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Influence of the intensity of exciting radiation on the luminescent
properties of nanopowders NaYF,:Yb/Tm
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Introduction

In recent times nanodispersed luminophores based on
lanthanide ions have become popular due to the possi-
bility to implement for them the mode of upconversion
luminescence under infrared excitation [1]. This provides
great opportunities of their use as coding elements [2],
photovoltaic devices [3], security printing technology [4],
thermometry [5-7], improvement of solar panel perfor-
mance [8] and in biomedical applications [9-13].

There are several approaches to obtain upconversion
luminescence. In the most simple case only one optical
center is engaged, that successively absorbs two (sev-
eral) photons. This method requires high intensities of
irradiation (because of small cross-section of two-photon
processes), for example, the use of expensive picosecond
and femtosecond pulse lasers [14]. An alternative approach
is to use nonradiative energy transfer from one center
to another luminescence center. Implementation of this
approach is based on substances composed of inert matrix
doped with two different rare-earth ions (REI). One of
them (the sensitizer), with a large absorption cross-section,
absorbs the excitation infrared radiation and then transfers
the excitation to another ion (the activator) that possesses
intense luminescence in visible range. The role of sensitizers
is often played by ions of ytterbium, while ions of thulium,
erbium or holmium are used as activators [3,5,6,11,15,16].
The role of inert matrices is often played by substances
with crystalline structure of gagarinite type: NaYF4 [15,16]
or NaGdF, [17].

Luminescent properties of upconversion luminophores
depend on many parameters: intensity of excitation radi-
ation [18,19], temperature [5-7], ratio between concentra-
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tions of activator and sensitizer ions [3,11,15,20,21] and the
medium where radiating nanoparticles are located [22]. One
of the most important among these factors is the intensity of
excitation radiation, because the formation of upconversion
luminescence is a result of several complex processes taking
place during the energy transfer from one type of ions to
another. This results in a complex nonlinear behavior of
the dependence of luminescence intensity on the intensity
of pumping [18,19).

It is found that the efficiency of anti-Stokes lumines-
cence is defined by rates of two competitive processes:
nonradiative energy transfer from the sensitizer ion to an
intermediate metastable level of the activator ion and the
rate of linear decay of this intermediate level [18,19]. In
this case, generally the curve of luminescence intensity as a
function of pumping power P in the region of low pumping
intensity values is described by the P" function, where
n is the number of absorbed photons of pumping required
for the upconversion luminescence from the given energy
level. With increase in pumping intensity this dependence
becomes weaker, down to P! [19]. With higher intensities of
pumping (tens of W/cm?) in real systems it is even possible
to achieve the effect of luminescence saturation, when
slope of the curve of luminescence intensity as a function
of pumping intensity in double logarithmic coordinates
becomes less than 1 [23].

It should be noted that upconversion luminescence
spectra of such ions as erbium, thulium and holmium
are composed of a set of bands, each requiring different
quantity of pumping photons to obtain a signal. A change
in pumping intensity results in change in relative intensity
of the spectral bands. This opens up opportunities for a
smooth controlled resetting of luminescence color, which
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is of major importance for the creation of new radiation
sources [24-26].

The nonlinear behavior of dependence of upconversion
particle luminescence intensity on the pumping power
makes it possible to reduce the size of luminescent
spot in the investigations using the method of lumines-
cent microscopy and, in fact, to overcome the diffrac-
tion limit [27]. In this case, the bigger is the num-
ber of pumping photons required for excitation of the
given luminescence band, the better is lateral resolu-
tion [27].

The nonlinear behavior of the dependence of upcon-
version particle luminescence intensity on the pumping
power is manifested through the fact that the quan-
tum yield of upconversion luminescence is also nonlin-
early dependent on the pumping intensity [28].  This
makes it difficult to discuss the quantum yield with-
out connection to the pumping intensity. This sit-
uation hampers the characterization of samples and
comparison of results obtained in different experi-
ments.

It can be said that the investigation of dependencies of
upconversion luminescence intensity of different substances
makes it possible to estimate the contribution of particular
photophysical processes running under optical excitation,
as well as expands the possibilities of their practical
use. It should be noted that the authors failed to find
in literature the investigation results for the dynamics
of optical absorption of REI nanopowders and potential
saturation of the absorption in the case of continuous
excitation mode and relatively low pumping intensities. It
is evident that such studies can provide additional informa-
tion to understand the processes running in nanopowders
with REIs.

In this study we investigated luminescence inten-
sity dependencies of suspensions of B-NaYF,:Yb*+/Tm3+
nanoparticles in DMSO on the pumping power den-
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Figure 1. X-ray pattern of S-NaYF,:Yb*"/Tm>" sample.
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Figure 2. Distribution of particles by sizes according to the DLS
data.

sity under continuous laser excitation in the range of
3.5-169.2 W/em”.

Materials and methods

Synthesis and sample characterization

We used suspensions of f-NaYF;: Yb3*/Tm3* nanoparti-
cles in DMSO as study subjects. The choice of thulium ions
as activators is grounded primarily on the fact that thulium
has an intense band of luminescence in the transparency
window of biological tissue (800nm). This makes the
investigated suspensions promising in terms of biological
applications.

B-NaYF;:Yb**/Tm3** nanoluminophores were synthe-
sized by solvothermal method in accordance with the
procedure described in [6,29]. We used for the synthesis:
acetates of yttrium, ytterbium, thulium (99.99%, by Lanhit,
Russia), oleic acid (pure grade, by Chimmed, Russia),
octadecene (90%, by Sigma Aldrich), NaOH and NH4F
(chemically pure grade, by Lanhit, Russia), methanol (extra
pure grade, by Chimmed, Russia), ethanol, chloroform
and DMSO (chemically pure grade, by Chimmed, Russia).
Concentration of ytterbium was 18.0 mol%, concentration
of thulium was 1.0 mol%. Concentration of nanoparticles in
the prepared DMSO suspensions was 1g/l. X-ray pattern
of the nanoparticle powder was recorded by a Bruker D8
Advance diffractometer with CuK,-radiation (Fig. 1). Unit
cell parameters (a = 5.9728(3) A, ¢ = 3.5153(2) A) were
calculated using TOPAS software. They are in line with the
data for the undoped sample of NaYF, from the database of
JCPDS 16-0344: a = 5.96 A, ¢ = 3.53 A. No any additional
reflexes were detected, which indicates the synthesis of a
single-phase sample. The size of coherent scattering area
was 15.3(2) nm.

Sizes of nanoparticles in suspensions were measured
by the method of dynamic light scattering (DLS) using
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Malvern Zetasizer Nano ZS. Average size of aggregates
was 36.4nm (Fig. 2).

The luminescence spectroscopy of suspensions
B-NaYF,;:Yb3/Tm3*t in DMSO

To excite a signal of upconversion luminescence, a contin-
uous diode laser was used (with a wavelength of 980 nm).
Maximum intensity of radiation was 169.2W/cm?  To
achieve smooth change in the intensity of excitation radi-
ation, a Thorlabs NDC-500-2 filter with variable absorbance
was used. Power of the laser radiation was controlled using
an OPHIR thermoelectrical power meter. Samples were
probed in a 90-degree geometry of the experiment in a
standard quartz cuvette (10 x 10 x 50mm). The recording
system was composed of an Acton 2500i monochromator
(with a focal distance of 500 mm, diffraction grating of
900 lines/mm) and a CCD-camera (Horiba Jobin Yvon,
model Syncerity). To suppress the signal of elastic scattering
at a wavelength of 980 nm, a blocking interference filter was
used.

The luminescence spectrum of S-NaYF4:Yb3*/Tm3*
suspension is composed of a set of bands of different
shapes and intensities, that correspond to the following
transitions: 3H; — *Hg (800nm), !G4 — 3Hg (470 nm),
1D2 — 3F4 (450nm), 1G4 — 3F4 (650nm), 3|:3 — 3H6
(690 nm) (Fig. 3).

We investigated the luminescence bands with peaks
at 800, 470 and 450nm. This choice was dictated by
the considerations of potential practical applications of
suspensions. The band in the region of 800nm (the
most intense in the spectrum) is located in the ,trans-
parency window® of biological tissue, which is of interest
for biomedical applications, and bands in the region of
470/450 nm correspond to transitions from thermal-bonded
levels, which opens the possibility to develop a nanosensor
to detect temperature of local environment of nanoparticles.
In this study we used a continuous mode of luminescence
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Figure 3. The luminescence spectrum of nanoparticle suspension
B-NaYF,:Yb*/Tm*" in DMSO

excitation, and luminescence intensity was determined as
the area (sum of samples) under the spectral curve of a
luminescence band.

It should be noted that DMSO solvent does not affect
the luminescence spectra of nanoparticles, because DMSO
has no luminescence in the anti-Stokes region under the
excitation by radiation with a wavelength of 980 nm.

Results

Dependence of luminescence intensity of
p-NaYF,:Yb3+/Tm3* suspensions on the intensity
of excitation radiation

Luminescence band spectra of suspensions in the region
of 450, 470, 800 nm, recorded by CCD-camera at different
power levels of the excitation radiation, are shown in Fig. 4.

The obtained dependencies of the integral intensity of se-
lected luminescence bands on the intensity of the excitation
radiation are shown in Figs 5—7. The dependencies are
represented in linear and logarithmic scales of the excitation
radiation intensity.

Behavior of the obtained dependencies can be explained
qualitatively taking into account that two types of ions are
always present in a nanoluminophore, ie. activators and
sensitizers. The efficiency of anti-Stokes luminescence is
defined by rates of two competitive processes: nonradiative
energy transfer from the sensitizer ion to an intermediate
metastable level of the activator ion and the rate of linear
decay of this intermediate level.

This mechanism can be described in a simplified way as
follows [28]. The activator is described by a quasi-three-
level model: with ground state 0, intermediate state 1 and
radiating state 2. States 1 and 2 can represent the set
of near energy levels. The activator ion transits from the
ground state to state 1 absorbing the energy transferred by
nonradiative way from the Yb** sensitizer ion. Then the
activator ion transits to state 2 by means of the second
process of energy transfer. The subsequent emission of a
photon with anti-Stokes luminescence occurs due to the
transition from the second excited state to the ground state.

Behavior of the anti-Stokes luminescence intensity de-
pending on the intensity of laser excitation can be described
by the following system of kinetic equations [19]:

dN N
d:bl — 0pNypo — —21 =0, (1)
dN N
d—IZCONoNYbl—ClNlNYbl——IZO, (2)
t 7]
dN2 N2
——= =Ci{N{Nyp; — — =0, 3
pm tNiNyor = = (3)
where Nypo, Nyp; — populations of the ground and

excited states of the Yb** ion, respectively; No, Ni, N —
populations of the ground, the first, and the second
excited states of the activator ion; o — absorption
cross-section of the Yb’* ion; p — excitation photon
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Figure 5. Dependence of integral intensity of the luminescence band at 800 nm on the intensity of excitation radiation (on the left — in
linear scale, on the right — in logarithmic scale, with approximations).

flux, which is linearly related to the intensity of ex-
citation radiation; 7; and 7, — lifetimes of levels 1
and 2 of the activator ion, including the contributions
of radiative and nonradiative mechanisms of relaxation;
Twp1 — lifetime of the excited state of the Yb3t ion;

43 Optics and Spectroscopy, 2022, Vol. 130, No. 6

Co,Cy — constants of the rate of processes of nonradia-
tive energy transfer from the Yb** ion to the activator
ion.

In this model the decay of the excited state of the
ytterbium ion (*Fs;2 (Yb3")) caused by the energy transfer
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to the activator ion can be neglected, because the rate of
this process is much less than the rate of the linear decay
of this level. Due to the same reason the contribution to
the decay of the activator ion level 2 from the process of
energy transfer to higher levels is not considered. With these
assumptions the expression for the population of the 2Fs)»
(Yb**) level is as follows:

Nyb1 = Tyb1 0 Nybo 0. (4)
Then, the dependence of intensity of anti-Stokes lumines-
cence stationary radiation from state 2 is as follows

N,

rad
T

T.

: . )

% + Ciryp10Nybo 0

CoclT‘?b 1 (%) N()hUO'zN%{bOp2
| = =

where Tzrad — radiative lifetime of state 2, h — the Planck
constant, v — anti-Stokes luminescence radiation frequency.

For improved readability, the data is usually represented
in a double-logarithmic scale. In the framework of the
developed models of upconversion luminescence formation,
the slope coefficient k of the curve of luminescence
intensity dependence on the intensity of excitation indicates
the multiphoton nature of the excitation of anti-Stokes
luminescence radiation. This slope coefficient can be
described mathematically as a derivative of logl with
respect to logp, ie.

K= dlogl 1

- legp - 1+T1C1TYb10'NYb0p‘

(6)

Then, according to (6), at a low intensity of the excitation
radiation, when the linear decay of the intermediate level of

Optics and Spectroscopy, 2022, Vol. 130, No. 6
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Slope coefficients of luminescence intensity dependencies on the intensity of excitation radiation

Band of 450 nm Band of 470 nm Band of 800 nm
Intensity Slope Intensity Slope Intensity Slope
of pumping, W/em? coefficient of pumping, W/em? coefficient of pumping, W/em? coefficient
5.1-12.8 2.94-0.25 5.1-11.3 2.65—-0.24 3.5-17.6 1.96—0.04
16.7—145.6 2.63-0.03 13.1-144.9 1.89-0.01 21.6—-117.9 1.44-0.01
147.2—169.2 1.01-0.16 152.8—169.2 0.94—-0.04 119.7—-169.2 1.24—-0.04
the activator ion prevails over the process of energy transfer /"‘a A Ip,
from the sensitizer ion, i.e. when Til > C17yp10Nypo o, the I/ i
slope coefficient k is equal to 2, which indicates a quadratic / : §
dependence of the anti-Stokes luminescence intensity on '/ ! 5
the excitation intensity, while at high excitation intensities, K ey : |
when the energy transfer from the sensitizer ion plays a ," / A Gy
considerably more important role, the curve has a slope of ',' /I 1 gl s
1, i.e. a linear dependence on the excitation intensity takes ! ,,' ] g g
place. In the intermediate range the slope coefficient varies /’ ! N H SIS
gradually from 2 to 1 as the excitation intensity increases. It ,',:' '/' "_A — iF p)
should be noted that in the ,,balancing point* :",'l ,,' ! v: 3F 3
1 i T E 4
= (7) [ N B =
71C17yb10 Nybo 2Fs) — ! g
the rate of nonradiative energy transfer and the rate of linear i ¢v= \ 4 \ 4 §g5
decay contribute equally into the decrease in population of ! H g 4
level 1, ie. Ti =Cityp10Nypop. Then the curve has a : : S
slope of 1.5. 2Fy AN 1 XV V 3H,
Yb3 Tm3"

In each of obtained dependencies of the integral intensity
of luminescence band on the intensity of excitation radiation
we have distinguished three sections differing by slope
(Figs 5—7, right). The data was approximated for different
sections of intensity curves by the least-square method for
linear regression. At each step of the approximation the
average error of the approximation was calculated, and an
increase in this error signaled the need to proceed to the
approximation of the next section of the selected curve. For
each region of the intensity curve the slope coefficient was
calculated in a logarithmic scale. Results are presented in
the table.

For band of 800 nm, at a low pumping power density the
slope is approximately equal to 2, i.e. Til > Ci7yp10 Nypo o,
and in the given range of intensities the linear decay of
the intermediate level of the activator ion prevails over the
energy transfer from the sensitizer ion. With high intensities
the slope is approximately equal to 1, which indicates that
the major role is played by the energy transfer from the
sensitizer ion. The intermediate region with a slope of
about 1.5 corresponds to the situation when both processes
provide approximately equal contributions.

As can be seen, the dependencies for bands in the
region of 450 and 470 nm have more complicated behavior
(Figs 6,7). This is related to the fact, that in this case the
thulium ion is to be excited to higher energy levels (Fig. 8).

43* Optics and Spectroscopy, 2022, Vol. 130, No. 6

Figure 8. Diagram of energy levels demonstrating the processes
running at the upconversion luminescence in NaYF;:Yb,Tm

particles.

For this purpose, it is required to engage several excited
states of sensitizer ions (pumping photons).

Thus, for the waveband in the region of 470 nm three
areas can be distinguished — with slope of 2.65, 1.89
and 0.94 (see the table). Similar to the model suggested
for the thulium band at 800 nm, it may be assumed that at
low intensities the linear decay of intermediate energy levels
prevails, and the luminescence intensity is approximately
proportional to the third power of the pumping intensity
(because the excitation of luminescence requires three
pumping photons (Fig. 8)), at high intensities the curve
behavior is defined by the energy transfer from the sensitizer
ion and the dependence is linear. The slope coefficient
of 1.89 corresponds to the intermediate situation when both
these processes have comparable contributions.

For the band in the region of 450nm the situation is
approximately the same with the only difference that in
the range of low pumping intensities it could be expected
that the luminescence intensity is proportional to the fourth
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power of the pumping intensity (in the experiment, a
dependence on the third power was observed). This
mismatching with the theoretical model can be explained by
the fact that it is necessary to take into account the processes
of energy transfer from the sensitizer ion, the linear decays
of several intermediate levels, as well as the radiating
transitions to lower energy states. In addition, it is necessary
to take into consideration the potential contribution of cross-
relaxation between activator ions. The cross-relaxation
is responsible for the concentration extinguishing of the
luminescence, because neighboring ions, one of which being
in an excited state, while another being in the ground state,
exchange the energy in a nonradiative way, usually with
following relaxation of phonons [30,31].

Since to form the luminescence band at 450 nm, the
maximum number of pumping photons is required, it can be
expected that this band is the most sensitive to all processes
running with involvement of active rare-earth ions. As a
result, the biggest mismatch with the adopted theoretical
models can be expected for this band.

Conclusions

Spectra of upconversion luminescence of suspensions
based on synthesized nanoparticles of B-NaYF4:Yb/Tm
in DMSO were investigated. Dependencies of intensity
of three upconversion luminescence bands of thulium
(at 450, 470, 800nm) on the excitation radiation power
density (3.5—169.2W/cm?) were recorded and analyzed.
Ranges of excitation intensity change were identified where
prevailing were either the processes of energy transfer
from the sensitizer ion to the activator ion or the decay
of intermediate levels of activator ion. It is shown that
behavior of dependencies for various spectral bands is
different from each other. The reason for this is the fact
that to excite a luminescence at wavelengths of 450, 470,
800 nm, different numbers of pumping photons are required.
The obtained results are important not only for building up
theoretical models of photophysical processes in the studied
nanopowders, but also for their successful application in
practical biomedical tasks, technologies, etc.
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