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The upconversion quantum yield (®yc) is an essential parameter for the characterization of the
optical performance of lanthanoid-doped upconverting nanoparticles (UCNPs). Despite its nonlinear
dependence on excitation power density (Peyc), it is typically reported only as a single number. Here, we
present the first measurement of absolute upconversion quantum yields of the individual emission bands
of blue light-emitting LiYF4:Yb®*, Tm** UCNPs in toluene. Reporting the quantum yields for the individual
emission bands is required for assessing the usability of UCNPs in various applications that require
upconverted light of different wavelengths, such as bioimaging, photocatalysis and phototherapy. Here,
the reliability of the @, measurements is demonstrated by studying the same batch of UCNPs in three
different research groups. The results show that whereas the total upconversion quantum yield of these
UCNPs is quite high—typically 0.02 at a power density of 5 W cm~2—most of the upconverted photon
flux is emitted in the 794 nm upconversion band, while the blue emission band at 480 nm is very weak,
with a much lower quantum yield of ~6 x 107> at 5 W cm™2. Overall, although the total upconversion
quantum yield of LiYF4Yb®", Tm®" UCNPs seems satisfying, notably for NIR bioimaging, blue-light
demanding phototherapy applications will require better-performing UCNPs with higher blue light
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Introduction

Lanthanoid-doped upconverting nanoparticles (UCNPs) have
attracted much attention over the last two decades as a result of
their wide range of potential applications in bio-imaging and
biosensing,"™ drug delivery,> phototherapy,®® optical thermo-
metry,'®"? photocatalysis,’*™® photovoltaics,'® or security."”
These nanomaterials show multiple sharp emission bands in
the visible region of the spectrum upon sequential absorption
of two or more near-infrared (NIR) photons, a non-linear
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process known as photon upconversion (UC). Typically, UCNPs
have a crystalline fluoride host lattice, such as NaYF,, doped
with one or more lanthanoid ions. Most commonly, Yb** ions,
capable of absorbing NIR light around 980 nm, are used as
sensitizers, while secondary dopants, e.g. Er**, Tm*", or Ho*"
ions, are introduced in the crystal lattice as emitting activators,
depending on the desired emission wavelength(s).'**° Compared
to other upconverting systems, such as triplet-triplet annihilation
upconversion (TTA-UC), UCNPs show long (ms) luminescence
lifetimes, high photostability, insensitivity towards molecular
oxygen, and no photoblinking.”"** In bio-imaging and photo-
therapy the use of NIR excitation is highly beneficial as it
eliminates background fluorescence and reduces scattering, with
the advantage of increased penetration depth of the excitation
light.**

Initially, the main drawbacks of UCNPs were their low
absorption cross-section and low internal upconversion photo-
luminescence quantum yields (@yc); high excitation power
densities (Pexe > 20 W cm™?) were often required to effectively
trigger photochemical reactions using UCNPs.>* In response
to this shortcoming, a multitude of innovative strategies have
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been developed to increase the brightness of UCNPs, such as
the application of core-shell structures or decoration of the
surface with dyes to increase light absorption.?*® As a result of
these efforts, 10- to 500-fold enhancement of the luminescence
intensity has been reported, which appears to bring UCNPs to
the efficiency level of other UC systems, such as those based on
triplet-triplet annihilation upconversion (TTA-UC) that typically
require Py on the level of mW cm ™ 22" Yet still, the daily practice
requires several W em > of NIR light to obtain significant effects in
phototherapy using UCNPs, in particular when large amounts of
blue or UV light are required. The aim of this collaborative paper
was to investigate where this apparent discrepancy comes from; for
example, why do systems containing UCNPs that show ~ 2% overall
Py still require long irradiation times (>2 h) and high P, to
trigger blue-light sensitive photoreactions?

For a long time, most studies have focused on reporting
upconversion intensities relative to other batches of UCNPs
prepared in the same research laboratory. The broad range
(from the UV to the NIR) and anti-Stokes nature of UCNP
emission render the determination of quantum yields relative
to a reference, such as an organic dye, very difficult,** thereby
eliminating the method commonly used for the determination
of the quantum yields of molecular dye solutions or dispersions
of semiconductor quantum dots.** Furthermore, the lack of
upconverting reference materials makes it a priori difficult to
compare upconverting quantum yield values reported by different
laboratories. Recently, the number of studies involving absolute
measurements of ®yc has increased, in particular for Er- or
Ho-doped UCNPs. This provided not only a few benchmark
values, but also shone light upon the effect of excitation power
density, particle size, and shell coating on the upconversion
quantum yield.>*™** To the best of our knowledge, the highest
upconversion quantum yields for UCNPs were reported for 40 nm
LiLuF4:Yb*" ,Er’* UCNPs (Pyc = 0.050) and LiLuF,Yb**,Tm**
UCNPs (& = 0.072).** However, even when absolutely measured
&y values are provided, the methodologies for determining
them are not always identical, and @y values are not seldom
given as a single number without specific mention of the power
density used for the measurement — probably for the sake of
simplicity.

While some studies exist that report on the relative efficiencies
of thulium(i) emission lines,'*>*® these studies rarely provide
absolutely measured @yc values for these individual emission
lines. Furthermore, as the NIR emissions in Tm-doped materials
are known to be multiple orders of magnitude more intense than
the blue emissions,>>*”*® the efficiency of the blue emission
bands cannot easily be deduced from their overall ®yc,*® and
thus remains essentially unknown.

This situation, and the lively discussions within the European
COST Action 1403 on upconverting materials, encouraged us to
assess the @y of the individual upconversion bands of LiYF,:
Yb**,Tm®" UCNPs. LiYF, was selected as it has been proposed as
a very efficient host lattice for Tm-based UC nanomaterials, but
its efficiency had not yet been studied with absolute methods.>
In order to also assess the challenges and factors governing the
reliability of such measurements, we independently determined
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the @yc of the UCNPs in three European research groups (in
Leiden, Karlsruhe, and Berlin) using absolute integrating sphere
setups of different complexity. We discuss herein the setups,
methodologies, and data from the three groups, to identify which
parameters must be controlled for providing accurate and
reliable @y values. The effects of power density, temperature,
and excitation wavelength on the @y values are also discussed.

Results and discussion

The tetragonal LiYF,:Yb*",Tm>" (25% Yb?*", 0.5% Tm>") UCNPs
were synthesized as reported following a two-step thermal
decomposition procedure.’®*' Using transmission electron
microscopy (TEM) it was shown that these oleate-capped UCNPs
have a diamond-like morphology with an average size of 87 +
9 nm along the long diagonal and 50 + 4 nm along the short
diagonal. A second batch of LiYF, nanoparticles was synthesized
without the lanthanoid dopants. These undoped nanoparticles
showed a morphology and size (87 + 6 nm by 48 + 3.5 nm)
similar to the doped UCNPs, and served as a blank sample for
some of the ®yc determinations (vide infra). Powder X-ray
diffraction (XRD) spectra, TEM images and size distributions
are shown in the ESIt (Fig. S1-S3). Under NIR light excitation
the UC emission spectrum of the Tm-doped UCNPs is clearly
dominated by an emission band around 794 nm (Fig. 1). This
emission stems mainly from the thulium *H, — *Hg transition,
with a small contribution from the 'G, — >H; transition. In
addition, several blue and red Tm-based emission features are
present, most notably around 451 nm (D, — °F,), 480 nm
(*G4 — *Hg), and 649 nm (*G, — °F,). These emission bands are
caused by three- and four-photon upconversion processes, and
are multiple orders of magnitude less intense than the 794 nm
emission band, resulting predominantly from a two-photon
process.

The efficiency of the upconversion process in LiYF,:Yb*",
Tm>" UCNPs in toluene dispersion was assessed by measuring
&y absolutely, as defined by eqn (1).

_ number of photons emitted  ¢p-em
" number of photons absorbed  ¢p-abs

Pyc (1)

In this equation, gp..m is the upconverted emission photon
flux (in photons s ') and gp.aps is the photon flux absorbed by
the sensitizer species (in photons s™'). The assessment of ®y¢
was performed independently by the Leiden, Karlsruhe and
Berlin research groups, using their respective standard meth-
ods and instrumentation. All three groups employed measure-
ment setups comprising of integrating spheres and fiber-
coupled CCD spectrometers. Continuous wave (CW) laser
diodes were used as the excitation source in all setups,
although varying slightly in excitation wavelength. In Leiden,
a 969 nm laser diode was employed, whereas excitation in
Karlsruhe and Berlin was performed at 980 and 976 nm,
respectively.

Measurements in Leiden were performed using the method
described by Boyer and Van Veggel.>* An sample of LiYF, UCNPs
of similar size and morphology but without dopant was utilized
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Fig. 1 (a) Emission intensity (luc) of LiYF4Yb**, Tm** (25%, 0.5%) UCNPs in toluene (10 mg mL™?) recorded in Leiden at various Pey (1.0-60 W cm~2,
Jexc = 969 nm, T = 293 K). Comparable results were obtained in Karlsruhe and Berlin (Fig. S6, ESIt). (b) Simplified energy level diagram depicting the
energy transfer upconversion mechanism in Yb,Tm-based UCNPs, and the observed 4f-4f transitions.

as blank to ensure correction for the scattering properties of the
UCNPs. In Karlsruhe, the three-measurement (3M) method
previously described by De Mello et al. was used.”>* Rather
than measuring a blank sample, in this method correction for
scattering and the absorption of scattered photons is achieved
by performing a series of three measurements, namely (a)
irradiation of the empty sphere, (b) irradiation of the sample
inside the sphere, but not directly in the path of the excitation
beam (indirect excitation), and (c) irradiation of the sample
inside the sphere and directly in the beam path (direct excitation).
The measurement method utilized in Berlin is similar to the
method employed in Leiden, and has been described previously.*®
In all systems, absorption and emission measurements were
conducted separately in order to cope with the significant
difference in intensity between the excitation light and the UC
emission. @y values were measured at a high UCNP concentration
(up to 40 mg mL ™) to ensure sufficient absorption (3-6%) of the
excitation light. A full description of all three measurement setups is

given in the ESIT (Sections S3-S7), and the resulting @ values are
reported in Table 1 and Table S1 (ESIf).

The total internal upconversion photoluminescence quantum
yield (@uyc tota), determined by the integration of the UC spectra
from 430 to 860 nm, at an excitation power density of 5.0 W cm >
was determined to be 0.026 £ 0.008 in Leiden, which is in good
agreement with the value found in Karlsruhe (0.025 £+ 0.003), and
slightly above the value found in Berlin (0.0189 + 0.0005, Pe. =
5.5 W cm™?). As explained above, it would be tempting to use
Dyc,otal as the sole way to quantify the efficiency of the UCNPs.
However, in most applications only a fraction of the emission
spectrum can be used. For example, if a dye or light-activated
compound only absorbs blue light, then the 794 nm emission is
not useful. Therefore, it can be much more relevant to report
the @y values for the individual emission bands, as shown in
Table 1 and Table S1 (ESIf). For example, at a Pey. of 5 W cm ™2,
the blue emission bands around 451 and 480 nm account only for
0.02-0.06% and 0.2-0.3% of the total UC emission, respectively,

Table 1 Upconversion photoluminescence quantum yields (@yc) for LiYF4:Yb®*, Tm>* UCNPs. Leiden data points for Peyc = 0.07, 1.0 and 50 W cm—2
were measured relative to the absolute value at 5.0 W cm™2; T = 293 K. The full data sets are shown in Table S1 (ESI)

Peye [W Cmiz] Dyc,as1 Dyc,as0 Dyc 649 Dyc,704 Dyc,total
Leiden” 0.07 n.d. n.d. n.d. 0.009(3) 0.009(3)
1.0 6(2) x 1077 2.1(7) x 107° 1.1(4) x 107 0.019(6) 0.019(6)
5.0 7(2) x 10°° 7(2) x 107° 3.3(10) x 107° 0.026(8) 0.026(8)
50 2.3(7) x 107* 2.8(9) x 107* 1.4(5) x 10°* 0.035(11) 0.035(11)
Karlsruhe? 0.20 n.d. n.d. n.d. 0.009(1) 0.009(1)
0.95 n.d. n.d. n.d. 0.017(2) 0.017(2)
5.0 1.6(10) x 107> 6.3(18) x 107 n.d. 0.025(3) 0.025(3)
13.5 4.5(14) x 107° 1.2(2) x 107* 6.7(19) x 107° 0.029(3) 0.029(3)
Berlin® 5.5 3.0 x 107° 4.48(2) x 107° 2.54(3) x 1077 0.0188 0.0189(5)
48 9.08(5) x 107> 1.65(1) x 107* 8.48(5) x 107° 0.0255 0.0260(6)
212 71 x 10" 5.15(3) x 107* 2.63 x 1074 0.0310 0.034(2)
395 137 x 107° 8.78(2) x 107* 4.24(1) x 10°* 0.0325 0.0371(7)

@ Jexe = 969 nm. ?

22558 | Phys. Chem. Chem. Phys., 2018, 20, 22556-22562

Jexe = 980 nM. € Aexe = 976 nm; n.d.: not determined. Uncertainties on the final digit are presented in parantheses.
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while 99.4% of the UC emission stems from the 2-photon NIR
emission band around 794 nm. As a NIR-to-blue upconverting
system at this P, these UCNPs are thus best characterized by
their blue emission quantum yield (Pycpie) Of 4.8-7.9 x 1072,
rather than by their more encouraging total emission quantum
yield (@yc total) Of 0.019-0.026.

Another difficulty in reporting and comparing upconversion
quantum yields is that @y is highly dependent on the power
density of the excitation beam, as upconversion is a non-linear
multiphoton process. At low P, the observed emission intensity,
Iyc, is proportional to P?, where P is the excitation power density,
and n is the so-called slope factor, indicative of the number of
photons involved in the process.”*>® Hence, on a log-log plot, Iyc
is proportional to 1, where 7 is the slope of the linear least-squares
curve through the data points (Fig. S4 and S7, ESIT). AS Pe
increases, saturation of the intermediate excited states occurs,
and n slowly reduces to 1. As the upconversion quantum yield,
Py, is proportional to P(”fl), it becomes constant at high Pe,; a
regime often referred to as the saturation regime. Ideally, @y is
measured in this saturated regime, where the value is maximal,
and less dependent on P.. However, as Yb,Tm-doped UCNPs
show multiple emission bands, each with their own power
dependency, it is impossible to determine a single saturation
point for the whole system. Furthermore, complete saturation of
all these emission bands will not be observed unless extremely
high P,,. are used (>400 W cm?). Such irradiation conditions
are not available with all experimental setups, and generally
speaking irrelevant for the intended applications of UCNPs, so
that @y reported in many articles, including ours, is typically
P.x-dependent.

The P... dependency of the upconverted emission of the
LiYF4:Yb*,Tm>" UCNPs (Fig. 2 and Table 1) was examined for
the four dominant emission bands. Using the three different
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spectroscopic setups, we were able to examine the P, dependence
over three to four orders of magnitude, a larger range than typically
possible for most setups. In Karlsruhe and Berlin, @y values were
obtained absolutely, following the same protocol described above.
In Leiden, limitations in the output power stability of the laser
diode precluded direct ®yc measurements at high Pey.. Thus, the
emission intensity was measured relative to the emission intensity
at 5.0 W cm ™2, and subsequently converted to a ®yc value using
the absolute @y values determined at 5.0 W cm™ >, Importantly,
despite the differences in setup design and measurement
protocols, the results from the different groups are in very good
agreement.

In spite of this good overall agreement, we did observe that
the ®yc values obtained on the Berlin setup are typically
somewhat lower than those obtained in Leiden and Karlsruhe
(Fig. 2). We believe that this may, in part, be attributed to the
difference in beam profile used for the measurements. Whereas
the measurements in Berlin were performed using a top-hat
beam profile, the other setups employed more commonly used
near-Gaussian beam profiles. As a result of the Gaussian beam
profile, the P, is not homogeneous throughout the sample, and
thus, at many points in the sample, deviates from the reported
average Pey.. Due to the multiphotonic nature of the upconversion
process, these deviations lead to local variations in upconversion
efficiency throughout the sample that have been shown to
potentially result in a higher apparent (i.e. spatially averaged)
&y, especially in the unsaturated Pey-regime.>®

For the two-photon *H, — *H, emission band at 794 nm, the
onset of the saturation regime was observed around 0.1 W cm ™2,
whereafter the slope factor n dropped from 2.5 to about 1.1
(Fig. 2d and Fig. S4, S7e, ESIf). Contributions from the three-
photon 'G, — >Hj; process to the 794 nm emission band may
explain the fact that n > 2.0 for low P, as well as the incomplete
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Fig. 2 Pe, dependence of ®yc of the thulium emission bands at (a) 451 nm, (b) 480 nm, (c) 649 nm, and (d) 794 nm in LiYF4:Yb**, Tm** UCNPs in
toluene, measured in Leiden (black diamonds), Berlin (blue circles), and Karlsruhe (red triangles).
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saturation (n > 1.0) at higher P.,..*® No saturation is found for
the three major visible bands, and the slopes in Fig. 2a-c are
virtually constant. Close examination of the four-photon blue
emission band at 451 nm (*D, — °F,) reveals that the slope is
reduced from n = 2.8 to 2.0 as P, is increased to 395 W cm >
(Fig. S7e, ESIt). This suggests that the first excited thulium state
is saturated, but also indicates that the higher excited states in
the thulium ions involved are far from saturation. Similarly, the
three-photon emission features around 480 nm (*G, — *H) and
649 nm (‘G4 — °F,), both show a slope factor of 1.6, that changes
relatively little over the studied Pe. range. As P in this study
was limited to 395 W ecm ™2, no saturation values for Dyc as1)
Dyc,as0, and Pyc a0 can be given. Instead, in Table 1 and Fig. 2,
dy for these emission bands are given for various values of Pey.
Additionally, the lifetime of the downconverted Yb®" emission at
998 nm (*Fs;, — °F;,,) was measured in Karlsruhe (Fig. S12, ESIT),
and, as expected, was found to decrease upon an increase of Pey,
from 0.69 M (Peye = 10 W cm™?) t0 0.38 M (Peye = 220 W cm ™).

Although the relative contributions of the visible emission
bands increase for higher Pe., at 395 W cm > the 794 nm
emission still makes up 88% of the total emission, with the
blue emission bands accounting for 2.4% (480 nm) and 3.7%
(451 nm) of the total emission, respectively. The maximal ®y¢
measured for the total emission is 0.0371(7) (Berlin, Pey =
394.9(6) W cm %), while all the individual visible light emission
showed quantum yields between 1 x 10 * and 1.4 x 10> (Fig. 2
and Fig. S7, Table 1 and Table S1, ESIf). In comparison,
Mousavi et al. recently reported a ®Pyc94 Of 0.0039 at
14 W cm™? for NaYF4Yb*",Tm*" (25%, 0.3%) UCNPs, which
makes it tempting to conclude that the LiYF, host lattice used
in this work (®yc 704 = 0.022-0.029 at 15 + 2 W cm ™ ?) is more
efficient, at least for NIR-to-NIR upconversion.> However, the
use of a different solvent (cyclohexane versus toluene), different
dopant concentrations, and the smaller size of the NaYF,
particles (¢ = 32 nm) preclude a direct comparison between
the two values.
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When high power densities are used for obtaining blue light,
the temperature of the upconverting sample may rise. Thus, the
effect of temperature on the relative UC efficiency was examined,
performing emission spectroscopy in a temperature-controlled
cuvette holder. Although an optimum of the ®yc ora Was found
around 18 °C (Pyc tota = 0.026), and upon heating the sample to
60 °C a 10% reduction in the overall emission was observed, no
strong dependence of Pycioral ON the temperature was found
(Fig. S11 and Table S2, ESI}). Thus, the temperature is of minor
importance for upconversion quantum yields of LiYF,:Yb**,Tm**
UCNPs, compared to the influence of other factors such as the
surface coating or the nature of the solvent.>®>"

Finally, as the &y studies in Leiden and Karlsruhe were
performed using different excitation wavelengths (969 and
980 nm, respectively (see Table 1)), also the influence of this
parameter on the emission intensity and ®yc was assessed.
Fig. 3a depicts the integrated emission intensity of the NIR and
blue emission bands as a function of excitation wavelength
(excitation spectrum), which is in good agreement with the
absorption spectrum of the LiYF,:Yb**,Tm** UCNPs (Fig. 510,
ESIt). Only small differences in emission intensity can be
observed between exciting at 969 and 980 nm. However, the
sharp peak in the excitation spectrum in Fig. 3a around 960 nm
implies that the UC emission is far brighter at this excitation
wavelength, compared to the conventional 980 nm excitation.
An explanation of these results can be found by looking at the
fine structure of the *F,,, — ’F5, transition in Yb*" ions. Under
the influence of the crystal field, the Yb*" energy levels split into
a number of so-called Stark splitting levels (four and three levels
for 2F, and F5/,, respectively), resulting in several absorption
bands corresponding to the *Fy,(n = 0) — *Fs(n = 0/, 1/, 2/)
electronic transitions. The absorption between 970 nm and
990 nm is attributed to the 0 — 0’ transition, whereas the
absorption bands near 960 nm and 930 nm correspond to the
0 — 1’ and 0 — 2 transitions, respectively.>® The relative intensity
of these transitions is strongly influenced by the symmetry of

b 350
— Auye =960 Nm

300 { " Aexc =980 NM

250 +

X 200
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Fig. 3 (a) Normalized excitation spectrum recorded in Karlsruhe of LiYF4:Yb*", Tm** UCNPs in toluene (10 mg mL™?) for 480 nm and 794 nm emission
bands. Spectra were corrected for the small difference in Peyc, assuming n = 1.1 (794 nm) and 1.6 (480 nm). (b) Upconverted emission spectra recorded in
Karlsruhe of LiYF,4:Yb* Tm>* UCNPs in toluene (10 mg mL™Y) at various excitation wavelengths (Peyc = 4.11 W cm™2 (960 nm), 4.15 W cm™2 (980 nm)).
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the host lattice. Here, the tetragonal LiYF, host (scheelite structure)
favors the 0 — 1’ transition, in contrast to the hexagonal NaYF,
host, for which the 0 — 0’ transition is dominant. The preference
towards the 0 — 1’ transition has been demonstrated before for
LiYF, single crystals doped with Yb®* ions.**”” Thus, in order to
achieve maximal upconversion brightness, evaluation of the
optimal excitation wavelength is crucial for every new host
material. In the case of LiYF,, the emission intensities of the
NIR and blue UC bands increased considerably upon 960 nm
excitation, by a factor of ~3 for the NIR emission and ~6 for
the blue emission compared to 980 nm excitation at the used
excitation power density (Fig. 3b). Considering the good agreement
between the excitation spectrum depicted in Fig. 3a and the
absorption spectrum in Fig. S10 (ESIt), we assume that the observed
increase in UC emission intensity is caused by the increased
absorption at 960 nm, rather than by a significant increase in ®yc.

Conclusions

In this work, we have presented the first multicenter absolute
measurement of upconversion photoluminescence quantum
yields (@yc) of UCNPs, and provided the first @yc values for
LiYF,:Yb** Tm>" UCNPs. These measurements have been per-
formed independently by three research groups, but using the
same batch of nanomaterials. In spite of the quite different
setups and methods used in the three labs, strikingly similar
values were obtained, which underline that these measurements
can give reproducible results not only when using state-of-the-art
setups such as those available in Karlsruhe and Berlin, but also
using relatively inexpensive, modular spectroscopy setups such as
the one in Leiden. Importantly, upconversion quantum yield
values are given for the individual upconversion bands of LiYF,:
Yb**,Tm*" UCNPs. By doing so we illustrate, as done recently for
Yb,Er-doped UCNPs,**3%%! the strikingly large difference in
intensity between the different emission bands of these UCNPs.
Although Tm-doped UCNPs are usually described as blue-
emitting UCNPs, ®yc of the blue emission bands are as low
as1 x 107> at 5 W ecm ™ 2, while the NIR band at 794 nm has an
excellent @y of ~0.02 at 5 W cm ™2 This discrepancy is
especially important when selecting upconverting materials
for different applications.>® In security or bioimaging applications
where the 794 nm emission is used, @y total iS @ good measure for
the efficiency of LiYF,:Yb*",Tm>" UCNPs, because the upconverted
emission spectrum is strongly dominated by the 794 nm band.
However, in phototherapeutic applications where only the blue
thulium emission is used, for example in the activation of blue-
light sensitive anticancer compounds,® the actual efficiency of
these UCNPs is one to three orders of magnitude lower than
Dyc,toral- Thus, reporting only the latter would give a misleading
evaluation of the amount of excitation light needed to obtain a
measurable photochemical effect via NIR-to-blue upconversion.
The low efficiency of the blue upconverted emission in Tm-based
UCNPs provides a good explanation why these systems are still
difficult to apply in for example blue light-triggered phototherapy,**
and justifies the need for further material research aimed at

This journal is © the Owner Societies 2018
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increasing the upconversion quantum yields of UCNPs in the
blue region of the spectrum.
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