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ABSTRACT: The development of upconversion nanomaterials for many
photonic applications requires a detailed understanding of their radiative
lifetimes that in turn depend critically on local environmental conditions. In this
work, hexagonal (f-phase) sodium-yttrium-fluoride (NaYF,) nanowires (NWs)
were synthesized and substitutionally co-doped with a luminescent solid solution
of trivalent erbium and ytterbium ions. A single-beam laser trapping instrument
was used in tandem with a piezo-controlled, variable-temperature stage to
precisely vary the nanowire’s distance from the substrate. The spontaneous
photoluminescence lifetime of the *S;,, — *I;5/, transition from Er’* ions was

Fluorescence Decay

observed to change by >60% depending on the ions’ separation distance from a

planar (water/glass) dielectric interface. The *Ss), state lifetime is observed to increase by a factor of 1.62 + 0.01 as the distance
from the quartz coverslip increases from ~0 nm to ~40 ym. Less significant changes in the luminescence lifetime (<10%) were
observed over a temperature range between 25 and 50 °C. The distance dependence of the lifetime is interpreted quantitatively
in the context of classical electromagnetic coupling between Er*" ions within the nanowire and the adjacent dielectric interface.
We also demonstrate potential applications of the NaYF, NWs for both controlling and probing temperatures at nanometer
scales by integrating them within a poly(dimethylsiloxane) composite matrix.
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1. INTRODUCTION

Rare-earth-doped upconversion nanomaterials are suited for a
wide range of applications' including color displays,” solar
cells,>* bioimaging,s_8 drug delivery,” theranostics,'’ nano-
thermometry,"" photodynamic therapy,'> and cold Brownian
motion.'” These nanomaterials can be excited using near-
infrared (NIR) radiation and emit bright, visible fluores-
cence.'* A major challenge in conventional fluorescence
imaging and labeling is that UV or visible excitation can
cause autofluorescence. As a remedy, excitation using NIR light
is a promising way to mitigate this challenge given biological
specimens often are more transparent in NIR spectral
windows. Among upconversion nanomaterials, hexagonal (/-
phase) NaYF, has been studied as one of the most promising
upconversion crystalline host lattices due to its biocompati-
bility, brightness, and photostability."*'> These methods are
bright enough that confocal microscopy can be used to observe
a single nanocrystal for super-resolution imaging.'® In addition
to being a good upconversion host material, NaYF, has been
theoretically predicted to be an efficient host material for laser
cooling with anti-Stokes fluorescence emission.'” Recently, this
has been demonstrated experimentally using single-beam laser
tweezers.'
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To improve upconversion performance, significant effort has
been devoted to increasing the internal radiative quantum
efficiency defined by the following equation

k

Tk, m
Here, k, is the radiative decay rate and k,, is the nonradiative
decay rate. Various approaches have been used to modify the
radiative and nonradiative decay rates. As the size of an
upconverting nanoparticle (UCNP) decreases, its lifetime
shortens due to nonradiative decay caused by surface
defects."””” The surface can be modified by changing
molecular ligands and/or by adding an inert, undoped
inorganic shell as a coating, which can help reduce the surface
defects and isolate them from emission quenchers, thereby
increasing the luminescence.”"””” Changes to the crystal lattice
of the host may also modify the point group symmetry of the
trivalent cations, which changes the local crystal field of the
dopant ions, affecting photoluminescence (PL).”> Additionally,
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the dopant level in a UCNP can be optimized to prevent
concentration quenching and tune PL wavelengths.”* In
addition to intrinsic material parameters, external environ-
mental factors relating to electric and magnetic fields,>>>°
pressure,27 temperature,28 solvent,”” and others can affect the
radiative and nonradiative decay rates.

The predominant radiative decay pathways of rare-earth ions
are intra-4f transitions, which can be estimated with the Judd—
Ofelt theory.”® One common experimental approach to
characterize the optical properties of UCNPs is to prepare
the sample on a glass substrate.””" The total decay rate is the
reciprocal of the transition’s lifetime, which can be measured
by fitting the fluorescence intensity decay profile. It has been
reported recently’” that the experimental radiative lifetime of
nitrogen vacancy (NV) centers in diamond nanocrystals
increases significantly when the NV centers are suspended
within a silica-aerogel matrix (eoq & 1) relative to NV
centers on a planar glass substrate (ngo, ~ 1.3). This

observation has been interpreted in the context of the radiative
decay rate depending critically on the classical local optical
density of states (LDOS), which changes significantly as a
function of distance from the dielectric interface.’>?’
Calculations using both semianalytical theory and finite-
difference time-domain results have predicted that the
emission rate for radiating dipoles increases as the particle
approaches a planar dielectric interface, especially in the sub-
100 nm distance range.”””** Similar experimental and
theoretical results have been regorted using single jons,>®
single dye molecules,* thin films,”” and rare-earth ions doped
within optical fibers.*®

In this work, we use single-beam laser tweezers to position
individual S-NaYF, nanowire (NW) cavities at precise
distances from adjacent glass coverslips without changing any
other variables within the local environment. Experimentally
changing the LDOS (through tuning the NW cavity/interface
separation distance) is observed to have a major impact on the
experimentally measured lifetime of Er** ions emitting from
the optically trapped nanowire cavity as discussed in more
detail below.

2. RESULTS AND DISCUSSION

A low-cost, scalable hydrothermal synthesis approach is used
to prepare S-NaYF, NWs that exhibit a hexagonal crystal
structure, as shown in Figure la. The lattice structure of
hexagonal p-NaYF, is not well defined. Three very similar
space groups are proposed in the literature, and it is difficult to
assign one structure to f-NaYF, due to its high variability.*
Here, we compare our powder X-ray diffraction (XRD)
patterns to previously reported structures and choose the P6
space group, because it agrees best with our experimental
diffraction data. Transmission electron microscopy (TEM) was
used to measure the size and morphology of the NWs, as
shown in Figure 1b. The diameter and length of individual NW
cavities were measured. The average length and diameter were
measured to be 1.68 ym and 0.25 um, respectively. Figure 1c
shows the dark field TEM image of a single nanowire. The
crystallographic phase of the NWs was confirmed by XRD to
be hexagonal (f-phase) NaYF, (PDF00-16-0334) as shown in
Figure 1d.

A home-built single-beam NIR laser trapping instrument, as
shown in Figure 2a, is used to perform lifetime spectroscopy
experiments on single NW cavities. A 975 nm diode laser is
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Figure 1. Synthesis and characterization of -NaYF, nanowires. (a)
Schematic of the hexagonal crystal structure of S-NaYF, with P6
group symmetry. One of the internal atoms has 50/50 Na/Y split
occupancy. The other is only Na, with some spatial delocalization
(50% occupancy). (b) TEM image of NaYF, nanowires; scale bar = 1
um. (c) Dark field TEM image of NaYF, nanowires; scale bar = 200
nm. (d) X-ray diffraction of ensemble NaYF, nanowires confirming
the hexagonal phase structure.

focused by a 100X oil-immersion objective lens (NA = 1.25)
down to a near-diffraction limited spot with a size of ~1.1 ym.
The gradient optical force can trap a single NW in the focal
plane, which enables three-dimensional (3D) manipulation of
the NW by a piezo-controlled translation stage. The forward-
scattered light is used to obtain the power spectral density
(PSD) plot. A schematic graph for a characteristic, optically
trapped NW is shown in Figure 2a inset. Following trapping,
Er’* ions within the nanowire are observed to emit bright PL
(Figure 2c, middle) following energy transfer from Yb*" ions.*
The PL of a single NW collected by the same oil-immersion
objective lens is filtered using a 750 nm short-pass filter and
focused either on an avalanche photodiode (APD) or a liquid-
nitrogen-cooled spectrometer. A 550 nm band-pass filter is
placed before the APD to selectively collect emission from the
Sy, = "5, transition of Er’* ions. The lifetime data are
generated by processing the APD’s time-dependent photo-
voltage signal, as described in the Methods section.

A color charge-coupled device (CCD) is used to monitor
the in situ optical trapping process, which is shown in Figure
2c. The leftmost image in Figure 2c shows the bright-field
image of a single NaYF, NW under Brownian motion in water.
It is worth noting that the -NaYF, NWs have a hexagonal
crystal structure with an anisotropic index of refraction. As
such, the lifetime may depend on the emission into different
crystallographic ¢- ({001)) and a- ((100)) directions.
Following optical trapping, the NW’s long axis (crystallo-
graphic c-axis) aligns with the optical axis of the trapping laser
due to radiation pressure.*’ Under these conditions, all of the
variables that affect the *S, state lifetime are held constant,*
whereas the separation distance between the wire and interface
is varied.

Forward-scattered laser radiation from the optically trapped
NW creates a dynamic interference pattern within the
microscope’s back focal plane that can be detected with a
high-speed silicon quadrant photodiode (QPD). The time-
dependent photovoltage signal from the QPD is then Fourier-
transformed to compute the resulting PSD. The diffusion
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Figure 2. Schematic of laser trapping instrument for single-particle lifetime and fluorescence measurements. (a) An optically trapped NaYF, NW in
an aqueous fluid chamber. (b) Er’* *S, , state lifetime of an optically trapped NaYF, NW in the water at various distances from the quartz surface.
(c) Left: the bright-field image of a NaYF, NW in Brownian motion, scale bar = 1 ym; Middle: the bright-field image of an optically trapped NaYF,
NW using a 975 nm laser; Right: Image of an optically trapped NaYF, NW without illumination source showing green emission.

coeflicient could be fitted from the PSD by a nonlinear least
square fit. The piezo-stage is driven at a known frequency (32
Hz) and amplitude (100 nm) to enable spatial calibration of
the PSD* from V2/Hz to m*/Hz to quantitatively measure the
diffusion coeflicient of the NW in the solution. As the trapped
NW is brought close to the surface of the quartz, the diffusion
coeiﬁaent gradually approaches zero due to hydrodynamic
drag,** as shown in Figure S1. This onset of hydrodynamic
drag is used to define the d = 0 nm point for distance-
dependent lifetime measurements, and the piezo-stage together
with the micrometer positioning stage were used to control the
distance between the trapped NW and quartz surface from 0 to
40 pm.

As the trapping distance between the NW and the substrate
is increased at room temperature, the *S;,, — 5/, lifetime
increases from 69 + 12.8 to 139 + 17.8 us, as shown in Figure
2b. The average lifetime obtained from five different NWs were
used to generate the plot in Figure 2b, where the error bars
represent the standard deviation of the lifetime from the mean.
The total PL lifetime is the reciprocal of the sum of the
radiative and nonradiative decay rates. The laser power and
temperature are held constant. To diminish the effect of laser
heating on the substrate, a quartz substrate is used due to its
low absorption coefficient at 975 nm,” which shows no
obvious heating using ratiometric thermometry of Er’* ions
(see Figure S2). Therefore, it is reasonable to assume that the
temperature-dependent nonradiative decay rate remains
constant at various distances between the NW and the
coverslip, and the only variable affecting the radiative lifetime is
the distance between the NW and the dielectric interface.

Our primary interpretation for the drastic observed change
in the lifetime is the classical increase in the LDOS at the
coverslip.””>® The radiative decay rate is affected by the
proximity of the emitting dipole to the dielectric interface.
More precisely, when a dipole radiates near an interface, the
decay rate is governed by the interference between the directly
emitted electromagnetic waves and those reflected from the
surface. Therefore, it is sensitive to the dipole’s polarization
and distance relative to the interface, which can result in
significant changes in the radiative decay rate. According to the
Judd—Ofelt theory, the radiative relaxation rate is determined
by the transition’s energy gap, electric and magnetic dipole
moments, and the refractive index of the host material. The
radiative decay rate is not strictly temperature-independent,
because the refractive index above depends slightly on

22819

temperature. However, the temperature dependence of the
radiative decay rate is much smaller compared to that of the
nonradiative decay rate. The radiative decay rate is affected
predominantly by the dielectric environment surrounding the
dipole. In these experiments, we use a single-beam optical-trap
to fix the orientation (dipole polarization) of a single NW and
to control the separation distance between the NW and the
dielectric interface, thereby altering the decay rate according to
the interference mechanism mentioned above. The distribution
in lifetimes at a given distance is attributed to the differences
between individual NWs, including fluctuations in NW
composition and morphology.*"*®

Temperature also is known to have a significant impact on
total lifetimes due to multi-phonon-mediated, nonradiative
relaxation mechanisms. Figure 3a shows the measured
temperature-dependent lifetime trend of optically trapped
NWs at a distance of roughly 40 ym away from the substrate.
At this distance, we assume that the substrate’s effect on the
lifetime may be neglected. The temperature of the solution is
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Figure 3. Temperature-dependent Er’* *S,, state lifetime of a single
optically trapped NaYF, NW in water. (a) NaYF, NW trapped 40 ym
away from quartz surface. Inset: photoluminescence from the trapped
NW; scale = 2 pum. (b) NaYF, NW trapped at the quartz surface.
Inset: photoluminescence from the trapped NW; scale = 2 pm.
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Figure 4. Optical thermometry of a PDMS/NW composite. (a) Schematic of an ensemble NaYF, embedded in the PDMS structure. (b) Confocal
particle size histogram of NaYF, nanowires within the PDMS composite. (c) Temperature calibration using emission from the *S;,, — I/,
transition from an ensemble of NaYF, NWs embedded in PDMS. (d) Irradiance-dependent heating of ensemble NaYF, NWs embedded in PDMS

using a heating laser wavelength 4 = 1064 nm.

controlled by a perfusion chamber with a resolution of 0.1 °C.
As the temperature of the solution increases from room
temperature, the *S;,, — I, lifetime of the NW is observed
to decrease by 10% over a temperature range of 25 °C. The
decrease in the observed lifetime with temperature can be
attributed to an increase in the nonradiative decay rate.
Additionally, the impact of changing temperature on the
lifetime is observed to be significantly smaller in comparison
with changing the distance between the NW and the water/
coverslip interface.

We define below a temperature-dependent parameter, a, to
further quantify the effect of NW/coverslip separation distance
on the observed total decay rate. In particular, the parameter o
is defined as the derivative of the total lifetime with respect to
temperature

d(k, + k)™ dk
— d_T — ( r + nr) — _(kr + km)—z nr
dr dT dT )
where 7 = ﬁ is the total excited state lifetime, k, is the

temperature-independent radiative decay rate, and k,, is the
temperature-dependent nonradiative decay rate. The observed
decrease in the lifetime with increasing temperature is
observed to be linear over a total temperature range of 25
°C. Least squares fitting is used to quantify the slope a,,
—0.283 us/°C, where the “co0” subscript indicates the NW is
far from the water/coverslip interface. Identical measurements
were made with the same NW located at the water/coverslip
interface with oy = —0.227 pus/°C, where the “0” subscript
indicates that the wire is located at the interface.

If the distance between the NW and coverslip is held
constant during measurements of ¢, then this definition of a
provides an experimental route to quantify the change in the
radiative decay rate as a function of distance from the coverslip
interface. The ratio of @ coefficients from the same optically
trapped NW both far from and near to the coverslip is given as

=

(¢4

o0

e

ko + k.,

koo + Ky (3)
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where k; is the spontaneous radiative decay rate when the NW
is on the substrate and k, is the spontaneous radiative decay

rate when the NW is far away (~40 ym) from the substrate.

dk,,

Here, we assume that - is the same for a, and a,, because

the nonradiative decay rate does not depend on the distance
between NW and the coverslip. The nonradiative decay is a
result of the interaction of lanthanide ions with their
surrounding microenvironment. The process of nonradiative
relaxation depends on the energy gap between electronic
states, the frequency of local phonon modes, and temper-
ature.’” The external electromagnetic environment, such as the
NW/coverslip separation distance, does not affect nonradiative
relaxation. This ratio can be used to calculate a lower bound
for the change in the radiative decay rate as a function of
distance from the coverslip. From the experimental data
presented in Figure 3, we calculate the following values, o, =
—0.283 us/°C and ay = —0.227 us/°C, yielding the ratio
Q,

o= 1.1S. Assuming k,, — 0, a lower bound for the
0

substrate’s effect on the radiative decay rate may be calculated
using eq 3 implying

ko > %0 _ 0283 _ 1.12
ko, ~\a, V0227
Given that k. is unaffected by the planar dielectric interface,
the minimum amount that the radiative decay rate can increase
is 1.12 times the rate for a single NW close to the substrate.
When k,, > 0, the ratio of radiative decay rates will be greater
than 1.12.

In addition to quantifying the change in the radiative decay
rate, the temperature-dependent *S;, — *I;5,, transition
lifetime of Er’* can be used for noncontact optical
thermometry. Yb*- and Er**-co-doped NaYF, nanocrystals
have been studied extensively for ratiometric nanothermom-
etry, due to the existence of thermally coupled *H,, ,, and *S;),
energy levels. During ratiometric thermometry, an optical
spectrometer is used to collect spectra that are postprocessed
to measure temperatures with nanoscale spatial precision. In
contrast, the lifetime-based method presented here requires
only a low-cost and compact APD to collect a time-dependent

(4)
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photovoltage that can be fit using an exponential function in
real-time to enable rapid, local temperature measurements.
Due to their ability to manipulate particles in three dimensions,
optical tweezers are well-suited to probe thermal gradient
profiles, for example, surrounding a cell.* ™ A precise
calibration of the temperature-dependent lifetime change is
shown in Figure 3 and clearly demonstrates it is possible to
measure the temperature of single upconverting nanowires at
physiological temperatures, where the change in the lifetime is
linear with the temperature.

To further demonstrate the utility of NW lifetime
thermometry, we embed upconverting NWs in an optically
transparent poly(dimethylsiloxane) (PDMS) composite, as
shown in Figure 4a. We use a pulsed 975 nm laser to probe the
temperature and a 1064 nm laser to heat the sample. As 1064
nm is below the transition energy of Yb*, it will minimize
upconversion. The uniformity and size distribution of NWs
inside of the PDMS are observed using a 3D reconstruction
made from confocal images of the composite (Figure 4b). We
use a temperature-controlled stage and calibrate the lifetime of
the NW ensemble within the composite at different temper-
atures. We measure a thermal coefficient appyg = —0.475 us/
°C (Figure 4c). The larger a coefficients between NWs in
PDMS vs water could be due to the increased coupling
between Er’* ions and C—H bonds within PDMS. When the
1064 nm laser is co-aligned with the 975 nm laser spot, its
power is increased to heat up the composite, and we can
measure the temperature using ratiometric thermometry of the
Er’* fluorescence following laser excitation at 4 = 975 nm
maintained at a constant power. As the irradiance of the 1064
nm laser is increased from 0 to 495 kW/cm? the local
temperature of the PDMS composite can be tuned from 300 K
up to 336 K (Figure 4d), which is in the temperature range of
many physiological processes. This dual laser beam system can
potentially be applied in microfluidic systems for noncontact
local temperature control and probes or in the design of future
polym_elr composite cladding materials for radiation balanced
lasers.”

3. CONCLUSIONS

We have presented a detailed investigation of how the presence
of a dielectric interface impacts the total luminescence lifetime
of single upconverting nanowires. We found that the lifetime
changes significantly and predictably as a function of the NW’s
distance from the water/glass interface. This is of particular
interest in developing new materials and methods for scanning
probe microscopy, noncontact optical thermometry, secure
quantum communication protocols, and radiation balanced
lasers.”’ Beyond the investigation of single NW cavities, we
have also studied the lifetime of NWs embedded within a
PDMS composite. In the future, f-NaYF, NWs may be
incorporated within polymeric composites to provide an
optical approach for both controlling and measuring local
temperature profiles with potential applications in the
development of radiation balanced lasers.

4. METHODS

4.1. Hydrothermal Synthesis of NaYF, NWs. The following
synthesis was performed after minor modifications to ref 18.
Analytical grade sodium hydroxide, sodium fluoride, and oleic acid
were used directly in the synthesis without any further purification.
Milli-Q_deionized (DI, 18.2 MQ) water was used for each synthesis.
Yttrium chloride, ytterbium chloride, and erbium chloride were of

99.999% purity and were purchased from Sigma-Aldrich. The RE
chlorides were dissolved in 18.2 MQ DI water to a concentration of 1
M. Two solutions were initially prepared. In the first solution, solution
A, 0.78 mL of 1 M YCl;, 0.2 mL of 1 M YbCl; and 0.02 mL of 1 M
ErCl; were added to 2 mL of DI water and 8 mL of ethanol. Oleic
acid (3 mL) and 0.23 g of NaOH were then added while stirring. The
second solution, solution B, consisted of 0.168 g of NaF dissolved in 3
mL of DI water and 3 mL of ethanol. After each solution was stirred
separately for 30 min, solution B was added to solution A dropwise
while stirring vigorously. After 30 min, the mixture was transferred
into a 23 mL Teflon-lined autoclave and heated hydrothermally at
220 °C for S h. After the autoclave cooled to room temperature,
particles were isolated by washing and centrifuging with water and
ethanol 3 times each. A white powder was obtained by drying the
product in the air at 60 °C for 12 h.

4.2. NaYF, Embedded in PDMS. NaYF, (40 mg) was vigorously
stirred with 50 mL of SYLGARD 184 silicone elastomer base for 10
min, and then the mixture was sonicated for 20 min. Then, 5 mL was
transferred to a 10 mL tube to which 0.5 mL of the SYLGARD 184
silicone elastomer curing agent was added to form the final mixture.
The mixture was then placed in a desiccator under house vacuum for
20 min to remove any gas bubbles in the mixture. The clear mixture
(0.5 mL) was dropcast on a 1 in. wide, No. 1 thickness glass coverslip.
It was then spin-coated at 100 rpm for 2 min, followed by 500 rpm for
2 min. The spin-coated coverslip was then heated in an oven at 70 °C
for 12 h to achieve the NaYF, embedded PDMS.

To measure NW lifetime, a Tektronix function generator was used
to modulate a Thorlabs LDC 220 laser-diode voltage controller. A
200 Hz repetitive rate and 1 ms pulse width waveform were applied to
the laser diode. To ensure power stability of the laser during lifetime
collection, the laser-diode output signal and APD voltage signal were
both collected through a digital acquisition card to a computer and
analyzed through a home-built LabVIEW code. The energy of each
laser pulse was defined as the integration area of each pulse signal.
The starting point for fitting the lifetime decay curve is chosen as the
99.99% diminished laser energy. To collect data from only the *S;),
emission, a 550 + 10 nm band-pass filter was used in place of the 750
nm short-pass filter. The APD intensity signal was fitted with double-
exponential terms to get a lifetime value.
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