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Influence of excitation and detection geometry on
optical temperature readouts – reabsorption
effects in luminescence thermometry†

Natalia Stopikowska,*a Przemysław Woźny, a Markus Suta, b Teng Zheng,*c

Stefan Lis a and Marcin Runowski *ad

The technology of lanthanide-based luminescent thermometers enabling remote optical temperature

measurements is intensively developed. Sensors that allow the most precise, remote temperature readouts

can be successfully used in biological, electronic, engineering and industrial processes. This work analyses

the often-underestimated effect of excitation and detection geometry, as well as the sample thickness on

the spectroscopic properties of the material and performance of the resulting luminescent thermometers.

In the case of thick-layer samples, a significant change in the luminescence intensity ratios was observed

compared to the thin-layer counterparts. This resulted in varying values of absolute and relative

sensitivities for different sample thicknesses. The observed changes are assigned to a reabsorption effect,

which is particularly significant for the thick-layer samples examined in the transmission (back-illuminated)

geometry. The results presented in this work have very important implications on the accuracy of optical

temperature monitoring via luminescence thermometry with Er3+ ions.

Introduction

Optical materials containing lanthanide (Ln) ions are widely
studied due to their promising potential for application in many
fields of science and industry.1–11 This is because these materials
are capable of generating luminescence,9,12 i.e. emission of light
resulting from the excitation of electrons of a given material with
radiation from the ultraviolet (UV), visible or near-infrared (NIR)
spectral ranges and their subsequent radiative relaxation to
the ground states.12–16 The common and extensive utilization
of Ln-doped materials is associated with unique optical proper-
ties of Ln ions, especially narrow absorption/emission lines,
abundance of emission lines from the UV to NIR range, their
ladder-like electronic structure, long radiative decay times
(ms–ms), etc. In materials containing Ln3+ ions, energy or charge

transfer processes are often utilized to significantly increase the
luminescence brightness, which is very important for materials
engineering and their real applications, both in industrial and
scientific areas.1,2,4–7,11 Depending on the wavelength (energy)
of the incident photons, excitation of Ln3+ ions can result either
in classical luminescence (Stokes emission) or up-conversion
luminescence (UCL), i.e. anti-Stokes emission. The UCL process
involves the excitation of a sample with two or more low energy
NIR photons, resulting in the emission of a higher-energy
photon in the visible or UV range.13,14,17–21

Optical materials doped with Ln3+ ions are increasingly used in
luminescence thermometry.1,19,22–32 Accurate temperature moni-
toring in isolated and dynamic systems often require a remote
detection principle. Inaccessible systems (such as the interior of
biological tissue, or closed systems under pressure) can be
explored by optical thermometry using diverse temperature-
dependent (thermometric) properties of Ln3+ ions and remote
detection of light emission.1,5,13,30,33–42 An increasing number of
research studies on thermometry is related to the development
and analysis of primary thermometers.24,25,28,30,38,43,44 Primary
thermometers are characterized by a well-established equation
of state that directly relates a given measurement value to absolute
temperature without the need for calibration. Such thermometers
should in principle allow temperature measurements without a
time-consuming calibration of the system in different laboratories
in a reliable and reproducible way.25,31,32,38,45 Their operation
principle allows the prediction of the temperature of the system
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Santa Cruz de Tenerife, Spain. E-mail: mrunowsk@ull.edu.es

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc01684f

Received 15th May 2023,
Accepted 13th June 2023

DOI: 10.1039/d3tc01684f

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
ju

ni
o 

20
23

. D
ow

nl
oa

de
d 

on
 1

6/
10

/2
02

5 
4:

34
:4

2 
p.

m
.. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-9815-4515
https://orcid.org/0000-0001-8024-6665
https://orcid.org/0000-0002-3989-3913
https://orcid.org/0000-0002-9704-2105
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc01684f&domain=pdf&date_stamp=2023-06-28
https://doi.org/10.1039/d3tc01684f
https://doi.org/10.1039/d3tc01684f
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc01684f
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011028


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 9620–9627 |  9621

based on the knowledge of the spectroscopic properties of
the tested material and the magnitude of the energy gap between
the thermally coupled (thermalized) levels (TCLs) of Ln
ions.9,24,28,30,38,46–48 Thermometric systems that must be referred
to a well-known temperature in order to calibrate them are
classified as secondary thermometers.22,30 Theoretically, primary
luminescence thermometers can displace the limitation of sec-
ondary thermometers because the intrinsic calibration parameter
is dependent on known quantities and can be derived from other
measurements not explicitly requiring calibration.6,30,44

Here we show that utilizing the back-illuminated, i.e. trans-
mission geometry, the principle of primary thermometers is
valid only for a very thin sample layer, in which the reabsorption
effect is marginal. To investigate the mentioned effects, we have
used well-established inorganic materials based on fluoride and
vanadate matrices, doped with Yb3+/Er3+, while Er3+ is the most
frequently used activator ion in luminescence thermometry. The
studies presented in this work reveal the commonly under-
estimated effect of the excitation and detection geometry and
thickness of the material studied on the spectroscopic properties
of the material, which are mainly caused by reabsorption effects.
We investigated the influence of the sample layer thickness on
the luminescence intensity ratio (LIR) resulting in significant
differences in the values of absolute and relative sensitivities of
the developed optical thermometers. The results presented in
this work emphasize a significant impact of the experimental
setup and reabsorption on the remote temperature readings and
performance of optical temperature sensors.

Experimental section
Materials

The oxides Ln2O3 (Ln = Y, Er, Yb; 99.99%; Stanford Materials)
were separately dissolved in HCl (35–38%; pure p.a.; POCh. S.A.)
to prepare the corresponding aqueous RECl3 solutions. When
the solution became transparent, excess acid was evaporated.
The following reagents were purchased from Sigma Aldrich:
ammonium metavanadate (NH4VO3, ACS reagent Z 99.0%),
ammonium fluoride (NH4F; Z 98%; pure p.a.), and PEG 6000.
Sodium hydroxide (NaOH; 98.8%; pure p.a.) was purchased from
POCh. S.A. Deionized water was used for all experiments.

Synthesis
Synthesis of YVO4:Yb3+, Er3+

For the synthesis 0.5 g of YVO4:20% Yb3+, x% Er3+ (x = 0.1, 0.5, 2),
aqueous solutions of YCl3, YbCl3, and ErCl3 were mixed in a
molar ratio 0.78 : 0.2 : x/100, i.e. 3.478 mL of 0.5 M YCl3, 0.892 mL
of 0.5 M YbCl3 and 0.089 mL of 0.5 M ErCl3 in the representative
case of x = 2. Subsequently, 10 mL of water and 0.5 g of PEG 6000
(anti-agglomeration agent) were added to the as-prepared
solution. A separate aqueous solution of 0.2607 g of NH4VO3

in 20 mL of distilled water, which was combined with an
aqueous sodium hydroxide solution in a molar ratio of 1 : 1
(0.0892 g NaOH in 15 mL of water). All solutions were heated up

to 343 K to obtain transparent solutions. The [VO3]�-containing
solution was added dropwise to the continuously stirred solution
of Ln3+. After that, it was diluted with distilled water (up to 40 mL
volume) and the pH of the solution was adjusted to E 10 by
addition of 1.5 M NaOH. The entire mixture was then transferred
into a Teflon-lined vessel and hydrothermally treated in an
autoclave (18 h, 453 K). The resulting white precipitate was then
dispersed in ethanol and water several times to purify the final
product. The obtained product YVO4:Yb3+, Er3+ was dried in an
oven at 358 K for 15 h, and subsequently, the sample was ground
in an agate mortar. Afterward, in order to improve the crystal-
linity and luminescent properties of the material, part of the
sample was calcined in an oven for 4 h at 673 K. After calcina-
tion, the product was ground in an agate mortar once again.

Synthesis of YF3:20% Yb3+, 2% Er3+

For the synthesis of 0.5 g of nanocrystalline YF3:20% Yb3+, 2%
Er3+, aqueous solutions of YCl3, YbCl3, and ErCl3 were mixed
together in a molar ratio of 0.78 : 0.2 : 0.02, i.e. 4.747 mL of
0.5 M YCl3, 1.217 mL of 0.5 M YbCl3 and 0.121 mL of 0.5 M
ErCl3. Subsequently, 19 mL of water, 25 mL of ethanol, and
0.5 g of PEG 6000 (anti-agglomeration agent) were added to the
solution of Ln3+ ions. A separate solution was prepared by
mixing 0.368 g of NH4F (100% molar excess) and 0.3 g of PEG
6000 in 25 mL of water and ethanol (12.5/12.5). These solutions
were heated to 343 K. The solution of Ln3+ ions was added
dropwise to the continuously stirred and heated solution of
NH4F. After the addition, the solutions were stirred for 1 h at
343 K and dilute HCl was added to adjust the pH of the solution
to E 2.7. The entire mixture was then transferred into a Teflon-
lined vessel and hydrothermally treated in an autoclave (18 h,
453 K). After hydrothermal treatment, the prepared white pre-
cipitate was purified by centrifugation and repeatedly washing
with ethanol and water. The obtained product YF3:Yb3+, Er3+ was
dried in an oven at 358 K for 15 h, and subsequently, the sample
was ground in an agate mortar. To synthesize 0.5 g of micro-
crystalline YF3:20% Yb3+, 2% Er3+, the entire procedure described
above was repeated, excluding addition of PEG 6000 to the
respective reaction mixtures.

Characterization

Powder X-ray diffraction (XRD) patterns were obtained using a
Bruker AXS D8 Advance diffractometer in Bragg–Brentano
geometry, with Cu Ka radiation (l = 0.15406 nm). Transmission
electron microscopy (TEM) images were taken on a Hitachi
HT7700 transmission electron microscope (100 kV accelerating
voltage, source of electron beam - LaB6 filament). Emission
spectra were measured using an Andor Shamrock 500i spectro-
graph coupled with a silicon iDus CCD camera as a detector.
The sample was excited using a fiber-coupled, solid-state diode
pumped (SSDP) laser FC-975-2W (CNI). The laser power used
was adjusted to 300 mW (size of the beam spot radius 1 mm),
which corresponds to a power density of E9.55 W cm�2. To
adjust thickness of the sample layer for the luminescence
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measurements, the samples were place between two quartz
plates, and uniformly distributed over the whole quartz surface,
by gently pressing both plates in a metal holder, i.e. by
tightening the threaded holder, and measuring the final thick-
ness of the quartz plates with the sample layer in between using
a high-precision micrometer screw (with accuracy of �1 mm).

Results and discussion
Structure and morphology

The recorded powder X-ray diffraction (PXRD) patterns of the
synthesized micro- and nano-sized YF3:20% Yb3+, 2% Er3+

compounds (Fig. 1a) and the nano-sized YVO4:20% Yb3+, 2%
Er3+ (Fig. 1c) agree with the reference patterns from the ICDD
database (international centre for diffraction data) for orthorhom-
bic YF3 crystallization in the Pnma (no. 62) space group (card no.
96-412-4706) and the tetragonal xenotime-type YVO4, crystallizing
in the I41/amd (no. 141) space group (card no. 96-900-9765). The
significant broadening of the Bragg reflections is associated with
the nanocrystallinity of the obtained particles. Fig. 1b and d shows
a graphical representation of the arrangement of atoms in the
synthesized crystal structures. The Y3+ ions in the crystal lattice
were partly substituted either by Yb3+ and Er3+ ions, respectively.
The transmission electron microscopy (TEM) images (Fig. 1e–g)
show that the obtained materials are composed of irregularly
agglomerated particles. The hydrothermally prepared YVO4:Yb3+,
Er3+ nanocrystals have average particle size of about (21 � 4) nm,
while the hydrothermally prepared YF3:Yb3+, Er3+ nanomaterial is
composed of nanoparticles (NPs) of about (92 � 18) nm. On the
other hand, the microcrystalline YF3:Yb3+, Er3+ compound is
made up of much larger crystals with a diameter of (5 � 1) mm,
as depicted Fig. S1a–c presented in the ESI.† These particular
samples were chosen based on their spectroscopic properties
(intense UCL) associated with their relatively low cutoff phonon
energies, but most importantly due to their significant difference
in size and cutoff phonon energies of the crystal lattices. The
cutoff phonon energy of YF3 is about 350 cm�1, while that of YVO4

is about 880 cm�1 according to the vibrational spectra (Fig. S2,
ESI†). In such a way, we could investigate the potential effects of
both factors on the reabsorption phenomena in the systems

studied. Moreover, fluoride and vanadate materials co-doped with
Yb3+ and Er3+ ions are frequently used as optical sensors, in which
the related absorption and emission effects play a vital role.

Luminescence properties

All synthesized samples exhibit intense green UCL clearly visible to
the naked eye. Their emission spectra reveal narrow bands char-
acteristic of Er3+ emission, namely the 2H11/2 - 4I15/2 (525 nm),
4S3/2 - 4I15/2 (550 nm) and 4F9/2 - 4I15/2 (660 nm) transitions,
associated with 4f11–4f11 radiative transitions of Er3+ ions (see Fig. 2–4).

In order to simply check the potential effect of excitation-
detection geometry and sample thickness on the shape of the
UCL spectra, we have measured the same representative sample
(YVO4:Yb3+, Er3+) with different thicknesses in back-illuminated
(transmission) and front-face geometry, as depicted in Fig. 2. It is
clear, that the emission spectrum of the thin-layer sample mea-
sured in the transmission geometry has a similar shape to the
spectrum recorded in front-face geometry. However, in the case of
UCL spectrum of the thick-layer sample measured in the trans-
mission geometry, the 2H11/2 -

4I15/2-based emission band of Er3+

located around 525 nm has a much lower intensity, most plau-
sibly due to partial reabsorption of the emitted light in this range.
Additionally, we measured the UCL intensities vs. laser power and
plotted them in a log–log representation and confirmed the

Fig. 1 Powder XRD patterns of the (a) YF3:20% Yb3+, 2% Er3+ and
(c) YVO4:20% Yb3+, 2% Er3+ and (b and d) corresponding graphical
representation of the arrangement of atoms in the crystal lattice, TEM/
SEM images of (e) nanocrystalline YF3:Yb3+, Er3+, (f) microcrystalline
YF3:Yb3+, Er3+, and (g) nanocrystalline YVO4:Yb3+, Er3+.

Fig. 2 (a, c and e) Schematic representation of the experimental setup, i.e.
optical geometry for the UCL measurements and (b, d and f) the corres-
ponding UC emission spectra for the YVO4:Yb3+, Er3+ sample. (a–d) back-
illuminated excitation geometry for the 88 mm thick sample (a and b), and
for the 282 mm thick sample (c and d); (e and f) front-face excitation
geometry for the 282 mm thick sample.
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square dependence of the non-linear UCL process (see Fig. S3,
ESI†) on the incident laser power density.

In order to confirm the previously mentioned hypothesis
and investigate in detail the anticipated reabsorption effects,
we have measured the UC emission spectra for the synthesized
micron- and nano-sized fluoride and vanadate materials (Fig. 3;
bottom; lex = 975 nm), and compared them with absorption
characteristics of these compounds (Fig. 3; top). The upper part
of Fig. 3 shows the absorption spectra of the corresponding
samples, presented in the 500–600 nm range (absorption
spectra in the broader range, i.e. 200–1800 nm are shown in
Fig. S4, ESI†). It can be seen that the absorption bands
generally overlap with the emission bands, although a slight
Stokes shift can be observed. It has already been elucidated by
Hellwege and later by Ellens et al.49–51 that the electron–
phonon coupling of 4fN levels (N = 1. . .13) is stronger for
trivalent lanthanides close to an empty 4f0 (Ce3+, Pr3+, Nd3+)
or fully filled 4f14 (Er3+ Tm3+, Yb3+) subshell, while those close
to the half-filled 4f7 subshell (Eu3+, Gd3+, Tb3+) show the
narrowest 4fn–4fn transitions among all lanthanide ions.
Consequently, one would expect the largest emission band-
widths and Stokes shifts, and hence, re-absorption effects for
the previously mentioned lanthanide ions including Er3+. It can
be observed that for both materials (fluorides and vanadates)
radiation in the 515–530 nm range is particularly strongly
absorbed. In addition, in the case of fluorides, substantial
absorption of radiation also occurs in the 645–660 nm range.

We were interested in the effect of sample thickness on the
luminescence properties of the material, particularly how these
factors affect the TCLs of Er3+ (2H11/2 and 4S3/2), which are
related to the emission bands centered around 525 and 550 nm.
For this purpose, the UC emission spectra of the samples with
different layer thicknesses were measured in the back-
illuminated geometry, and shown in the mentioned spectral
range of interest, i.e. from 500 to 600 nm in Fig. 3. The spectral
position of the emission band at 525 nm (2H11/2 - 4I15/2

transition) strongly overlaps with the respective absorption
band with high oscillator strength (4I15/2 - 2H11/2 transition).
This expectedly leads to re-absorption effects, dependent on the
thickness of the sample layer. When the sample layer is very
thin, the light reabsorption phenomenon occurs to a negligible
extent, so the intensity of the 2H11/2 - 4I15/2 band is higher
than for a thick-layer sample. In the case of a thicker sample

layer, the phenomenon of selective reabsorption is more pro-
nounced and results in a lowering of the respective band
intensity. This is particularly noticeable for the vanadate mate-
rial, which exhibits relatively strong absorption around 525 nm
compared to the fluoride samples. In general, stronger absorp-
tion effects may be associated with enhanced defect-state
absorption in the case of smaller NPs, typically containing
more crystal defects. With the increase of the thickness of the
sample layer, a more than 2-fold decrease in the intensity of the
525 nm band of Er3+ (located in the strongly absorbed region)
was observed. At the same time, the band located around 550 nm
(4S3/2 - 4I15/2 transition), where absorption of Er3+ is almost
negligible, hardly changed its intensity. Non-normalized UC
emission spectra recorded in the broader range, i.e. from 500
to 700 nm (see Fig. S5, ESI†) confirm the observed trend for the
4F9/2 - 4I15/2 band.

Due to the fact that modern optical thermometers are often
based on changes in the relative intensities of the TCLs 2H11/2

and 4S3/2 of Er3+, and because of these changes were most
pronounced for the YVO4 nanomaterial (comparing UCL spectra of
the thin- and thick-layer samples), we decided to select this com-
pound for further, more detailed studies. At first, to examine effect
of Er3+ concentration on the shape and intensity of UCL spectra,
three materials with varying Er3+ content (0.1, 0.5 and 2 mol%)
were synthesized. As presented in Fig. 4a and b, with increasing
amount of Er3+, the relative intensities (with respect to the
emission at 550 nm, 4S3/2 - 4I15/2) of the emission peaks at
525 nm (2H11/2 - 4I15/2) and 660 nm (4F9/2 - 4I15/2) significantly
decreased. Importantly, the intensity of the 2H11/2 - 4I15/2-based
emission at 525 nm decreased much more for the thick-layer sample
(Fig. 4b), confirming the discussed reabsorption phenomenon, result-
ing in a decrease in the intensity of the 2H11/2 - 4I15/2 band with
respect to the intensity of the 4S3/2 - 4I15/2-related emission band. It
should be noted that a significant decrease of the relative intensity of
the red emission at 660 nm may also be related to cross-relaxation
processes, which are typically enhanced in highly doped materials.52–54

Non-normalized emission spectra with increasing doping amount of
Er3+ are included in the ESI† data (Fig. S6).

In the next step, the UC emission spectra of the nano-sized
YVO4:20% Yb3+, 2% Er3+ samples were recorded in the range of
500–725 nm in back-illuminated excitation geometry for 8
samples with different thicknesses of the material layer (ran-
ging from 88 to 484 mm; Fig. 4c). It was done in order to analyze

Fig. 3 Normalized UC emission spectra of (a) the nano-sized YVO4:Yb3+, Er3+, (b) micron-sized YF3:Yb3+, Er3+, and (c) nano-sized YF3:Yb3+, Er3+,
recorded for different sample thicknesses; (lex= 975 nm, bottom) combined with absorption spectra (top) of the obtained products.
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spectroscopic parameters such as luminescence intensity ratio
(LIR), position of the band centroids and size of the energy gap
between the TCLs (Fig. 4d–f). It is observable that with increasing
sample thickness the intensity of the 525 nm band gradually
decreases compared to the 550 nm band. The emission at
660 nm also decreases to a smaller extent compared to the one
at 525 nm. Subsequently, the LIR for the TCLs of the Er3+ ions
(2H11/2 - 4I15/2/4S3/2 - 4I15/2), i.e. the intensity ratio of the
integrated 525/550 nm emission bands was determined and
plotted as a function of the sample thickness in Fig. 4d. With
increasing thickness of the sample, the LIR values gradually
decrease, which can be assigned to a higher reabsorption of light
emitted from the excited 2H11/2 state in the thicker materials.

Due to the decrease in the intensity of the 525 nm band
(2H11/2 -

4I15/2) with increasing thickness of the sample layer, its
centroid shifts into higher wavelengths, while the centroid of the
non-absorbed 550 nm band (4S3/2 - 4I15/2) remains constant, as
shown in Fig. 4e. As a consequence, the energy gap value between
the TCLs, derived from the spectra, decreases by around E
115 cm�1 (from E 831 cm�1 to 708 cm�1) with increasing
thickness of the sample layer, as presented in Fig. 4f.

An alternative explanation for the observation of a decreasing
LIR with increasing sample thickness could be ineffective heat
transfer along the sample, which may result in changes of the
thermalization between the 2H11/2 and 4S3/2 levels of Er3+, respec-
tively. It should be noted that prior to any luminescence measure-
ments, the laser power was set sufficiently low to avoid an
uncontrolled increase in the local temperature of the samples,
which could be potentially caused by the light-to-heat conversion
effect. This could be especially relevant for thin sample layers,
which in general are more susceptible to optical heating with the

laser beam. Such laser-induced sample heating effect manifests in
a form of thermalization of states of Er3+ TCLs, leading to the
increasing of LIR values as a function of laser power, measured
under ambient conditions. In order to exclude this possibility, the
UC emission spectra of the obtained compounds were measured
at different incident excitation power densities and the impact on
the corresponding LIR values for the TCLs of the Er3+ ions
(2H11/2 -

4I15/2/4S3/2 -
4I15/2) was investigated (see Fig. S7, ESI†).

It is evident that for both samples (vanadate with different sample
thicknesses) the LIR values of the Er3+ TCL bands remain constant
up to E 11 W cm�2 revealing that the laser-induced heating effect
is negligible in the low-power density range used during the
measurements and starts to be detectable around E 15 W cm�2.

Changes in the values of the previously mentioned spectro-
scopic parameters induced by the reabsorption phenomena can
be relevant in the development of optical, remote nanotherm-
ometers. In order to check how the thickness of the sample
layer affects the thermometric properties and performance of
luminescence thermometers, the UC emission spectra of the
thin- and thick-layer vanadate nanomaterial were measured as
a function of temperature, in the range of 298–573 K (Fig. 5a
and e; lex = 975 nm) in transmission geometry. In both cases
the intensity of the 4S3/2 - 4I15/2-based emission decreases in
favor of the intensity of the 2H11/2 -

4I15/2-based emission with
increasing temperature. The thermal equilibrium between
those two excited levels of Er3+ follows Boltzmann’s law:

LIR � I2

I1
¼ B exp �DE21

kBT

� �
(1)

where LIR is the luminescence intensity ratio of the intensities I2

stemming from the 2H11/2 -
4I15/2 and I1 arising from the 4S3/2 -

Fig. 4 (a and b) Emission spectra of nanocrystalline YVO4:Yb3+, Er3+ recorded for different concentrations of Er3+ (0.1%, 0.5% and 2%) and for different
sample thicknesses: (a) 88 mm and (b) 266 mm (c) emission spectra recorded for different layer thicknesses and corresponding (d) luminescence intensity ratios,
(e) centroid associated with its 4f12–4f12-related 4S3/2 - 4I15/2 and 2H11/2 - 4I15/2 transitions, and (f) energy gap of the TCLs; lex = 975 nm.
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4I15/2 transition. DE21 is the energy separation between the
barycenters of the two emission bands, kB is the Boltzmann
constant, T is the absolute temperature, and B is a constant,
which depends on the spontaneous emission rates and the
degeneracies (2J + 1) of the emitting spin–orbit levels.9 The
resulting energy difference between these TCLs determined from
the fitting to the Boltzmann distribution function (eqn (1)) is
approximately 729 cm�1 for the thin-layer and 502 cm�1 for the
thick-layer sample (Fig. 5b and f). A significantly lower value of the
fitted energy gap according to eqn (1) for the thick-layer samples
compared to the spectrally determined one implies a systematic
bias in the final temperature measurement. This does not readily
have an impact on relative sensitivity and minimum expected
temperature uncertainty but in fact, the overall accuracy of such a
luminescent thermometer. Another consequence of re-absorption
is the artificial elongation of the radiative decay time of the 2H11/2

level, and so lower spontaneous emission rate of this excited state.
This will lead to a lowered exponential pre-factor B according to
eqn (1) and thus, significantly lower the overall LIR (see Fig. 5e)
and imply an (artificially) lowered temperature. Other reasons for
a systematic temperature read-out bias due to e.g., very high
incident laser powers or photonically induced deviations have
been also raised for the Er3+ ion before.55,56 It can be concluded
that thin-layer nanocrystalline samples are favorable for accurate
temperature measurements by means of luminescence thermo-
metry. In addition, it affects the final performance of the given
luminescent thermometer, deteriorating it in the case of the one
based on a thick-layer material, as will be discussed in the next
paragraph. Fig. 5b and f shows evolution of the LIR parameters
plotted in linear scales, and Fig. S8 (ESI†) presents the ln(LIR
I(2H11/2 -

4I15/2)/I(4S3/2 -
4I15/2)) vs. 1/T plots. The evolution of the

LIR parameter, plotted in a logarithmic scale, follows a linear

evolution (in agreement with Boltzmann theory). All points fit the
trend, and no outliers were observed, demonstrating that the
temperature can be accurately measured using the LIR of bands
located around 525 and 550 nm, at least in the temperature range
of 298–573 K.

In order to investigate the performance of any nanotherm-
ometer, parameters such as absolute sensitivity and relative
sensitivities should be determined.9 The absolute sensitivity
(Sa) was calculated based on the eqn (2). This parameter is
usually expressed in K�1.45

Sa ¼
dLIR

dT

����
���� (2)

However, the relative temperature sensitivity, Sr, allows to
quantitatively compare thermometers with different operating
principles (developed using different measuring setups). This
parameter reflects by what amount the analyzed thermometric
parameter (LIR) changes per 1 K (typically expressed in % K�1),45

and it is defined according to the eqn (3).

Sr ¼ 100%� 1

LIR

dLIR

dT

����
���� (3)

Importantly, the thin-layer sample (thickness of 88 mm) has
maximum Sr value of 1.2% K�1 at 298 K and Sa of 0.73% K�1

(Fig. 5c), while the thick-layer sample (thickness of 266 mm) has
much lower maximum Sr value, reaching only E0.85% K�1 at
298 K and Sa of 0.12% K�1 (Fig. 5f). However, please note that the Sr

parameter is a statistical error measure (it is not a systematic error),
and reabsorption gives rise to a systematic error that needs to be
taken into account to get the actual correct temperature.

Fig. 5 (a and d) UC emission spectra of the thin-layer (a) and thick-layer (d) sample of YVO4:Er3+, Yb3+ nanocrystals measured at increasing temperature
values (lex = 975 nm); (b and e) the determined LIR values (525/550 nm) and (c and f) the corresponding Sr and Sa values as a function of temperature,
obtained for the thin-layer (b and c) and thick-layer (e and f) samples, respectively.
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Due to the strong temperature dependence of the determined
thermometric parameters and derived quantities, i.e. LIR and Sr,
there is a necessity for recalibration of the developed thermo-
meters, always when they are used in different conditions and/or
in a different form. Moreover, it is clear that depending on the
measuring conditions, the increase in the sample thickness may
deteriorate performance of luminescent thermometers.

Conclusions

In this work, the influence of the sample layer thickness and
excitation geometry on the luminescence properties of the
material was investigated. Using exemplary fluoride and vana-
date materials activated with Er3+ ions, it has been shown that in
the case of the back-illuminated excitation geometry, the effect
of reabsorption on the luminescence properties of the material is
more pronounced with the increase in the thickness of the
sample layer. This phenomenon causes an artificial lowering
of the LIR (by a factor of almost 5) and thus, a severe systematic
bias in temperature measurements with the thermally coupled
excited 2H11/2 and 4S3/2 levels of Er3+ ions. A conclusion from this
work is that the operating principle of primary thermometers is
only valid and accurate for sufficiently thin sample layers, in
which the observed reabsorption effects are marginal, or in the
case of optical temperature measurements/readouts performed
in a front-face detection geometry. Moreover, the results pre-
sented emphasize a significant impact of the experimental setup
and reabsorption on the remote temperature readings and
performance of optical temperature sensors, having severe
implications for the community working in the area of lumines-
cence thermometry.
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Opt. Mater., 2022, 134, 113216.

49 A. M. G. B. A. Ellens and H. Andres, Phys. Rev. B: Condens.
Matter Mater. Phys., 1997, 55, 173–179.

50 G. B. A. Ellens, H. Andres, M. L. H. ter Heerdt, R. T. Wegh
and A. Meijerink, Phys. Rev. B: Condens. Matter Mater. Phys.,
1997, 55, 529–542.

51 K. H. Hellwege, Ann. Phys., 1941, 432, 529–542.
52 H. Wang, M. Xing, X. Luo, X. Zhou, Y. Fu, T. Jiang, Y. Peng,

Y. Ma and X. Duan, J. Alloys Compd., 2014, 587, 344–348.
53 D. Pugliese, N. G. Boetti, J. Lousteau, E. Ceci-Ginistrelli,

E. Bertone, F. Geobaldo and D. Milanese, J. Alloys Compd.,
2016, 657, 678–683.
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