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1. The objectives of the dissertation
Temperature and pressure, as important and fundamental physical variables, influence all
physicochemical processes in natural and engineered systems, ranging from macroscopic
environments, micron- and nano-sized spaces, to the interactions between molecular, ions and
atoms. Therefore, the precise determination of temperature and pressure is very important in not
only scientific research, but also for industrial manufacturers. The main aim of the dissertation was
to investigate whether the carefully designed SrB4O7 and BaTiO3 host matrices combined with
selected lanthanide ions enable the design of a luminescent manometer and a nonlinear optical
thermometer with excellent sensing performances. The choice of the oxide matrix host is to ensure
high chemical stability of the composition structure in a given temperature and pressure range.
The idea of using the inter-configurational 5d-4f transition for optical thermometry and
manometry is related to the fact that the interaction of the crystal field with 5d-electrons is ~50
times more intense than with 4f electrons, resulting from the electrons in the 5d orbitals being
exposed directly to the external environment. In order to find a suitable host, we explore the
influence of the borate matrix on the PL properties, as well as the stabilization of Eu2+, in order to
find the best matrix host for Eu2+, which are presented in article A1. Moreover, I investigated the
energy transfer process in a Sm2+-Eu2+ co-doped SrB4O7 system (host with the best stabilization
of Ln2+) and use the ET for enhancement of the Sm2+ pressure sensing signal, as shown in article
A2. Subsequently, the HP-enhanced 4f-4f transition of Eu2+ for use in high pressure sensing was
explored, as demonstrated in article A3. Finally, I successfully stabilized the Tm2+ ion in SrB4O7
and used it as a bifunctional platform for both temperature and pressure sensing, as presented in
article A4.
Importantly, the idea of non-linear optical thermometry is inspired by the observation of the
SHG signal as well as the intense UCL in the BaTiO3 material doped with Er3+-Yb3+ or Ho3+-Yb3+,
as presented in articles A5 and A6. SHG is a polarization-sensitive, instantaneous nonlinear optical
process that is very sensitive to the change in symmetry of materials (between centrosymmetric
and non-centrosymmetric structure). With increasing temperature, different phase transitions of
BaTiO3, especially cubic to tetragonal, lead to interesting spectroscopic changes in both SHG and
UCL, leading to the feasibility of nonlinear optical thermometry using the band intensity ratio of
SHG/UCL as a thermometric parameter.
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3. State of the art
3.1. Basic knowledge about Ln ions
In the past, nowadays, and probably in the future, rare-earth ions had been, are and will be an
important part in development of science and technology and our life, from material sciences,
medical/biological applications, advances in green technology, sustainable chemistry, to quantum
computing. Due to the unique features of the intra-configurational 4f-4f transitions, Ln3+ ions (e.g.,
Er3+, Tm3+, Ho3+) have been applied as effective and irreplaceable dopants, endowing the host
matrices various optical, electronic, and magnetic properties.[1–6] Currently, Ln based luminescent
materials are used in various fields: I) lighting industry, that is the design and engineering of
phosphors, solid-state lighting, white light-emitting diode (LED), electroluminescent materials for
organic-LED; II) solar cells, optoelectronic devices; III) photocatalysis, green chemistry; IV)
optical fibres for telecommunications; V) plant-growth lamp for agricultural purpose; VI)
biological assays and medical imaging purposes, e.g., bio-marker, photodynamic therapy; VII)
optical sensing techniques of temperature and pressure, other sensing techniques,
anticounterfeiting, etc (see Figure 1a). The assembly of the family of 17 almost-indistinguishable
lustrous silvery-white soft heavy metal elements, i.e., the 15 f-electron Ln elements from the sixth
period, from lanthanum to lutetium, along with transition metals scandium (Sc) and yttrium (Y),
are called rare-earth elements. And the name of “rare-earth” is originated from the rareness of
these minerals in nature. In particular, Y and Sc are considered to be rare-earth elements due to
the presence of the same ore deposits as Ln, moreover, they also show similar chemical features
(e.g., Y has the same ionic radius as Ho), but different electronic and magnetic properties.[7] In
general, enabled by the intra-configurational 4f-4f and inter-configurational 4f-5d transitions
within Ln ions, Ln doped materials shows different optical features depending on the emission
wavelength, emission/excitation band shape, luminescence lifetime, etc.
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Figure 1. (a) The various application fields of Ln-doped phosphors. (b) Schematic diagram
presenting four different categories of electronic transition in optically active inorganic compounds
based on Ln ions, i.e., inter-lanthanide transition, intra-lanthanide transition, interband transition
and charge transfer.
Luminescent materials based on Ln ions have been developed over decades and have
passed many millstones.[8] The word “luminescence” is invented by Eilhardt Wiedemann, a
German physicist, in order to characterize the emission of light that is not conditioned/influenced
by elevated temperature.[9] After that, the Ln doped materials begin to develop. The discovery of
the highly emissive Y2O3:Eu3+ material opens the gate of the Ln-based materials, which are the
crucial source of phosphors for cathode-ray tubes and fluorescent lamps, still intensively exploited.
Another breakthrough came with the discoveries of the neodymium YAG (Yttrium Aluminium
Garnet) lasers in 1964, which later become an important source of lasers. In 1987, the Er-doped
optical fibres were developed, which significantly accelerate the development of optical
telecommunications. In the mid-1970s, Finnish researchers developed Eu3+ and Tb3+ (later also
Sm3+ and Dy3+) polyaminocarboxylates and β-diketonates as bio-probes in time-resolved
luminescent immunoassays, which had a huge impact at that time. This new technology was
further developed, largely promoting the development of the applications of Ln luminescent bioprobes in many fields of biological systems. And nowadays, Ln-doped materials have found
applications in various fields, not only in many aspects of our daily life and industrial development.
In case of Ln series, the inner-shell (intra-configurational) 4f-4f transitions of the Ln3+ are
forbidden by the Laporte selection rules, resulting in long radiative lifetimes (in the range of micro18

and milliseconds). Whereas, the sharp/narrow character of the absorption and emission lines of
Ln3+ ions is due to the fact that the 4f electrons (orbitals) are shielded by the 5s2 and 5p6 ones,
resulting in relatively low sensitivity to the crystal-field effects. Thus the emission characteristics
do not vary significantly in different chemical environments, in which the Ln3+ ions are inserted.[10]
Moreover, luminescence of Ln3+ ions is also characterized by the appearance of emission lines in
the UV, visible and NIR ranges, excellent photo-stability of the materials containing Ln3+ ions,
absence of background auto-fluorescence, etc.
There are four basic types of electronic transitions that occur in Ln doped inorganic
materials, i.e., inter-lanthanide transition, intra-lanthanide transition, interband transition and
charge transfer, as shown in Figure 1b. The inter-lanthanide transition is based on the electron
transfer between any dual Ln ions adjacently doped in the host matrices, while the intra-lanthanide
transition is a process by which an electron is excited from the Ln’s occupied 4f orbitals to its
unoccupied 4f or 5d orbitals. In addition, the interband transition is related to the process by which
an electron is excited from the top of the valence to an exciton state, i.e., transitions to the
conduction band and the photoionization effect. Charge transfer refers to transfer of electrons
between the dopant and the host, usually from O2- (or from S2-) to Ln3+ (or Ln4+). Not all transitions
are allowed since they must obey the Laporte’s selection rule and others (see Table 1). The socalled ‘‘forbidden’’ and ‘‘allowed’’ transitions are, as a matter of fact, not completely allowed or
forbidden, namely, a forbidden transition has a low probability and an allowed transition a high
probability of occurrence. This is due to that the selection rules for electron transitions are derived
based on several conditions and hypotheses, in the case of Ln ion doped materials, which are not
always completely fulfilled (the 4f wavefunctions are not totally pure, as there is some admixing
of the 5d states, the so called “J-J mixing”). When the Ln3+ ions are doped into a chemical
environment, due to the crystal-field (ligand-field) effect, the (2J+1)-degenerate J-level are split
into Stark sub-levels. The number of the corresponding Stark sub-levels is related to the site
symmetry of the transition metal ion in the inorganic matrix host. The different spectroscopic
properties of the different Ln ions, the emission of which varies from the UV to NIR region, are
originated from their various ladder-like energy level structure. The typical PL emission spectra
of Ln complexes in liquid solution, showing the sharp emission bands based on Ln3+ ions are
shown in Figure 2, obtained from the literature.[11]
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Figure 2. Normalized emission spectra of luminescent Ln complexes in liquid solution, illustrating
the sharp emission bands and minimal overlap of Ln luminescence. The spectra are obtained from
the reference.[11]
Table 1. Selection rules for f-f and f-d transition. S, L and J are quantum numbers for the electron
transitions. Please note, a) L=0 ↔ L’=0 transitions are always forbidden; b) J=0 ↔ J’=0 transitions
are always forbidden; c) Spin-allowed transitions, spin-forbidden transitions are about 100 times
less intense.
Transition

∆S |∆𝐿|

ED (d-f)

0

Forced ED (f-f)

|∆𝐽|

Oscillator Strength

≤1

≤1

~0.01 - 1

0

≤6 (2, 4, 6 if L or L’ =0)

≤6 (2, 4, 6 if J or J’ =0)

~10-4 - 10-5

Vibronic (ED, f-f) 0

≤6 (2, 4, 6 if L or L’ =0)

≤6 (2, 4, 6 if J or J’ =0)

~10-7- 10-10

MD (f-f)

0

0

0, ±1

~10-5 - 10-6

EQ (f-f)

0

0, ±1, ±2

0, ±1, ±2

~10-10

Table 2. The electronic structure of Ln ions.
Ln3+ Atom. Atom.
No.

weight

Atom.

Config.

Config. of

Radius of Ln3+

Ln2+/Ln4+

Config. of Ln

Emission
colour of
Ln3+

La

57

138.9055 1.03

[Xe]
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[Xe]5d16s2

Colourless

Ce

58

140.12

1.01

[Xe]4f1

Ce4+: [Xe]

[Xe]4f15d16s2

Colourless

Pr

59

140.9077 0.99

[Xe]4f2

Pr4+: [Xe]4f1

[Xe]4f36s2

Green

Nd

60

144.24

[Xe]4f3

Nd4+:

[Xe]4f2; [Xe]4f46s2

Violet

0.98

Nd2+: [Xe]4f4
Pm

61

145

-

[Xe]4f4

-

[Xe]4f56s2

Pink

Sm

62

150.36

0.96

[Xe]4f5

Sm2+: [Xe]4f6

[Xe]4f66s2

Yellow

Eu

63

151.96

0.95

[Xe]4f6

Eu2+: [Xe]4f7

[Xe]4f76s2

Pale pink

Gd

64

157.25

0.94

[Xe]4f7

-

[Xe]4f75d16s2

Colourless

Tb

65

158.9254 0.92

[Xe]4f8

Tb4+: [Xe]4f7

[Xe]4f96s2

Pale pink

Dy

66

162.50

[Xe]4f9

Dy4+:

0.91

[Xe]4f8; [Xe]4f106s2

Yellow

Dy2+: [Xe]4f10
Ho

67

164.93

0.9

[Xe]4f10 -

[Xe]4f116s2

Pale yellow

Er

68

167.26

0.89

[Xe]4f11 -

[Xe]4f126s2

Pink

Tm

69

168.93

0.88

[Xe]4f12 Tm2+: [Xe]4f13

[Xe]4f136s2

Pale green

Yb

70

173.04

0.87

[Xe]4f13 Yb2+: [Xe]4f14

[Xe]4f146s2

Colourless

Lu

71

174.967

0.86

[Xe]4f14 -

[Xe]4f145d16s2 Colourless

In comparison to the parity-forbidden 4fn↔4fn transitions within the f-manifold of the
Ln2+/3+, the 4fn↔4fn-15d1 transitions of the Ln2+/3+ are allowed and show a very broad
excitation/emission band, high radiative emission probability, short emission lifetime (on the
nanosecond scale). In principle, the inter-configurational 4fn↔4fn-15d1 transitions are ED, thus
their oscillator strengths are much bigger, leading to transitions with higher intensity in the spectra.
Importantly, 5d orbitals are not shielded by outer filled orbitals, thus they are more prone to the
effects of the local coordinating environment, unlike 4f orbitals. This is due to the fact that the
crystal field interaction with 5d-electrons is ~50 times more intense than with 4f electrons, and the
energies of the 5d-level strongly depend on the local crystal environment, resulting from that the
5d-orbital extends beyond the [Xe] core, contrary to the 4f ones.[12] The ED allowed for 4fn-15d ↔
4fn (n = 1–14) transitions of Ln3+ ions vary from the UV range to NIR range, depending on the
particular ion and different host matrix. Due to the high sensitivity of the 5d orbitals to the nature
of chemical bonds to the surrounding ligands in the given host compound, the wide tunability of
the spectroscopic properties may realize under the contraction/expansion of the lattice volume, a
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change in site symmetry caused by different dopant concentration, temperature, or pressure
variation, etc.

3.2. Ln2+ ions and 5d-4f emission
3.2.1. General remarks
Conventional luminescence based on Ln ions is a Stokes process, which emit lower-energy
photons under the higher-energy photon excitation. Thanks to their ladder-like energy level
structure, the Ln ions combined with different organic/inorganic host, can exhibit various
optical/spectroscopic properties. Thus, Ln2+/3+ are widely utilized as activators in luminescent
materials for various applications. The characteristic sharp-line luminescence of the Ln ions
originates from the 4f−4f intra-configurational transitions. In general, the 4f−4f intraconfigurational transitions are well-studied and well-understood. Under the influence of the
excitation with high-energy photons, most of the Ln ions exhibit PL activity, usually from the
lowest 4fn excited states, but sometimes also from the higher 4fn excited states,[13] which is due to
relatively slow non-radiative relaxation from high to low excited states, according to the Kasha’s
rule.[14] The broad-band luminescence arising from the inter-configurational 4fn ↔ 4fn−1 5d1 (f-d)
transitions is however not as well-understood. Importantly, there are still some mysteries regarding
nonradiative decay processes related to 4fn ↔ 4fn−1 5d1 transitions. Only the emission from the
lowest excited 4fn−1 5d1 state is typically observed, because excitation to the higher excited states
typically leads to a rapid non-radiative relaxation to the lowest excited state. To figure out the
answers to the questions remain open, except for the Ln3+ ions, the divalent and Ln4+, i.e., Eu2+,[15–
18]

Sm2+,[19] Yb2+,[20,21] Tm2+,[22–24] Nd2+,[25,26] Dy2+,[27,28] Ce4+,[29,30] Pr4+,[31] Nd4+,[32] Tb4+ [33] and

Dy4+,[34] are attracting more and more attentions of the researchers.

3.2.2. Eu2+ ion
Divalent europium doped inorganic phosphors are particularly well known for their excellent
optical properties, e.g., high brightness (large quantum efficiency), large absorption band, broad
emission bands after excitation, tuneable emission wavelength, originating from the parity-allowed
electron transitions of 4f65d1 → 4f7. Up to now, Eu2+ is the most characterized ion in terms of its
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5d-4f luminescence properties, which have been compiled for over 300 compounds.[15,35,36] This is
related to several reasons. Eu2+ has a relatively low reduction potential (-0.36 V compare to NHE,
normal hydrogen electrode)[37] and good stability in different inorganic matrix host. Importantly,
due to its tuneable 4f65d ↔ 4f7 transitions, the emission band can be tuned from UV-violet,[38–43]
blue,[44] cyan, green,[45,46] yellow,[47] orange,[17] red,[16] to the NIR region,[48] by varying the type
of host material. A detailed table showing the relationship between the emission range and the
matrix host can be found in references.[15,35,36] This means that the appropriate emission band shape
or emission wavelengths can be strongly affected by the host lattice in which the Ln ion inserted
with regard to the length of the anionic-Eu2+ bond, the coordination number of the corresponding
cation, the nephelauxetic effect and the local crystal field symmetry. This is related to the
covalence and the bond length between cation and ligands.[36] The Eu2+ is particularly attractive
for its important role in light-emitting diodes (LED) and optical displays, due to its largely tuneable,
broad 4f65d↔4f7 emission band leading to good colour rendering properties.[49–52]
In case of Eu2+, the lowest 5d configuration may have a higher position than the excited 4f
configuration if the influence of the crystal field and the nephelauxetic effect is weak, thus, the
4f7(6P7/2)- 4f7(8S7/2) emission is possibly detected. A simplified diagram of the Eu2+energy levels
for SrB4O7 is shown in Figure 3a. A few cases are also reported about the sharp band emission
originated from 4f7-4f7 transition of Eu2+.[53–55] For instance, upon doping of Eu2+ ions into the
SrB4O7 crystal structure, Meijerink et al. observed sharp lines caused by the transitions within the
4f7 ground configuration at low temperatures and demonstrated that the configuration crossover
between the 4f7 and 4f65d1 configuration of Eu2+ can be stimulated by temperature variation.[38]
The emission of Eu2+ associated with the alternatively possible intra-configurational 4f7 (6P7/2)→
4f7 (8S7/2) transitions characterized by several sharp, narrow (≈ 1-2 nm width in the wavelength
domain) emission lines in the UV range at around 360 nm are only occasionally reported and
typically observed in other highly ionic host compounds.[53–55] Understanding the mechanisms that
control the appearance of this unusual type of luminescence of Eu2+ is important not only from a
fundamental perspective but also important for potential industrial applications.[56–61]
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3.2.3. Sm2+ ion
As illustrated in Table 2, the Sm2+ ion has a 4f6 ground configuration isoelectronic to the Eu3+ ion.
The excited 4f55d1 levels and the spin-orbit coupling constant with lower energies of Sm2+ are
related to the difference in the oxidation state and atomic number of Sm2+, compared to Eu3+. A
simplified diagram of the energy levels of Sm2+ (in the SrB4O7 host) is presented in Figure 3b. In
particular, the influence of crystal symmetry and local field strength on the splitting pattern of the
4f6↔4f6 transitions of Sm2+ are like Eu3+. Due to the similarity between the two ions, the Sm2+ ion
can be utilized as an experimental tool for studying the number of the site symmetry - in a similar
manner to the 5D0→7F0 transition of Eu3+ ion.[62,63] By analysing the asymmetric shape of the
emission line (the number of lines observed) of Sm2+ originated from the transition of 4f6(5D0) →
4f6(7F0) (0-0 transition), one can directly indicate the number of the occupied sites with a
crystallographic-difference in the structure. In the case of a single crystallographic site substituted
by the Sm2+ ion in the structure, the 0-0 transition should not be split (asymmetric structure of the
band), due to the crystal field is (2J+1) =1. The phenomenon of any splitting of the band can be
identified as representative proof to verify that there are crystallographically different sites
occupied by Sm2+ in the structure. For instance, Ellen et al. illustrated in their work that using the
Sm2+ emission in BaMgAl10O17 host as an optical probe for the number of luminescence sites of
Eu2+.[64]
The 4f6↔4f6 and 4f55d1 ↔ 4f6 transitions of Sm2+ are very sensitive to external stimuli.
When the state function of pressure or temperature varies, the spectroscopic features of Sm 2+
change significantly because the excited state of the 4f55d levels and the excited 4f6 (5DJ) levels
are energetically close to each other. Up to date, the Sm2+ ion is mainly used in terms of the 4f6 ↔
4f6 and 4f55d ↔ 4f6 transitions as a function of external stimuli such as temperature or pressure,
which allows its application as optical sensors. Many Sm2+ doped materials were applied for
sensing purpose of state function of temperature and pressure. In recent decades, many works
have been reported on the Sm2+-activated borate group materials. e.g., barium octaborate
(BaB8O13),[65] barium chloroborates (Ba2B5O9Cl),[66] BaBPO5,[67,68] Ba3BP3O12,[69] LiBaB9O15,[70]
borophosphates,[71] strontium borates.[63,67,72,73] This is due to the borated groups, which present
high ionicity, typically shift the excited 4f55d configuration to higher energies (lower wavelengths),
so that the 4f6-4f6 transitions are more dominant. Several papers have also reported that the same
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phenomenon can be observed in some materials from the fluoride group, e.g., SrMgF4,[74]
BaMgF4,[75] SrAlF5.[76] Besides the applications, Sm2+ doped materials are also applied in photongated spectral hole burning properties,[77,78] X-ray storage phosphors,[79,80] halide-based
scintillators.[80,81]

3.2.4. Tm2+ ion.
It is known that Tm2+ is less stable than Eu2+, Sm2+ and Yb2+. In the case of the Tm2+ ion, the 4f
orbital is filled with 13 electrons, i.e., has a 4f13 ground configuration, isoelectronic to Yb3+.
Compared to the Ln2+ ions mentioned above, the 5d configuration of Tm2+ is located at a lower
energy, as shown in Figure 3c. Considering that the spin-orbit coupling is neglected, the lowest
excited states (4f125d1 configuration) of Tm2+ have a higher spin multiplicity, in comparison to its
ground states, as predicted by Hund’s rules.[82] In the case of the SrB4O7 matrix host, it was
reported that the emission band attributed to the spin-forbidden 4f125d (high spin) →4f13 (2F7/2)
transition is located in the orange-red range (~600 nm, ~17210 cm-1).[83] Moreover, the emission
related to three 4fn−15d1 states is only observed in Tm2+, different from the other Ln dopants. In
the case of halidoperovskites (CsCaX3, X=Cl, Br, I), it is reported that Tm2+ shows several other
4f125d →4f13 (2F7/2) transitions all over the visible range, that is, there are three emissive transitions
between 10000 and 15000 cm-1. The lowest energetic transition is the spin-forbidden
4f125d1(HS)→4f13(2F7/2) transition, and the second lowest one is spin-enabled 4f125d1 (LS) →
4f13(2F7/2) transition. In emission, excitation and absorption spectra, these two transitions are not
always very well resolved.
It was reported that Tm2+ has a characteristic narrow emission band in the NIR range
(~1100 nm) attributed to the 4f13 (2F5/2) ↔ 4f13 (2F7/2) transition.[84,85] Because of its 4f125d1 ↔ 4f13
transition which is located in the visible range and has an isoelectric structure to Yb3+, it can works
as an up-conversion activator in inorganic compounds, showing interesting spectroscopic
properties. For instance, the up-conversion process, in the case of SrCl2:Tm2+, is highly efficient
so that it occurs even using a conventional Xe arc lamp as the excitation source.[86] This is related
to the second ED-allowed 4f13 (2F5/2) → 4f12 (3H6)5d1 based excited state absorption process and
the final up-converted ED allowed nature of the emission at 13900 cm-1 (red region). In principle,
such a process makes Tm2+ an excellent up-conversion activator, showing a much higher up25

conversion efficiency than the commonly used Ln3+ pairs (e.g., Er3+-Yb3+, Tm3+-Yb3+ pairs).
Moreover, Tm2+ doped materials are also used in excited state excitation spectroscopy.[87]

Figure 3. Energy level diagram of (a) Eu2+, (b) Sm2+ and (c) Tm2+ in the case of the SrB4O7 host
lattice.

3.3.Up-conversion luminescence of Ln3+ ions
3.3.1. General remarks
Up-conversion luminescence, as a distinct anti-Stokes process, is a non-linear optical process
based on multiphoton absorption processes in which the emitted photons have a higher energy than
the photons from the excitation light. Ln3+ can serve as dopant ions in certain inorganic matrix
host to achieve unique up-conversion luminescent characteristics. The up-conversion
luminescence is a process that, in principle, the electrons in the ground state of the emitting centre
(activator ion) can be pumped into the excited state via the absorption of an excitation photon, or
via a corresponding energy transfer (ET) process from the adjacent sensitizer ion (usually Yb3+).
Afterward, another photon from the excitation source will be absorbed by the emitter, or a
corresponding ET process from sensitizer to activator will take place to pump the electrons to the
excited state in the emitting centre. Emission will then be produced, attributing to the radiative
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transitions from this excited state to the ground state or that excited state to another lower-energy
state will take place. The metastable intermediate excited state is achieved by an up-conversion
luminescence process, which shows a significant difference compared to the two-photon process.
In order to keep a large population in an intermediate excited state prior the second excitation
energy, such a metastable intermediate excited state should have a relatively long lifetime. [88]
Noteworthy, the Yb3+ ion is widely used as a sensitizer ion because it has the largest absorption
cross-section (~10-20 cm2), among the Ln activators. Moreover, the Yb3+: 2F7/2 → 2F5/2 transition
is resonant with many 4f−4f transitions within Ln3+ ions, such as Er3+, Ho3+ and Tm3+, thus
allowing efficient ET from Yb3+ to the activator ions (emitting centre).[89–96] Thus, Yb3+ is often
co-doped with Er3+, Tm3+ or Ho3+ as a sensitizer to enhance up-conversion emission. In order to
match the 2F7/2 → 2F5/2 transition of Yb3+, a continuous wave laser in the NIR range (usually ~980
nm) can applied as the excitation source. There are five basic mechanisms to achieve photon UC:
I) excited state absorption; II) cooperative upconversion; III) ET up-conversion; IV) energy
migration up-conversion; V) and photon avalanche.[97]
Absolute quantum yield (QY) is usually used to describe the efficiency of luminescence in Ln
doped materials. QY is defined as the ratio of the number of emitted up-conversion photons to that
of absorbed photons. In general, the Ln doped should exhibit high luminescence efficiency, in
order to meet the requirements of practical and commercial applications. Researchers commonly
use the sensitizer ions, CT/ET effects, sensitization via allowed 4f-5d transitions (e.g., Ce3+ and
Eu2+) or organic ligands for enhancing PL. Under excitation light, based on the recorded emission
spectra, the internal (IQE) and external quantum efficiency (EQE) of luminescent materials can be
determined using of the following expressions:[98]
IQE =
AE =

∫ 𝐿𝑠
∫ 𝐸𝑅 −∫ 𝐸𝑆

∫ 𝐸𝑅 −∫ 𝐸𝑆
∫ 𝐸𝑅

× 100%

× 100%

EQE = AE × IQE

(1)
(2)
(3)

where LS represent the emission spectrum of the sample, ES and ER denote the excitation light with and
without the sample in the integrating sphere, respectively; and AE is the absorption efficiency.
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3.3.2. Er3+-Yb3+ and up-conversion emission.
Among the Ln3+ series, the Er3+ ion has a 4f11 electronic arrangement. Er3+ is an effective
luminescent emitting ion used to generate up-conversion luminescence from NIR to visible UCL.
Importantly, the combination of a pair of dopants Er3+-Yb3+ is often used to insert into an inorganic
matrix, as mentioned above, because Yb3+ can act as an NIR absorber, effectively sensitizing the
Er3+ ion as an emitter (activator) through ET in materials. In the up-conversion system of Yb3+Er3+ co-doped materials, under NIR excitation, the green emission at ~525 nm and ~550 nm and
the red emission at ~675 nm are most commonly observed and studied (sometimes the emission at
~415 nm can also appear). Many works have shown that green and red emissions are often
generated in two-photon processes. The UC mechanisms in Er3+-Yb3+ co-doped BaTiO3 system
are shown in Figure 4a. It is obvious that between the Yb3+: 2F7/2→2F5/2 transition and the Er3+:
4

I15/2→5I11/2 transition a superb resonance is presented, which offers highly efficient ET from Yb3+

to Er3+. Under the influence of NIR laser irradiation, NIR photons are absorbed by Yb3+ via the
transition of 2F7/2→2F5/2. Afterward, it transfers the energy resonantly to nearby Er3+, while in the
Yb3+ ion, the electrons populated in the 2F7/2 ground state relax back to 2F5/2. The energy donated
by Yb3+ promotes the Er3+ ions to their excited state via 4I15/2→4I11/2. Afterward, a similar resonant
ET from the Yb3+ sensitizer to Er3+ activator via 4I11/2→4F7/2 or 4I13/2→4F9/2 process take place. The
electrons at 4F7/2 level relax non-radiatively to the 2H11/2 and 4S3/2 states. Then, the green emission
will be generated, respectively. Alternatively, after non-radiative relaxation to 4S3/2, another nonradiative transition from 4S3/2 to 4F9/2 take place, and finally radiatively relax to the 4I15/2 ground
state via the 4F9/2→4I15/2 transition, resulting in emissions in red region. Therefore, the emissions
in the green and red regions can be obtained simultaneously through two-photon UC processes.
Thus, for the Yb3+-Er3+ up-conversion system, the green emissions located around 525 and 550
nm are originated from the 2H11/2 and 4S3/2 excited states to the 4I15/2 ground state, respectively.
The emission bands centred at 675 nm in the red region can also be observed, for the transition
from the 4F9/2 excited state to the ground state. In some cases, the system also produces weak blue
emissions located at ~450, ~470 and 495 nm, arising from the 4F5/2 → 4I15/2, 2P3/2 → 4I11/2, and 4F7/2
→ 4I15/2 transitions, respectively. In addition, the emission bands at 390 and 410 nm in the blue
region can be observed at a high concentration of Yb3+, as a result of the four-photon process, with
a high excitation power density.[99] Er3+ ion is widely used for the purpose of thermal sensing
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thanks to the thermally coupled energy levels of 2H11/2 and 4S3/2, as well as the very efficient upconversion luminescence in Er3+-Yb3+ materials. This is due to the energy gap between the
barycentre of these two energy levels of 2H11/2 and 4S3/2 is ~700 cm-1 and their comparative
populations are impacted by temperature, conforming to the Boltzmann distribution, which will
be discussed in the section of luminescent thermometry.

3.3.3. Ho3+-Yb3+ and up-conversion emission.
The Ho3+ ion, which has the 4f10 electron arrangement, is an excellent activator for NIR to shortwavelength up-conversion emissions due to its favourable intra-atomic 4f energy level structure.
Moreover, the 5I7 level can act as a population reservoir for UC processes, thanks to the rich
structure of energy levels from UV to NIR region. Importantly, the adjacent levels of 5G6/5F1 and
5

F2,3/3K8 in Ho3+ are thermally coupled (∆E≈1300 cm−1), thus many Ho3+ doped materials are

targeted into Boltzmann thermometers. Yb3+ ions are commonly co-doped as a sensitizer to Ho3+
ions (activator) upon NIR excitation due to the large absorption cross-section in the NIR region as
well as the proper energy overlap between Yb3+ and Ho3+ ions, resulting in an efficient ET from
Yb3+ to Ho3+ ions and enhancing the UC emission performances of the Ho3+ ions. Similar function
can be applied to Tm3+, Er3+, etc. Take as an example BaTiO3:Ho3+, Yb3+, as shown simplified
energy level diagram in Figure 4b, under 976 nm excitation, the 5I6 state of the Ho3+ ion is
populated via the GSA of the NIR photon and the ET process of Yb3+-Ho3+. Subsequently, the
excited electrons in the 5I6 state are again promoted to the 5F4 and 5S2 levels via the excited state
absorption and the efficient ET process from Yb3+ to Ho3+. The electrons populated at 5F4 and 5S2
level relax non-radiatively to the 5F5 level via multi-phonon relaxation, and then undergo radiative
relaxation to the ground state producing red emission at ~655 nm. Furthermore, the upper levels
are also populated by the three photon absorption processes and give emissions around 550 nm via
a series of non-radiation transitions and the 5F4→5I8 transitions. Therefore, for Yb3+/Ho3+-codoped up-conversion materials, the green emissions located at the range of 510-570 nm are
attributed to the 5F4, 5S2 → 5I8 transitions are observed, while the red emission centred at 655 nm
can be detected, which is attributed to the transition from the 5F5 excited state to the ground state
5

I8. It is worth noting that in some matrix hosts, blue up-conversion emission centred at ~486 nm

and NIR up-conversion emission at ~751 nm can be observed, which are ascribed to the 4F3 → 5I8
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transition and the 5F4, 5S2 → 5I7 transition, respectively, which did not appear in the case of
BaTiO3.[88]

Figure 4. Energy level diagrams of (a) Er3+-Yb3+ and (b) Ho3+-Yb3+ in case of BaTiO3 material.

3.4. Inorganic host matrices
3.4.1. Strontium tetraborate host matrix
Borates, which are naturally deposited in the sediments of ancient lakes or in hydrothermal
solutions in products of the hervidero hotbed,[100] play an irreplaceable role in industrial and
scientific fields. In general, Ln2+ can be reduced from Ln3+ and stabilized in the host matrix in a
reducing atmosphere, such as H2 and H2/N2, using the common raw materials containing Ln3+ ions,
e.g., Eu2O3, Sm2O3, etc. Noteworthy, the reduction process from Ln3+ to Ln2+ ions can also take
place in some hosts even in the air.[105,106] Strontium tetraborates (SrB4O7) are considered to be the
most prominent Ln2+stabilizing matrices. SrB4O7 is a special case that has a huge potential to
stabilize Ln2+, e.g., Eu2+, Sm2+, Yb2+, Tm2+ and Nd2+ in reduction atmosphere or even in the air.
This is due to the following reasons: I) According to the Vegard’s rule,[107] the difference in ionic
radii between the host ions and the dopant ion is less than 15%, e.g., Reu2+= 1.39 Å; RSm2+=1.41 Å
and RSm2+=1.40 Å. In such a case, the Ln2+ dopant ions can isomorphically substitute the host ions
in the selected crystalline structures without significant distortion of the lattice. This phenomenon
are only observed in the case of strontium borate matrices.[108] II) Strontium tetraborate (SrB4O7)
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is a well-known luminescent host material, showing main advantages like high non-linear optical
coefficients, high optical damage thresholds, non-linear optical properties, high chemical and
physical stability neutron sensitivity, wide optical transparency in the UV-vacuum range, with the
fundamental absorption edge below 120 nm (~83333 cm-1) that extends towards ~ 3250 nm (~
3077 cm-1) in the IR range.[101–104] III) As shown in Figure 5a, due to the rigid three-dimensional
lattice of the corner-linked tetrahedral (BO4)5- anion structure groups of the boron-oxygen
framework, SrB4O7 shows excellent stabilization of the Ln2+ ions even in air.[56]
Huppertz et al. described the HP β-CaB4O7 phase, which crystallizes isotypically to SrB4O7
in the space group Pnm21 (no. 31).[109] Upon doping of Eu2+ ions into the SrB4O7 crystal structure,
Machida et al. observed a very efficient broad luminescence band at about 367 nm at room
temperature, which is assigned to the 4f65d → 4f7(8S7/2) transition of Eu2+.[110] On the other hand,
Meijerink et al. observed sharp lines caused by the transitions within the 4f7 ground configuration
at low temperatures

[38]

and showed that the configuration crossover between the 4f7 and 4f65d1

configuration of Eu2+ can be stimulated by temperature variation, as recently confirmed our group.
We also reported that the difference in the strontium borate structure (see Figure 5a-c) leads to a
difference in the reduction process of Ln3+ to Ln2+, i.e., the host matrix of Sr3(BO3)2 (R3c space
group), SrB2O4 (Pbcn space group) and SrB4O7(Pmn21 space group), have a great influence on the
reduction process of Ln2+ (SrB4O7 > SrB2O4 > Sr3(BO3)2).[56]
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Figure 5. The crystal structure presentation of orthorhombic (a) SrB4O7, (b) SrB2O4 and (c)
Sr3(BO3)2 matrices. The cationic (Sr2+ or B3+) coordination environment are also presented.

Combining with the thermal and chemical stability of SrB4O7, the spectroscopic properties
based on the narrow emission line (located at ~14599 cm-1, ~685 nm) of the 5D0-7F0 transition of
Sm2+ can be applied as an optical probe of temperature and pressure. In the case of pressure sensing,
the spectroscopic features of the isolated, narrow (FWHM~0.13 nm) and intense 0-0 line, as well
as negligible temperature dependence and high-pressure shift, make it an excellent candidate for
pressure sensing application.[43,63,73,111] However, with

increasing pressure, the optical

determination of the pressure values based on Sm2+ in SrB4O7 materials is influenced by the signal
quenching effect under pressure, due to the solidification of the pressure transmitting medium in
diamond anvil cell, which will be discussed in the following paragraphs. On the other hand, the
SrB4O7 materials can also be applied in various fields. Zhongming Cao et al. reported multimode
temperature sensing based on SrB4O7:Sm2+, using the band intensity ratio of 585/685 nm and
lifetime as thermal sensing parameters. C.B. Palan et al. reported that SrB4O7 doped with Eu2+ can
be used in radiation dosimetry applications, showing optically stimulated luminescence sensitivity
of 33%.[103] Sun Jiayue et al. reported that SrB4O7:Sm2+ can be used as a light conversion agent.[102]

3.4.2. Barium titanium matrix
Perovskite materials are initially a calcium titanium oxide mineral composed of calcium titanate
(CaTiO3). There are also several compounds showing the type of crystal structure as CaTiO3
(ABX3). In the ABX3 perovskite, the A-site ion located in the centre of the lattice, which is usually
an alkaline earth or rare-earth element, while the B-site ions are positioned on the corners of the
lattice, which are 3d, 4d, and 5d transition metal elements, and the X-site ions are ions (frequently
oxide) that bind to both ions (usually O2-). Perovskite materials show unique features that make
them promising candidates in various fields, such as solar cells, ferroelectric materials, solid-state
lasers, etc.[112–118] Titanate perovskites have received extensive attention, especially thanks to their
excellent piezoelectric and emissive properties.[119,120] Among them, barium titanate (BaTiO3) has
been extensively studied in recent decades.[116–118,121–127] In addition to the ferroelectric and
dielectric properties, the introduction of appropriate Ln3+ dopant ions into the host matrix can give
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BaTiO3 the PL properties. To obtain an efficient up-conversion luminescence, the low phonon
energy of the host matrix is very important. For instance, in an Er3+-Yb3+ up-conversion system,
low phonon energies can inhibit multi-phonon relaxation of the 4S3/2 level to the 4F9/2 red-emitting
level located at lower energy, leading to more efficient green emission. BaTiO3 has a relatively
low phonon energy (~700 cm-1), which favours superior up-conversion luminescence efficiency
and satisfactory optical temperature sensing performance.[128] Noteworthy, BaTiO3 adopts
different phases over a wide temperature range, from rhombohedral, orthorhombic, tetragonal to
cubic structure.[129,130] The change in structure from rhombohedral to cubic with increasing
temperature can be seen in Figure 6. In the case of cubic BaTiO3 (Pm3m, No.221), the Ti4+ ions
are positioned in the centre of the 6-neighboring-oxygen-formed octahedron with Oh symmetry,
while for the tetragonal phase, the Ti4+ ions have the symmetry of C4v, where the O2- anion is
supposed to be slightly shifted towards the c axis. When the temperature is cooled down to room
temperature, a non-centrosymmetric structure (tetragonal phase) is obtained, due to the fact that
the centre ion Ti4+ ion and the oxygen octahedron (O3 local symmetry) displace non-uniformly
with respect to the corner ion Ba2+.[130,131] When the temperature decreases below ~278 K, BaTiO3
shows an orthorhombic structure (Amm2). With further decreasing the temperature below ~183
K, a rhombohedral structure (space group R3c) can be obtained. As the temperature changes,
different regions of the material change their crystallographic orientations, altering the crystal
structure symmetry, and a phase transition (tetragonal to cubic) occurs, leading to huge variation
in the electric and spectroscopic features of the material.[129,132] Importantly, tetragonal crystals
transform into a cubic phase above the Curie temperature (TC, ~393 K) in BaTiO3, as shown in
previous literature data, leading to a sharp and significant change in their dielectric and
ferroelectric properties, induced by an intrinsic change in crystal structure. [129,130,133]
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Figure 6. Phase transformations in barium titanate from the rhombohedral, orthorhombic,
tetragonal systems to the cubic crystal system with increasing temperature.

3.5. Luminescence sensing techniques
3.5.1. HP experiments and optical manometry
The interest in the participation of variable volume in the study of materials by exerting pressure
arises from the fact that a large proportion of the matter known in the universe was formed under
extreme conditions of pressure, often accompanied by temperature changes. Pressure shapes
galaxies, stars and planets, crosses islands, continents, and oceans, and affects our lives. A clear
example is the earth, which can be considered a laboratory with all kinds of extreme conditions
due to the combination of high pressures and high temperatures with other processes such as strong
variations in pH, catalytic reactions, microbial activity, etc.[134] The pressure also has a significant
influence on the physicochemical features of materials. The implementation of HP in scientific
research based on the compression of materials has found wide application in the study of pressuretriggered variations in the structural, magnetic and spectroscopic properties of substances, phase
transformations and the formation of new materials under extreme conditions, as well as an indepth insight into the intriguing and conclusive mechanisms that have made great progress in solidstate physics/chemistry, material science, and geophysics, spectroscopic and structural change of
the chemical compounds, etc.[135–143] In response to external mechanical stimuli such as pressure,
significant changes in the material occur through changes in interatomic distances,[144] alteration
34

in electronic orbitals,[145] etc.[146,147] These changes are usually accompanied by alterations in the
nature of the chemical bonds and coordination numbers, leading to other types of structures with
different electronic properties in HP.[148–152] Therefore, it is extremely important to determine the
local occurring pressure in a quick, non-contact and precise manner.
For a static HP experiment under a hydrostatic pressure condition, a typical assemble of optical
pressure sensor, hydrostatic pressure transmitting medium (PTM) as well as a small amount of
targeted sample (~100-500 µm) are loaded into the diamond anvil cell (DAC) for further
characterization. The HP DAC is a typical setup to mimic HP conditions to perform spectroscopic
measurements under hydrostatic or quasi-hydrostatic conditions (a detailed scheme is shown in
Fig. 8, Chapter 4.2.5). Such a DAC chamber, consisting of a metal cover, closed with screws, a
metal gasket, two parallel diamonds and a pressure sensor, as well as a hydrostatic PTM, is used
to squeeze and compress the investigated materials on a laboratory scale. Due to the transparency
in the visible range and the ultrahigh hardness of diamonds (usually IIac or IIas diamonds), it is
possible to monitor the physicochemical alterations (mainly spectroscopic and structural) of the
compressed materials, depending on the applied pressure.[153] In order to imitate and simulate
high-pressure conditions up to tens or even hundreds of GPa, a very high force acting per small
area is required, i.e., a small diamond culet size <500 µm. It is worth noting that due to pressureinduced solidification of the PTMs and subsequent loss of hydrostaticity in the sample´s
chamber,[73,154–156] the selection of PTM is also very crucial for obtaining HP values. PTM of
methanol/ethanol/water (16/3/1) are commonly used for achieve hydrostatic or quasihydrostatic
conditions that are hydrostatic up to ~ 10.5 GPa. However, silicon oil has hydrostaticity limits to
a few GPa, and in the category of liquid gas as PTM, the highest hydrostaticity limit of ~30 GPa
can be achieved using liquid helium. As a matter of fact, under nonhydrostatic conditions, the HP
measurements performed may sometimes not be perfectly repeatable and reproducible, e.g., the
pressure values of the phase transitions may slightly differ because different and nonhomogeneous
forces applied in different directions to the crystals in the DAC.
Optical pressure calibrators (noncontact pressure sensor) are based on spectroscopic variations
as a function of pressure in optically active materials doped with Ln ions or d-block ions. As shown
in Figure 7, the interesting spectroscopic effects of Ln2+/3+, i.e., spectral shift, bandwidth variation,
intensity ratiometric change, shortening of PL lifetimes, as a function of pressure and temperature
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conditions, can be utilized for pressure and temperature determination in a non-invasive
approach.[2,3,157–161] The pressure sensing materials should have the following ideal properties, as
reported by Barnett et al. and Tröster:[162,163] I) the emission spectrum measured of an optical
pressure sensor should consist of a single emission band. With increasing the pressure, the
emission band with no significant broadening or weakening is preferred; II) large spectral shift of
the emission line with pressure (dλ/dP); III) the line shift should be as temperature-independent as
possible (dλ/dT); IV) the material of the pressure sensor should be structurally stabile under high
temperature and pressure conditions; V) the optically active ions (usually Ln or transition metal
ions) in the pressure sensor can be easily excited by low cost commercial lasers; VI) a smaller
linewidth Γ (FHWM) of the emission band is preferred.

Figure 7. Presentation of the concept of the luminescent manometry and thermometry, i.e., the
pressure- and temperature-induced luminescence properties of Ln2+/3+-doped materials.
Currently, a common approach for optical pressure sensing is to use the calibration of the
line shift (usually red shift) of the emission band in the sensor material. The dependence of the line
shift as a function of pressure can be fitted to a linear function

[43,63,164,165]

or to a polynomial

function.[1,22] The main effects responsible for the commonly observed pressure-triggered red-shift
in luminescent materials are the most plausibly: I) an amplified nephelauxetic effect induced by a
decrease of free-ion parameters with compression, leading to an increase in the covalent character
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of bonding (shorter bonds), and narrowing energy separation/gap between the ground and excited
states;[1,22,43] and II) improved splitting of the ground and excited configurations, which is triggered
by the enhanced crystal-field strength at HP, due to shorter interionic distances leading to stronger
interactions between ions. Overall, the observed shift towards lower energies (longer wavelengths)
is related to the overall contraction of the 4fN ground configuration, resulting in a reduction of the
energy difference between the ground state and the excited state of the 2S+1LJ multiplet. This effect
originates from the reduction of the Coulomb and spin-orbit interactions under extreme condition
of pressure, leading to a spectral red-shift of the 5d multiplets or 4f levels.
A commonly used method for the pressure determination is based on the emission line of
Cr3+ ion located at 694 nm in ruby (Al2O3:Cr3+), showing the pressure-induced spectral shift of
dλ/dp ≈ 0.35 nm/GPa.[156,166–168] However, due to the relatively broad (≈0.8 nm at ambient
condition) emission bands of ruby and the strong overlapping of the ruby peaks (R1 and R2) under
non-hydrostatic, high-pressure conditions, there is usually a large error in the ruby spectral data
for pressure-determination analysis, thanks to whereby the precision of the determination of
pressure is significantly reduced when very HP conditions (above ~10 GPa) are required. This is
usually due to the solidification of the commonly used PTMs (methanol/ethanol/water) triggered
by pressure as well as the resulting loss of hydrostaticity in the DAC chamber.[73,154–156] It is worth
noting that the ruby line depends on temperature and the shift is dλ/dT≈0.007 nm/K, which largely
limits the ability to measure pressure to a narrow temperature range..
Many works have suggested that the use of SrB4O7:Sm2+, i.e., the pressure-induced spectral
shift of the Sm2+: 5D0→7F0 emission band (0–0) at ~685 nm, may be as an excellent alternative to
ruby as a pressure sensor. This is due to several benefits: 1) HP -induced shift of dλ/dP = 0.255
nm/GPa; 2) the emission band is isolated and narrow; 3) the temperature-dependence of the
pressure sensing parameter is relatively low. As with other pressure sensors based on Ln ions or
transition metal ions, the ubiquitous and progressive compression-induced quenching of emission
of the Sm2+ luminescence under pressure, which is a notoriously observed effect,[127,144,169] greatly
limits pressure sensing accuracy and range detected. It is still a bottleneck in experimental
pressure-sensing techniques based on PL to significantly improve the accuracy of pressure
measurements and broaden the pressure sensing range covered by these techniques. Moreover,
with the development of science and technique, the pursuit of better pressure sensing properties,
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including higher pressure sensitivity, lower temperature-dependence, faster response, etc., and the
discovery of novel pressure sensing materials are the trends in the field of pressure sensing.

3.5.2. Luminescence thermometry
Temperature is a central concept and variables in not only scientific research, especially
thermodynamics and statistical mechanics, but also industrial manufacturing and our daily life.
Temperature, as one of the most crucial physical parameters, from the atomic scale up to
macroscopic levels, influences the molecular dynamics, thermodynamics and the practical
viability of all natural and engineering systems.[5,6,170–176] To date, common traditional
thermometers, such as thermoelectric couples, liquid-filled thermometers, and pyrometers are
based on the principle of liquid and metal expansion. However, they usually require physical
contact (invasive), thus in general, need conductive heat transfer and require to reach heat
equilibrium between the targeted object and the thermal sensor. Conventional thermometers are
no longer able to fulfil the increasing requirement for temperature determination, due to their lowresolution, long-time response, relatively large dimensions, invasive character, etc. Moreover, they
are generally not suitable for some special environments such as submicron-sized objects, power
stations, living biological cells, etc.[177–180] Thus, it is necessary to develop novel thermometric
techniques.
System temperature determination can be effectively realized with an optical, noncontact
approach using organic fluorophores, metal complexes, gold nanorods, quantum and carbon dots,
materials based on Ln ions, etc., which can optically examine the temperature distribution in
submicron-sized objects/scale with outstanding benefits, including high sensitivity, high spatial
resolution, fast response, contactless approach, and so on.[169,181–186] More and more attention is
paid to Ln-doped materials due to their characteristic spectroscopic properties.[187–189] As
mentioned above (see Figure 7), the temperature determination of the system based on
spectroscopic properties of the materials as a function of temperature, i.e., the shape of the
emission band, emission intensity changes, bandwidth (full width half maximum, FWHM),
spectral line shift, variation in luminescence rise or decay times, which can act as luminescence
thermometric parameters.
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In order to implement noncontact thermometry, the most common approach is to use the
FIR/LIR of dual energy levels, i.e., FIR/LIR technique, which applying various temperature
responses of FIR/LIR values of the emission bands originating from the TCLs of Ln ions.
Importantly, the FIR/LIR technique allows to avoid technical errors in spectroscopic
measurements arising from the difference in the dopant content in the luminescent material,
inhomogeneous distribution of the dopant in the synthesized particle, and fluctuations in the power
of the excitation sources, etc. By using the FIR/LIR technique, external disruptions may be
mitigated or removed to some degree, such as the effect of variation of the irradiation force,
variance in loss of communication in the optical pass and the photo-bleaching influence of organic
dyes, which is beneficial for the steadiness, precision, and dependability of thermal sensors. The
FIR/LIR technique based on the TCLs of Ln3+ ions has become a hot topic in recent decades. TCLs
have an appropriate energy separation between the thermalized states, usually meeting the
requirement of 200 ≤ ΔE ≤ 2000 cm-1 to avoid intensive overlapping between the two emission
bands and to allow the upper level a minimum population of optically active Ln ions in the
measured temperature range. Such TCLs are fulfilled in the structures of the energy levels of many
Ln ions, such as Er3+, Tm3+, Nd3+,[187–189] etc. Due to the thermalization processes between the two
TCLs, with elevation of temperature, the relative population of the upper energy level (I2) and the
lower energy level (I1) are consistent with the Boltzmann distribution,[171,190] which can be
described using the following equation:
𝐼

−∆𝐸

𝐹𝐼𝑅 = 𝐼2 = 𝐴 × exp ( 𝑘 𝑇 )
1

𝐵

(4)

where A is a coefficient, which depends on the branching ratio of the transitions, related to the
rates of total spontaneous emission, degeneration of states and transitions angular frequencies,
etc.[2,6,191] Whereas k, ΔE and T refer to the Boltzmann constant, the energy gap between the two
TCLs, and the absolute temperature, respectively. The ΔE values can be obtained based on the PL
emission spectra or the alignment offset during the fitting process of the related FIR/LIR as a
function of temperature. In the case of experimental overlapping of the emission bands
corresponding to the different components of the crystal field, an additional coefficient B is
sometimes included in the formula, that is, using the following fitting equation:[192]
𝐼

−∆𝐸

𝐹𝐼𝑅 = 𝐼2 = 𝐴 × exp ( 𝑘 𝑇 ) + 𝐵
1

𝐵

It is worth noting that the above Equation 4 can also be tuned into a linear formula, i.e.,
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(5)

∆𝐸

ln(𝐹𝐼𝑅) = 𝐴 −

(6)

𝑘𝐵 𝑇

As mentioned above, the population of two TCLs are sensitive to the temperature change, due
to the thermal population – thermalization effects. The most commonly used Ln3+ for a
luminescent thermometer is Er3+ with the TCLs 2H11/2 and 4S3/2, between which the energy gap is
~750-850 cm−1.[193–195] As predicted by the Boltzmann distribution, the greater the energy
separation of TCLs leads to a higher sensitivity of the thermal sensor. Thus, the challenge towards
higher sensitivity is limited due to the restriction of the energy separation between TCLs (200 cm1

<∆E< 2000 cm-1). As a result, more and more researchers are starting to design a new strategy to

improve detection sensitivity for temperature sensing. Recently, some researchers have been
focusing on the use of non-thermally coupled levels (non-TCLs), which may achieve an even
higher relative sensitivity theoretically unlimited, which, in fact does not depend on the energy
difference between the corresponding levels in this case, but related to thermal quenching rates
and the temperature-governed ET, etc.

[173,189,191,196]

Since no suitable physical model has been

reported to describe the temperature-dependences of LIR values for non-TCLs of Ln3+, the means
of empirical functions, usually exponential or polynomial, are commonly applied. [3,173]
The Population redistribution ability (PRA) as a function of temperature is often applied
for examining the rate of the population change between the TCLs:
𝑃𝑅𝐴 = 𝐼

𝐼2

2 +𝐼1

𝐴

= 𝐴+exp (∆𝐸/𝑘

𝐵 𝑇)

(7)

Importantly, the most important and basic parameter describing the temperature detection
ability of the developed sensor are the absolute thermal sensitivity (Sa) and relative thermal
sensitivity (Sr), which can be calculated via the following equation:
𝑆𝑎 = 100% ×

𝜕(𝐹𝐼𝑅)

(8)

𝜕𝑇
1

𝑆𝑟 = 100% × 𝐹𝐼𝑅 ×

𝜕(𝐹𝐼𝑅)

(9)

𝜕𝑇

In some cases, the FIR/LIR may not be well fitted using the functions. To remain an
independent form of the fitting constant and to avoid the strong dependence on the calibration
model and the adopted fitting parameters, the Sr value can be estimated by a more general method:
1

𝑆𝑟 （𝑇0 ） = 𝐹𝐼𝑅(T ) ×
0

𝐹𝐼𝑅(T1 )−𝐹𝐼𝑅(T0 )
T1 −T0

(10)

Where T0 and T1 are the first and second measured temperature values, T1>T0, FIR(T1) is the FIR
value at T1 temperature, FIR(T0) is the FIR value at T0 temperature. Additionally, more generally,
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for different measured parameters (MP) at elevated temperature,[197] the Sa and Sr values can also
be estimated by using the following functions:
1

𝜕𝑀𝑃

𝑆𝑟 = 100% × 𝑀𝑃 × |
𝑆𝑎 = 100% × |

𝜕𝑀𝑃
𝜕𝑇

𝜕𝑇

|

(11)

|

(12)

The unit of Sr is expressed as the change (percentage) in temperature per Kelvin (% K-1) or per
Celsius (% ◦C-1).[192] Noteworthy, for quantitatively comparison of the thermometric performance
of different temperature sensors, a more reasonable way is to compare the Sr value, rather than Sa.
This is due to the independence of Sr on the nature of the samples and the experimental setup
applied during the thermal measurement.
Importantly, it is also worth mentioning the temperature resolution or temperature uncertainty
(δT or ∆T). δT is the smallest detectable change of temperature in a given measurement and can
be generally defined as[197]:
1

𝜕𝑀𝑃

𝑟

MP

1

𝜕𝐹𝐼𝑅

𝑟

FIR

δT = 𝑆 ×

(13)

when the FIR is used, it can also be expressed as:
δT = 𝑆 ×

(14)

where δFIR is the uncertainty of the determined LIR, which can be further estimated using the
following expression:
2

δI

δI

2

δLIR = 𝐿𝐼𝑅 × √( I 1) + ( I 2 )
1

(15)

2

here, δI1 and δI2 refer to the determination the uncertainty of the corresponding emission intensities
i.e., the noise-to-signal ratio, which can be estimated from the integrated intensity of the spectral
background noise divided by the integrated emission intensity of the emission band.
Importantly, the repeatability (R) of the measured parameter (MP) in an optical thermometer
is also a vital parameter for further test the validity of the developed optical thermometers. R can
be estimated using the following equation:
𝑅 (𝑇) = 100% × [1 −

|𝑀𝑃 𝑖 (𝑇)−〈𝑀𝑃(𝑇)〉|𝑚𝑎𝑥
〈𝑀𝑃(𝑇)〉

]

(16)

where MPi is the measured parameter in the ith cycle, while 〈MP(T)〉 is the mean value of MP
over several heating and cooling cycles (5-10 cycles are usually required). Good repeatability in
the developed thermometer should not show signs of thermal hysteresis in cyclic plots.
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4. Experimental
4.1. Synthesis
A list of developed luminescent materials is as follows:
Sr2.97Eu0.03(BO3)2, Sr0.99Eu0.01B2O4 and Sr0.99Eu0.01B4O7;
SrB4O7:0.01 Sm2+, x Eu2+ (where x=0, 0.005, 0.01, 0.03, 0.05, 0.07 and 0.09);
SrB4O7: 0.05 Eu2+, y Sm2+ (where y=0.005, 0.01, 0.02, 0.03 and 0.05);
Sr1-xB4O7: xTm2+ (where x=0.001, 0.002, 0.005 and 0.01);
BaTi0.95-xO3: x Er3+, 0.05 Yb3+ (where x is the molar concentration of Er3+, i.e., 0.01, 0.05 and 0.09);
BaTi0.95-xO3: 0.01 Ho3+, x Yb3+ (where x is the molar concentration of Yb3+, i.e., 0.01, 0.05 and
0.10).
4.1.1. Sr2.97Eu0.03(BO3)2,Sr0.99Eu0.01B2O4 and Sr0.99Eu0.01B4O7 micro-particles
Strontium borates doped with Eu ions, i.e., Sr2.97Eu0.03(BO3)2, Sr0.99Eu0.01B2O4 and
Sr0.99Eu0.01B4O7 were synthesized via a well-known solid-state method at high temperature. High
purity H3BO3 (Chempur, pure p.a.), SrCO3 (Sigma-Aldrich, 99.9%) and Eu2O3 (Alfa Aesar,
99.99%) were used as starting materials. According to the chemical formula, the stoichiometric
amounts of Eu2O3, H3BO3 and SrCO3 were weighted, well mixed and ground together in an agate
mortar for each component, respectively. Please note, that a 50 mol% excess of H3BO3 was used
to synthesize the pure phase structure of Sr0.99Eu0.01B4O7 compound, based on the experience of
previous experiments. The mixtures of the grounded power were then transferred into porcelain
crucibles covered with a porcelain lid, placed in an oven, and heat-treated at 700 °C for 5 h,
followed by sintering at 850 °C for 5 h. Subsequently, the sintered product was transferred to an
agate mortar and ground again for around 15 min, followed by a further heat-treatment at 850 °C
for another 5 h. It is worth noting that all grinding must take more than 15 minutes for the powder
to be evenly mixed. And covering the crucibles with a lid is very crucial to limit the amount of
oxygen from the air in the system and obtain a pure Eu2+ phase structure.
4.1.2. SrB4O7: Sm2+, Eu2+ micro-particles
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The SrB4O7:0.01 Sm2+, x Eu2+ (x=0, 0.005, 0.01, 0.03, 0.05, 0.07 and 0.09) and SrB4O7: 0.05 Eu2+,
y Sm2+ (y=0.005, 0.01, 0.02, 0.03 and 0.05) micro-particles were synthesized by means of a facile,
reproducible, and cheap method, i.e., the solid-state method in the air. The stoichiometric amounts
of Eu2O3, Sm2O3, H3BO3 and SrCO3 were weighted out and ground together in an agate mortar.
Please note, that for SrB4O7: Sm2+, Eu2+ micro-particles, the excess amount of H3BO3 is only 3
mol%, which leads to smaller crystallines. Then the subsequent sintering process in the oven is the
same as for Sr0.99Eu0.01B4O7.
4.1.3. SrB4O7: Tm2+ micro-particles
SrCO3 (99.9%, Sigma-Aldrich), H3BO3 (pure p.a., Chempur Poland), and Tm2O3 (99.99%,
Stanford Materials) were used as the starting materials. A high-temperature solid-state method in
the air was exploited to synthesize the Sr1-xB4O7: xTm2+ (x=0.001, 0.002, 0.005 and 0.01) materials.
The stoichiometric amounts of SrCO3, H3BO3, and Tm2O3 were ground for 20 min in an agate
mortar. The mixture then undergoes the same sintering process mentioned above. Such materials
were ground before measurements were executed.
4.1.4. BaTiO3: Ho3+, Yb3+ and BaTiO3: Er3+, Yb3+ perovskite phosphors
Stoichiometric amounts of CH3COO)2Ba (>99.9%), Er(NO3)3 (99.9%), Ho(NO3)3 (99.9%),
Yb(NO3)3 (99.9%), and Ti(OC4H9)4 (97%), were selected and used as starting materials for both
the synthesis of BaTi0.95-xO3: x Er3+, 0.05 Yb3+ (x is the molar concentration of Er3+, i.e., 1%, 5%
and 9%), and BaTi0.95-xO3: 1% Ho3+, x Yb3+ (x is the molar concentration of Yb3+, i.e., 1%, 5%
and 10%). The appropriate amount of Ba(CH3COO)2 was dissolved in 20 mL acetic acid (denoted
as solution A). Subsequently, 2 mL of Ti(OC4H9)4 was diluted with 8 mL of acetylacetone (denoted
as solution B). Solution A was then added dropwise to solution B. This mixture was heated to 23
K on a hot plate for 2 h with continuous magnetic stirring, to form a solution containing titanium
and barium cations (denoted as solution C). Afterwards, 5 mL of an aqueous solution of Er(NO3)3
and Yb(NO3)3 were added to solution C and heated to 373 K on a hot plate for 24 h, to evaporate
water and obtain a powder. Finally, the product obtained was ground in an agate mortar, placed in
an alumina crucible and annealed for 2 h at 1273 K in a muffle furnace, in air atmosphere, to obtain
the final product.
4.2. Physicochemical characterization of the investigated microparticles
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4.2.1. X-ray powder diffraction
The powder X-ray diffraction (XRD) patterns were recorded to identify the phase structure and
phase purity of the materials obtained, using a Bruker D8 Advance diffractometer, which is
equipped with a graphite monochromator operated at 40 kV and 30 mA, using CuKα radiation (λ
= 1.54057 Å), in the 2θ range of 10 - 60°.
4.2.2. Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)
SEM and EDX spectra and mapping were recorded with the use of a FEI Quanta 250 FEG scanning
electron microscope with an EDAX detector.
4.2.3. Raman spectroscopy
To record the Raman spectra at room temperature, we applied a Renishaw research Ramanscope
1000 spectrometer equipped with a Peltier-cooled CCD detector and with Leica microscopes
(λex=785 nm). Raman spectra at various temperature were recorded using a Horiba Jobin Yvon
LabRam HR800 spectrometer with a liquid nitrogen cooled CCD detector (He-Ne 632.82 nm laser,
power of 1.77 mW). The signal was recorded in the backscattering geometry and the laser beam
was focused using a x20 long working distance objective. The Si line at 520.7 cm-1 was used to
calibrate the Raman Shift. A Linkam THMS 600 temperature-controlled system was applied to
modulate and monitor temperature for Raman spectra measurements.
4.2.4. Luminescence spectroscopy
A typical Hitachi F7000 spectrofluorometer was applied for the room-temperature luminescence
characterization (excitation and emission spectra, luminescence lifetime in microsecond scale) of
the materials synthesized. All spectra in the measurements were corrected for the response of the
instrument. A Photon Technology Int. Quanta Master TM 40 spectrophotometer equipped with an
Opotek Inc. Opolette 355LD UVDM tuneable laser with a repetition rate of 20 Hz as the excitation
source and a Hamamatsu R928 photomultiplier as a detector were used for the measurement of
luminescence decay curves of the targeted sample.
4.2.5. High pressure experiment
DAC loading procedure. For high-pressure measurements, we applied a typical Merrill-Bassett
diamond anvil cell (DAC), equipped with high-purity IIas diamond anvils (for Raman and
56

fluorescence spectroscopy), purchased from Almax easyLab. The pressure values inside the DAC
chamber are regulated by three metal screws on the outside of the DAC. Stainless-steel sheets
(thickness: 250 μm) with an aperture of ~150 μm (hole size) were applied as gaskets, used for
high-pressure experiments in the DAC. Before loading the sample, the gaskets were pre-indented
down to ~80 μm (sample thickness). Using a stereo microscope, a ruby ball (˂ 10 μm diameter,
usually single), a very small amount of sample powder was loaded into the DAC chamber, after
which the PTM (usually a solvent system of methanol/ethanol/water with a volume ratio 16:3:1
was preferred) was fulfilled in the DAC chamber for maintaining hydrostatic and quasi-hydrostatic
conditions in the HP experiment (compression and decompression process).
HP Raman scattering characterization. Using a grating with 1800 grooves/mm and a powercontrolled 785 nm laser diode, Raman spectra were recorded in backscattering geometry with a
Renishaw InVia confocal micro-Raman system. The laser beam was well focused using an
Olympus x20 SLMPlan N long working distance objective.
HP PL characterization. The scheme of the experimental setup of high-pressure spectroscopy is
shown in Figure 8a.The PL characterization under high pressure conditions was performed by
measuring the emission spectra (with a resolution of ≈0.1 nm) of the samples placed in the DAC
chamber, using I) an Andor Shamrock 500i spectrometer, equipped with a detector of iDus 420
CCD camera; II) a Hitachi F7000 spectrofluorometer assembled with DAC holder and other HP
setup; III) QuantaMasterTM 40 spectrophotometer (Photon Technology International) with R928
(200 - 900 nm), R5108 (400 - 1200 nm) and H10330C-75 (950 - 1700 nm) photomultipliers as
detectors (from Hamamatsu) and PIXIS:256E Digital CCD Camera equipped with SP-2156
Imaging Spectrograph (Princeton Instruments). These devices were used to measure the excitation
and emission spectra, as well as luminescence rise and decay curves in order to determine the
corresponding emission lifetimes, band intensity ratio, energy alterations of the radiative
transitions and luminescence intensity as variations in a function of increasing pressure. The UV,
Vis, NIR continuous wavelength and tuneable pulsed lasers and diodes at different visible
wavelength were applied, which was focused on the sample in the gasket hole of the DAC. The
PL signal was collected in an optimized configuration with 180° detection geometry (back
illuminated configuration). Pressure calibration of the system in the DAC chamber was based on
a monitored shift of the ruby R1 fluorescence line, using the standard ruby calibration curve from
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http://kantor.50webs.com/ruby.htm. Steady state and time-resolved luminescence spectroscopy
with high spectral resolution was used to analyse the spectroscopic properties of the synthesized
materials under high-pressure conditions (up to ~30 GPa).

Figure 8. The scheme of experimental setup for (a) the HP PL measurements with a DAC
presentation (Merrill-Bassett type) and (b) high temperature PL measurements for luminescent
materials.

4.2.6. Thermal-dependent PL spectroscopy
High-temperature PL characterization. The scheme of the experimental setup of hightemperature spectroscopy is shown in Figure 8b. An Andor Shamrock 500i spectrometer with an
iDus CCD camera as a detector was used to record UC emission spectra. The excitation source
applied was a continuous wave 975 nm, fiber-coupled, solid-state diode pumped (SSDP) laser FC975-2W (CNI), with an estimated spot size of ≈ 0.5 mm. For the spectroscopic measurements
under changing temperature, a tube furnace with an integrated thermocouple was used, with an
additional K-type thermocouple placed in the centre of the working tube, close to the sample
(temperature accuracy ± 0.1 K). Recorded emission/excitation spectra were corrected for the
apparatus response. Using high-spectral resolution, steady-state and time-resolved luminescence
spectroscopy, the excitation/emission spectra and luminescence decay profiles were measured, to
establish correlation of the measured spectroscopic parameters with temperature. The
luminescence thermal quenching effect and the complex relationship between thermal-sensitive
radiative or non-radiative transitions attributed to TCLs (according to Boltzmann distribution) and
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non-TCLs (non-Boltzmann type) in Ln2+/3+ ions in the obtained materials were analysed, in order
to understand the effects/mechanisms responsible for the observed spectroscopic effects.
Low-temperature PL characterization. Characterization of the low-temperature PL was
performed using an FLS1000 Fluorescence spectrometer (Edinburgh Instruments Ltd) with a 450W xenon arc lamp (excitation light source) and a Hamamatsu R928P high-gain photomultiplier
(cooled -20 °C). Emission spectra were collected in the temperature range 11 – 300 K, with a 10
K step. The decay curves were recorded using an EPLED285 (285 nm) picosecond pulsed lightemitting diode and the same FLS1000 spectrometer. Using Silver Adhesive 503 (Electron
Microscopy Sciences), a sample for low-temperature spectroscopic measurements was mounted
on the Cu-holder of a closed-cycle helium cryostat (Lake Shore Cryotronics, Inc.).
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5. Physicochemical characterization of Ln2+ doped SrB4O7 materials
5.1. Influence of matrix on the luminescence properties of Eu2+/Eu3+ doped strontium borates:
SrB4O7, SrB2O4 and Sr3(BO3)2, exhibiting multicolor tunable emission

The result in this section were published in: Teng Zheng, Marcin Runowski, Przemysław Woźny,
Stefan Lis, Influence of matrix on the luminescence properties of Eu2+/Eu3+ doped strontium borates: SrB4O7,
SrB2O4 and Sr3(BO3)2, exhibiting multicolor tunable emission, Journal of Alloys and Compounds, 2020,
822, 153511-153519 (9).

Abstract of the section: At the very beginning of his doctoral thesis, the Ph. D. candidate
synthesized three complex strontium borate matrices, i.e., Sr3(BO3)2, SrB2O4 and SrB4O7 doped
with Eu2+/3+ ions, via the high-temperature solid state reaction method in the air. The morphology
was characterized by X-ray and SEM analyses, confirming that all these samples are pure phase
micro-sized materials. The excitation and emission spectra, including the PL decay curves and the
determined lifetimes of the synthesized compounds were systematically investigated. Furthermore,
the impact of strontium borate matrices on the PL properties of the Eu2+/3+ ions was analysed. The
intensity ratio of Eu2+/3+ emission varies significantly for different matrices.
Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data
analysis and curation, formal analysis, writing original draft and writing review & editing.
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5.2. Huge enhancement of Sm2+ emission: via Eu2+ energy transfer in a SrB4O7 pressure
sensor

The result in this section were published in: Teng Zheng, Marcin Runowski, Przemysław
Woźny, Stefan Lis, Victor Lavin, Huge enhancement of Sm2+ emission via Eu2+ energy transfer in
a SrB4O7 pressure sensor, Journal of Materials Chemistry C, 2020, 8, 4810-4817(8).

Abstract of the section: Based on the last section, the main aim of the work: “Huge enhancement
of Sm2+ emission via Eu2+ energy transfer in a SrB4O7 pressure sensor” is, taking advantage of the
typical pressure-sensing performances of the Sm2+ ion in the SrB4O7 crystal, to explore the
improvement of the emission intensity of Sm2+ ions via the strategy of Eu2+-to-Sm2+ ET process.
When Eu2+ ions are also incorporated into the crystalline structure, an enormous enhancement of
about 60 times was observed in the 5D0 - 7F0 emission line. The spectral position of the ultra-narrow
and most intense 5D0 - 7F0 emission line in the material was correlated with pressure and was
successfully calibrated up to about 58 GPa. The developed sensor is characterized by favourable
pressure-sensing features, i.e., a pressure sensitivity of ~0.29 nmGPa-1, excellent temperature
independence, sharp and single emission lines, and an intense luminescence signal. Depending on
the excitation wavelength used and the content of dopants in the matrix, the samples also exhibit
multicolour tuneable luminescence from orange-red to amaranth, and to warm-white light, which
allows their potential application in white light emitting diode devices.
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Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data
analysis and curation, formal analysis, writing original draft and writing review & editing.

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

5.3. Pressure-driven configurational crossover between 4f7 and 4f65d1 States – Giant
enhancement of narrow Eu2+ UV-Emission lines in SrB4O7 for luminescence manometry

The result in this section were published in: Teng Zheng, Marcin Runowski, Plácida RodríguezHernández, Alfonso Muñoz, Francisco J. Manjón, Małgorzata Sójka, Markus Suta, Eugeniusz
Zych, Stefan Lis and Víctor Lavín, Pressure-driven configurational crossover between 4f7 and
4f65d1 states – Giant enhancement of narrow Eu2+ UV-Emission lines in SrB4O7 for luminescence
manometry, Acta Materialia, 231 (2022) 117886.

Abstract of the section: Accurate, fast, and non-invasive determination of pressure is very
important for scientific research concerning the physical and chemical behaviour of materials under
high pressure conditions. Luminescence manometry is a promising method for the remote operando
pressure determination. However, the limiting bottleneck for high-pressure sensing is the usually
occurring quenching of the emission signal of the luminescent sensor material upon compression.
In this section, the pressure-triggered intensity enhancement (by 3 orders of magnitude) of the 4f7
(6P7/2) →4f7 (8S7/2) emission line of Eu2+, originated from the pressure-induced configurational
crossover between the excited 4f65d1 and 4f7 energy levels in the SrB4O7 host, is shown for the first
time. Moreover, the developed pressure sensor shows many excellent pressure sensing
performances, i.e., a significant red-shift (~ -12.84 cm-1GPa-1; 0.17 nm GPa-1) based on a narrow
4f7 → 4f7 transition, great temperature independence of the line position (4.8 ∙ 10-4 nm K-1). This
novel pressure gauge may significantly increase the accuracy of non-invasive pressure
determination and open new horizons for materials science research in an even higher-pressure
range.
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Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data
analysis and curation, formal analysis, writing original draft and writing review & editing
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5.4. Tm2+ activated SrB4O7 bifunctional sensor of temperature and pressure—highly
sensitive, multi-parameter luminescence thermometry and manometry

The result in this section were published in: Teng Zheng, Małgorzata Sójka, Marcin Runowski,
Przemysław Woźny, Stefan Lis, and Eugeniusz Zych, Tm2+ Activated SrB4O7 Bifunctional Sensor
of Temperature and Pressure — Highly Sensitive, Multi-Parameter Luminescence Thermometry
and Manometry, Advanced Optical Materials, 2021, 2101507
Abstract of the section: Based on formal research, we have found that using the 5d-4f transition
of Ln2+ for pressure sensing purposes can provide good and unexpected performances in
manometry. Here, the Ph. D. candidate studied the Tm2+-doped SrB4O7 phosphor material as a
novel, contactless bifunctional and multimodal optical sensor for pressure and temperature
measurement. The Ph. D. candidate synthesized a series of Tm2+ doped SrB4O7: samples using the
high-temperature solid-state method in the air. The spectroscopic properties of SrB4O7:Tm2+ as a
function of high pressure (up to ~13 GPa) and temperature (from 10 to 400 K) were investigated
in detail. The 5d-4f emission band of Tm2+ exhibits a significant spectral shift in the spectrum and
a broadening of the emission band with increment of both pressure and temperature. Such
performance is due to a significant change of the vibronic components of the Tm2+ 4f125d↔4f13
zero-phonon line. Excellent sensitivities to pressure (up to ~23.17 cm-1/GPa) have been obtained
using the emission bandwidth and its spectral position as pressure sensing parameters. Moreover,
for the first time, optical temperature sensing can be realized via four different pathways in the
synthesized material: bandwidth (3.85 cm-1/K), band shift (1.44 cm-1/K), band intensity ratio
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(1.48 %/K) and luminescence lifetime (4.16 %/K), allowing good sensitivity to be maintained over
a wide temperature range.
Contribution of Ph.D. student in this work: Conceptualization, material synthesis, structural and
morphological characterization, conduction of the spectroscopic measurements, visualization, data
analysis and curation, formal analysis, writing original draft and writing review & editing.
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6. physicochemical characterization and novel sensing strategies of non-linear optical
thermometry based Ln3+ doped BaTiO3 materials
6.1. Nonlinear optical thermometry—a novel temperature sensing strategy via second
harmonic generation (SHG) and upconversion luminescence in BaTiO3: Ho3+, Yb3+
perovskite

The result in this section were published in: Teng Zheng, Marcin Runowski, Inocencio R.
Martín, Stefan Lis, Mauricio Vega, and Jaime Llanos, Nonlinear Optical Thermometry — A Novel
Temperature Sensing Strategy via Second Harmonic Generation (SHG) and Upconversion
Luminescence in BaTiO3: Ho3+, Yb3+ Perovskite, Advanced Optical Materials, 2021, 9, 2100386.
Abstract of the section: The Ph. D. candidate had the opportunity to participate in preliminary
research on SHG related non-linear optical spectroscopy in the BaTiO3 host lattice. The study of
non-linear optical spectroscopy in the BaTiO3 host lattice is motivated by the simultaneous
observation of SHG and UCL, as well as interesting phases adopted at the wide temperature of
BaTiO3. SHG is a powerful tool for sensing of various intrinsic properties related to the symmetry
change of materials. The Ph. D. candidate studied the feasibility of the optical temperature sensing
method via the simultaneous use of SHG and UCL processes in BaTiO3:Ho3+, Yb3+. Under NIR
laser excitation, the evolution of SHG and UCL band intensity ratio was correlated with
temperature and calibrated within the temperature range of 25 - 305 ℃. The band intensity ratio
between SHG and UCL allows the detection of phase transitions from non-centrosymmetric to
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centrosymmetric systems, and vice versa. From the point of view of luminescent temperature
sensing, the study reported provides a novel and effective approach to optical temperature sensing
- non-linear optical thermometry, with high sensitivity of up to 2.78 % ℃-1.
Contribution of Ph.D. student in this work: Conceptualization, structural and morphological
characterization, conduction of the spectroscopic measurements, visualization, data analysis and
curation, formal analysis, writing original draft and writing review & editing.
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6.2. Boltzmann vs. non-Boltzmann (non-linear) thermometry - Yb3+-Er3+ activated dualmode thermometer and phase transition sensor via second harmonic generation

The result in this section were published in: Teng Zheng, Marcin Runowski, Przemysław
Woźny, Bolesław Barszcz, Stefan Lis, Mauricio Vega, Jaime Llanos, Kevin Soler-Carracedo and
Inocencio R. Martín, Boltzmann vs. non-Boltzmann (non-linear) thermometry - Yb3+-Er3+
activated dual-mode thermometer and phase transition sensor via second harmonic generation,
Journal of Alloys and Compounds, Journal of Alloys and Compounds, 2022, 906, 164329
Abstract of the section: Based on formal studies, with the concept of a non-linear optical process,
a detailed comparison of thermometric performance between conventional Boltzmann-type
thermometry and nonlinear optical thermometry should be presented. Therefore, in the process of
chemical engineering, a series of optically active BaTiO3 doped with Er3+, Yb3+ perovskite
materials was obtained to characterize temperature-dependent of NLO responses as well as
thermometric performances. Upon 976 nm laser excitation, as expected, the samples show
simultaneously intense UCL and SHG effects. The thermometric features were compared, i.e.,
Boltzmann luminescence thermometry (typical thermally-coupled levels of Er3+), and NLO
thermometry (SHG/UCL intensity ratio). The work demonstrates that the NLO thermometry
approach shows better thermal sensitivity (≈ 4 %/K, at ~400 K) and smaller temperature resolution
(𝛿T = 0.07 K). Moreover, NLO spectroscopy based on SHG and UCL allows rapid, more precise
and clearer detection of phase transitions. Our work presents that some non-Boltzmann, non-linear
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thermometers can provide much more effective temperature sensing (compared to the commonly
studied Boltzmann thermometers), while also working as accurate, rapid and non-invasive phase
transition sensors.
Contribution of Ph.D. student in this work: Conceptualization, structural and morphological
characterization, conduction of the spectroscopic measurements, visualization, data analysis and
curation, formal analysis, writing original draft and writing review & editing.
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7. Abstract
The doctoral dissertation is devoted to the investigation of the structural, morphological and PL
performances of selected inorganic oxide host matrices, i.e., SrB4O7 and BaTiO3, doped with Ln2+
or Ln3+. The main goal of the work was to develop and characterize thoroughly new strategies for
the optical manometer and thermometer.
For the implementation of the tasks, several series of luminescent materials based on
SrB4O7:Eu2+, SrB2O4:Eu2+/3+, Sr3(BO3)2: Eu2+/3+, SrB4O7:Eu2+, Sm2+, SrB4O7: Tm2+, BaTiO3:Er3+Yb3+ and BaTiO3:Ho3+-Yb3+ phosphors were synthesized. For pressure sensing, we applied the
inter-configurational 5d-4f transitions, which are very sensitive to the external crystalline
environment, in the case of novel pressure sensors with high sensitivity, excellent pressure sensing
luminescence signal (thus wider pressure sensing range), etc.
First, several candidates of borate matrices, i.e., SrB4O7, SrB2O4 and Sr3(BO3)2, were
selected and characterized for stabilization of Ln2+ (using Eu2+ as an example). The influence of
the matrix on the structural, morphological and PL properties has been systematically investigated
and analysed. Subsequently, several strategies of optical pressure sensing were proposed: I) the
strategy of luminescent signal enhancement (~ 60 times) of Sm2+: 5D0→ 7F0 peak through the
Eu2+→Sm2+ ET process in the co-doped SrB4O7 pressure sensor; The developed sensor also
exhibits good pressure shift, excellent temperature independence and a wide pressure sensing
range. II) The strategy to use the pressure-enhanced (enhancement by 3 orders magnitude) 4f-4f
emission of Eu2+ in SrB4O7 for the optical pressure detection towards the higher-pressure range
(~60 GPa). A systematic experimental and computational analysis was performed to reveal the
reason of the enhancement, i.e., the electrons transfer from 5d→4f levels and the pressure-driven
Configurational Crossover between 4f7 and 4f65d1 States. III) For the first time, the 5d-4f emission
of Tm2+ in the same matrix has been applied as a bifunctional platform, which can provide
satisfactory sensing performance for luminescent pressure and temperature sensing over a wide
pressure/temperature range.
On the other hand, SHG and UCL were observed simultaneously in the well-established
BaTiO3 matrix doped with Ln3+. SHG is a polarization-sensitive, instantaneous nonlinear optical
process, which is sensitive to changes in the symmetry of materials (between centrosymmetric and
non-centrosymmetric structure). Thus, novel temperature sensing strategy was developed – non168

linear optical thermometry based on symmetry-sensitive SHG and thermal-sensitive UCL
processes in the well-established BaTiO3 matrix doped with Ho3+-Yb3+. Moreover, the PL and
thermometric analysis in the Er3+-Yb3+ co-doped BaTiO3 system allows for a detailed comparison
of conventional Boltzmann thermometry (based on TCLs of Er3+) and non-linear optical
thermometry, which indicates superior thermometric performances of the later. The research
presented in the doctoral dissertation is an innovative and very successful contribution to the
development of materials science, especially in the field of optical pressure and temperature
sensing.
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