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NIR emission of lanthanides for ultrasensitive
luminescence manometry—Er’>*-activated optical
sensor of high pressuref

Marcin Runowski, & *2 Teng Zheng, & 2 Przemystaw Wozny {22 and Peng Du (& *°

Pressure is an important physical parameter and hence its monitoring is very important for different indus-
trial and scientific applications. Although commonly used luminescent pressure sensors (ruby—AlZO3:Cr3+
and SrB,O:Sm?*) allow optical monitoring of pressure in compressed systems (usually in a diamond anvil
cell; DAC), their detection resolution is limited by sensitivity, i.e., pressure response in a form of the
detected spectral shift. Here we report, a breakthrough in optical pressure sensing by developing an ultra-
sensitive NIR pressure sensor (di/dP = 1.766 nm GPa™). This luminescent manometer is based on the
optically active YVO,: YB3 —Er®* phosphor material which exhibits the largest spectral shift as a function
of pressure compared to other luminescent pressure gauges reported elsewhere. In addition, thanks to
the locations of excitation and emission in the NIR range, the developed optical manometer allows high-
pressure measurements (without spectral overlapping/interferences) of various luminescent organic and

rsc.li/dalton

1. Introduction

High-pressure compression of materials can lead to various
interesting alterations of their physicochemical properties,
including shrinking of unit cell volume (shortening of bond
lengths), structural symmetry variations, defect formation, the
emergence of new structures/phases, formation of novel
materials, etc."> The development of noninvasive precise and
accurate optical manometers has been stimulated by the chal-
lenging requirements of higher sensitivity, arising from the
scientific research studies in diverse pressure regimes, from
vacuum to high-pressure regions (over 100 GPa).*” The spec-
troscopic properties of materials under high-pressure con-
ditions can be monitored by performing experiments in a
diamond anvil cell (DAC) based on the assembly setup of a
metal housing, two highly transparent diamond anvils,
pressure transmitting medium (PTM), metal gasket and screws
to squeeze and compress the material studied.® For determi-
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inorganic materials, which are typically excited and can emit in the UV-vis spectral ranges.

nation of the hydrostatic pressure in a DAC chamber, in-
organic materials doped with lanthanide and d-block metal
ions are usually used as optical manometers.*”° Currently, at
very high pressure (above 10-20 GPa), the sensitivities of the
commonly used ruby (Al,0;:Cr**; d4/dP ~ 0.35 nm GPa ")®'°
and SrB,0,:Sm>" (dA/dP ~ 0.25 nm GPa™') pressure
sensors'""'* may be fairly enough due to the hydrostatic limits
of the commonly used PTM, leading to the occurrence of some
pressure gradient in the chamber of DAC. However, in the rela-
tively low pressure range (up to few GPa), where numerous
phase transitions of soft, organic materials may occur, new
manometers with higher sensitivity (large spectral shift) are
continuously pursued in order to realize accurate pressure
determination (resolve the similar pressure values in the inves-
tigated system) for phase transition detection, monitoring
physical and chemical behaviour under high-pressure con-
ditions, and so forth.

Lanthanide (Ln*"/?") doped inorganic compounds are versa-
tile functional materials, which are applied in diverse fields,
such as bio-imaging, anti-counterfeiting, pressure and temp-
erature sensing, modern lighting techniques, microscopy,
etc."*™'® This is due to the specific spectroscopic features that
originated from their ladder-like electronic structure, includ-
ing multi-range absorption/emission (UV-vis-NIR); absence of
autofluorescence; the forbidden (by Laporte selection rules)
character of the intrinsic 4f-4f transitions, leading to long
emission lifetimes;'” shielding of the 4f electrons by 5s and 5p
ones, resulting in sharp emission/absorption lines; crystal-
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field effects, etc."®' The Stokes (down-shifting) and anti-
Stokes type (up-conversion) emissions can be triggered by the
use of different excitation light sources, from UV to NIR,
depending on the host matrix type and the incorporated
Ln*"?" ions.®?*2! In the case of optical pressure sensing, the
NIR excitation/emission may be very beneficial because it can
eliminate some interference factors, namely fluorescence of
diamonds and PTM; autofluorescence of particular organic/in-
organic compounds studied; and most importantly intense
emission of Cr’* and Sm*" in the visible range, which may
sometimes overlap with the luminescence of optically active
samples, thus hampering spectroscopic measurements under
pressure.”” In fact, some recent reports showed good pressure
sensitivity of NIR optical manometers, such as Er’**-doped
YPO, (dA/dP ~ 0.539 nm GPa ')*®* and NaBiF, (dA/dP =~
—0.8 nm GPa')** materials. In general, the pressure-induced
variations of the electronic structure of Ln*"?* ions in com-
pressed materials allow the determination of different spectro-
scopic parameters, such as the spectral shift of the emission
bands, changes in intensity ratios, bandwidth, shortening of
luminescence lifetimes, etc., which can be further utilized for
optical manometry.

Up to now, to the best of our knowledge, the most sensitive
optical manometer reported was BaLi,Al,SiNg:0.01Eu”", which
shows very good pressure sensitivity, i.e., di/dP = 1.58 nm
GPa~'.”® In this work, we report an ultra-sensitive pressure
sensor based on the YVO,:Yb*'-Er*" luminescent material,
operating in the NIR region (~1500-1600 nm), based on the
Stark components of the *I;3,, — *I,5/, transition of Er**, exhi-
biting pressure-induced spectral shift di/dP = 1.766 nm
GPa '—a new record in pressure sensitivity. The developed
optical manometer is especially beneficial for resolving similar
pressure values under mild-pressure conditions (up to a few
GPa), where the phase transitions of most organic compounds
take place. Moreover, due to the possibility of NIR laser exci-
tation and the location of the emission signal in the NIR
region, using the developed sensor, one can avoid potential
interferences of background autofluorescence of some organic
species and inorganic compounds studied to effectively realize
phase transition detection and physicochemical characteriz-
ation under high-pressure conditions.

2. Results and discussion

2.1. Characteristics of the sensor material

The luminescent pressure sensor is based on inorganic, sub-
micron-sized particles of YVO, co-doped with 20 mol% of Yb**
and 2 mol% of Er’* ions. The exact elemental composition of
the synthesized compound, determined by the inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
method is: Y.745YDo.228Er0.024VO0,4. The particles crystallize in
the structure of zircon-type tetragonal YVO,, the space group
I4,/amd (bulk modulus, B, = 130(3) GPa), where the part of Y*>*
ions is substituted with Yb®>" and Er’* ions, with local point
symmetry Dy,. The material was synthesized using a hydro-
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thermal approach and further calcination (#1273 K), ensuring
its high thermal stability and very good crystallinity of the final
particles.?®

Combining the abovementioned benefits with a relatively
low phonon energy of the vanadate crystal lattice (900 cm™),
the lanthanide-doped YVO, phosphors (luminophores) are
generally considered as good and effective (down-shifting)
emitters.>” 3> Moreover, in the case of the investigated material
YVO,:Yb*"-Er**, due to the high absorption cross-section of
Yb*" and good emitting properties of Er*" (with rich energy
level structure), this compound is known as a good up-convert-
ing emitter upon 975 nm excitation.*® The synthesis details,
structural and morphological characteristics, and upconvert-
ing (dex = 975 nm) luminescence properties (including its
upconversion emission as a function of temperature, vacuum
and excitation power) are given and discussed in detail in our
previous study.>® Moreover, in our other report, we investigated
the upconverting properties of the nano-sized (non-calcined)
YVO,:Yb**~Er*" material under high-pressure conditions (up
to ~11 GPa).>* Importantly, in that report, using high-pressure
luminescence spectroscopy, we have observed around 8 GPa
phase transitions of the material that were also clearly docu-
mented by the others and confirmed with XRD and Raman
spectroscopy (phase transition to a tetragonal, scheelite-type
structure, space group I4,/m, local point symmetry C,,, and
B, =138(8) Gpa).>>*’

2.2. High-pressure structural studies—Raman spectroscopy

First, it is worth noting that in this work, we have performed
the spectroscopic measurements for the material studied up to
~6.5 GPa, ie., below the pressure value of the mentioned
phase transition in order to avoid the potential nonmonotonic
behavior of the determined spectroscopic parameters and
ensure the reversibility of the monitored changes, which are
important for pressure sensing applications. In order to
confirm the structural stability of the investigated material and
investigate the behavior of the phonon energies of the crystal
lattice under high-pressure conditions, we have measured the
Raman spectrum of the YVO,:Yb*>'-Er’* material in com-
pression-decompression cycles. The spectra presented in
Fig. 1 start from 600 cm ™' because in the lower energy region
(smaller wavenumber values), the artificial luminescence con-
tributions biased the recorded spectra obscuring the low-inten-
sity and low-energy Raman modes, typically observed for the
pure (undoped) YVO, materials at around 154, 259, 376 and
487 cm™'.*”*® However, from the luminescence point of view,
the most important are the recorded high-energy phonon
modes that are responsible for the phonon-assisted energy
transfer and luminescence quenching processes. In all spectra,
three high-energy bands are clearly observed, being initially
located at around 819, 840 and 894 cm™'. These bands corres-
pond to the Raman active modes v3(Bg), v3(Eg) and vy(Ay),
respectively.’” With increasing pressure, all the mentioned
peaks shift toward higher energies (higher wavenumber
values) with shift rates of about 5.40, 5.08 and 5.55 cm™"
GPa™', respectively, which can be clearly observed in Fig. 1.
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(a) Raman spectra and (b) the determined energies of the observed high-energy phonon modes as a function of pressure; the continuous

lines represent the applied linear fits; the filled and empty symbols are the data points determined based on the measurements performed during

the compression and decompression cycles, respectively.

Importantly, the spectral shifts observed with pressure are
fully reversible as the peak centroids determined during the
decompression process (the empty symbols in Fig. 1b) are con-
sistent with the data from the compression cycle. The decreas-
ing signal-to-noise ratio and broadening of the peaks with
pressure are typical, reversible effects observed in the Raman
spectra of the compressed materials, which are related to the
decreasing crystallinity level and increasing strains of the crys-
tals, in respect to the material studied at ambient conditions.>®
The obtained results agree with the literature data reported for
pure YVO, materials.’”®

2.3. High-pressure luminescence studies

Fig. 2a presents the down-shifting emission spectra of the
material studied in the NIR range, corresponding to the I3,
— *L;5, radiative transition of Er** (centered around 1550 nm),
as measured under the high-pressure conditions upon the
975 nm laser excitation. The observed emission is a conse-
quence of the effective excitation of Yb*" ions in resonance to
the *F,, — °F;, transition, a subsequent resonant energy
transfer to the excited level “I,;/, of Er*" and further non-radia-
tive relaxation to the emitting level *1,3/, of Er*" (see the energy
level diagram in Fig. 3). It is clearly seen from the spectra that
the high-pressure compression of the material induces a spec-
tral shift of the crystal-field components (Stark sub-levels) of
the *I;3, — *I;5, transition of Er’* as well as changes the
shape of the spectra, ie., the relative intensities of the com-
ponents and the level of their overlapping and spectral width.
Two main effects are responsible for the observed changes,

namely: (I) pressure-enhanced nephelauxetic effect, ie.

14866 | Dalton Trans., 2021, 50, 14864-14871

increased covalency of bonding in the compressed material,
resulting in a decreasing energy separation between the
ground and excited levels of Er** that leads to the observed
red-shift of the crystal field components on pressure; (II)
pressure-enhanced crystal-field strength, due to stronger inter-
actions between Er’* ions and shorter interionic distances
(Er’*-0°7) in the compressed structure, which leads to larger
splitting of the observed Stark sub-levels.®*>***! Due to the
fact, that these two effects are superimposed, in general, the
low-energy emission lines exhibit larger spectral shifts with
pressure compared to the high-energy Stark sub-levels of the
transition (see the crystal-field splitting scheme in Fig. 3). In
fact, such a situation occurs in our case, as clearly observed in
Fig. 2b, demonstrating the spectral positions of the peak cen-
troids for different crystal-field components and the shift rates
determined on pressure (by linear fits). The high-energy Stark
sub-level located around 1500 nm reveals a significant blue-
shift (dA/dP = —0.740 nm GPa™ '), whereas the low-energy peaks
located around 1600 nm exhibit large red-shifts (dA/dP = 1.282
and 1.766 nm GPa™'). The determined shift rates, currently
classify the developed sensor as the most sensitive lumines-
cent manometer (see Table 1). The details, ie., fitting para-
meters for the analysed seven crystal-field components are
given in Table S1 in the ESI data.f Whereas the energies for
the determined peak centroids as a function of pressure and
the calculated shift rates (cm™" GPa™') are given in Fig. S1.}
Please note that we correlated with pressure only those peaks
that were present in the whole measured pressure range and
did not overlap too much with each other, allowing the deter-
mination of their centroids. In addition, based on the recorded

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) The NIR luminescence spectra of the YVO,:Yb3*—Er** sample (lex = 975 nm), measured as a function of pressure. (b) Determined spectral
positions of the seven Stark sub-levels, corresponding to the *l;3/» — “l15» transition of Er* as a function of pressure; the continuous lines represent
the applied linear fits; the filled and empty symbols are the data points determined based on the measurements performed during the compression

and decompression cycles, respectively.
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Fig. 3 Energy level diagram representing the radiative and nonradiative processes occurring in the studied Yb**—Er®* system, emphasizing the
crystal field splitting of the *l;3/, level of Er** at ambient and high-pressure conditions, resulting in the formation of several Stark sub-levels for the

HMy3/2 — *ly5/5 transition.

luminescence decay curve (at ambient conditions) presented
in Fig. S27 (Aex = 975 nM; Ay, = 1550 nm), we have determined
the effective lifetime (zeg = [¢Id¢/ [Idt) for the discussed
NIR emission of Er*’, i.e., 7 ~ 1.42 ms, which defines the tem-
poral response of the sensor.

The non-normalized emission spectra presented in Fig. S3
and S4t (recorded during compression and decompressions
runs, respectively) show how the intensity of the bands
changes with pressure. It can be observed that around 6 GPa,
the intensity of the bands is approximately a half of the inten-
sity of the initial spectrum. Importantly, these changes are
reversible as the intensity is almost completely recovered after
the decompression process. Here, it is worth noting that, in
general, there are three main mechanisms responsible for
luminescence quenching of lanthanide ions under high-

This journal is © The Royal Society of Chemistry 2021

pressure conditions, namely: (I) pressure-induced plastic
deformations, leading to the formation of crystal defects; (II)
multi-phonon relaxation enhanced with pressure, due to the
increasing phonon energies of the compressed host matrices;
and (III) improved cross-relaxation processes, as a result of
decreasing interionic distances in the compressed
materials.®*°"*> However, only the first mechanism may have a
minor contribution to the signal deterioration with pressure
(because after the decompression process, the signal intensity
is recovered roughly in 90%, as can be observed in Fig. S4t)
and the second and third mechanisms are not expected to
occur in the system studied. This is due to the following
reasons: (I) the observed intensity changes are almost comple-
tely reversible; (II) the considered NIR emission occurs from
the lowest excited level, situated around 6500 cm™" above the

Dalton Trans., 2021, 50, 14864-14871 | 14867
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Table 1 Comparison of high-pressure sensitivities of different luminescent manometers used for optical pressure sensing

Host Emitting ion  Transitions A (nm) T-shift (nm K™')  Sensitivity line shift (nm GPa™")  Ref.
YVO, Er** Tigp = 113/2 (stark) 1605 -5.16 x 10 1.766 This work

“Ilg,Z - 115/2 (stark) 1596 —4.04 %107 1.282

113/2 - 115/2 (stark) 1502 3.63x107° —0.740

YPO, Er*' 113,2 — M5/, (stark) 1589 -1.78 107 0.539 23
Al,O; (ruby) cr¥t ’E — A, 694 ~7 %1073 0.365 10,44 and 48
YAIO; cr*t ’E - A, 723 7.6x107° 0.70 48
YF; Er *Fojy = "5/, (stark) 665 -3x107* 0.1855 49
NaBiF, Er*' Myan = "y (stark) 1503 — —0.8 24
YAIO, Nd** “Fy/, = "y, (stark) 875 1x107° —-0.13 48
GdsSc,Gaz0,,  Nd** Yy = Moy, (stark) 935 — ~0.632 50
Y;Al504, Eu®* Dy = 'F, 591 —5.4%x107* 0.197 51
EuPO, Eu*’ °Dy — Fy 580 — ~0.27 52
Y;Al50;, Sm** 1Gs/, = °Hy, (stark) 618 2.3x107* 0.30 53
SrFCl Sm>* °Dy — Fy 690 —2.3x107° 1.11 54
SrB,O- Sm>* Dy = 'Fy 685 —-1x107* 0.255 55
SrB,0, Sm>* °Dy — Fy 685 —1x107* 0.244 56
BaLi,ALSi,N,  Eu®* 5d — 4f 532 — 1.58 25
KMgF; Eu*" 5d — 4f 360 — ~0.13 57
CeN-PVDF e’ 5d — 4f 327 — 0.28 58
CeS-PVDF ce’" 5d — 4f 340 - 0.1 58
LaPO, Tm?* G, — °Hg 475 —2x1073 0.1 59

*H, — °He/'G, — *H, 800/475 — 8% (band ratio)
YsBay(SiO4)eF,  Ce®* ’D; - °F, (5d — 4f) emission 466 — 0.63 8

1.5% (FWHM)

°F, - °D; (4f — 5d) excitation 342 — 2.5% (FWHM)
SrF, Er*' *Fojp = M5y 653 — 7.7% (lifetime) 60

4S50 = Lisp 538 6.4% (lifetime)

*Hiyz = "Lisp 516 6.2% (lifetime)

ground level, and the highest-energy phonon mode has an
energy of around 930 cm™" (at ~6.5 GPa), so for the multi-
phonon relaxation the required number of phonons is 7 (in
general, the maximum number of phonons leading to the
effective multiphonon relaxation is considered to be 3-5);>
and (I1I) below the energy of the emitting level “I,5/,, there are
no other lower lying excited states in the system studied
(neither in Yb*" nor in Er’” ions), so the cross-relaxation pro-
cesses should not affect that level. That is why the observed
emission is not significantly quenched at pressure (compared
to other luminescent materials) and the probable mechanisms
responsible for quenching may be related to the decreasing
crystallinity and increasing strains in the crystals, as well as
the increased energy migration to traps and defect states,
leading to the less efficient Yb*" — Er*' energy transfer and
lower probability of radiative relaxation from the excited state
1132 in the compressed material.

2.4. Temperature effect on luminescence properties

In developing new luminescent pressure-sensors, one should
not neglect the impact of temperature on the spectral position
of the emission line used for sensing purposes, i.e., the so-
called temperature correction or thermal drift. This is because
more and more experiments are performed simultaneously
under extreme conditions of both pressure and temperature
(the compressed and heated-cooled systems). Hence, the
optimal sensor should exhibit a negligible temperature-depen-
dence or only small (compared to the corresponding shift in
pressure) and well-defined spectral shifts.*"** Fortunately, for

14868 | Dalton Trans., 2021, 50, 14864-14871

the emission lines of the developed sensor, the determined
thermal drifts are small and linear, e.g., d4/dT = —5.16 x 107,
—4.04 x 107 and 3.63 x 107> nm K, for the most pressure-
sensitive Stark sub-levels located initially at #1605, 1596 and
1502 nm, respectively (see Fig. 4 and S5%). Importantly, the
determined temperature drifts are smaller than that in the
commonly used pressure sensor—ruby (dA/dT = 7 x 107> nm
K™ 1)** and they are similar to those of other reported lumines-
cent pressure sensors (see Table 1). In addition, the energies
for the determined peak centroids as a function of tempera-
ture and the calculated shift rates (em™ K™') are given in
Fig. S6.t

Besides, the often underestimated thermal effect is signal
deterioration at elevated temperatures, which may affect the
precision and accuracy of pressure sensing under extreme
conditions of both factors. The main mechanism responsible
for luminescence quenching of lanthanide ions at elevated
temperatures is multiphonon relaxation as the phonon
energy increases with temperature as well.*>™*” However, in
the case of the developed sensor material, the required
number of phonons is too high to allow effective multipho-
non relaxation (as was described in the previous paragraph
concerning signal intensity changes with pressure), that is
why the mentioned quenching mechanism should have a
negligible contribution. The analysis of signal intensity as a
function of temperature confirms this assumption, as the
absolute luminescence intensity almost does not change with
temperature, as can be observed in the emission spectra pre-
sented in Fig. S5.F

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Determined spectral positions, i.e., peak centroids of the Stark
sub-levels (initially located at ~1502, 1521, 1531, 1541, 1554, 1596 and
1605 nm) as a function of temperature, corresponding to the
4135/2 transition of Er®* in the YVO,:Yb>*—Er3*

Hiz2 -
material (Aey = 975 nm).

3. Conclusions

In this work, we presented a development of the ultrasensitive
(d4/dP = 1.766 nm GPa™'), optical pressure sensor (current
leader in sensitivity) based on the luminescent lanthanide-
doped material YVO,:Yb**~Er**, which is five times more sen-
sitive than the commonly used ruby-based sensors. High-sen-
sitivity of the sensor was achieved by monitoring its NIR emis-
sion, namely the crystal-field components (Stark sub-levels) of
the "1;5, — 115, transition of Er**, centred around 1550 nm.
Another benefit of this luminescent manometer is the possi-
bility of excitation in the NIR range (thanks to energy transfer
Yb** — Er*"), utilizing commercially available and low-cost
diode lasers, emitting at around 975/980 nm. It is worth
noting that the applied low-energy NIR light does not damage
and easily penetrates many materials/media. Moreover, in con-
trast to blue-green lasers (used for ruby and Sm>" excitation),
NIR light does not produce background autofluorescence,
because, in general, most of the organic species and inorganic
compounds do not produce luminescence upon excitation in
the NIR spectral range. Importantly, thanks to the high sensi-
tivity of the developed sensor material, it allows very accurate
pressure sensing (depending on the resolution of the detection
system, pressure range studied and the pressure transmitting
medium used). The developed sensor might be especially
useful for the relatively low-pressure sensing (up to a few GPa),
especially in the case of the experiments performed with soft,
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organic materials, where multiple phase transitions may occur
in a narrow pressure range. In such a case, a very sensitive
material (e.g. showing large spectral shift) is required to
resolve the similar pressure values of the studied system, allow-
ing the detection of phase transitions and monitoring the
changes of various physical and chemical parameters during
the compression-decompression cycles.

4. Experimental section

As was already mentioned, the detailed synthesis protocol of
the material studied can be found in our previous article.”®
Raman spectra were recorded in backscattering geometry by
using a Renishaw InVia confocal micro-Raman system, using a
grating with 1800 grooves per mm (spectral resolution better
than 1 cm™') and a power-controlled 785 nm laser diode. The
laser beam was focused by using an Olympus x20 SLMPlan N
long working distance objective. Emission spectra in the NIR
range were recorded by using an Andor Shamrock 500 spectro-
meter equipped with an InGaAs CCD camera (Andor). The exci-
tation light source was a tunable CW Ti:sapphire laser (Spectra
Physics 3900-S) adjusted at 975 nm and pumped with a 15 W
532 nm laser (Spectra Physics Millenia). Emission decay curve
was recorded using a 200 MHz LeCroy WS424 oscilloscope
coupled with a photomultiplier tube (PMT)—Hamamatsu
H10330C-75—and a tunable EKSPLA/NT342/3/UVE 10 ns
pulsed laser, i.e., optical parametric oscillator (OPO), operating
at 10 Hz repetition rate. Luminescence measurements under
high-pressure conditions were performed in a diamond anvil
cell (DAC), using a back illuminated configuration with 180°
detection geometry. The laser beam was focused on the
sample placed in a gasket hole and the emission signal was
collected from the opposite side of the DAC.

The DAC device was made at Universitit Paderborn, in
Germany. The culete size (diameter) of the diamond anvils was
400 pm. The pressure inside the DAC chamber was adjusted
with four metal screws. The metal gasket used for DAC was
made of a stainless-steel sheet, with a thickness of 200 pm,
which was pre-indented down to ~70 pm (sample thickness)
and then a hole of size ~100 pm was made with an electro-
driller device. The sample and a single micron-sized ruby ball
(<10 pm in diameter) were loaded in the DAC chamber.
Subsequently, the pressure transmitting medium (solvent
system of methanol/ethanol/water = 16:3:1(vol.)) was then
filled in the DAC chamber to maintain hydrostatic conditions
during the compression process. The pressure values were
determined with a ruby R; fluorescence line shift, using
532 nm laser excitation and standard ruby calibration curve
available at http://kantor.50webs.com/ruby.htm.
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