the coexistence of an isotropic phase
at the top and a nematic phase at the bottom of a vertically
oriented capillary, as expected for such slender nanorods.

The UCNR'’s photon upconverting properties are illustrated
in Figure 1c, which shows a typical Er** emission spectrum. A
drop of a very dilute dispersion was deposited on a substrate
and dried to probe the polarization of the emission at the single
particle level with an analyzer A. A single nanorod was excited,
and its upconversion luminescence was collected while the
angle between the nanorod’s long axis and A was varied. The
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Figure 1. a,b) TEM micrograph of NaYF,Yb, Er colloidal UCNR before the acid treatment (a) and after the acid treatment (b). The insets in (a)
and (b) are the schematics depicting the shapes of the rods before and after the acid treatment. c) Typical photon-upconversion luminescence spectrum
of the UCNRSs, where a 980 nm diode laser was used as excitation source. d) The polarization of upconversion luminescence from a single particle at
658 nm emission where the analyzer is rotated from 0° to 360°. The angle is measured between the long axis of the UCNR and the analyzer. Schematic
at the center of the polar plot shows the nanorod direction.
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polar plot of the emission peak at 658 nm demonstrates that the
upconversion luminescence is strongly polarized (Figure 1d).

2.2. Electro-Optic Effects in the Isotropic Phase of UCNR
Suspensions

We now discuss the influence of an electric field E on the iso-
tropic phase of UCNR suspensions in ethanol. In the absence of
a field, the nanorods are randomly oriented. Hence, the isotropic
phase appears dark between crossed polarizer P and analyzer A
(Figure 2a). However, when E is applied, the nanorods tend to
align parallel to the field. This gives rise to a field-induced birefrin-
gence, which is detected by the transmission of light through the
sample placed between crossed polarizers (Figure 2b). This field-
induced birefringence strongly depends on the magnitude of E.

Figure 2. Polarized-light, darkfield, and brightfield optical micrographs of a colloidal UCNR

www.advopticalmat.de

Darkfield and brightfield microscopies were also used to
establish that the rods align parallel to E (Figure 2c—f). Both
techniques allow for a direct imaging of the highly aniso-
tropic nanorods, which are long enough for their orientations
to be optically resolved when using high magnification micro-
scope objectives with high (NA = 1.4) numerical aperture.
The nanorod alignment direction and the degree of ordering
induced by E can then be directly assessed using the micro-
graphs depicted in Figure 2d.f.

In the dilute isotropic phase, we observed that the rods aligned
along the field within a time scale of roughly a second. To study
this phenomenon more precisely, we monitored the output of
a photodiode, measuring the intensity of the light transmitted
through the sample (see Experimental Section). The transmission
signal showed a sharp rise and fall as E was switched on and off
(Figure 3a). Fitting the rising curve to a biexponential function,
I(t) = Iy + Aexpl-(t — o) /7] + Bexp[- (t— 1g) /73]
yields two characteristic times 7; = 0.97 s
and 7, = 3.83 s. The faster component T
is consistent with a simple estimate of the
rotational diffusion constant, D, = 3.3 s7
using the equation 7nyL>D,/3ksT=1np + &,
where 6, = -0.662 + 0.917/p + 0.100/p%,17]
yielding =0.31 s for the characteristic decay
time (see also Figure Sla in the Sup-
porting Information). The slower com-
ponent is probably due to hydrodynamic
flows induced by sample heating that was
observed causing flows and textural changes
with slow relaxation.

The time evolution of the upconversion
luminescence intensity at 658 nm, meas-
ured after A (see Experimental Section),
shows the comparable sharp rise and fall in
response to switching as the field was turned
on and off (Figure 3b). The rising part of
the curve was fitted with a single exponen-
tial function I(t) = Iy + A(l—exp[— (t —t)/7]),
yielding a characteristic time 7 = 0.9 s, in
good agreement with the fast time derived
above from the evolution of the optical trans-
mission. This good agreement confirms that
the polarization dependence of the upcon-
version luminescence is determined by the
nanorod orientation. Moreover, the use of a
polarizer in the detection channel provides
a way of controlling the emission intensity
simply by tuning E.

2.3. Electro-Optic Effects in the Nematic
Phase of UCNR Suspensions

suspension in isotropic phase with in-plane electric field E applied at 45° relative to the polarizer

P and analyzer A. a) Polarized-light micrograph without E. There is nearly no visible-light optical
transmission because of the random orientation of the nanorods. b) Polarized-light micrograph
with E. Note that there is a significant visible-light optical transmission due to the field-induced
birefringence arising from the nanorods aligned parallel to E. c,d) Darkfield micrographs with E
off and on, respectively. e,f) Brightfield micrographs with E off and on, respectively. Images in
(c,e) show random orientations of the nanorods whereas images in (d,f) reveal the alignment of

the nanorods along E.
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Characterization of the electro-optic prop-
erties of the nematic phase of the UCNR
suspensions showed different behaviors
compared to that of the isotropic phase
because it is spontaneously birefringent
(i.e., it exhibits an orientational order even

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Time evolution of a) optical transmission intensity through the sample between crossed polarizers and b) upconversion luminescence inten-
sity in isotropic phase colloidal UCNR suspension with the application of E. In (a), optical transmission intensity change is shown when a sample of
colloidal UCNR suspension is placed between crossed polarizers, as the E at 45° with respect to crossed polarizers is switched on/off. In (b), upconversion
luminescence intensity change is shown as E is switched on/off. The on and off timings of E are indicated with black arrows.

in the absence of field). The nematic phase causes no optical
transmission when the sample is placed between crossed polar-
izers, and the nematic director (n) is initially parallel to P as
shown in Figure 4a. However, applying E at 45° with respect to
P or A results in the reorientation of the director n. This gives
rise to a strong optical transmission through the sample placed
between crossed polarizers (Figure 4b).

Furthermore, by adding a 530 nm full-wavelength (2) retar-
dation plate, the reorientation of n can be characterized through
probing the change in the polarized interference colors. We set
the initial orientation of the director n; (at 45° to P or A) by
applying a weak magnetic field (100-200 mT), as the nanorods
tend to align perpendicular to the magnetic field (Figure 4c).
As E was applied in the direction perpendicular to n;, we
observed that the rods realigned along the field in about 15 s
(Figure 4c—f). The time evolution of the optical transmission
measured with the photodiode in this geometry is shown in
Figure 5a. The initial uniform orientation of the director n,
at 45° with respect to P and A (as in Figure 4c), results in a
strong optical transmission. When E is switched on, the signal
first sharply drops as reorientation takes place, but then it
recovers its initial value when the director finally realigns along
E, which is also at 45° with P and A (final director orientation
n¢ is shown in Figure 4f). It is worth noting that the director’s
reorientation is accompanied by strong backflow effects.

The time-dependent variation in the upconversion lumines-
cence was recorded after inserting A in front of the detector with
its axis parallel to E. The upconversion luminescence signal
rises as the director realigns along E, showing that the lumi-
nescence polarization closely follows the nanorod reorientation
(Figure 5b). This behavior also confirms that the polarization of
the luminescence is directly related to the particle geometry and
the nematic ordering direction. This feature was investigated in
more detail by rotating A with respect to E where n is parallel
to E. Polar plots of the upconversion luminescence emission
intensity versus the angle between A and n (and E) are given in
Figure 6 for all three luminescence peaks shown in Figure 1c.
In all cases, the upconversion luminescence is strongly polar-
ized parallel to n, and hence to the average nanorod axis
orientation. Furthermore, the upconversion intensity variation

Adv. Optical Mater. 2019, 7, 1900041 1900041

in the nematic phase is also affected by the medium scattering
due to the high-concentration ordered arrangement of the par-
ticles. This experiment also shows that the upconversion lumi-
nescence intensity can be tuned over a large range simply by
applying E and using a polarizer.

3. Discussion and Conclusions

While recent breakthroughs in nanoscience enabled facile
synthesis of nanoparticles with properties very different from
bulk materials with the same material composition,#20 it still
remains challenging to form materials from such nanoparticles
while preserving these properties. For example, polarized sur-
face plasmon resonance properties of gold nanorods explored
recently,?l and polarized luminescence properties of the
upconversion nanoparticles studied here are simply lost when
they are used to form isotropic colloidal dispersions or com-
posite materials, though they can be preserved when dispersing
these shape-anisotropic particles in anisotropic nematic
fluids.>21-23] The present study demonstrates how anisotropic
optical properties of photon-upconverting nanoparticles can
be preserved by forming orientationally ordered states of these
nanoparticles in isotropic solvents. To do so, we synthesized
high-aspect-ratio upconversion -NaYF,Yb, Er nanorods and
dispersed them in ethanol. Thanks to their high aspect ratio,
resulting colloidal suspensions can form not only a common
isotropic phase but also a lyotropic nematic phase. In the latter,
the nematic director can be switched by applying an alternating
electric field. Simultaneously, the intensity of the upconver-
sion luminescence emission from the nanorods is also tuned
with the electric field, showing that these nanorods within an
ensemble-like material present a polarized upconversion emis-
sion along their nematic ordering direction. In the isotropic
phase, the intensity and polarization properties of the lumines-
cence emission can be controlled by tuning the electric field
strength without changing its direction. The exciting properties
of polarized photon-upconversion-based luminescence reported
in this study were obtained with a much simpler system than
those previously reported.>®23 Usually, they consisted in

(4 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Polarized-light optical micrographs of a lyotropic nematic liquid-crystalline phase
of a concentrated colloidal UCNR suspension when a) nematic director n is aligned parallel
to Eand A and b) nis aligned at 45° relative to crossed polarizers. In (a), there is no optical
visible-light transmission because n is parallel to A and perpendicular to P. In (b), there is
a strong optical transmission due to the birefringence of the liquid-crystalline phase of the
colloidal dispersion. c—f) Polarized-light optical micrographs with an additional retardation
plate showing the time evolution of n from the initial director configuration n; (c) to final
director configuration ng (f), as E is applied at 45° relative to crossed polarizers. Reorienta-
tion of n to align parallel to E is demonstrated by the change of interference color from
orange to blue. The initial orientation of the director n; is depicted in the orientation of the
rods in the schematic (inset) of (c). This is set by an external magnetic field which aligns
the rods perpendicular to the field. Intermediate states where the director is undergoing
reorientation are shown in (d,e). Final aligned state at the elapsed time of 15 s is shown
in (f) with the director orientation ny, also depicted by the orientation of the rods in the
schematic (inset).
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While a solvent-like ethanol may be prone to
evaporation, depending on the sealing of cell
chambers, a large variety of other isotropic
solvents can be used as host fluids for UCNR
dispersions to mitigate this problem. All these
features make UCNR colloidal dispersions quite
promising for use in electro-optic and photonic
devices.

Facile responses of our anisotropic composite
materials are of interest for many applications,
ranging from smart windows to displays and
solar cell technologies. For example, one can
envisage how switchable conversion of infrared
to visible light could be used in window-based
solar concentrators to enable both the electric
control of solar gain and generation of elec-
tricity. In typically quantum-dot-based or flu-
orescent-dye-based solar concentrators,[26-30
the main idea is to convert some of the visible
solar radiation passing through a window into
electricity by channeling (with the help of total
internal reflection and anisotropic emission)
the fluorescence light into the edges of the
window where efficient solar cells are located
and where this light is converted into elec-
tricity.2>21 The UCNRs would allow for the
light-to-electricity conversion of solar radiation
from outside of the visible range, thus not com-
promising visible transparency of the windows.
Moreover, the infrared component of solar radi-
ation often constitutes 50% of incoming solar
energy and contributes to the high air condi-
tioning costs in hot climates. By converting
it to electricity, one can envisage not only the
reduction of building energy costs due to the
so-called solar gain control but also energy
generation stemming from the conversion of
solar energy to electricity at the edges of win-
dows with solar concentrators. In this regard,
recent reports demonstrate how the photocon-
version efficiency can be enhanced by incor-
porating upconversion nanoparticles as spec-
tral concentrators in solar cells.?132 The facile
electric switching demonstrated in this work
promises smart optimization of these processes
depending on the desired and actual thermal

nanoparticle-doped anisotropic matrices like small-molecule
nematic liquid crystals or lamellar and nematic phases of sur-
factants and a chromonic stack of dye molecules.l>122:2425]
Because of their anisotropic nature, such matrices most often
require preliminary control of their macroscopic orientation by
alignment layers in order to obtain monodomain samples. This
technological step is no longer needed when using the UCNR
suspensions in their isotropic phase. Moreover, this system,
which only involves UCNRs in an isotropic solvent, does not
suffer from the optical complexity related to the birefringence
of an oriented matrix. Furthermore, in contrast to the doped
composites, this system can have a much higher concentration
of UCNRSs, resulting in a stronger upconversion luminescence.

Adv. Optical Mater. 2019, 7, 1900041
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environment of the building interior, season and daytime,
climate conditions, etc. While the switching speed is rela-
tively slow (with the response times in the range of =1 s), it
is rather adequate for such smart window applications. Simi-
larly, while absorption and luminescence have narrow spectral
range characteristics, which limits efficiency and technolog-
ical utility of the studied colloidal systems, colloidal codisper-
sions of different nanoparticles with different ion doping and
matrix compositions can be designed to mitigate this issue
and to both tune emission spectral bands and make infrared
absorption spectrally broader, although significant research
is needed to optimize the chemical parameters required for
designing such particles.333

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Time evolution of a) optical transmission intensity through the sample between crossed polarizers and b) upconversion luminescence
intensity in nematic phase colloidal UCNR suspension, where in both (a,b) n is initially (at t = 0) perpendicular to E and then switched parallel to E.
Optical transmission intensity (a) is measured with n; at 45° with respect to crossed polarizers, and E is applied perpendicular to n; but still at 45° to
crossed polarizers. Upconversion luminescence (b) is measured through A parallel to E.

To conclude, we have developed a new breed of photon-
upconverting liquid-crystalline materials with facile responses
to external electric and magnetic fields. Polarization-dependent
photon-upconversion-based luminescence in these materials
can be tuned by low-voltage electric fields and is of interest for
a large variety of applications, ranging from electro-optic and
photonic devices to dynamic smart windows and solar cells.

4. Experimental Section

Materials Used: The chemicals used for synthesis, ytterbium nitrate
hexahydrate [Yb(NOs);, 6H,0], yttrium nitrate hexahydrate [Y(NOs3)s,
6H,0], erbium nitrate pentahydrate [Er(NOs);, 5H,0], sodium fluoride
(NaF), and oleic acid were all purchased from Sigma Aldrich. Sodium
hydroxide (NaOH) was purchased from Alfa Aesar. HCl, which was used
for acid treatment, was purchased from Fisher Scientific.

Synthesis and Acid Treatment: The particles used in this study
were fB-NaYF,:Yb/Er nanorods designed to exhibit efficient photon-
upconversion luminescence when excited with infrared light at 980 nm.
They were synthesized following a hydrothermal method reported
earlier.3%l Briefly, NaOH (1.2 g) was dissolved in deionized (5 mL) water
and mixed with ethanol (7 mL). Oleic acid (20 mL) was mixed with the
solution. Next, NaF solution (8 mL, 1 m) was added and mixed. Then,
yttrium nitrate hexahydrate (950 pL, 0.5 m), ytterbium nitrate hexahydrate
(225 pL, 0.2 m), and erbium nitrate pentahydrate (50 pL, 0.2 m) solutions
were added. The mixture was transferred to a 50 mL Teflon-lined

autoclave, kept under vigorous stirring for 20 min, and then heated
to 190 °C in an oven (OGH60, Heratherm). After 24 h, the mixture
was allowed to cool down to room temperature. Subsequently, the
particles deposited at the bottom of the Teflon chamber were collected
and washed with deionized water and ethanol three times, and then
redispersed in cyclohexane. The quantum yield of the acid-treated UCNR
particles was estimated to be =0.1%.1*3]

The UCNR nanoparticles were treated with HCl to improve the quality
of the dispersion through surface charging and to further increase their
aspect ratio.l’! During the acid treatment, the oleic acid ligands were
removed from the particles by protonation, leaving the surfaces of the
particles positively charged. In the first step, UCNR dispersions (4 mL)
in cyclohexane and HCl (2 mL, 3.8 wt%) aqueous solutions were typically
transferred to 20 mL glass vials and kept under stirring overnight. The
particles that were initially dispersed in cyclohexane were transferred to
the aqueous phase, leaving the free oleic acid molecules in cyclohexane.
After the reaction, the particles were collected and washed with water
and ethanol. To ensure the complete removal of the oleic acid from the
particles, this acid treatment was repeated 3 times, where the second
and third acid treatment durations were 12 and 3—4 h, respectively.
Owing to the electrostatic stabilization, the acid-treated particles were
easily dispersed in solvents such as ethanol and water, with no signs of
any aggregation. The acid treatment also eroded the particles, making
them more slender and slightly shorter, effectively increasing the aspect
ratio of the UCNRs, which was key to achieving nematic ordering in the
used isotropic fluid hosts.

TEM was used to characterize the shapes and dimensions of the
UCNRs. For TEM studies, a dilute UCNR suspension in ethanol was
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Figure 6. a) Polar plots of upconversion luminescence intensity from the nematic phase of a UCNR dispersion, corresponding to the 0°-360° rotation
of the analyzer relative to the director showing the intensity variations for luminescence peak at a) 658, b) 545, and c) 523 nm. The angle is measured
between the nematic director and the analyzer. Schematics at the center of the polar plots show the alignment direction of the rods.
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typically deposited on a formvar-coated TEM grid and dried. TEM images
were then collected using an FEI Tecnai T12 microscope operating at
120 kv.

Sample Preparation and Optical Characterization: UCNR dispersions
in ethanol were filled into 0.05 x 1.00 mm or 0.10 x 2.00 mm flat glass
capillaries (purchased from VitroCom, NJ) that were sealed promptly
with fast-set epoxy. The capillaries were stored upright in order to
create a concentration gradient due to gravity, taking advantage of the
relatively small gravitational length: I, = kgT/(gVAp) = 231 um (where kg
is the Boltzmann constant, T is the temperature, g is the gravitational
acceleration, V is the particle volume, and Ap is the specific mass
density contrast of the particle with the solvent). The volume fraction in
the nematic phase was estimated to be in the range 11-29%, depending
on the capillary region.

For electro-optic experiments, thin aluminum foil  strips
(=30 um thick), wrapped around the capillary tube, were used as
electrodes while leaving a 1-2 mm gap in-between. The external electric
field E was applied between the electrodes by a function generator
(GFG-8216A, GW Instek) and an amplifier (Model 7600, Krohn-Hite). A
sinusoidal voltage (V;ms = 100 V, f =1 MHz) was applied between the
electrodes. Response time measurements were made by monitoring the
optical transmission of the sample placed between crossed polarizers,
using a Si-based photodiode (PDA100A, Thorlabs) located after A, or,
alternatively, by probing the photon upconversion luminescence under
similar conditions. E was typically applied at an angle of 45° with respect
to the directions of P and A. The voltage output from the photodiode
was recorded, at a rate of 100 Hz, with a homemade software written
in Labview.

Polarized-light, brightfield, and darkfield microscopy images were
obtained using an inverted optical microscope (Olympus IX-81) and a
charge-coupled device (CCD) camera (Flea-col, Pointgrey). Polarized-
light and brightfield micrographs were acquired with a 100x objective
lens with a numerical aperture NA=1.4 (UPlanSApo, Olympus), whereas
the darkfield micrographs were acquired with a 100x objective lens with
variable numerical aperture NA = 0.6-1.3 (UPlanFL N, Olympus) and
also using a specialized darkfield condenser with NA = 1.2-1.4 (U-DCW,
Olympus).

For upconversion luminescence characterizations, an unpolarized
infrared (980 nm) continuous-wave laser (purchased from Laserlands)
was used as the excitation source. The excitation laser beam was
focused onto the sample by a 100x objective lens (NA = 1.4), and
the upconversion luminescence was collected using the same
objective lens in epi-detection geometry. The estimated power
density of the excitation laser at the sample plane was 54 Wem™.
The luminescence signal was sent through a 720 nm low-pass filter
(FFO1-720/SP, Semrock) to ensure that the signal collected was only
due to the particle luminescence, and then sent to a spectrometer
(USB2000, Ocean Optics). Moreover, to probe the polarization
dependence of the photon-upconversion luminescence, A was placed
after the sample with its axis parallel to E.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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