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ABSTRACT: Development of upconverting nanomaterials which are able to emit
visible light upon near-infrared excitation opens a wide range of potential applications.
Because of their remarkable photostability, they are widely used in bioimaging,
optogenetics, and optoelectronics. In this work, we demonstrate the influence of several
experimental conditions as well as a dopant concentration on the luminescence
properties of upconverting nanocrystals (UPNCs) that need to be taken into account for
their efficient use in the practical applications. We found that not only nanoparticle
architecture affects the optical properties of UPNCs, but also factors such as sample
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ligands

separate
ion

concentration, excitation light power density, and temperature may influence the green- local
to-red emission ratio. We performed studies on both the single-nanoparticle and crystal cluster
ensemble levels over a broad concentration range and found the heterogeneity in the field of ions

optical properties of UPNCs with low dopant concentrations.

B INTRODUCTION

Upconverting nanomaterials have been intensively studied over
the past 20 years." This effort results in numerous practical
concepts from construction of coherent light sources,” solar
cell technology,” and photodynamic therapy’ to display
technology.” Development of upconverting nanocrystals
(UPNCs)” paved a new path to the many new practical
implementations. The unique optical properties of UPNCs
such as anti-Stokes, multiband emission, long-time lumines-
cence decay, narrow emission bands, and the absence of
photobleaching make them attractive materials for bioimag-
ing.*~"* Moreover, the efficiency of the upconversion process
in UPNCs is a few orders of magnitude higher compared to
that in popular two-photon fluorophores.'*"> Recently,
UPNC:s were used in optogenetics to locally activate biological
photoreactive molecules to control neural activity.'*™'* On the
contrary to the colloidal semiconducting quantum dots,
UPNCs do not exhibit quantum size effect'” and their optical
properties only weakly depend on UPNC surface changes.”’
Therefore, the nanocrystals of a size ranging from S to 200 nm
may have the same photoluminescence peak position, with
significantly different mobility in liquid media. These proper-
ties make the UPNCs very attractive for biological
applications,”’ for example, in studies of protein—protein
interactions”> or DNA release.”” In the abovementioned
examples, one of the main expectations from UPNCs is to
improve emission quantum yield (EQY) as high as possible.
Therefore, one of the main challenges in this research field is
emission quantum yield improvement. Recently, a significant
progress was achieved: an EQY as high as 10% was reported
for the core—shell NaYF,:Yb,Er.**

© 2020 American Chemical Society

7 ACS Publications

Diversity in optical properties

One of the main reasons for a low EQY is excitation energy
loss at the UPNC surface due to the so-called percolation
process that we studied in detail recently.”® This process might
be restrained with the preparation of UPNCs in the core—shell
architecture with a proper relative ion concentration and
UPNC core size versus shell thickness ratio.”**°™** A very
promising but challenging frontier in the field of UPNCs is
controlling the color output by external parameters such as
excitation pulse duration, repetition rate, and intensity. In this
approach, the emission can be switched between red and green
depending on the variation of these parameters.’® This could
find applications in multicolor displays or anticounterfeiting
systems.”’ Another application where the relative UPNC
emission intensities became very important is nanothermom-
etry.””* In this case, the intensity ratio of two distinct green
emission bands in the Yb**—Er** systems strongly depends on
lanthanide energy level population, which is directly related to
local ion temperature. As a result, the ratio of green emission
bands might be used to probe the temperature of the UPNC
environment. Thus, in the abovementioned examples, the
value of the ratio between the emission bands of the ion has a
practical meaning. On the other hand, because of the complex
energy structure of lanthanide ions and the number of possible
interactions between the ions (donor—donor, donor—acceptor,
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Figure 1. TEM micrographs of NaYF,:Yb**,Er*" nanocrystals with different Yb** concentrations: (a) S, (b) 10, (c) 15, (d) 20, and (e) 30 mol % at

a constant Er** concentration (2 mol %).
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Figure 2. Photoluminescence intensity maps of single UPNCs (a) and ensemble of UPNCs (b). Example of photoluminescence spectra of single
UPNCs (c) and highly concentrated colloid (d) for all studied Yb** concentrations (scale bars, 10 ym).

acceptor—acceptor, ions—ligands, ions—defects), the resulting
value of emission band ratio depends on many internal and
external factors. As shown by Liu et al., as well as our group,
the optical properties of UPNCs, especially G/R (green-to-red
ratio), might be affected by laser power density, laser pulse
duration, or laser frequency.’”**** The G/R ratio could also be
dependent on the type of lanthanide ion (or a combination of
ions) and its relative concentration. Moreover, it was shown
that the G/R ratio depends on UPNC size because of ion
aggregation and core—shell outdiffusion phenomena.**™** The
G/R ratio can also depend on factors such as UPNC colloid
clarity (ligand self-absorption), experimental setup configu-
ration, and UPNC phase (powder, colloid in cuvettes, or a thin

layer deposited on the solid substrate), or even in some cases,
it could also be dependent on integration time or
monochromator slit width.*

All foregoing factors need to be considered prior to using
UPNC:s in practical applications to provide the optimal design
or experimental configuration. These effects might substan-
tially affect the results obtained with experimental techniques
where high optical power densities are used, such as two-
photon excitation microscopy. The effect of ensemble
averaging characteristics for the experiments on the bulk
material may obscure the true spectral line widths and cover
some optical properties of nanoparticles. Therefore, it is
important to study the optical properties of UPNCs on the
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single-nanocrystal level, which could give new insight into the
energy migration process within a single nano-object and the
local ion environment, that is, the crystal field or ion
concentration.

In this work, we study the influence of the colloid
concentration and dopant content on the G/R emission ratio
of NaYF,:Yb* Er** UPNCs under various experimental
conditions (excitation laser power density and temperature)
in both the single-nanocrystal and ensemble regimes. The aim
of this work was to investigate the homogeneity of macro-
scopically manifested processes responsible for changes in G/R
ratio, namely, ion—ion and ion—ligand interactions.

B RESULTS AND DISCUSSION

We perform experiments on the single-UPNC level and for the
bulk sample because of the problem of ensemble averaging that
might screen the optical properties of individual UPNCs. For
the study, the NaYF,:Yb’"Er’* nanoparticles with different
Yb3* concentrations (5—30 mol %) were used. The nano-
particles were synthesized by a conventional high-temperature
coprecipitation technique, resulting in uniform nanospheres
(Figure 1) that do not feature luminescence anisotropy typical
for hexagon-shaped UPNCs.* Size distribution histograms are
shown in Figure SI.

For the highly diluted colloids, individual nanocrystals are
distinguishable when the separation between neighboring
nanocrystals is greater than the diffraction limit, which in our
case was ~250 nm. An example of photoluminescence
intensity maps is shown in Figure 2ab. The photo-
luminescence intensity image of the bulk sample features a
bright inhomogeneous intensity distribution with a distinct
random structure. Our custom-built fluorescence microscope
allows us to illuminate the full field of view of the object in the
so-called widefield mode and also in a small diffraction-limited
area when operating in the scanning mode. The first mode
enables us to do regular imaging and localize the position of
individual emitters and then subsequently excite individual
nanocrystals. The corresponding example of normalized
photoluminescence spectra coming from individual UPNCs
and from the bulk sample with a different Yb*" content is
shown in Figure 2c,d. All photoluminescence spectra were
recorded with a microscope operating in the scanning mode.
The emission spectra were normalized to the maximum value
of the red emission band. In both cases, three peaks
corresponding to the transition of the Er’" ion from *Hj ),
*Sy/» and *Fy), levels to the ground *I 5, state are visible.
However, the emission bands of single nanocrystals exhibit a
fine structure because of the local crystal field that is not visible
in the luminescence spectra recorded from the ensemble of
UPNC:s. This difference is especially evident for UPNCs with a
low Yb** content (5—15%). It suggests that the local crystal
field in the vicinity of Er’* ions is highly diverse from
nanocrystal to nanocrystal in NaYF,:Yb*" ,Er** with a low Yb**
content. From Figure 2, it can be seen that for UPNCs with a
higher Yb*" content, the difference in emission shape collected
from single UPNCs and from an ensemble of UPNCs is not
present. This leads us to the conclusion that for a low Yb**
content, the variation of the Er’* local crystal field is more
pronounced. In other words, the samples with a higher Yb3*
content are more homogeneous, and thus, the difference
between signals from a single UPNC and from an ensemble of
UPNC:s is not visible. Another conclusion from this experi-
ment is that the emission from UPNCs could be dependent on

nanocrystal concentration. It was originally suggested by Sarkar
et al.*" and confirmed experimentally by Rodriguez-Sevilla et
al.** that the interparticle interactions could modulate the
luminescence of the neighboring nanoparticles, especially in a
colloidal suspension where collision-assisted self-absorption
induces measureable spectral changes.

We investigated the correlation of the G/R ratio and the
total number of UPNCs because of the possible effect of
UPNC concentration on the optical properties of the sample.
For a constant excitation power density of 1700 W/cm?, with
negligible photobleaching, the photoluminescence intensity is
proportional to the number of optically active Er’* ions.
Assuming a constant number of Yb** ions per UPNC for a
given Yb** content, the photoluminescence intensity will be
proportional to the number of excited UPNCs. Thus, the
number of UPNCs is proportional to the number of recorded
photons. In our experiment, the number of UPNCs was
changed by diluting the UPNC solution. Figure 3 shows the
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Figure 3. Dependence of G/R ratio as a function of photo-
luminescence intensity of UPNCs ranging from single nanocrystals
to the bulk sample for all studied Yb** concentrations.

plot of G/R ratio as a function of the photoluminescence
intensity, proportional to the number of UPNCs. In Figure 3,
two regions can be identified, a single UPNC regime (dashed
box), where the UPNCs were separated from each other, and
the ensemble regime (outside the box) where they were
densely packed. As expected from the literature,””*>** the G/R
ratio is affected by the Yb** concentration and its value is
reduced with the increase of Yb** content. From Figure 3, we
can see that the G/R ratio for bulk samples does not depend
on colloid concentration for UPNCs with a high Yb** content
over the wide range of UPNC concentrations. Moreover, it can
be seen that for samples with a high Yb*" content, the G/R
ratio slightly increases when we reach the single-nanocrystal
regime. It is also evident that for low concentrations of Yb** (S
and 10%), the distributions of G/R ratios are significantly
broader than those for higher Yb** concentrations. This effect
is particularly visible for samples with 5% Yb**. The difference
between nanocrystals with a low and high concentration of
Yb** ions is difficult to compare because of the overall low
performance of UPNCs with a high Yb*" concentration;
however, for UPNCs with a 5% Yb*" content, the variation of
the luminescence spectra is evident (Figure S2).

Generally, we observed a trend where the lower Yb**
concentration leads to the bigger spread of the obtained
results. This can be explained by the fact that synthesis of
UPNCs with a low Yb* concentration requires a low
concentration of the precursor that might lead to unequal
distribution of the ions in the reaction mixture and uneven
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Figure 4. Influence of excitation light power density on G/R ratio of the UPNC photoluminescence for single UPNCs (a) and ensemble of UPNCs
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Figure S. (a) Example of photoluminescence spectra of UPNCs with schematically illustrated G, G,, G,, and R spectral regions. (b) G/R ratio as a
function of temperature. (c) Comparison of G,/G, ratio dependence on the temperature for different Yb** concentrations.

uptake of Yb** ions during the formation of new nanocrystals.
This result also indicates that synthesis of UPNCs with a low
Yb** concentration and homogeneous optical properties is
challenging. Such heterogeneity explains our previous results,
where the optical properties of UPNCs with a Yb®*
concentration <10% often did not follow the general trends
with the change of the Yb*" concentration. This is also in
agreement with the results shown in Figure 2, where the
UPNCs with a higher Yb*" content seem to be much more
homogeneous from the point of view of their optical
properties. However, in this case, the lack of optical
homogeneity over UPNCs is not related with variation in
the Er’* local crystal field but must be related to either a
different ion—ion configuration or different Er’* ion coupling
to the nanocrystal surface from one nanocrystal to another.
Nevertheless, except these mentioned options, variation from
nanocrystal to nanocrystal could be responsible for the
observed spread in values of G/R ratio, but other external
factors might have their contribution. These could be variation
of excitation power density and local temperature. In highly
dense samples that were not employed in our study, laser-
induced heat dissipation could have a noticeable influence.
Also, the number of delivered photons per second to the
nanocrystal film could vary from sample to sample because of
the multilayer geometry of the samples.

Next, we investigated the influence of the excitation power
density on the optical properties of UPNCs. As previously

26540

mentioned, two experimental regimes were taken into
consideration, single UPNCs and an ensemble of UPNCs. In
the first case, the colloid was highly diluted, resulting in a
nanomolar concentration that allows imaging and identifica-
tion of individual nanocrystals. The sample at the ensemble
level was prepared from the stock solution of a micromolar
nanocrystal concentration which led to a continuous
distribution of UPNCs over the substrate surface. The results
are shown in Figure 4a,b. Every point on the plot is the result
of averaging of 10 photoluminescence spectra for a given
colloid concentration and the excitation light power density.
Thus, the given errors reflect the distribution of results
measured from UPNC to UPNC. Each of the luminescence
spectra was recorded for different nanocrystals or in the bulk
sample, and every spectrum was recorded for different laser
spot positions. The excitation light was focused on the
diffraction-limited spot positioned at the UPNC of interest. In
our experiment, we were able to record the photoluminescence
spectra with the excitation light power density from 700 up to
1800 W/cm?. For both the single-UPNC and UPNC ensemble
samples, we did not observe any statistically significant
difference in G/R ratio in the range of investigated excitation
light power densities. Thus, we excluded the impact of
variation in excitation power density as the origin of the spread
in obtained G/R values shown in Figure 4.

Two facts are worth to be underlined at this point. First, in
microscopic experiments, the excitation power density
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delivered to UPNCs can be precisely determined, whereas for
macroscopic measurements in a cuvette, it is a very difficult
task. Second, when performing the microscopic experiments as
a function of the excitation power density, the effect of
increased local temperature must also be considered. To verify
the influence of the temperature on the G/R ratio, the
macroscopic sample was deposited on a glass coverslip and
heated with a hot air gun (Figure S3). The UPNCs were
excited with a 980 nm laser, operating with the lowest possible
excitation output power. The sample temperature was
monitored with a thermographic camera (Figure S4). The G,
G), G,, and R parameters are the results of the integration of
the emission bands as indicated in Figure Sa. The G/R ratio for
UPNCs with different Yb** concentrations is shown in Figure
Sb. For concentrations of 15, 20, and 30%, the G/R ratio does
not change with the increase of the temperature. However, for
Yb** concentrations of 5 and 10% (the black curve and red
curve, respectively), the G/R ratio slightly increased with the
temperature increase. To check the temperature increase, we
plot the dependence of G,/G, ratio as a function of
temperature (Figure Sc). As expected, the ratio increases
with the increase of local nanocrystal temperature,***>*¢

The effect of sample heating is a big concern in most of the
practical applications. On the other hand, as shown in Figure
S¢, the G,/G, ratio could be a good indicator of temperature
increase. Therefore, we investigate whether in our experimental
configuration the use of high-power lasers leads to the
accumulation of heat and the increase of the local temperature.
Figure 6 shows the G,/G, ratio of single UPNCs with different
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Figure 6. G,/G, ratio of single UPNCs as a function of the laser
power density for different Yb®* concentrations.

Yb** concentrations as a function of laser power density. The
results indicate that with the studied power density range, the
sample temperature was constant. However, this might be
different for UPNCs embedded in a thick polymer film or
biological tissue, where higher scattering and absorption occurs
for a 980 nm excitation wavelength. In such a case, optical
power might be transformed to heat and increase the sample
temperature. In our case, nanocrystals were dispersed in
hexane that immediately evaporates, leaving bare nanocrystals
on the glass substrate. Nonetheless, based on our experimental
results, we can conclude that the influence of local temperature
increase produced by laser power on the results shown in
Figure 4 is marginal.

Based on our reported results, we can exclude the impact of
uncontrolled experimental conditions on the spread of
recorded G/R values shown in Figure 3. We can assume that
the observed results are either due to variation of local ion
configurations (different clusters) from nanocrystal to nano-
crystal or due to different coupling of ions to nanocrystal
surface ligands or defects, which is schematically illustrated in
Figure 7. In the case of high Yb®* concentrations, the specificity
is removed through the effect of averaging that results in
homogeneous properties of individual nanocrystals.

B CONCLUSIONS

We systematically studied the influence of experimental factors
such as excitation light power density, UPNC concentration,
temperature, and nanoparticle composition (different Yb**
concentrations) on the photoluminescence spectra of the
NaYF,:Yb*" ,Er** nanoparticles. Because of the possible effect
of ensemble averaging, we performed experiments on both the
single and ensemble levels. We have observed a big spread in
the local crystal field for particles with a low Yb3*
concentration. Additionally, we found that the G/R ratio of
these samples increases as a result of heterogeneity of Yb*"
content as well as unequal ion distribution within a single
nanoparticle. Although a low Yb®" content resulted in the
highest G/R ratio of NaYF,:Yb*" Er’*, UPNCs with a low Yb*"
concentration are not recommended for practical applications
because of nonuniform distribution of Yb*>* ions and thus low
reproducibility of the synthesized nanocrystals. For both the
single-nanoparticle and nanoparticle ensemble samples, we did
not observe any measurable effect on G/R ratio for the
investigated range of excitation power densities. Also, we did

a) Low Yb* content

local
crystal
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ligands separate
ion
icluster

b) High Yb* content

of ions

Diversity in optical properties
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Figure 7. Low content of Yb*" ions led to a specific Er’** composition (vicinity of ligands, various local crystal fields, and the formation of clusters)
and diversity in optical properties of single UPNCs (a); with the increase of Yb** content, the overall ion distribution in UPNCs becomes uniform

(b).
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not find any significant change of G/R ratio for the
temperatures changing from 25 to 100 °C. This finding
could be important in biological systems where the absorption
of near-infrared light leads to heat accumulation and a local
increase of temperature.

B MATERIALS AND METHODS

Synthesis of Core NaYF,:Yb3',Er** Nanocrystals.
NaYF,:Yb* Er** nanoparticles with different Yb** concen-
trations were prepared according to previously published
reports.”' >’ To obtain NaY(78%)F,:Yb>*(20%),Er**(2%)
nanoparticles, 1 mmol of lanthanide chlorides, that is, YCl,
(0.78 mmol), YbCl; (0.2 mmol), and ErCl; (0.02 mmol), was
mixed with oleic acid (6 mL) and octadec-1-ene (15 mL) in a
100 mL three-neck round-bottom flask. The mixture was
slowly heated to 160 °C, where it was kept for 30 min with
stirring under an argon atmosphere to form a homogeneous
solution. The mixture was cooled down to room temperature;
a methanolic solution of NaOH (4 mmol) and NH,F-HF (2.5
mmol) was added dropwise, and the mixture was slowly heated
to 120 °C under an argon atmosphere until methanol
evaporation. Finally, the mixture was heated to 300 °C and
kept at this temperature for 1.5 h. After cooling down to room
temperature, the NaYF,:Yb**,Er’* nanoparticles were precipi-
tated by acetone (10 mL), washed with ethanol three times,
and redispersed in hexane.

Optical Imaging and Spectroscopy Measurement.
Fluorescence microscopy measurements were performed on a
custom-built optical setup. It is a conventional widefield
fluorescence microscope equipped with a pigtailed 980 nm
CW laser with a nominal output power of 500 nm. Excitation
light was directed toward the sample with an oil immersion
objective (Olympus, NA 1.3, 100X). Luminescence was
collected in the back reflection mode with the same objective.
The excitation light and photoluminescence of the sample
were separated with a dichroic mirror (Chroma, ET750sp).
Depending on the measurement mode, the emitted light was
reflected toward the monochromator (Horiba, iHRS50)
equipped with a CCD camera (Horiba, Symphony SII) or
focused on an imaging detector (EMCCD, Photometrics
Cascade 512B). Photoluminescence spectra as a function of
the sample temperature were recorded on a custom-built
photoluminescence setup equipped with a fiber-coupled
spectrometer (Ocean Optics, USB4000). The temperature
was monitored using a photothermal camera (CompactPRO,
Seek Thermal).
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