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ABSTRACT: By embedding NaYF4:Yb
3+,Tm3+ nanocrystals

into the top cladding layer of a resonant waveguide grating
structure, we demonstrate that the upconversion fluorescence
of Tm3+ ions can be greatly enhanced, by a factor of up to 104.
The resonant waveguide grating structure consists of an SU8
bottom layer with sinusoidal grating morphology coated with a
thin TiO2 waveguide layer and then covered with a
poly(methyl methacrylate) cladding layer doped with
NaYF4:Yb

3+,Tm3+ nanocrystals. The giant enhancement of
the upconversion fluorescence is achieved first by coupling the
excitation light with a guided mode of the resonant waveguide grating structure and then the fluorescent light with a second
guided mode. Our numerical simulation results obtained by rigorous coupled-wave analysis indicate that the electric field of the
incident light is strongly enhanced near the interface of the TiO2 layer and the poly(methyl methacrylate) layer at guided mode
resonance, and this is the major effect of the observed enhancement of the upconversion fluorescence of the nanocrystals. The
resonance between the fluorescent emission and the waveguide structure further enhances the intensities of the fluorescent signal.
We also find that the lifetime of upconversion fluorescence at 480 nm wavelength from the rare-earth nanocrystals is reduced
about 1.34-fold when both excitation and extraction resonance occurs in the waveguide structure.

KEYWORDS: upconversion, rare-earth nanocrystals, resonant waveguide grating, guided mode resonance, excitation resonance,
extraction resonance

Rare-earth (RE) doped upconversion (UC) nanocrystals1−3

have attracted great interest due to their potential
applications in photonic and biomedical systems.4−10 Highly
efficient UC nanocrystals are typically composed of a sodium
yttrium fluoride (NaYF4) lattice codoped with lanthanide ions,
including ytterbium (Yb3+) sensitizer ions and activator ions such
as erbium (Er3+), thulium (Tm3+), or holmium (Ho3+).11,12 The
sensitizer Yb3+ ions absorb near-infrared (near-IR) radiation and
then transfer their photon energy to activator ionsmultiple times,
which results in multiphoton transition process.12 Therefore, the
excited activator ions emit photons in several distinct and narrow
emission bands over ultraviolet, visible, and near-IR wavelengths.
Compared with the efficiencies of other UC mechanisms such as
two-photon fluorescence (TPF), sum frequency generation, or
nonlinear harmonic generation, the UC fluorescence (UCF)
efficiency generated by RE-doped UC nanocrstals is much higher
due to real-state energy transitions involved in the multiphoton
transition process.12 However, to date the UCF efficiency of RE-
doped UC nanocrytals is still quite low. Although various
methods have been proposed to enhance the UCF efficiency, the
highest enhancement factor that has been achieved is still too low

for practical applications.13−15 Therefore, it is important to
develop a technique that can greatly improve the UCF efficiency
of RE-doped UC nanocrytals and make the UCF of RE-doped
UC nanocrystals suitable for innovative biosensing, bioimaging,
solid-state lasers, and solar cell applications.
All-dielectric and low-loss resonant waveguide grating

(RWG)16−19 structures are widely used to enhance light and
matter interactions such as photoluminescence of fluorescent
dyes and quantum dots17,19,20 and nonlinear optical (NLO)
harmonic generation.21−23 An RWG typically consists of a high-
refractive-index grating-waveguide layer and a low-refractive-
index supporting layer, and it can produce very sharp reflection
and transmission anomalies that characterize the guided mode
resonance (GMR).19 Strong light−matter interaction can be
achieved by matching either incoming excitation or outgoing
emission wavelength with the guided mode wavelengths of the
RWG.19,20 Indeed, when the incoming excitation wavelength
matches the GMR wavelength, which we refer to as “resonant
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excitation”, a strong local field is formed at the grating surface.
Therefore, the fluorescence or NLO harmonic signal can be
dramatically enhanced if fluorescent or NLO molecules are in
direct contact with the grating. Additionally, as the outgoing
wavelengths of the fluorescence or NLO harmonic signal overlap
with the GMR wavelength, which we refer to as “resonant
extraction”, the extraction of fluorescence or NLO harmonic
signal can be further increased due to the high reflection
efficiency associated with the GMR. This indeed has been
reported for the case of one-photon fluorescence (OPF) and
TPF.19,24

■ RESULTS AND DISCUSSION

In this paper we report on an RWG structure that fulfills both
resonance conditions described above and indeed produces
tremendous enhancement of UCF from RE-doped UC nano-

crystals. A thin layer of polymer doped with RE UC nanocrystals
was deposited on top of the waveguide layer of an all-dielectric
RWG. The RWG is a one-dimensional sinusoidal grating
structure whose period was designed based on results of the
rigorous coupled-wave analysis (RCWA)25 such that the RWG
with the polymer top layer supports GMRs at the excitation and
emission wavelengths of the UC process. A two-beam
interference technique26,27 combined with the electron-beam
deposition method was used to fabricate the sinusoidal RWG
structure, which consists of an SU8 substrate and a thin TiO2
waveguide layer. We demonstrate the UCF signal generated from
the RE-doped polymer thin layer coated on top of such an RWG
structure can be enhanced up to 104 times when both excitation
and extraction resonance are simultaneously achieved.
Details of the design of the 1D RE-doped polymer RWG are

shown in Figure 1a. The structure consists of, from top to
bottom, a NaYF4:Yb

3+,Tm3+ nanocrystals doped poly(methyl

Figure 1. (a) Schematic of the 1D RE-doped polymer RWG. Angles θ and ϕi’s are the incident excitation angle and the UCF detection angles relative to
the surface normal direction, respectively. The dashed rectangle (red color) defines the unit cell used for simulations. (b) AFM image of the TiO2 RWG.
The spatial period (Λ) and the groove depth (d) of the grating are 466 and 60 ± 5 nm, respectively. (c) UCF spectrum of a NaYF4:Yb

3+,Tm3+/PMMA
thin film. Inset shows the absorption spectrum of NaYF4:Yb

3+,Tm3+ nanocrystals dissolved in toluene solution.

Figure 2. (a) Measured transmittance in TE mode of the RE-doped polymer RWG as a function of incident angle and wavelength. The horizontal and
vertical dashed lines highlight the GMR mode at 976 nm with incident angle θ ≈ 31.5°. (b) Transmittance of the RE-doped polymer RWG calculated
with the RCWA method. The parameters used in the calculation are Λ = 466 nm, TN = 200 nm, TTiO2 = 55 nm, and TSU8 = 1500 nm. The dispersion
properties of the refractive indices of TiO2, NaYF4:Yb

3+,Tm3+/PMMA, SU8, and glass were used in the calculation.
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methacrylate) (NaYF4:Yb
3+,Tm3+/PMMA) thin layer, a 1D

sinusoidal waveguide grating (TiO2), a bottom cladding layer
(SU8), and a glass substrate. In order to have transverse-electric
(TE) GMR modes at excitation and emission wavelengths, the
TiO2 layer was designed to be 60 nm thick (TTiO2) with a
periodicity of 466 nm. From SEMmeasurement, the thickness of
SU8 (TSU8), TiO2 (TTiO2), and NaYF4:Yb

3+,Tm3+/PMMA (TN)
thin layers was determined to be 1400 ± 100, 60 ± 5, and 250 ±
20 nm, respectively (see Supporting Information, Figure S1).
Figure 1b shows the atomic force microscope (AFM) image of
the fabricated TiO2 RWG structure. The total area of the RWG is
6 × 6 mm2 on the sample. From the AFM measurement, the
period Λ and depth d of the grating were determined to be 466
and 60 ± 5 nm, respectively. For RCWA simulations, the
refractive indices of NaYF4:Yb

3+,Tm3+/PMMA (nN), SU8
(nSU8), and TiO2 (nTiO2) were determined by ellipsometry
measurements, and the refractive index of the glass substrate was
adopted from ref 28.
Figure 1c plots the UCF spectrum of a NaYF4:Yb

3+,Tm3+/
PMMA thin film excited by a 976 nmwavelength laser beam with
an intensity of 200 W/cm2. There are three dominant emission
bands centered around 450, 480, and 650 nm, corresponding to
1D2 →

3F4,
1G4 →

3H6, and
1G4 →

3F4 transitions of Tm
3+ ions,

respectively.29 The inset of Figure 1c shows the absorption
spectrum of NaYF4:Yb

3+,Tm3+ nanocrystals dissolved in a
toluene solution. The absorption of the nanocrystals peaks at
976 nm wavelength.
Figure 2a shows the measured and simulated transmittance of

the GMRmodes in the RE-doped polymer RWG as a function of
incident angle and wavelength for TE polarization incidence.
Related angular-resolved transmission spectral data can be found
in the Supporting Information, Figure S2. At each incident angle
the transmission minima characterize the GMR mode of the
RWG. The measurement is in good agreement with the
simulation, except that transmittance at the GMR in the
experiment is higher than that in the simulation. This is probably
due to the difference between the real grating structure and the
ideal sinusoidal grating assumed in the simulation. The GMR
mode at normal incidence occurs at 743 nm wavelength in the
measurement. As the incident angle increases, the GMR mode
splits into two separate modes due to the first-order diffraction
from the grating;24 one red-shifts with the incident angle, and the

other blue-shifts. The red-shifted GMR mode was used for
resonant excitation, which occurs at λ = 976 nm and θ = 31.5°.
Blue-shifted GMR modes were used for resonant extraction,
which occurs at the following angles:ϕ = 46°, 39° andϕ = 14° for
emission at 450, 480, and 650 nm wavelengths, respectively.
The effect of the resonant excitation on the UCF of the RE-

doped polymer RWG was first investigated. Figure 3a shows the
measured and calculated transmission spectra of the RE-doped
polymer RWG for the TE mode at θ = 31.5°. There are GMR
modes at 960 and 976 nm. Figure 3b shows the calculated
electric-field intensity (|E2|) distribution in the RE-doped
polymer RWG for the TE GMR mode with λ = 976 nm at θ =
31.5° (on-resonance). The electric field is highly concentrated in
the TiO2 layer. This indicates that for the GMRmode at angle θ =
31.5° the incident light intensity is mainly localized in the TiO2
layer. The strong localized electric field located at the interface
between the NaYF4:Yb

3+,Tm3+/PMMA, TiO2, and SU8 layers is
very crucial for the UCF output. Nearly 600-fold enhancement is
predicted for the “local field” at the interface of the TiO2 grating.
In contrast, Figure 3c shows that for the case of slightly off-
resonance (θ = 30.75°) at the same wavelength minimal electric-
field intensity enhancement is predicted at the interfaces of the
TiO2 grating and neighboring layers. In fact, the GMRmode at λ
= 960 nm shown in Figure 3a can also be shifted to 976 nm
spectrally by increasing the incident angle to 34° according to
Figure 2a. However, since this resonant mode provides a smaller
UCF enhancement compared to the GMR mode at longer
wavelength, we thus focus on the GMR mode at longer
wavelength for the discussion below.
For the fluorescence measurement, a collimated 976 nm

wavelength laser beam (beam diameter = 0.76 mm) with a power
of 300 mWwas used to excite the sample with the GMRmode at
976 nm wavelength shown in Figure 3a, and the detection angle
ϕ was set to 0°. The incident angle θ was scanned from 0° to 35°
in steps of 0.25°. Figure 4a displays the UCF spectra obtained
with the sample illuminated at the resonant angle θ = 31.5° and
the nonresonant angle θ = 30.75°. The UCF spectrum obtained
with θ = 31.5° shows remarkably high intensities with narrow
bands centered at 450, 480, and 650 nmwavelengths. With a very
small change in the incident angle, i.e., from 31.5° to 30.75°, the
intensity of UCF decreases dramatically, and it becomes
comparable to that measured from a nonpatterned area on the

Figure 3. (a) Measured (solid curve) and calculated (dashed curve) transmission spectra of the RE-doped polymer RWG for the TE mode polarization
at the incident angle of 31.5°. Calculated electric-field intensity (|E2|) distribution of the TE GMRmode for λ = 976 nm at (b) θ = 31.5° (on-resonance)
and (c) θ = 30.75° (off-resonance).
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sample. Figure 4b and c show the optical images of the
fluorescent emission of the sample taken at the resonant
excitation (θ = 31.5°) and nonresonant excitation (θ = 30.75°).
The circular region on each image indicates the lateral range of
the RWG structure. TheUCF emission is quite bright at resonant
excitation and barely visible at the nonresonant condition. The
giant enhancement of the UCF obtained at resonant angle
excitation (θ = 31.5°) clearly agrees with the simulated
enhancement of the electric field of the excitation light at the
interface between the TiO2 waveguide layer and the
NaYF4:Yb

3+,Tm3+/PMMA layer at excitation resonance con-
ditions.
Next we investigated the effect of enhanced extraction by

matching a GRMmode to the wavelengths of the UCF emission,
which has been reported to produce further enhancement of the
OPF20 or TPF24 signal with the RWG. In the experiment, the

sample was illuminated under resonant-excitation condition (θ =
31.5°), and the detection angle was varied from 0° to 50° in steps
of one degree. Figure 5a shows the logarithmic plot of UCF
intensities as a function of wavelength and detection angle, and
the dashed line reproduces the spectral positions of the GMR
mode as a function of the incident angle shown in Figure 2a. It is
clear that each UCF band yields maximum emission intensity
when its center wavelength coincides with the GMR wavelength,
i.e., the condition for resonant extraction. This is shown
quantitatively in Figure 5b: the UCF spectrum obtained at ϕ =
0°, which corresponds to conditions of no extraction enhance-
ment, and the UCF spectra obtained at ϕ = 14° , 39°, and 46°,
which correspond to conditions of resonant extraction for
emission bands centered at 650, 480, and 450 nm wavelengths,
respectively. It is clear that for the same emission band the
highest emission peak intensities occur at resonant-extraction
conditions. Comparing the UCF intensities obtained from
resonant and nonresonant extraction, the UCF emission is
further enhanced about 3 times. This improvement is similar to
those observed in previous OPF20 and TPF24 experiments.
To characterize the UC mechanisms of the enhanced

fluorescence observed from our samples, we investigated the
excitation intensity dependence of the UCF intensities. Figure 6a
displays the logarithmic plot of the UCF intensities versus the
excitation intensity obtained from the RE-doped polymer RWG
sample under the condition of excitation resonance. Figure 6b is
from the same sample but with both excitation and extraction
resonance conditions achieved, and Figure 6c is from a
nonpatterned area. For the case of the nonpatterned area, the
UCF intensity excited with a collimated beamwas too weak to be
detected; we thus employed a convex lens with a focus length of
20 cm to focus the excitation beam into a spot of 0.37 mm
diameter on the sample to increase the UCF intensity. In the low
excitation intensity limit, the emission intensity is predicted to be
proportional to the nth power of the excitation intensity, where n
corresponds to the number of photons required to populate the
excited state responsible for the emitted photon.30,31 In Figure 6a
the power exponents n are determined to be 4.6, 3.1, and 3.2 for
the emission peaks centered at 450, 480, and 650 nm,

Figure 4. (a) UCF spectra of the RE-doped polymer RWG under on-
resonance (θ = 31.5°) and off-resonance (θ = 30.75°) and that from a
nonpatterned area (labeled as “non-RWG area”). Panels (b) and (c) are
optical images of UCF of the sample when illuminating the excitation
beam under (b) on-resonance (θ = 31.5°) and (c) off-resonance (θ =
30.75°) conditions, respectively.

Figure 5. (a) Logarithmic plot of the UCF spectra of the RE-doped polymer RWG as a function of the detection angle (ϕ) under excitation resonance (θ
= 31.5°). White dashed line displays the peak wavelength of the GMR versus the launched angle. Inset shows the configuration of the UCF
measurement. (b) Comparison of the UCF spectra under excitation resonance with four detection angles: ϕ = 0°, 14°, 39°, and 46°.
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respectively, and in Figure 6b the corresponding exponents are
4.2, 2.9, and 2.9. These values are consistent with the proposed
four-photon and three-photon processes for populating Tm3+

ions in the 1D2 state and the
1G4 state, respectively.

32−34 For the
nonpatterned area, Figure 6c shows that the power exponents of
the excitation intensity dependence in the range 70−250W/cm2

are 2.9, 2.2, and 2.2 for emission peaks centered at 450, 480, and
650 nm, respectively, which are smaller by 1 order of magnitude
compared to the corresponding power exponents in Figure 6a
and b. Similar results have been reported previously,35,36 and
indeed reduction in the value of the power exponent has also
been predicted for the case of a high excitation intensity limit.30,31

Although the excitation intensity is nominally higher for the case
of a nonpatterned sample, the results of simulations shown in
Figure 3b indicate that the enhancement of the E-field near the
PMMA/TiO2 interface of the RWG sample effectively enhances
the excitation intensity by 1 order of magnitude. Therefore, the
excitation intensities are roughly the same in both RWG and
nonpatterned samples. This implies that the power exponents
should be similar in both cases. A plausible explanation for why
the RWG sample has higher power exponents that resemble
those of the low excitation intensity limit follows. In the simple
models proposed by Pollnau et al.30 and by Suyver et al.,31 the
sense of “high” or “low” for the excitation intensities depends on
the relative magnitude of the excitation rate of Tm3+ ions and the
rates at which the excited Tm3+ ions decay. For a given excitation
intensity, a high decay rate of excited Tm3+ ions gives a power
exponent for the case of a “low” excitation limit, and vice versa. In
our case, it is the enhancement of the decay rates of excited Tm3+

ions that makes the RWG sample demonstrate “low” excitation
intensity dependence of the UCF intensities. This is supported
by our measurement of the UCF emission lifetime for the case of
480 nm UCF emission. Figure 6d shows the decay of the UCF
emission obtained from the RE-doped polymer RWG and that

from the nonpatterned area with the excitation intensity of 65
W/cm2. A chopper was used to modulate the excitation beam,
and a photomultiplier (PMT) detector was used to detect the
UCF emission at 480 nm. An interference filter at 480 nm and an
IR filter were placed in front of the PMT to ensure only the
desired UCF emission is detected. The results indicate that the
lifetime of the excited Tm3+ ions (in the 1G4 state) in the RWG is
510 μs, in contrast to the 685 μs lifetime of those in the
nonpatterned area. Therefore, the decay rate of the Tm3+ ions is
indeed enhanced for the case of the RWG sample, thus shifting
the excitation intensity dependence of the UCF emission toward
the low-intensity limit.
Previous papers reported that the increase of radiative

relaxation rate occurs in a plasmon-enhanced UC system when
the emission wavelength of RE ions matches the wavelengths in
the surface plasmon resonance band.13−15 The metal nanostruc-
tures produce an environment with higher local photon density
states at the emission wavelength of RE ions, which facilitates the
relaxation of excited RE ions and results in a shorter UCF
lifetime. Just like the plasmon-enhanced UC system, we did
expect to observe the increase of the radiative relaxation rate of
Tm3+ ions in the RWG sample for the case of simultaneous
excitation and extraction resonance. However, as shown in
Figure 6d, the lifetimes of the Tm3+ ions in the RWG sample for
both simultaneous excitation and extraction resonance and
excitation resonance only cases are of similar magnitude, which is
beyond our expectation. The result suggests that the RWG alone
is sufficient in enhancing the decay rate of the Tm3+ ions, possible
due to modification of local photon density of states of the
emitted photons by boundary conditions set by the RWG
structure.
Finally, to quantify the UCF enhancement factors, the UCF

intensities obtained at the excitation intensity around 65 W/cm2

(marked by the vertical dotted lines in Figure 6a−c in each case)

Figure 6. Excitation dependences of various UCF peak intensities obtained from the RE-doped polymer RWG under (a) excitation resonance and (b)
simultaneous excitation and extraction resonance, and (c) the UCF from a nonpatterned area. (d) Decay of the UCF emission at λe = 480 nm obtained
from the non-RWG area and RWG area when excitation resonance only, or simultaneous excitation and extraction resonance, is achieved.
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were chosen to determine the UCF enhancement factors, which
is defined as the ratio of the UCF intensity generated from the
RWG to that of the nonpatterned area. Table I summarizes the

UCF enhancement factors of the RE-doped polymer RWG at
three emission wavelengths. For the case of excitation resonance,
the enhancement factors for emission wavelengths at 450, 480,
and 650 nm are 2.2 × 104, 2.8 × 103, and 5.6 × 103, respectively,
while for the case of simultaneous excitation and extraction
resonance they are increased to 6.8 × 104, 8.8 × 103, and 1.6 ×
104, respectively. The much larger UCF enhancement factors
obtained in this work employed the same fundamental
mechanism as the other GMR-enhanced light−matter inter-
actions did, such as OPF, TPF, SHG, and THG.17,19−23 The
present RWG structure builds up a strongly enhanced local field
around the UC nanocrystals and leads to highly efficient near-IR
absorption at the excitation resonance condition. However, the
power dependence of the UCF intensity on excitation flux
associated with nonlinear four-photon or three-photon absorp-
tion transitions experienced by the Tm3+ ions is the major reason
for achieving the record high enhancement factors in this work.
Finally, the maintenance of the higher exponent power
dependence relationship, resulting from the increase of the
radiative relaxation rate of Tm3+ ions, also contributes to the high
enhancement factors.

■ CONCLUSION
We have demonstrated that the UCF emission can be enhanced
up to 104 times in the blue and red color regions by embedding
an RE-doped polymer thin film on the top of a TiO2 RWG and
fulfilling the requirements of resonant excitation and resonant
extraction conditions. The giant UCF enhancement is due to the
strong local field built up near the TiO2 grating and the
NaYF4:Yb

3+,Tm3+/PMMA thin layer interface when the
excitation light at 976 nm resonates with the GMR. The
extraction of the UCF emissions was promoted nearly 3-fold
when the emission wavelengths aligned with their associated
GMRs due to high reflectivity of the resonant mode. Compared
with a non-RWG sample, a 1.34-fold reduction of the lifetime of
the UCF at 480 nm in the RE-doped polymer RWG was found,
when a simultaneous excitation and extraction resonance
condition was met. Our results suggest that the giant
enhancement of UCF achieved with a resonant waveguide
grating substrate with a layer of lanthanide-doped nanocrystals
on top makes UCF practical for biosensing and solar cell
applications.

■ MATERIALS AND METHODS
Fabrication of the RE-Doped Polymer RWG Structure.

A one-dimensional SU8 grating was first fabricated on top of a
glass substrate by a two-beam interference technique,26,27 and
then a TiO2 layer was deposited on top of the SU8 grating by the

electron-beam deposition technique. The RE-doped polymer
RWG was obtained by spin-coating of a NaYF4:Yb

3+,Tm3+/
PMMA solution on top of the TiO2 layer and then baking for 1 h
at 70 °C on a hot plate. The RE nanocrystalline phosphors
(NaYF4: 20 mol % Yb3+, 2 mol % Tm3+) were synthesized by
adopting a thermal decomposition method.37 The mean size of
the NaYF4:Yb

3+,Tm3+ nanocrystals is 30 nm, determined by
transmission electron microscopy measurement. A NaY-
F4:Yb

3+,Tm3+/PMMA solution was prepared by doping
NaYF4:Yb

3+,Tm3+ nanocrystals into PMMA with 20 wt %
concentration in toluene.

UCF Measurement. In the experiment, a solid-state diode
laser capable of outputting a CW laser beam at the wavelength of
976 nm with a power of 0.5 W was employed to excite the UCF
sample. The laser beam was collimated into a 0.76 mm diameter
beam, and its excitation power was adjusted with the
combination of a half-wave plate and a polarizer. A grating
spectrometer (Andor Shamrock SR-500i) adapted with a fiber
head was used to collect and analyze UCF signals emitted from
the sample. An IR filter was used to block the excitation beam
from reaching the spectrometer. Figure 1a shows the orientations
of the incident beam and the resonant fluorescent emission
relative to the sample surface. The incident plane is the x−z
plane, the x-axis is the direction of the grating vector of the RE-
doped polymer RWG sample, and z-axis is the direction normal
to the top surface of the sample. The incident angle θ is measured
with a precision of 0.5 degree. For the measurements of the
dependence of the UCF on the emission angle (ϕ1,2,3), the
precision is within one degree. A diagram of the UCF
measurement setup can be found in the Supporting Information,
Figure S3. The transmission spectra of the RE-doped polymer
RWG sample were measured by the same spectrometer with a
halogen white light source at different incident angles.
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