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Abstract

The search of material hosts being able to incorporate Er3+ impurities with a ther-

mally stable structure and high melting temperature is priority in optical thermom-

etry. In this work, we report on the structural and spectroscopic characterization of

Er3+–doped and Yb3+/Er3+–co-doped LaGdO3 nanocrystals synthesized via the sol-

gel Pechini method. X-ray diffraction and Raman spectroscopy unequivocally show

that the synthesis method provides nanocrystals with a single-phase B -type monoclinic

structure (space group: C2/m). Intensity decay curves I(t) were measured to investi-

gate the efficiency of upconversion processes yielding green emission. We showed that

an energy transfer upconversion (ETU) process involving Yb–Er pairs governs visible

emission upon NIR excitation. The temperature dependence of the thermalized green

luminescence at 525 nm (2H11/2→4I15/2) and 549 nm (4S3/2→4I15/2) was checked for

thermometric applications in the RT–900 K temperature range. We demonstrate that

the B -type monoclinic phase of LaGdO3 is stable from low temperature up to 900 K.

Doped with Er3+, it shows suitable thermometer capabilities with a maximum sensitiv-

ity of S = 4.3·10−3 K−1 at 554 K, and a relative sensitivity decreasing from its maximum

value at 0 K to SR = 1.2 · 10−2 K−1 at 298 K. The results suggest that LaGdO3 in its

B -type monoclinic phase is a promising material as a wide-range temperature sensor,

without any further surface protection.

Introduction

Lanthanide doped nanophosphors have drawn much attention in the last years regarding

their luminescence properties as they cover a wide range of applications such as solid-state

lasers, LEDs, bio-imaging, photothermal therapy, nanothermometry, IR viewers, etc.1–8 Flu-

orescence thermometry is based on the fluorescence intensity ratio (FIR) technique arising

from two thermalized emitting levels characteristic of certain rare-earth ions like Er3+.9

At variance with thermometers based on transition-metal-ions like Cr3+ (ruby), those us-

ing rare-earth-based FIR are more suitable for thermometry since energy levels are weakly
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dependent on the crystal field and its applicability can be guaranteed in different host ma-

terials. The energy levels of transition-metal ions are, in general, strongly dependent on

the crystal field and luminescence can easily quench by increasing temperature, both effects

limiting their application as optical thermometers only to few materials.10 The most widely

used ion for optical thermometry is Er3+, which 4S3/2 and 2H11/2 thermally coupled levels

provide high luminescence efficiency, good spectral resolution and sensitivity for tempera-

ture measurements.11 Furthermore, its temperature sensitivity can be improved via infrared

(IR) upconversion (UC) excitation of Er3+ since it reduces significantly the luminescence

background -autofluorescence- of biological systems with respect to a direct excitation pro-

cess.12 In addition, it is important in bio-thermometry due to the suitability of IR radiation to

penetrate in biological tissues and minimize radiation damage.13 Moreover, the use of nanos-

tructured hosts broadens the applicability of these materials as they can be incorporated to

other non-optically active materials or biological systems via core-shell functionalization,14

and thus providing them with an in-situ thermometer (temperature control), nanophosphor

(imaging) or local heater (hyperthermia).

Recently, Siaï et al.15 have proposed LaGdO3 as a promising host material for optical

thermometry due to its low-phonon energy, optical inactivity of La3+, and UV emission

of Gd3+. Its structural similarity to NaYF4 foresees this material as an efficient UC host

material provided that it can be stabilised in the monoclinic C2/m phase.16–18 LaGdO3

is advantage with respect to other host materials because of its higher melting tempera-

ture (above 1400 K) and better capability for integration in oxides/glasses. Additionally, it

shows a good lattice mismatch with silicon, what is interesting for electronic thermometry

applications.17

The important role played by the crystal structure in the UC efficiency has been shown

in NaYF4.18 The UC luminescent efficiency of green emission in β-NaYF4: Er3+/Yb3+ phase

is about 10 times higher than in α-NaYF4: Er3+/Yb3+.18,19 Furthermore, the concentration

of optically active doping agents is also directly related to its luminescence efficiency due to

3
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two opposite effects: increasing the Yb-Er-Yb coupled systems favoring UC processes, and

the energy transfer among Er3+ ions yielding green upconversion luminescence quenching20

by cross-relaxation. In Er3+/Yb3+ co-doped systems, investigations devoted to establish

the optimum concentrations of each dopant is crucial to get the best UC efficiencies hence

maximum temperature sensitivity. Optimum doping concentrations of 2% Er3+ and 20%

Yb3+ were found for hexagonal NaYF4 in both α and β phases.18

LaGdO3 belongs to the family of perovskite-type ABO3 compounds, with a big trivalent

cation, A, and a small trivalent cation, B. The former having seven neighboring oxygens that

are coordinated with A ions along x-axes and B ions along y-axes (Fig. 1). Namely, LaGdO3

has a B-type monoclinic C2/m structure (a=14.43 Å, b=3.69 Å, c=9.00 Å; β=100.70◦) at

ambient conditions.16,17

Typically, RE-RE’O3 (RE and RE’ = rare earth elements) binary mixed pervoskite

oxides usually crystallize in three different structures: hexagonal, monoclinic or cubic. The

crystal structure of the formed compound depends on the crystal structure of the starting

compounds RE 2O3 and RE’ 2O3, as well as on the adequacy of the Goldschmidt tolerance

factor:21,22

t =
(rA + rO)√
2(rB + rO)

(1)

where rA is the radius of the A-cation, rB of the B -cation and rO of the anion (in this case

oxygen). t values close to 1 corresponds to cubic perovskite structures, whereas smaller t

values give rise to distorted perovskites, the orthorhombic structure being the most common

one. In LaREO3, the radius difference between La3+ and other RE ions provides t values

far from 1, and all compounds show an orthorhombic structure with the exception of the

monoclinic LaDyO3.23 The use of high-pressure and high-temperature synthesis conditions

favors stabilization of monoclinic phases in perovskite oxides.16,24,25

In this work, we report on the synthesis of LaGdO3 in a monoclinic single phase via

4
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a modified sol-gel method, and its structural characterization by means of X-ray diffrac-

tion (XRD) and Raman spectroscopy. Additionally, we investigate the effect of Er3+ and

Er3+/Yb3+ doping on the crystal structure and their Er3+ photoluminescence (PL) prop-

erties, in particular, those related to the optimum doping concentration for temperature

sensing. UC mechanisms are also investigated through time-resolved spectroscopy.

Experimental section

Synthesis

LaGdO3: x% Er3+ (x = 0.1, 1, 2, 5) and 2% Er3+, 20% Yb3+ nanocrystals were synthesized by

a slightly modified sol-gel Pechini method using La(NO3)3·6H2O (99.9%), Gd(NO3)3·6H2O

(99.9%), Er(NO3)3·6H2O (99.9%), Yb(NO3)3·6H2O (99.9%), citric acid (99%), from Alfa Ae-

sar, and polyethylene glycol 10000 (PEG), from Merck, as starting materials. Stoichiometric

amounts of nitrates were dissolved in distilled water together with citric acid in a 2:1 cit-

rate:nitrate molar ratio and the solution was heated up at 90 ºC under stirring. Then, PEG

was added to the solution and it was stirred for additional 15 min. Finally, the obtained sol

was heated up at 90 ºC for 24 h to form the amorphous gel that was then calcined at 1200

ºC for 8h.

Characterization techniques

Powder XRD was performed using a Bruker D8 Advance diffractometer in the range 5º-80º,

Cu-Kα radiation, a scan step of 0.02º and scan speed of 0.5 º/min.

Raman spectra were acquired in backscattering configuration with a Horiba T64000 Raman

spectrometer equipped with a triple monochromator in the substractive configuration (spec-

tral resolution of 0.6 cm−1) coupled to a confocal microscope. The 488 and 647 nm lines

of a coherent Innova Spectrum 70C Ar+-Kr+ laser were used as excitation sources, and a

liquid-nitrogen-cooled CCD (Jobin-Yvon Symphony) was used as low-noise detector. Tem-

5
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perature dependent measurements in the 298-873 K range were performed with a heating

stage Linkam TS1000 coupled to the T64000 spectrometer, using a 20× objective and a laser

power output of 1 mW on sample. The intensity-to-temperature calibration procedure was

performed by placing the nanocrystals in thermal contact with the temperature controller

during 5 min for each temperature step before collecting the emission spectrum.26

Absorption spectra were acquired in a CARY 6000i spectrophotometer (Varian) in the

200–1700 nm range with an integrating sphere. Luminescence spectra and decay curves were

obtained by exciting the samples with a 980 nm DPSSL externally modulated laser (Shanghai

Laser & Optics Century 160 Co., Ltd) and emissions were analyzed with a spectrofluorimeter

FLSP920 from Edinburgh Instruments using multichannel scaling (MCS) technique.

Results and discussion

XRD structural characterization

Structural studies of both Er3+-doped, Er3+/Yb3+-co-doped and undoped-LaGdO3 powders

are shown in Fig. 2. All XRD patterns were successfully fitted to a B-type monoclinic

crystal structure (space group C2/m) using the FullProf Suite software.27 Lattice param-

eters obtained after Rietveld structure refinement, together with the fitting goodness, are

collected in Table 1. The fitting quality confirms formation of single-phase nanocrystals in

all investigated samples. Besides the B-type monoclinic structure, no evidences of secondary

phases or impurities are detected from powder XRD, within the experimental uncertainty.

The structure (Fig. 1) consists of 7-fold coordinated polyhedra, which are linked to each

other through oxygen-edge sharing. The reported distances between La-O and Gd-O are in

the 2.1-2.9 Å range, with an average value of 2.6 ± 0.3 Å in both cases. Furthermore, the

average distances between metal ions are: La-La 3.8 ± 0.1 Å, Gd-Gd 3.7 ± 0.1 Å and La-Gd

3.8 ± 0.3 Å. Therefore, this structure provides equivalent RE-substitutional and different

interstitial sites for dopant replacement, thus favoring multisite formation.17

6
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Figure 1: Representation of the LaGdO3 unit cell highlighting the La (green) and Gd (blue)
7-fold coordination environments.

Figure 2(a) shows the Rietveld refined XRD pattern of undoped LaGdO3 at room tem-

perature. The simulated profile shows a fairly good agreement with the measured pattern.

The obtained unit cell parameters, a = 14.448 Å, b = 3.694 Å, c = 9.010 Å, β = 100.7◦, agree

with those reported elsewhere.16,17 By doping with Er3+, and doubly doping with Er3+/Yb3+

(Figs. 2 (b-c)), we obtain the same crystal structure –uncollapsed structure– resulting in a

lattice-cell shortening –chemical compression– (see Table 1). This effect is explained by the

lanthanide contraction, where the addition of electrons to the shielded 4f orbitals results in

an increase of the effective nuclear charge yielding decrease of ionic radii.28,29 This lattice

reduction with doping is due to replacement of Gd3+ and La3+ ions by the dopant ions, the

ionic radii of which are smaller than the host ions (Gd3+: r = 1.00 Å; La3+: r = 1.16 Å;

Er3+: r = 0.945 Å; Yb3+: r=0.925 Å).30

Table 1: Lattice parameters and unit cell volume as a function of the nominal
concentration of doped and undoped LaGdO3 samples.

Sample a (Å) b (Å) c (Å) β (º) V (Å3) RB(%)
LaGdO3 14.448(1) 3.694(1) 9.010(1) 100.7(1) 472.5(4) 9.1

LaGdO3: 0.1% Er3+ 14.443(2) 3.696(1) 9.012(6) 100.7(1) 472.7(7) 4.6
LaGdO3: 1% Er3+ 14.459(2) 3.699(1) 9.021(1) 100.8(1) 474.0(4) 5.2
LaGdO3: 2% Er3+ 14.432(1) 3.687(1) 8.998(1) 100.7(1) 470.5(3) 3.9
LaGdO3: 5% Er3+ 14.412(1) 3.678(1) 8.981(1) 100.8(1) 467.7(3) 3.6

LaGdO3: 2% Er3+, 20%Y b3+ 14.375(1) 3.646(1) 8.933(1) 101.0(1) 459.6(5) 9.7

7

Page 8 of 37

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 2: Measured and calculated x-ray diffraction patterns (in red and black, respectively)
together with Bragg peak positions (in green) after final Rietveld refinement of pure LaGdO3

(a), LaGdO3: 2% Er3+ (b) and LaGdO3: 2% Er3+, 20% Yb3+ (c).

Raman spectroscopy

Pure LaGdO3 was also analyzed by Raman spectroscopy at ambient pressure. Group theory

for the monoclinic structure (space group C/2m) allows 42 optical vibrational modes at

Γo point:31 14Ag (R) + 7 Bg (R) + 7Au (IR) + 14 Bu (IR), where 21 are Raman active

(R) and 18 are infrared active (IR). The room temperature (RT) Raman spectrum of pure

LaGdO3 shows 13 out of the 21 active modes (Fig. 3). At low temperatures (90 and 4 K)

8
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additional modes can be observed, like the Ag mode at 256 cm−1 and the Bg modes at 301

and 432 cm−1. Table 2 collects the frequency of the observed vibration modes at 4, 90 and

300 K (RT), together with a tentative mode assignment following Raman results reported

elsewhere.17,32

The main features observed in the Raman spectra at different temperatures are the

following: (i) the low-frequency modes below 270 cm−1 are almost temperature independent

(softening between 2-3 cm−1), with the exception of the 167 cm−1 phonon, which experiences

a hardening of 12 cm−1 upon heating from 4 K to 300 K; (ii) modes with frequencies between

350-475 cm−1 at RT are more intense than the low-temperature ones in comparison to the

low-frequency phonon behavior; (iii) by contrast, broad bands between 500-800 cm−1 are

broader and more intense at low temperatures (4 K); (iv) most of the mid frequency modes

(200 - 450 cm−1) are better resolved at low temperatures; (v) four peaks are resolved at

low temperature, three of them being identified as Ag and Bg modes; (vi) the two broad

bands located around 556 and 681 cm−1 (671 and 677 nm, respectively) do correspond to

luminescence peaks from unintentional Er3+ impurities.32 Actually, their intensity increases

with respect to the Raman peak intensities with increasing Er3+ concentratio in LaGdO3:

Er3+. In addition, these broad bands do not appear in the Raman spectrum taken under

laser excitation at 488 nm, where two new Raman peaks –masked in the 647 nm Raman

spectrum– are now visible at 531 and 637 cm−1. It must be emphasized that an adequate and

complete phonon assignment on the basis of the monoclinic C2/m phase cannot be properly

achieved due to peak broadening and overlap, making the mode analysis hard to accomplish.

Electronic absorption and photoluminescence at ambient conditions

The absorption spectrum of LaGdO3: 2% Er3+, 20% Yb3+ in the UV-VIS-NIR region is

shown in Fig. 4. The characteristic absorption peaks of Er3+ can be identified to f-f intra-

configurational electronic transitions from the 4I15/2 ground state to different excited states:

4I15/2 →4G11/2 (379 nm), 2H9/2 (408 nm), 2F3/2 (446 nm), 2F5/2 (454 nm), 4F7/2 (491 nm),

9
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Figure 3: Measured (in black) and fitted (in red) Raman spectra of LaGdO3 at room temper-
ature (RT), 90 K and 4 K. The spectra were fitted to the sum of Lorentzian profiles centred
around the indicated phonon frequency (in cm−1). λlaser = 647 nm. The Raman spectrum
taken with λlaser = 488 nm is shown on the top (in blue) for comparison purposes. Note that
the broad bands between 500 and 800 cm−1 correspond to red luminescence coming from
unintentional Er3+ impurities.

2H11/2 (522 nm), 4S3/2 (547 nm), 4F9/2 (654 nm), 4I11/2 (979 nm) and 4I13/2 (1537 nm).

The characteristic absorption peak of Yb3+ corresponds to the 2F7/2 →2F5/2 transition and

is located at 977 nm. All peak positions and band widths are comparable with standard

Er3+ and Er3+/ Yb3+ spectra in other host materials.33,34

RT PL spectra, as a function of Er3+ and Er3+/Yb3+ doping concentration, of LaGdO3:

x% Er3+ (x = 0.1, 1, 2, 5) nanocrystals, were measured under 488 nm laser excitation

(Fig.5). The PL spectra show mainly green and red emissions, which are associated with

Er3+ transitions: 2H11/2 → 4I15/2 (525 nm) and 4S3/2 → 4I15/2 (549 nm), and 4F9/2 → 4I15/2

(665 nm), respectively.

Upon blue excitation (488 nm) all samples show a strong green and red luminescence,

except the Er3+(0.1%)-doped sample, where the red luminescence is negligible in comparison

10
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Table 2: Frequency of the observed phonon modes of LaGdO3 (Monoclinic C2/m
phase) at 4 and 300 K by Raman spectroscopy, and their tentative assignment
within the monoclinic structure following results given elsewhere.17,32 lum. refers
to luminescence peaks with emissions at 671 and 677 nm coming from uninten-
tional Er3+– impurities. Raman peaks at 531 and 637 cm−1 were detected using
λlaser= 488 nm.

Phonon freq. (cm−1) Assignment
4 K 300 K
155 167 Ag

179 177 Ag

217 213 Ag

238 237 Ag

256 Ag

270 270 Ag

301 Bg

362 369 Ag

393 392 Bg

410 407 Bg (+Ag?)
432 Bg

531 Ag

556 556 lum.
637 Ag

683 681 lum.

to the green one. Importantly, green luminescence is highly enhanced when increasing Er3+

concentration, with a maximum for LaGdO3: 1% Er3+. Red emission also increases with

Er3+ content and reaches its maximum at 5 mole% Er3+ concentration. When increasing the

doping concentrations above 1%, green luminescence decreases because of cross-relaxation

processes among Er3+ ions are favored, and thus emission takes place from low-lying excited

states. These processes do require overlap between emission and absorption bands between

Er3+ neighbours and are governed by the Er3+–Er3+ interaction, both being very sensitive

to Er3+–Er3+ distances, i.e. Er3+ concentration within a statistical distribution.35

The knowledge of the critical Er3+ concentration for each host lattice is crucial to improve

PL capabilities of the material for applications, particularly, in optical thermometry. Wang

et al. showed that the temperature sensitivity of low concentrated Y2O3: Er3+ increases

11
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Figure 4: Absorption spectrum of 2% Er3+ and 2% Er3+/20% Yb3+ doped LaGdO3 in the
UV-VIS-NIR region. Peak assignment corresponds to Er3+ excited levels (absorption from
the 4I15/2 ground state) –in black–, and Yb3+ excited level (absorption from the 2F7/2 ground
state) –in green–. Insert shows a magnification of the VIS region.

Figure 5: Luminescence spectra of LaGdO3: x mole% Er3+ (x = 0.1, 1, 2, 5) at room
temperature under 488 nm excitation.

almost twice the sensitivity of the same highly doped material.20 Namely, they show that

the optimum doping concentration for achieving best sensing capabilities is 1 mole% Er3+

in the mentioned lattice.

Upconversion PL and Lifetime

RT UC emission spectra of the Er3+- and Er3+/Yb3+-doped LaGdO3 samples under continuos

wave (CW) 980 nm excitation are shown in Fig. 6.
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Figure 6: Luminescence spectra of LaGdO3: x% Er3+ (x = 0.1, 1, 2, 5) at room temperature
under CW 980 nm excitation.

The emission spectra of the LaGdO3: x% Er3+ samples exhibit strong green and red emis-

sion bands, assigned to the 2H11/2 → 4I15/2 (525 nm), 4S3/2 → 4I15/2 (549 nm), and 4F9/2 →
4I15/2 (665 nm) transitions of Er3+, respectively (Fig. 7), reaching the maximum UC emis-

sion for LaGdO3: 1% Er3+. In this case, UC is achieved partly by excited–state absorption

(ESA) and partly by energy transfer upconversion (ETU). For low Er3+ concentrations we

would expect that the GSA/ESA mechanism dominates whereas for highly doped samples

the dominant UC mechanism is mainly GSA/ETU. However, this argument applies if we are

dealing with Er3+ monomers but GSA/ETU mechanism can be efficient even for low Er3+

concentrations if the host lattice preferentially accommodates Er3+ in pairs (dimers).

When exploring shorter wavelengths, we do also observe UC emission bands, associated

with transitions: 4G11/2 → 4I15/2 (383 nm), 2H9/2 → 4I15/2 (410 nm), 4F3/2 → 4I15/2 (446 nm),

4F5/2 → 4I15/2 (457 nm) and 4F7/2 → 4I15/2 (492 nm), such as Fig. 8 shows. Interestingly, the

Er3+/Yb3+ doped sample shows strong UV/blue luminescence under IR excitation compared

to the Er3+-doped sample, pointing out the relevance of Yb3+ in the UC luminescence.

In general, UC processes involving Er3+- and Er3+/Yb3+-doped materials under IR excita-

tion are well-known as it has attracted solid-state spectroscopists due to potential application

in sensing and as IR-to-VIS converters. These systems have been even more investigated in

the framework of nanoscience and nanotechnology due its enormous potential for disruptive

13
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Figure 7: Mechanism of the upconversion processes in Er3+ and Er3+/Yb3+ doped LaGdO3

nanocrystals following 980 nm excitation. The colored solid arrows represent the upconverted
radiative emissions, while curly lines represent non-radiative decays. Black arrows represent
excitation processes. For simplicity some mechanisms and arrows have been omitted.

Figure 8: Luminescence spectra of LaGdO3: 2% Er3+ and LaGdO3: 2% Er3+, 20% Yb3+ at
room temperature under CW 980 nm excitation. Energy levels involved in the transitions
from the excited states to the 4I15/2 ground state are labeled in black.

applications beyond materials science. Biosensing, biomedical and wide-use thermometry

applications are well-known examples.

In the case of Er3+/Yb3+ co-doped samples, it has been established that energy transfer

upconversion (ETU) governs the UC luminescence, due, first, to the large absorption cross-

section of Yb3+ ions compared to Er3+ when exciting with 980 nm photons, and, second, to

the excellent matching resonance between the Yb3+ absorption and two– and three–photon
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absorption of Er3+ excited states.36 Both characteristics make these two coupled ions an ideal

system for UC phenomena. These processes are also favored for high doping concentrations

of Er3+.

Focusing on the thermometric properties, the population of thermalized 2H11/2 and 4S3/2

excited states of Er3+ is due to either a process by which two excited nearby Yb3+ transfer

simultaneously or sequentially the excitation to the excited state of Er3+, or, more efficiently,

via two photon absorption – one exciting one Yb3+ and the neighbour Er3+ followed by a

non-radiative energy transfer (GSA/ETU) from Yb3+ to Er3+.37

These mechanisms are likely responsible for UC in the investigated material, and both

allow population of the excited level 4F7/2 of Er3+ upon IR excitation. Nevertheless, the

latter mechanism is known to govern the UC process in Er3+, Yb3+-codoped materials38 and

is also the main mechanism in Er3+, Yb3+-codoped LaGdO3, resulting in the VIS emissions

at 525 nm and 549 nm (green) and 670 nm (red). The thermometry basis lies on the

thermal equilibrium population of the 2H11/2 and 4S3/2 excited states, which allows us to

determine the temperature from their relative emission intensities (FIR = I525/I549) and their

energy separation, ∆E, that can be spectroscopically determined from the corresponding

emission peak positions. In order to elucidate the role played by each UC mechanism, time-

resolved spectroscopy is a suitable technique as these processes exhibit a different excited

state dynamics.

The time-dependence fluorescence decay curves I(t) of 4S3/2 and 4F9/2 levels of Er3+,

for the LaGdO3: 1% Er3+ nanocrystals, are shown in Fig. 9. Besides the time-dependence

behavior, I(t) provides the average lifetime parameter defined as:

< τ >=

∫

I(t) t dt
∫

I(t) dt
(2)

which gives an useful information on the de-excitation process efficiency. Table 3 collects

the mean emission lifetimes of all the synthesized samples. It must be noted that <τ> for
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Figure 9: Fluorescence lifetime of LaGdO3: 1% Er3+ at room temperature under VIS and
IR excitations after µs pulses excitation with a 980 nm laser and a Xe lamp.

Table 3: Fluorescence lifetime of LaGdO3: x% Er3+ (x=0.1, 1, 2, 5) under IR
and VIS excitation.

Sample
λexc = 980 nm
λem = 550 nm

λexc = 522.5 nm
λem = 550 nm

λexc = 980 nm
λem = 670 nm

λexc = 657 nm
λem = 670 nm

0.1% Er3+
τ1 = 144.5 ± 0.1µs
τ2 = 944 ± 7µs
<τ> = 489 µs

τ1 = 128.7 ± 0.1µs
τ3 = 142.5 ± 0.2µs
τ4 = 1574 ± 3µs
<τ> = 621 µs

τ3 = 50.6 ± 0.3µs

1% Er3+
τ1 = 257.3 ± 0.7µs
τ2 = 1103 ± 8µs
<τ> = 922 µs

τ1 = 89.0 ± 0.1µs
τ3 = 341.4 ± 0.1µs
τ4 = 2095 ± 7µs
<τ> = 1975 µs

τ3 = 46.2 ± 0.2µs

2% Er3+
τ1 = 133.4 ± 0.7µs
τ2 = 1022 ± 1µs
<τ> = 863 µs

τ1 = 63.6 ± 0.1µs
τ3 = 93.6 ± 0.6µs
τ4 = 1950 ± 2µs
<τ> = 1720 µs

τ3 = 40.6 ± 0.8µs

5% Er3+
τ1 = 165.4 ± 0.2µs
τ2 = 1026 ± 2µs
<τ> = 918 µs

τ1 = 36.4 ± 0.2µs
τ3 = 4.4 ± 0.2µs
τ4 = 1810 ± 2µs
<τ> = 1809 µs

τ3 = 25.3 ± 0.3µs
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Table 4: Fluorescence lifetime of 4I11/2 state in LaGdO3: x% Er3+ under IR
excitation.

Sample
λexc = 968 nm
λem = 980 nm

1% Er3+ τ1 = 2277.6 ± 0.1µs

2% Er3+ τ1 = 2236.8 ± 0.1µs

5% Er3+ τ1 = 2107.8 ± 0.4µs

UC-induced luminescence was found to be maximum for the 1% Er3+ doped sample, where

<τ> (4S3/2) = 922 µs and <τ> (4F9/2) = 1975 µs. Nevertheless, these <τ> values contrast

with those measured under direct VIS excitation, which are shorter than those measured

via UC. <τ> progressively decreases with increasing Er3+ concentration from 129 µs (0.1

mole%) to 36 µs (5 mole%) for the 4S3/2 level, and from 50.6 to 25.3 µs for the 4F9/2 level.

These lifetime values indicate that direct excitation upon the 4S3/2 and 4F9/2 excited

states yields a relative rapid de-excitation, which slightly decrease with the increase in Er3+

concentration. However, <τ> increases by an order of magnitude (ms range) when excitation

is accomplished by IR excitation through UC processes (Table 3). It means that the excited-

state dynamics of 4S3/2 and 4F9/2 levels are mainly governed by the long-lived 4I11/2 (2.3

ms) and 4I13/2 (1.98 - 2.7 ms)39,40 excited states that act as reservoirs. The measured

lifetime associated with 4I11/2 as a function of the Er3+ concentration are collected in Table 4.

Interestingly, the 4I11/2 emission lifetime is about 2.2 ms, independently of the Er3+ content.

Therefore, the slow depopulation dynamics of these states controls the population feeding

rate of the higher-energy emitting levels, and thus their longer UC luminescence lifetime.

It is worthwhile to note that the UC green and red lifetimes, like the UC NIR lifetime,

are practically unaffected by the Er3+ concentration thus making it attractive to use in

PL efficient materials requiring high doping concentrations. Given that the UC mechanism

involves likely GSA/ETU, the higher the Er3+ concentration (or Yb3+ in doubly doped
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Er3+, Yb3+ systems), the larger number of nearby Er3+ (or Yb3+), the higher UC excited-

state population governing the de-excitation dynamics of visible emissions. Besides, the

slight Er3+ concentration dependence of the UC-induced lifetime suggests that LaGdO3 is

probably a suitable host matrix to accommodate Er3+ dopant preferentially in pairs. In fact,

the similitude between ionic radii of La3+ and Gd3+ favors these two sites to be preferentially

occupied by Er3+ forming pairs. This allows us explaining why GSA/ETU mechanisms are

efficient even for low doping concentrations in singly Er3+-doped material.

To validate this model we have investigated the mechanism behind UC processes in

LaGdO3: 1% Er3+ and LaGdO3: 2% Er3+, 20% Yb3+, through the intensity dependence of

the emissions at 410, 549 and 670 nm with the pumping power of the 980 nm laser. For

low pump powers, the UC emission intensity (I UC) is expected to be proportional to the

IR excitation intensity (I IR) through the number of photons involved in the process (n) as

follows:41,42

IUC ∝ IIR
n (3)

However, other exponents (n < 3) may appear depending on the pumping power and the

relative rates for excited-state de-excitation into other low energy levels, and excitation of

higher energy levels via ETU, the latter being strongly affected by the sensitizer and acceptor

concentrations, unless the host matrix provides preferential sites for pair formation. In ETU

processes, involving low de-excitation rates and highly population of excited sensitizers,

exponents close to 1 can be observed at moderate and high excitation powers.41 Figure

10 shows the log–log plot of UC emission intensities as a function of the laser pumping

power for UV-blue (410 nm), green (525 + 549 nm) and red (665 nm) emissions in LaGdO3:

1% Er3+ and LaGdO3: 2% Er3+, 20% Yb3+. For increasing pump powers in the 1% Er3+–

doped sample, GSA/ETU is the dominant mechanism and the saturation of the UC emission

is related to the depletion of intermediate excited states that act as reservoirs for the UC
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process. The relative low concentration of Er3+ (acting as sensitizer and acceptor at the same

time) favors a lower de-excitation rate by energy transfer. By contrast, this rate increases for

high concentration of sensitizer (i.e. Yb3+). The average lifetime of direct-excitation-induced

green and red emissions decreases with Er3+ concentration thus supporting this view. In the

intermediate region, the intensity vs. pump powers is a competition between linear decay

and UC, and the luminescence exhibits slopes that are between the two limiting cases.41

The n values found in Yb3+(20%), Er3+ (2%) being slightly higher than for Er3+ (1%)

highlights the relevance of the concentration. In particular, the increase of de-excitation

rate to lower energy levels in the 5% Er3+ doped material is evidenced through the relative

enhancement of the UC red and green emission with respect to blue emission, in comparison

with the less doped material, which relative blue-to-green-to-red emission increases dramat-

ically (Fig. 6). Therefore, increasing dopant concentration yields higher n exponents of the

pump power IUC vs. IIR dependence (Eq. 3). Indeed, the fitting of data to eq. 3 reveals

slopes of 1.9 ± 0.1 for 4F9/2, 1.5 ± 0.1 for 4S3/2 and 1.6 ± 0.1 for 2H9/2 emitting states in

LaGdO3: 1% Er3+ in the low pump power regime, whereas they are 2.2 ± 0.2, 1.9 ± 0.2

and 2.3 ± 0.2, respectively, in LaGdO3: 2% Er3+, 20% Yb3+, what is in accordance with the

proposed UC mechanisms shown in Fig.7. This different pumping power dependence of the

Er3+-doped and Yb3+, Er3+-doubly doped LaGdO3 is noteworthy. It is worth mentioning

that deviations of n from the ideal n= 3 value is not related to the powdered sample. Al-

though it is well known that the grain structure and sample compaction can affect the UC

emission efficiency by decreasing it at the nanoscale down to 20%,43 we have verified that

this effect does not affect its power dependence. The measured n values of Fig. 10 are the

same for diluted powdered and compacted samples, thus confirming that the variability of n

mainly rely on the host matrix structure and relative dopant concentrations.

Regarding the LaGdO3: 2% Er3+, 20% Yb3+ sample, it must be noted that the UC

intensity vs. pump power in the high-power limit approaches a slope of 1 in the log–log plot

for any emission band of Er3+, regardless of the number of excitations and involved energy
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steps.42

Figure 10: UC emission intensities as a function of the logarithm of the laser pumping power
for UV-blue (410 nm), green (549 nm) and red (665 nm) emissions in LaGdO3: 2% Er3+,
20% Yb3+.

Temperature-dependent PL

Figures 11a and 11b show the PL spectra of 1% Er3+ doped LaGdO3 nanocrystals in the

green spectral region as a function of temperature (298-873 K) under CW 488 nm laser exci-

tation. The green emission consists of several bands between 515 and 570 nm corresponding

to transitions between 2H11/2 and 4S3/2 excited states to the 4I15/2 ground state of Er3+, re-

spectively. As these two excited states are thermally coupled, their emission intensity ratio,

FIR, depends on the respective excited-state equilibrium populations, which are governed

by the Boltzmann distribution factor:44
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FIR =
I525
I549

= C e−∆E/kT (4)

where I525 and I549 are the integrated intensities of the two thermally-coupled multiplets, C

is a constant that depends on the state degeneracy, spontaneous emission rate, and photon

energies of the emitting states in the host material,45 ∆E is the energy gap between the

2H11/2 and 4S3/2 multiplets, –both C and ∆E are characteristic of each material host–, k is

the Boltzmann constant, and T is the absolute temperature.

The temperature dependence of the luminescence can be easily obtained by least-square

fitting of the experimental ln(FIR) vs. 1/T data to a linear equation, the slope of which

gives ∆E/k and the ln(FIR)-intercept, ln(C ) (Eq.4). These two parameters provide the

thermometric scale (Fig. 11c) with values of ∆E = 1052.9 K = 737 ± 5 cm−1 (91.4 ±

0.9 meV) and C = 8.25 ± 0.12. The so-obtained energy gap coincides with that measured

spectroscopically from the 2H11/2 and 4S3/2 centroid positions. Due to the weak crystal-field

dependence of these transitions, the obtained gap in LaGdO3: Er3+ is also comparable to

that obtained in other reported compounds like fluorotellurite glass doped with Er3+ (810

cm−1),46 LiNbO3:Er3+/Yb3+ (860 cm−1)47 and NaY(MoO4)2: Er3+/Yb3+ (736 cm−1),48 or

NaYF4: Er3+/Yb3+ (714 cm−1).11

To better illustrate the suitability of 1% Er3+-doped LaGdO3 nanopowders as sensor

for optical thermometry, its performance and temperature range of operation with different

Er3+-based host materials is evaluated through their absolute (S ) and relative (SR) sensitiv-

ities. These parameters can be deduced from eq. (4) as:

S =

∣

∣

∣

∣

∂FIR

∂T

∣

∣

∣

∣

= FIR
∆E

kT 2
(5)

SR =

∣

∣

∣

∣

1

FIR

∂FIR

∂T

∣

∣

∣

∣

=
∆E

kT 2
(6)
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Figure 11: Temperature sensing properties of 1% Er3+-doped LaGdO3 nanopowders under
λ=488 nm excitation. (a) Emission spectra as a function of the absolute temperature; (b)
intensity contour plots of the emission spectra at different temperatures; (c) log plot of the
FIR as a function of the reciprocal temperature; (d) sensor absolute -black- and relative
-blue- sensitivities as a function of temperature.

For accurate nanosensing S values as large as possible are desired. Since S ≈ e−∆E/kT

the energy gap limits the ratiometric sensitivity for biomedical purposes but it is an excellent

system for measuring temperature in industrial environments where accurate measurements

at high temperature are necessary.

The obtained values for 1% Er3+-doped LaGdO3 are shown in Fig. 11d as a function of

temperature. The highest sensitivity is found at T = 554 K with S = 4.3·10−3 K−1, while

the highest relative sensitivity SR is at 0 K and decreases with temperature, reaching a value
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of 1.2·10−2 K−1 at 298 K and 0.1·10−2 K−1 at 900 K. Table 5 collects sensitivity values and

temperature range for the most suitable Er3+-based optical thermometer materials. It is

worth noting that the sensor sensitivity S reported here for LaGdO3 is significantly higher

than that reported by Siaï et al. for the same host material (3.4 ·10−3 K−1 at 393 K).15 This

efficiency enhancement is attributed to the optimization of Er3+ concentration we performed

in the sol-gel-Pechini synthesized monoclinic single phase of LaGdO3 matrix. The achieved

sensitivity with this method is comparable to the best sensitivities attained in other Er3+-

based materials, as for instance NaY(WO4)2 (see Table 5). Interestingly, this host material

provides one of the largest-ever temperature ranges of operation.

Table 5: Comparison of thermometric properties in Er3+/Yb3+-doped lumines-
cent materials: absolute sensitivity and temperature range of operation. The
maximum sensitivity temperature is shown in parenthesis.

Sensing material S ·10−3 (K−1) Temperature range (K) Reference
LaGdO3: 1% Er3+ 4.3 (554 K) 298-873 This work

LaGdO3: Er3+/Yb3+ 3.4 (393 K) 283-393 15

Gd2O3: Er3+/Yb3+ 3.9 (300 K) 300-900 49

ZnO: Er3+ 6.2 (443 K) 273-573 50

SrSnO3: Er3+ 7.9 (368 K) 294-372 51

NaYF4: Er3+/Yb3+ 2.4 (554 K) 300-700 52

Yb2Ti2O7: Er3+ 7.4 (340 K) 290-610 53

Fluorotellurite glass: Er3+ 8.0 (541 K) 100–573 54

Silicate glass: Er3+/Yb3+ 3.1 (550 K) 300–700 55

Y3Al5O12 (YAG): Er3+/Yb3+ 1.7 (404 K) 298–573 56

BaTiO3: Er3+/Yb3+ 1.9 (410 K) 120–505 57

NaY(WO4)2: Er3+/Yb3+ 15.5 (530 K) 298–700 58

Conclusions

We have shown that Er3+-doped LaGdO3 exhibits suitable sensing figures for using as an

optical nanothermometer in the monoclinic phase B for Er3+ concentration of 1 mole%. The

massive stabilization of this phase under severe RE3+ doping conditions has been possible

through the sol–gel Pechini method. The temperature range of operation of LaGdO3 is one of
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the largest-ever found. LaGdO3 host is worth for thermometry since it shows better UC green

emission efficiencies using singly Er3+-doped materials in contrast to Er3+,Yb3+-codoped ma-

terials usually employed in UC-related thermometry. This finding makes LaGdO3 a specially

well suited host for nanothermometry using less than an order of magnitude of RE3+ im-

purity content. In addition, this material is suitable for biosensing as thermometry can be

achieved via UC luminescence and it does not matter the excitation way for the temperature

calibration. This allows thermometry by IR excitation in a biocompatible host. We have

also demonstrated that UC is mainly induced by a GSA/ETU mechanism, thus requiring

to increase the Yb concentration up to 20 mole% in order to get suitable luminescence effi-

ciencies for optical thermometry, keeping the same monoclinic type B structure of the host

material. We suggested that LaGdO3 structure is well suited to favor Er-Er pair formation,

and thus providing UC capabilities for low Er3+ concentrations. We have shown that de-

creasing dopant concentration, using Er3+-doped LaGdO3 below 2 mole%, largely enhances

the relative green luminescence with respect to red luminescence, even more using direct

excitation instead of UC excitation, what is of interest for high temperature sensing.
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