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The intensity of upconversion luminescence depends nonlinearly on the excitation intensity.
The aim of this work is to study the effect of the temperature of NaYF,:Er,Yb upconversion
particles on the dependence of the luminescence intensity on the excitation intensity. The syn-
thesized particles were observed to have the shape of a hexagonal prism with a width of about
440 nm and a height of 445 nm. The upconversion luminescence spectra were obtained in the
temperature range of 22—55° C with the excitation intensity in the range of 1.5-9.4 W/cm?. The
obtained results show the green-band luminescence photons can be generated by means of
two-step and three-step mechanisms: the contribution of these mechanisms depends on the
temperature of the particles. As the temperature increases, the contribution of the three-stage
mechanism of green luminescence excitation is enhanced.
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Introduction

Upconversion particles have great potential for application in various
fields due to their luminescent properties [1, 2]. They luminesce in the
visible range when excited by near-infrared laser radiation. One of the
most promising upconversion particles is NaYF, : Er,Yb [1].

Various mechanisms are involved in the generation of upconversion
luminescence (UCL), such as ground-state absorption (GSA), excited-state
absorption (ESA), energy transfer upconversion (ETU), cross-relaxation,
non-radiative relaxation (NRR), and photon avalanche. Figure 1 shows a
diagram of the energy levels of Er** and Yb3" ions, which demonstrates
how the donor-acceptor pair determines the spectral range of luminescence
and excitation.

The intensity of upconversion luminescence depends nonlinearly on
the excitation intensity [2—4] and can be expressed as follows:

Iye o Ip", (1
where [~ is the UCL intensity, /, is the excitation intensity, 7 is the number
of photons of the exciting radiation required for obtaining one photon of

UCL. The n coefficient is determined by the entire set of processes that
contribute to the formation of UCL. Representation of the dependence
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Fig. 1. Diagram of energy transfer from the Yb>* donor ion
to the Er** acceptor ion and the formation of upconversion
luminescence

expressed by Eq. (1) on a double logarithmic scale is
linear over a limited range and is useful for determin-
ing the value of » for individual luminescence bands
and analyzing the effectiveness of the upconversion
mechanisms [5, 6]. The slope of the approximating
lines corresponds to the value n of the stepwise ex-
citation process expressed by Eq. (1).

A theoretical justification has been given in re-
port [5] for vary the value of n at different excitation
intensities, provided that the absorption coefficient
does not depend on the laser intensity and the sample
is not heated by the exciting radiation. The low-
intensity excitation corresponds to n = 2 for the red
and green regions of the upconversion luminescence
spectrum. The value of n decreases (and may not
be an integer) as the intensity increases due to the
competition between the processes of non-radiative
deactivation and the subsequent excitation of the
intermediate states. Saturation is observed at high
intensity, and n = 1 for all bands, i.e., the dependence
of the luminescence intensity on the excitation inten-
sity becomes linear [2]. This is because the number of
ions in the intermediate metastable states approaches
equilibrium. The extra energy translates the ions
into higher energy states. At intermediate intensi-
ties, there is a complex interaction of energy trans-
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fer, cross-relaxation, and non-radiative transitions.
The proposed model incorporates the predominant
mechanisms, namely GSA, ESA, and ETU, involved
in the formation of UCL. This explains the possible
deviation of the experimental values of # from those
predicted by the model [6]. For example, the value
n > 2 (three-step generation of green luminescence)
can be explained by the non-radiative relaxation
2H1 125 4S3 n— 4F9 1> leading to the additional popu-
lation of the 4F9 ,» state. At a high population level
of *Fy,, *Fy, — %G, electrons can be excited by
energy transfer from the Yb>" ion (2F5 n— 2F7 ) [7,
8]. Note that in extensive studies of the dependence of
the luminescence intensity on the excitation intensity,
the effect of temperature on the mechanism of lumi-
nescence formation has not been fully investigated.

The study of vary in the n value under various
conditions is important, since it allows us to analyze
the changes in the mechanisms of formation of the
upconversion luminescence. Knowledge of these
mechanisms makes it possible to purposefully predict
the vary the spectral characteristics of the lumines-
cence when the host material of particles, the excita-
tion intensity or the temperature of particles changes.
The aim of this work is to study the effect of the
temperature of NaYF,:Er,Yb upconversion particles
on the dependence of the luminescence intensity on
the intensity of the exciting radiation.

Materials and methods

We have synthesized the NaYF,:Er,Yb up-
conversion particles using the standard hydro-
thermal method [9]. For the synthesis sodium
citrate for restricting the crystal growth, aqueous
solution of sodium fluoride as a fluorinating agent,
aqueous solution of rare earth metal chlorides
(Y/Yb/Er = 80/17/3) were used.

The synthesis was performed at a temperature
of 160° C. The obtained particles were coated with
SiO, shell and then subjected to additional heating.

The structure of the crystal lattice of the particles
was determined using the ARLX’TRA X-ray phase
analysis device (Thermo Fisher Scientific, USA)
and the Jana2006 program. The diffractograms of
the samples demonstrated the hexagonal B-phase of
NaYF,: Er,Yb particles.

The size and shape of the particles were deter-
mined using scanning electron microscopy by em-
ploying a MIRA 2 LMU microscope (Tescan, Czech
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Republic). The synthesized particles demonstrated
the shape of a hexagonal prism with a width of about
440 nm and a height of 445 nm.

In order to study the effect of the particle tem-
perature on the intensity and shape of the lumines-
cence spectrum, a 12-um-thick cellulose acetate film
containing the particles was prepared. This ensured a
uniform distribution of the particles in a thin layer and
minimized the effect of radiation scattering on the par-
ticles. For obtaining the upconversion luminescence
spectrum of the synthesized NaYF ,:Er,Yb particles,
the setup and method described in our previous work
[10] were used. This helped in minimizing the data
distortion, including that occurring due to heating by
the exciting radiation. The UCL spectra were obtained
in the temperature range of 22—55 °C with the excita-
tion intensity in the range of 1.5-9.4 W/cm?.

Results and discussion

From experimental data, the luminescence inten-
sity of was calculated as an integral of the intensity
by wavelengths for a corresponding band in range
of this band (for the green 510-560 nm) and for the
red 630-680 nm). Figure 2 shows an example of
the dependence of the intensity of the green and red
luminescence bands on the excitation intensity at a
particle temperature of 22° C. As excitation intensity
increases, the luminescence intensity grows non-line-
arly when represented on a double logarithmic scale.
This dependence is consistent with the theoretical
models on the mechanisms of the formation of UCL
described in well-known works [3, 4].

Figure 3 shows the dependence of the obtained
slope of the approximating lines on the particle
temperature in the region of low and high excitation
intensity of the luminescence bands. At low intensity,
the value n > 2 can be explained by an increase in
the probability of the non-radiative relaxation 2H1 12>
4S3 n— 4F9 /> leading to an additional population of
the 4F9 , state and the requirement for three photons to
excite the UCL of the green radiation range. In other
words, the green-band luminescence photons can be
generated by two-step and three-step mechanisms,
and the ratio of the contributions of these mechanisms
depends on conditions such as the temperature of the
particles. Two- and three-step mechanisms for gener-
ating green luminescence represent a corresponding
series of transitions:

n=2:4, (GSA) — 1, (ESA) —
- 41:7/2 (NRR) — 2H11/2’ 483/2 (UCL) — 4115/22

n=3:,(GSA) - *,;, NRR) —
— 13, (ESA) — *Fy, (ESA) — %Gy, (NRR) —
— %F;, (NRR) — H, . 483, (UCL) — I,),.
It is worth noting that all the ways of red Iumi-
nescence formation are two-step, so a possible change

in the mechanism of luminescence formation is not
accompanied by a change in the value of n:

n=2:%,5, (GSA) — “1,,, (ESA) —
— %7, (NRR) — Fy, (UCL) — I ;

n=2:%,(GSA) - *I,;, (NRR) —
— *13,(ESA) — *Fy, (UCL) — ;5.

—=—gr1
——red

Luminescence intensity (r.u.)

N
N

4 5 6 7 8910

Power density (W/cm?)

Fig. 2. The dependence of the integral luminescence intensity on the excitation
intensity at a temperature of 22°C, presented in a double logarithmic scale
(color online)
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Fig. 3. Dependences of the slope of the approximating lines (n values) on
the temperature of the particles in the low and high excitation intensity
(color online)

From the results obtained, it is observed that
as the particle temperature increases, the value of
n enhances for the green luminescence bands. At
high excitation intensity, a stronger change in the
value of n is observed, up to 16% (with an increase
in temperature from 30° C to 50° C), whereas at
low intensity, it is up to 6%. As the temperature
increases, the probability of the non-radiative relaxa-
tions grows. An increase in the transition probability
*1,,, (NRR) — 1, , leads to an enhance in the contri-
bution of the three-stage mechanism of luminescence
excitation. The value of n for the red luminescence
band varies within the error range and does not depend
on the particle temperature.
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BnusiHue TeMnepaTtypbl ankKOHBEPCUOHHbIX YaCcTuL,
NaYF,:Er,Yb Ha dopmupoBatue NIOMUHECLeHLMM
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VIHTEHCMBHOCTb ankOHBEPCUOHHON NIIOMUHECLIEHLIMM HENIMHEIHO 3a-
BMCMT OT WHTEHCUBHOCTM BO30YXaloLero nanyyeHus. Lienbio aaH-
HOW paboThl IBNSIETCS UCCNEN0BAHME BAMSIHUS TEMMNEPaTypbl ankoH-
BEPCMOHHbIX yacTuy, NaYF,:ErYb Ha 3aBMCMMOCTb UHTEHCUBHOCTY
TIOMUHECLIEHLIMM OT MHTEHCMBHOCTW BO30YXAAIOWLEr0 W3NyyeHus.
CWHTE3MPOBAHHBIE HAMM YacTULLI UMENN GOPMY LIECTUMPAHHON

MPU3MbI LWIMPUHON 0Kono 440 HM u BoicoToi 445 HM. Peructpaumio
CMEKTPOB ankOHBEPCUOHHOI IIOMUHECLIEHLMM NPOBOLAMAM B Mana-
30He Temnepatyp 22—55° C npu UHTEHCMBHOCTK BO30YXAAIOLLETO
u3nyyenns B avanasode 1.5-9.4 Br/cmZ COrnacHo mony4eHHbIM
[aHHbIM OTOHbI 3€M1EHOM MIOMUHECLEHLMM MOTYT GOPMUPOBATLCS
B pesynbrare [IBYX- U TPEXCTYNEeHYaTbiX MEXaHU3MOB, NPUYEM CO-
OTHOLUEHWE BKNAaf0B 3TWX MEXaHM3MOB 3aBMCUT OT Temreparypa
yacTuy,. C NOBLILIEHNEM TEMNEPATYPbl YBENNYNBAETCS BKNAL TPEX-
CTYMEHYaTOr0 MexaHn3Ma Bo30YXAeHNs 3eNEHOMN MIOMUHECLIEHLN.
KnioyeBble cnoBa: ankOHBEPCUOHHbIE YACTWLbl, ankOHBEPCU-
OHHa$! MIOMUHECLLEHLINS.
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