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Comparison of Quantum Yield of Upconversion
Nanocrystals Determined by Absolute and Relative

Methods
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Sergey V. Kuznetsov, Vasilii A. Konyushkin, Andrey N. Nakladov,

Alexander A. Alexandrov, lan A. Howard, Bryce S. Richards,* and Andrey Turshatov*

Photoluminescence quantum yield (¢) is a key parameter of any luminescent
material. There are two main ways to determine this value: 1) absolute, which
requires calculation of the number of emitted and absorbed photons; and

2) relative, which utilizes the emission of a reference sample with known ¢. Both
methods become more complicated in case of upconversion (UC) photolumi-
nescence, due to its nonlinear nature. The main obstacle to employing the
relative method is the lack of a suitable reference with known UC quantum yield
(UCQY, ¢uc)- Herein, a new UCQY reference material is presented, based on
SrF2:1%Yb* 1%Er* " single crystal, for the relative measurement of ¢pyc for near-
infrared (976 nm)-to-visible UC. When utilizing this reference material, the ¢c is
determined to be 2.5% (at 100 W cm ?) for a-NaYF,:18%Yb*>",2%Er* " @CaF,
nanocrystals (NCs). This result coincides very well with the value for the same
NCs determined using the absolute method of ¢yc = 2.4% (at 100 W cm ™ ?). The
intensity dependence of UCQY yield for the NCs determined using the SrF,:1%
Yb?*,1%Er*" reference exhibits good agreement with the results acquired with
the absolute method. In addition, various effects that can have an impact on the

1. Introduction

Upconversion (UC) is a process resulting
in emission of one photon with higher
energy after absorption of two or more pho-
tons with lower energy. Particularly, UC
materials based on lanthanides ions attract
interest due to their relevance for many
optical applications, including nanoprobes
for bioimaging,!"! solar radiation convert-
ers,>?! optical thermometers,' and inks
used for security purposes.”! As new UC
materials are being developed in many
laboratories worldwide, figures-of-merit
describing their photoluminescence (PL)
performance are required to compare UC
materials in a useful manner. A commonly
used parameter for characterization of
photoluminescent materials—the emis-
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sion quantum vyield (¢)—is defined as the
ratio of the number of photons emitted
to the number of photons absorbed. It must
be noted that the UC quantum yield
(UCQY, ¢uyc), also commonly used for UC materials, is not a
constant but varies with excitation intensity due to the nonlinear
nature of the UC mechanism. Therefore, the excitation intensity
(excitation power per area) must be controlled in the measure-
ment and quoted in the presentations of the results. The param-
eter defined above and used throughout this text is the internal
quantum yield, that is, the number of emitted photons divided by
the number of absorbed photons. For applications wherein the
brightness of the emission of the sample under given excitation
conditions is most important, the slightly different external quan-
tum yield is used, which is the number of emitted photons
divided by the number of incident photons. This external quan-
tum efficiency is equal to the internal quantum efficiency multi-
plied by the fraction of incident photons that are absorbed.
The ¢ values of PL materials are usually measured using one
of two methods:'®®! 1) the absolute method, where the number of
absorbed and emitted photons is estimated using various
techniques such as an integrating sphere,® photoacoustics,”!
actinometry,'” or calorimetry!'?; and 2) the relative method,
where the PL of a sample is compared to the PL of a reference.
The use of an integrating sphere—along with a laser and a
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spectrofluorometer—is the most commonly implemented

method to determine the absolute UCQY, defined as ¢S)C.[13"19]
It should be emphasized that there is a key difference between
measurements of the quantum yield for materials having a
Stokes-shifted PL and UC (anti-Stokes) PL: that is that ¢yc
demonstrates a dependence on the excitation intensity. At low
excitation intensities ¢y behaves as ¢yc = "1, where I is
the excitation intensity (W cm™2) and n is the number of photons
involved in the UC process whereas (ideally) at higher excitation
intensities it saturates and ¢y approaches a constant value. In
practice, the observed ¢y can reach a maximum at a given I and
then decrease as heating or higher order channels reduce the effi-
ciency of the population of the emitting state. Thus, it is essential
to report ¢yc in combination with the precise excitation intensity
used in the experiment. Even better is to report the intensity
dependence of ¢y over a broad intensity range—usually in
the range 10710 W cm™2 A series of past publications have

confirmed that ¢8>c can be reliably measured with the absolute
method for a wide range of UC materials, ranging from nano-
crystals (NCs) to single crystals, and in different laboratories with
slightly differing setups.[2-2?

In contrast to the absolute method, the relative method does
not require an integrating sphere and can be performed using
only laser, power meter, spot-size measurement, and a spectrom-
eter. Previously, near-infrared (NIR) absorbing dyes have been
used as quantum vyield reference in the relative method. For
instance, Chen et al. measured the relative UCQY, defined as

zﬁg)c, of a-NaYbF,:Tm>*/CaF, core/shell NCs using an TR-26 ref-
erence dye, which absorbs radiation at ~980 nm and emits at
1130 nm with ¢ of 0.6%.1**) Two solutions (NCs and dye) with
similar optical density of 0.09 at 975 nm are characterized using
customized setup consisting of excitation laser, monochromator,
and InGaAs photodiodes. The main limitation of the relative
method in this case is different emission wavelengths of NCs
and the reference dye, which emit at 800 and 1130 nm, respec-
tively. Thus, the detector requires accurate calibration as sensi-
tivity of InGaAs photodiodes at 800 nm (Tm>* emission) is much
lower than at 1130 nm (IR-26 emission). In addition, the pro-
posed optical setup cannot be used to study Er*" and Ho*"
UC emission (observed in the visible range) because InGaAs
photodiodes are not designed to detect visible photons.
Thus, the relative method is not yet the best choice due to the
lack of robust and reliable UC reference materials that emit
visible light.

As an alternative to the absolute and relative methods, May
et al. present a method that uses the 2F /2—>2F7/2 emission line
of Yb** as an internal standard for determination of ¢yc.** As
the majority of NIR-to-visible UC materials are sensitized with
Yb**, this method can be very helpful for a comparison of
UC phosphors, although the method requires additional equip-
ment to measure ps—ms time-scale PL decay times.

In this work, the use of nonhygroscopic SrF,:Yb*" ,Er’* single
crystals as a reference material for determining the UCQY by the
relative method is investigated. A single crystal of SrF, codoped
with Yb*" and Er’" is characterized in an integrating sphere
under 976 nm excitation, providing an intensity dependency

of % Then, the SrF,:Yb** Er’* single crystal is employed as
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a UCQY reference to measure the relative (/)S)C of a-NaYF,:2%
Er’*;18%Yb’> " @CaF, NCs to address a common question that
arises in any laboratory investigating new UC materials: what
is quantum yield of newly synthesized UC NCs. As a last step
in determining the quantum yield, the ¢S)c of a-NaYF,:2%
Er’*;18%Yb’ " @CaF, is measured using an integrating sphere
and compared the obtained result with the result of the relative
method.

2. Experimental Section

2.1. Synthesis of Single Crystal

The single-crystal SrF, codoped with 1 mol% of Er** and 1 mol%
of Yb*" (SrF,:1%Yb**,1%Er*") is synthesized by a methodology
reported elsewhere./”! Briefly, the fluoride single crystals are
grown by Bridgman technique in a vacuum furnace containing
CF, fluorinating atmosphere. Highly pure fluoride powder pre-
cursors, namely, strontium fluoride, ytterbium fluoride, and
erbium fluoride (99.99% LANHIT, Russia), are used. The
powders are melted in CF, atmosphere in advance. Both the
heater—with temperature gradient of 60-80 K cm™'—and cruci-
ble are made out of graphite. The grown crystals are 3.5 cm long
rods with 0.9 cm diameter. It should be noted that the growth of
single crystals based on alkaline earth fluorides doped with
rare-earth elements is a well-developed technology, albeit on
the laboratory scale.’®! A typical growth process produces six-
single crystals in 8 days, including 1) 1 day for crystal growing
and 2) the prefluorination step (melting in CF4 atmosphere) that
takes 1 week. Moreover, Yb*"/Tm>*" and Yb*"/Ho®" codoped
single crystals can be obtained after changing the temperature
regime according to the corresponding phase diagrams.”®

2.2. Synthesis of a-NaYF,:18%Yb>",2%Er*" @CaF, NCs

Oleic acid (OA, technical grade, 90%), oleylamine (OAm, techni-
cal grade, 70%), 1-octadecene (ODE, technical 90%), trifluoroace-
tic acid (TFA 99%), and toluene (C¢HsCH3) are purchased from
Sigma-Aldrich and are used without further purification. Rare-
earth trifluroacetates are synthesized by a methodology reported
elsewhere.l?”) All reagents used for the synthesis of the nanopar-
ticles are kept inside a glove box with a N, atmosphere.

a-NaYF4:18%Yb*",2%Er’* NCs are synthesized by a heating-
up procedure.”® First, NaTFA (1 mmol), Y(TFA); (0.8 mmol),
Yb(TFA); (0.18 mmol), and Er(TFA); (0.02mmol) are added
to a mixture of oleic acid, oleylamine, and 1-octadecene
(7.4mL/3.3mL/3.2ml) in a round bottom Schleck flask. The
solution is purged from oxygen by performing 5 vacuum/Ar
cycles at room temperature. Afterward, the mixture is heated
up under Ar flow to 110 °C for 30 min to solubilize the powder,
followed by five more vacuum/Ar cycles, and 10 min of dynamic
vacuum. The solution is then heated up to 300 °C for 30 min.
After the aging time, the solution is removed from the heating
mantel to be cooled down to room temperature. The NCs are
extracted by centrifugation (6796 xG in Sigma 2-16P centrifuge)
with ethanol and acetone several times. Finally, the NCs are
dispersed in 1 mL of toluene for storage.
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Subsequently, 0.500 pL of a-NaYF,:18%Yb*",2%Er*" seeds
was mixed with 2 mmol Ca(TFA),, in a 1-octadecene/oleic acid
solution (7 mL/7 mL). The new mixture was purged also from air
by performing 5 vacuum/Ar cycles at room temperature. Then,
the mixture was heated under Ar flow to 120 °C for 30 min to
solubilize the Ca(TFA),, followed by five more vacuum/Ar cycles,
and 10 min of dynamic vacuum. The solution was heated to
300°C for 45 min. After aging, the solution was cooled down
to room temperature. The core/shell NCs were extracted by
the same procedure described above for the core NCs, and dis-
persed in 1 mL of toluene for storage.

2.3. Characterization of NCs

The size distribution and morphology of the NCs is studied by a
high-angle annular dark field (HAADF) scanning transmission elec-
tron microscopy (STEM) conducted with FEI Osiris Chemi STEM
microscope at 200 keV (see Figure S1, Supporting Information). In
addition, phase identification of synthesized NCs (Figure S2,
Supporting Information) is performed with X-ray diffractometer
(XRD, Bruker D2 Phaser) using Cu Ko radiation (1= 1.5405 A).

2.4. Preparation of Reference UC Sample

Figure S3, Supporting Information, illustrates the cylindrical
SrF,:1%Yb*T,1%Er>" ingot which is cut along the long axis into
a parallelepiped with dimensions (3 x 3 x 20 mm). The parallel-
epiped is polished to reduce scattering in three steps. Each side is
first treated with a polishing paper with grit number P1200
(15.3 pm) and then with P4000 polishing paper (5.0 pm) and
finally finished with a grit 14 000 (1 pm) polishing disc. A crystal
width of d =3 mm was considered to be close to the optimum
width of the reference crystal because: 1) the crystal must be com-
patible with commercially available cuvettes such as type 22.3/Q
(Starna) that fit into a standard spectrometer cuvette holder; and
2) the width of the crystal must be greater than the diameter of
the light beam in the spectrophotometer when measuring
absorption spectra and the laser beam when measuring UC spec-
tra. For these reasons, a crystal with d = 3 mm was preferred over
crystals with d =1 mm or d = 2 mm. If required in the future, a
wider (d = 5 mm) crystal can also be provided as a reference crys-
tal, in combination with cuvette type 3-5.45 (Starna) and adapter
FCAS (Starna).

2.5. Optical Characterization

Absorption spectra are recorded using an uvtraviolet/visible/
near-infrared (UV/vis/NIR) spectrophotometer (Perkin Elmer
Lambda 950). The absorption coefficient is calculated using
Equation (1)

a:—éxmﬂM) (1)

where a is the absorption coefficient in cm ™', A is the absorp-
tance data obtained from the instrument, and d is the sample
thickness in centimeters.

A tunable continuous-wave (CW) Ti-sapphire laser (Solstis,
M-Squared Lasers Ltd.) pumped by 532nm laser (Verdi-V18,
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Coherent) is used in absolute and relative methods for measure-
ments of UCQY. The maximum output power of the Ti-sapphire
laser is tuned to 200 mW at 976 nm. The laser has <64 pm
bandwidth as well as Gaussian beam profile with beam size
2.38 x3.30mm (Figure S4a, Supporting Information). To
achieve higher intensity of excitation beam, the laser is focused
using a lens with 40 cm focal length into spot with size of
0.73 x 1.12 mm (Figure S4b, Supporting Information). The size
of the laser beam is measured with a beam profiler (Thorlabs,
BP209-IR/M) as the distance between two points of intensity dis-
tribution, which is 1/e* = 0.135 of the maximum value. The exci-
tation intensity is defined as the ratio of the laser power to the
beam area. The uncertainty in determining the laser power is
estimated from 10 repeated measurements. The results show
that the relative error of the measurement is 1%. This is in
agreement with the technical description of the Si-power detector
used (S121C, Thorlabs), which states that the uncertainty should
not exceed 3%. The same approach is used to estimate the
uncertainty of the beam area determination. The beam profile
is determined 10 times and the results show that the uncertainty
is also 1%. Thus, according to the error propagation method, the
relative error of the laser intensity is 1.4%.

2.5.1. Absolute Quantum Yield

The absolute method for the quantum yield characterization is
based on the measurement of the number of absorbed and
emitted photons, N, and N,, respectively (Equation (2))

@ _ Ne
===° 2
¢UC Na ( )

When estimating the number of emitted and absorbed
photons in the integrating sphere, there are several details to con-
sider. After passing through the sample, the remaining excitation
light gets reflected multiple times inside the integrating sphere.
For Stokes PL, this can lead to two effects: it 1) increases number
of the absorbed photons; and 2) based on this increased absorp-
tion also provides an additional number of emitted photons. For
UC PL, only the first effect should be considered, as due to the
nonlinear intensity dependence of the UCQY the scattered light
with a weak intensity does not generate UC PL. To mitigate the
first effect, a method based on three measurements (known as
3M), as detailed in Equation (3),* is utilized and instead of
Equation (2)

() PD — % x PI
a,ex]
¢UC V= LD (3)
1—— ) xES
LI

where PD is an acronym for PL direct and is attributed to the
number of PL photons emitted under direct excitation of the
sample, PI stands for PL indirect and is the number of PL pho-
tons emitted under indirect excitation, ES is an acronym for
empty sphere and is the number of excitation photons measured
in empty sphere (without a sample), LD (laser direct) is the num-
ber of excitation photons measured at direct excitation of the
sample, and LI (laser indirect) is the number of excitation
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photons measured at indirect excitation of the sample. Note that

to obtain the internal quantum yield (/)(S)c independent from the

sample geometry, the value d)(lj‘é"p)requires an additional correc-

tion, which will be described in detail later in the Section 3.
(a,exp

The setup and the methodology for estimation of ¢ ) under
976 nm excitation is displayed in Figure S5, Supporting
Information. Briefly, the sample is placed inside of an integrating
sphere (Labsphere, 6” @, 3P-LPM-060-SL) and excited with a
laser. A continuously variable neutral density filter wheel
(Thorlabs, NDC-100C-2) is used to change excitation intensity.
For the measurement of the laser beam size, the beam profiler
(Thorlabs, BP209-IR/M) is placed in the same location as the
sample. The PL from inside the integrating sphere (PD and
PI) is directed to a CCD spectrometer (Thorlabs, CCS200/M)
using an optical fiber (BYF105HS02, Thorlabs with diameter
105pm) in combination with a 950nm short-pass filter
(Semrock, FF01-950/SP-25). The 950nm short-pass filter is
removed for measurements of ES, LD, and LI.

2.5.2. Relative Quantum Yield

The relative method of quantum yield determination is based on
a comparison of the emission intensities measured at exactly
same excitation and collection conditions for a sample under
investigation and a sample with earlier reported ¢,.¢ (reference
sample) using Equation (4)

(0 _ 4 (At (Euc) (Muc)?
¢UC B ¢1’ef <AUC) (Eref> (nref) (4)

where ¢r is UCQY of the UC reference, Ayc and A,r are the
absorptance of UC sample and the UC reference at excitation
wavelength, respectively, Eyc and E,r represent the integrated
PL intensity of the UC sample and the UC reference, respec-
tively, while nyc and n.r are the refractive indexes of the UC
sample and the reference sample at the emission wavelength.
For the application of the relative method, the single crystal
(having a parallelepiped shape) is placed into a square quartz
cuvette (Starna, type 22.3/Q)—with external dimensions of
12.5 x 12.5mm and a height of 45 mm and an internal size of
3 x 3mm—and then filled with toluene. This procedure helps
to match the refractive indexes and to keep the same size of
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the excitation spot and the same PL escape cone for the reference
material and a liquid dispersion of UC NCs with unknown
quantum yield. The NC sample is also placed into the same cuvette.
In both cases, the cuvettes are then placed into a cuvette holder
(taken from Agilent Cary Eclipse Fluorescence Spectrometer)
mounted onto an optical table. The UC PL is collected using an
optical fiber (BYF105HS02, Thorlabs with diameter 105 pm) at
the distance of 10 cm from the cuvette and at an angle of 90° rela-
tive to the propagation of the excitation laser beam. The optical fiber
is connected to a CCD spectrometer (Thorlabs, CCS200/M) for
measurements of PL spectra. The schematic of the setup for esti-

mation of ‘f’g)c is presented in Figure S6, Supporting Information.

3. Results and Discussion

The absorption spectrum of the StF,:1%Yb**,1%Er*" single crys-

tal is plotted in Figure 1a, which consists of the prominent peaks of

Yb** and Er*" ions. The most intense absorption band is observed
between 900 and 1000 nm, which corresponds to a superposition
of the Yb3+:2F5/24>2F7/2 and Er3+:4115/24>4111/2 transitions. The
absorption coefficient at Apa = 976 nm reaches 1.74 cm™!, which
means that the studied sample with 3 mm thickness can absorb
39% of incident photons. The excitation of the crystal with
976 nm laser results in strong UC emission detected in the visible
spectral range. Figure 1b displays UC PL spectra with three
major peaks corresponding to Er*t2Hy, /2&453/2—>4115 /2 (green),
Er’":*Fg,—*Lis), (red), and Er’":*S;,—*1;3,, (NIR) transitions.

The UC PL of the crystal is characterized via quantification of

@=P) ysing the absolute method. The crystal in the quartz

cuvette is placed inside an integrating sphere and % is mea-
sured over the spectral range 500-875 nm for different excitation
intensities (as depicted in Figure 2). Even at relatively low excita-
tion intensity of 1 W cm™?, the UC demonstrates reasonably high

efficiency with ¢%7® of 0.08%. The ¢*>F value increases grad-
ually with the rise of intensity and saturates at excitation intensity

of 200W cm 2. At this intensity a value of ¢S =7.6% is

achieved. Note that the absolute errors for ¢S‘CSXP) in Figure 2

are obtained as a standard deviation of five measurements (for
each measurement, the crystal is removed from the integrating
sphere and then placed back inside).

(b)

3+.4 4
Er*:*Fop-"lis

3+.4g 4
FEV P83 h32

photon flux
4
11/27 "15/2
+.4, 4
Er3 . 8312' I15/2

Er**:?H

Sh

500 600 700 800
wavelength (nm)

Figure 1. a) Absorption coefficient of the SrF,:1%Yb**, 1%Er*™ sample; b) UC emission spectrum of the SrF,:1%Yb*>", 1%Er*™ crystal under 976 nm

excitation (10Wcm™?).
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Figure 2. Intensity dependence of the absolute UCQY in the 400-900 nm
range of the SrF,:1%Yb*> ", 1%Er*" single crystal under 976 nm excitation.
Black circles show ¢Ef‘cexP) values as measured in the integrating sphere
using the 3M method and turquoise circles represent q&fj’c) values after
the correction using Equation (5). The photograph (inset) shows the ref-
erence crystal in a 12.5 x 12.5 mm quartz cuvette (with 3 x 3 mm inner
space) under 976 nm excitation taken in daylight using a smartphone cam-
era (Apple iPhone 10).

The following analysis demonstrates that measurements
using an integrating sphere can slightly underestimate the
UCQY and four possible sources for this deviation are identified:

First, the photons which are not absorbed by the crystal after
direct excitation can be many times reflected by the integration
sphere and absorbed by the crystal inducing secondary (indirect)
absorption. As previously mentioned, this indirect absorption
does not result in any significant UC PL due to the much lower
intensity of the now-scattered beam. However, this phenomenon
does lead to an apparent increase of absorption and, thus,

reduces ¢\%*as compared to quantum yield ¢\, which can

be expected outside an integrating sphere. In this case, a mea-
surement correction can be performed using the so-called 3M
method®*3% (Equation (3)), which includes effects of indirect
absorption as described earlier in Section 2.

Second, similar to excitation photons, the emitted photons can
also be reflected inside the integrating sphere, which causes
them to repeatedly pass through the crystal and undergo reab-
sorption. Critically, the transition Er’t:*s, /2—>4113 ;2 (at
845 nm) is not subject to reabsorption because it is a transition
between two excited states (and the population density of the
low-lying excited state is always negligible compared to the
ground state density). Taking advantage of this, two measure-
ments can be performed—namely, with and without the integrat-
ing sphere (with a fixed excitation and detection scheme)—that
then allow for the percentage of reabsorbed light inside the inte-
grating sphere to be estimated, assuming that the intensity of the
luminescent peak corresponding to the *S; /2—>411 3/2 transition is
unchanged. Figure S7, Supporting Information, indicates that at
the chosen Er*" concentration (1 mol%), the reabsorption for the
“Fo /2—>4115 /2 transition is only 0.5% (the relative change in inten-
sity of peak measured inside and outside the integrating sphere),
whereas about 1.7% (relative change) is observed for the
Hy, /2&453 /2—>4115 /2 transition. Thus, the correction coefficients
(@=0.995  (*Hi12&*S3,—"Ti52), a=0.983  (*Fop—"1152),
and a =1.000 (2H11/2&4S3/2H4113/2)) should be introduced to
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approach quantum yield (pﬁjé corrected for reabsorption (see
Equation (5)). Furthermore, PL can also be reabsorbed in the
experiment performed without the integrating sphere.
However, for this case (without multiple passes of emitted pho-
tons through the crystal) the level of reabsorption is <<0.1% (rel-
ative change) and hence did not require an additional correction.

Third, reason for underestimating of ¢ng is derived from non-
linear origin of the UC process—dependency of UC yield on the
excitation intensity (¢yc = I"1). For a crystal with a finite thick-
ness, the excitation intensity decreases as light propagates
through the crystal. Therefore, the thinner crystal should exhibit

higher ¢S, A result of numerical simulation presented in
Figure S8b,c, Supporting Information, indicates that for the ref-
erence 3mm crystal with absorptance of 39%, the measured

(aexp)

value of ¢ is smaller than internal UC quantum yield

(%) and difference between ¢S and ¢?,. depends on exci-
tation intensity. For instance, for the *F, /2—>4115 j2 transition, the
$SP) value can be underestimated by a factor of 0.83 at low
intensity (1Wcm ™%, when ¢y = I'?) and by a factor of 0.97
at high intensities (250 W cm %) when ¢ = I°1). The slightly
smaller factor of 0.95 is obtained for the 2H11/2&4S3/2—>4115/2

transition at 250 W cm™* because ¢y = I°2. Thus, in order

obtain ¢8)c corrected for reduction in excitation intensity as
light propagates through the crystal, an additional
correction—realized via a correction coefficient b—is required
and is implemented in Equation (5).

Fourth, possible reason leading to underestimation of g{)ﬁ% is
local heating within the excitation spot, as reported by Joseph
et al. for micropowder samples.*!! The heating effect may
require additional correction for temperature realized by using
a correction coefficient ¢ in Equation (5). The local temperature
can be conveniently probed using the ratio of PL for two ther-
mally coupled Er’* levels, namely, H, 2 and 43, /2- An increase
of local temperature leads to increase of the intensity ratio of the
2H11/2H4115/2 and 253/2H4115/2 transitions. However,
Figure S9a, Supporting Information, indicates that this ratio
stays almost unchanged over the entire range 0.1-
250 W cm ™2, revealing very good thermal conductivity of the
used crystals compared to micropowders where heating is more
likely to be a problem.? Thus, the increase in the temperature of
the single-crystal sample is not detected (Figure S9b, Supporting
Information) and the data do not require temperature correction
(c=1).

In general, the use of the 3M experimental method and the
three correction factors a, b, and ¢ in Equation (5) are applied

to obtain values of ¢S)c for the reference crystal

@ _ tc”

= 5
$ic abe ®)
where ¢§j‘§xp) is the experimental value of UCQY, a is a correction

factor due to reabsorption of UC emission in the integrating
sphere (Figure S7, Supporting Information), while b is a correc-
tion factor due to the finite thickness of the sample changing the
excitation power with depth into the sample and the nonlinear
origin of UC (Figure S8, Supporting Information) and c is
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correction factor due to temperature change (Figure S9,
Supporting Information).
Figure 2 displays the intensity dependence of the quantum

yield (j)g‘é obtained via correction of experimental values of quan-

tum yield ¢ %% using Equation (5). Note that the quantum yield
correction is performed for the green (ZHH /2&45 3 /2—>4115 /2), red
(Er’**:*Fo;,—"115)5), and NIR (*Hy;2&*S3,—113) UC emis-
sion peaks separately (Figure S10, Supporting Information),
whereas Figure 2 displays total UCQY after summing up
quantum yields of the individual transitions. For instance, the

intensity dependency of ¢(S)C demonstrates its rise from 0.1%
at 1TWem™2 to 1.4% at 10Wcm™ and further to 7.6% at

250 W cm 2. The absolute error of ¢(S(): in Figure 2 is calculated

using the assumption that both parameter ¢S)c and (/)S’CGXP) have

the same relative error.

As NCs are the most intensively investigated class of UC mate-
rials,**** a NC-based UC system is chosen for a comparison of
the absolute method and the relative method; the latter using the
reference SrF,:1%Yb*",1%Er*" single crystal. The NC sample,
with a a-NaYF;:18%YD> " 2%Er*t @CaF, core@shell structure,
is chosen for a number of reasons. On the one hand, a-
NaYF, NCs codoped with different lanthanide ions demonstrate
great potential in synthesis of new bright UC core/shell NCs,
especially when the surface is passivated by an optically inert
shell, like CaF,.?>>”) On the other hand, the UC emission in
a-NaYF,:18%Yb*",2%Er* T @CaF, NCs is defined by Er*" ions
which makes it easy to compare it to the reference material
(Figure 3a).

In order to use the relative method to measure the UC quan-
tum yield, both the reference and the sample must be character-
ized outside the integrating sphere. Thus, the question arises
whether it is correct to take the UCQY values obtained for the
STF,:1%Yb* ", 1%Er’" reference crystal inside the integrating
sphere and apply them in Equation (4)? To answer this, one
needs to consider the one main difference between measure-
ments inside and outside the integrating sphere—stronger reab-
sorption of emitted photons inside the integrating sphere due to
multiple pass through the SrF;:1%Yb*",1%Er*" crystal.

Therefore, the correction must be applied: ¢ee = ™ /a.

However, it has previously been shown that the correction

(@)

photon flux

500 600 700 800
wavelength (nm)

www.adpr-journal.com

parameter a for the SrF:1%Yb*",1%Er’" crystal is very close
to unity (a=0.995 for the Er’*:*Hy;,&*S;/,—";5), transition,
a=0.983 for the Er’":*Fy,—*l;5;, transition, and a=1
for the Er3+:2H11/2&4S3/2—> I 3/, transition), which leads to

Drer = (,bS’CEXP) in good approximation for all excitation intensities.

Four additional parameters need to be known to apply
Equation (4), namely, absorptance of the reference (A.r) and
the studied material (Ayc) at 976 nm, as well as integral PL inten-
sity as function of excitation intensity of the reference (E,¢) and
the studied material (Eyc). The refractive indexes of toluene
and SrF, in the range 520-650nm are 1.503-1.492P% and

1.439-1.437,5% respectively. The ratio of <:’L—‘“f3>2 is therefore
1.04 and Equation (4) can be simplified as

(r,exp) (a,exp) Aref E ucC
= 1.04 6
ve ¢UC (AUC) <Eref> ( )

The A, for the SrF,:1%Yb*", 1%Er*" crystal and Ay for
a-NaYF,:18%Yb*", 2%Er**@CaF, NCs are measured using
two methods: 1) UV/vis/NIR spectrometer (Figure S11,
Supporting Information) and 2) integrating sphere, where the
absorptance is calculated as ratio between laser intensity
(1 -2 in Equation (3). Both methods provide similar results,
with absorptance of the reference being A,.; = 39% and the NC
sample being Ayc=7%. The coincidence of the results of two
methods confirms that absorptance of reference crystals and
UC NCs can be reliably measured in a cuvette with the 3 mm
beam path using standard UV/vis/NIR spectrometer. As a word
of caution to the interested reader, due to a small inner size of the
cuvette (3 mm), method (1) might underestimate the absorp-
tance. This will occur if the light beam in the spectrometer is
larger than the inner size of the cuvette (in the present case > 3
mm). The beam size can be checked in a simple way by setting
the spectrometer to light at about 550 nm (i.e., where the eye is
very sensitive) and observing with the naked eye. Further,
the beam size should be controlled using either settings of a
UV/vis/NIR spectrometer or by placing an adjustable diaphragm
at the monochromator exit.

Knowing all these values now allows the intensity dependence

(/;gg"l’) to be calculated (Figure 3D). At a relatively low excitation
intensity of 1W cm ™2, the UC demonstrates reasonably high

—
o
Ny

2al N A " " -
T
2.04 ; L
X 16 [
Q
€ 1.2
0.8 . ¢(ayexp)UC
0.4 N ¢(ﬂexp)UC
0.0+ T T T T
0 50 100 150 200 250

intensity (W/cm?)

Figure 3. a) UC emission spectrum of a-NaYF,:18%Yb**, 29%Er’* @CaF, NCs under 976 nm excitation (289 W cm?); b) intensity dependence of ¢/<*®)
and 4)8’&6”) of a-NaYF,:18%Yb> ", 2%Er* " @CaF, NCs under 976 nm excitation in the 0.1-250 W cm ™2 intensity range.
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efficiency with ¢"S® of 0.09%. The $'S value increases grad-

ually with the rise of intensity to 1.1% (at 10 W cm™2) and reaches
2.5% at 100 W cm 2. Comparing the relative UC quantum yield
results to those obtained via the absolute method (Figure 3b
and S10a,b, Supporting Information), at an excitation intensity

of 1Wem™2, the UC demonstrates ¢\2" of 0.06%. At

10Wem 2, the ¢'S®) value increases gradually to 0.9% and
reaches 2.4% at 100 W cm 2. Overall, a very good overlap exists
between the results of the relative and absolute methods. Note

that the absolute errors for ¢S in Figure 3b are obtained

as a standard deviation of five measurements (for each measure-
ment, the cuvette is removed from the integrating sphere and

then placed back inside). As ¢§§'§"P>is estimated using four inde-
pendent measurements (two different materials—reference
crystal and sample, and two different devices—UV/vis/NIR
spectrometer and fluorescence spectrometer), the error in the

estimate of gbg‘ém (Figure 3b) is calculated using error propaga-

tion analysis, with a description of the method is detailed in the
Section S14, Supporting Information.

As UC is nonlinear process, the accuracy ¢ for both the
absolute and relative methods depends on the excitation
intensity and the sample absorptance. For instance, Figure 4a
demonstrates the experimental relative difference between

P and %) calculated for various excitation intensities.
Very good agreement is observed between the UCQYs (with a
relative difference of ~5%) for high excitation intensity
(>10 W cm™?). In contrast, the quantum yield values exhibit a
larger difference of ~24% for low excitation intensity, when

S‘CeXp) and (ﬁgg’(p) are less than 0.7%. It can be assumed that
there may be additional systematic error when measuring inside
an integrating sphere with an unfocused beam (<10 W cm™?), so
that a small deviation in the position of the sample inside the
integrating sphere can slightly alter the excitation intensity
(Figure S4, Supporting Information).

In general, the observed differences are surprisingly good con-
sidering the accuracy of the measurements presented as error
bars in Figure 3b. It is therefore expected that, given the very
good overlap between the methods used, the proposed relative
method for estimating the quantum yield of UC NCs can find
widespread application in the research labs worldwide.
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Furthermore, a theoretical analysis of uncertainty in absolute
and relative methods can be also performed via error propagation
analysis. As has been discussed in work by Leyre et al.,*” the
absorptance measurement usually introduces the biggest error
into quantum yield measurements. Figure 4b compares relative
error 8(¢pyc) in the UCQY measured by the absolute and relative
methods as the function of the absorptance (see Section S14,
Supporting Information, for details). The results of the
calculation indicate that for samples with weak absorption
(absorptance <7%) the relative method provides slightly smaller
uncertainty in UC quantum yield. In contrast, for a more strongly
absorbing sample (absorptance >7%), the absolute method can

provide more precise measurement of UCQY. For the values of

absorptance of 39% for the SrF,:1%Yb**,1%Er*" crystal and 7%
for a-NaYF,:18%Yb**,2%Er*t @CaF, NCs, the values of the rel-

ative error are calculated equal to §( S’SXP)) = 3% (for the crystal),

8(pP)) = 18%, and 5(p1®)) = 18% (for the NCs). Therefore,
again a very good overlap between uncertainties obtained via the-
oretical analysis and repeated measurements is observed.
Figure 4b indicates that there is a certain limit in sample absorp-
tance required for estimation of UC QY. For a sample with an
absorbance below 3%, the uncertainty increases to 50% or
more, regardless of the method. Although the uncertainty
decreases with increasing absorptance, for strongly absorbing
samples (with absorptance >50%), the measured UC quantum
yield becomes sample dependent and severe correction

(Equation (5)) is required to obtain (/)(ng The detailed discussion
of such a correction was presented earlier for SrF,:1%Yb*",1%
Er’" crystal with absorptance of 39% (Figure 2). In turn, the
experimental values from Figure 3b should be also corrected
using Equation (5) to obtain the UCQY of the NCs. As the
NC dispersion exhibits a low absorptance (7%), the correction
leads to very little change in quantum yields, as shown in
Figure S12, Supporting Information, for the QY estimated with

the both methods and cﬁﬁé’(p) = gbﬁé

It should be noted that the NIR laser excitation for UC meas-
urements is not always performed at 976 nm. The lasing wave-
length can range from 970 to 980 nm. Obviously, the dependence
of the UCQY on the intensity changes with the excitation wave-
length because the internal UCQY is proportional to the number
of absorbed photons. In turn, the number of absorbed photons

100 . .
—— Absolute method
804 ---- Relative method
& 604
)
<
et 404
204
0 T T T T
0 20 40

absorptance (%)

Figure 4. a) Discrepancy between ¢ )¢ ) and qSS’CeXp) as a function of excitation intensity; b) relative error of the determination of ¢;¢ in the absolute and

relative methods as a function of sample absorptance.
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varies with wavelength at the same excitation intensity.
Accounting for the difference in the number of absorbed

photons, the intensity dependence ¢S’CGXP) is measured for the

SrF:1%Yb* ", 1%Er’"  crystal for several typical excitation

wavelengths (Figure $13, Supporting Information). The ¢~

dependency on the excitation wavelength demonstrates the high-
est values of UCQY at 976 nm excitation (that corresponds to the

position of absorption peak), whereas the slightly lower ¢8§Xp)

values are found for 974, 978, and 980 nm excitation wave-

lengths. The lowest values of (]581’5@) are observed for 979 and

972nm excitation wavelengths. Thus, these reference curves
can be also used in the relative method if an excitation wave-
length other than 976 nm is used for the optical characterization
of UC NCs.

4, Conclusions

Dependence of UCQY on excitation intensity for SrF,:1%Yb*™,
1%Er*" crystal with absorptance of 39% at 976 nm is measured
in an integrating sphere. It is found that measurements of the
crystal with high absorptance in the integrating sphere underes-
timate values of UCQY due to several factors. A simple equation
is proposed for the UCQY correction, including correction for
reabsorption, correction for reduction in excitation intensity as
light propagates through the crystal, and correction for tempera-
ture change. The application of the SrF,:1%Yb*>",1%Er*" crystal
as an UCQY reference material is investigated. The UCQY of
a-NaYF,:18%Yb*", 2%Er’* @CaF, NCs dispersed in toluene
is performed with the relative method using the SrF,:1%Yb**,
1%Er’*" crystal and with the absolute method in an integrating
sphere. These two measurements exhibit an excellent level of

conformity, resulting in quantum yield values of ‘/’g)c =2.5%

and gbﬁé =24% at 976nm excitation with intensity of
100 W cm 2, respectively. Furthermore, intensity dependencies
of UCQY for a-NaYF,:18%Yb*T, 2%Er*™ @CaF, NCs were inves-
tigated in the range 0.1-250 W cm ™2 using absolute and relative
methods, and a very good match is found for both methods.

Overall, it is anticipated that it will be very convenient to have
the reference SrF,:1%Yb*", 1%Er’" crystal in a laboratory if
either absolute or relative methods are used to measure UC
quantum yield. In case of the absolute method, the accuracy
of the measurement depends on many factors: 1) correct meas-
urements of parameters described in Equation (3); 2) proper cal-
ibration of the optical system, due to replacing or changing the
position of each individual part, such as fibers, beam splitters,
and spectrometer slits, along with changes to the calibration
of the optical system used; and 3) correct estimation of excitation
intensity on the sample inside the integrating sphere. Thus, even
if the absolute method is used, the reference UC crystal can
ensure that there are no systematic errors and to prove the
validity of quantum yield measurements in daily routine
measurements.

In the context of relative quantum yield measurements, it has
been demonstrated that the reference crystal can be placed in a
standard 1 cm quartz cuvette, which is often used in characteri-

zation of UC NCs. Thus, to measure ¢§?C UC NCs using the
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reference single crystal, relatively simple optical equipment
can be used, including an excitation laser, a standard cuvette
holder (in 90° measurement geometry), and a compact CCD
spectrometer.

Supporting Information

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