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Optical pressure sensing in vacuum and
high-pressure ranges using lanthanide-based
luminescent thermometer–manometer†

Marcin Runowski, *ab Przemysław Woźny a and Inocencio R. Martı́n b

Pressure is a fundamental physical parameter, so its monitoring is crucial for various industrial and

scientific purposes. However, the available optical sensors allow monitoring in either low pressure or

high pressure ranges. In this work, different concepts of pressure sensing are combined, and the first

luminescent pressure sensor working within 9-orders of magnitude (from 10�4 to 105 bar) is developed,

allowing both low (vacuum) and high pressure sensing. This sensor is based on the inorganic,

upconverting material (YPO4:Yb3+–Er3+) emitting in the visible and near-infrared (NIR) ranges. For

vacuum detection, the recently discovered sensing method is applied, which is based on the conversion

of a luminescent thermometer into the pressure sensor. This is because of the effect of light-to-heat

conversion, which is greatly enhanced under vacuum conditions, and manifested as a change in the

intensity ratio of Er3+ thermally-coupled bands (525/550 nm). Whereas for high-pressure sensing, the

emission line shift of Er3+ (induced by materials compression), located in the NIR spectral range, is used.

Introduction

Pressure and temperature are crucial parameters in most of the
scientific research and industrial processes.1–9 That is why, their
rapid, accurate and contactless determination has attracted more
and more attention from the researchers.3–7,10,11 For non-contact
determinations of pressure and temperature, optical methods
based on the luminescence of lanthanides, d-block metal ions
and organic complexes are commonly applied.3–7,10–14

Lanthanide (Ln) ions have many favourable spectroscopic
properties, such as narrow emission lines, long luminescence
lifetimes, broad range multicolour emission, large Stokes shifts,
etc., which are related to their 4f–4f electronic transitions.3–7,15–18

Many inorganic materials doped with Ln2+/3+ ions have well-
defined temperature and pressure responses, so they can work
as luminescent thermometers and manometers.3–7,10–13 For
temperature sensing, the materials containing Er3+, Tm3+ and
Nd3+ are predominantly used as luminescent thermometers, due
to the presence of thermally-coupled levels (TCLs), separated by
a small energy difference (E50–2000 cm�1), hence their emis-
sion follows Boltzmann type distribution.3,4,6,7,10–13,19–22 For

high-pressure sensing, usually Sm2+ or Eu2+ ions embedded in
inorganic matrices are used, because they have either narrow
emission lines or their emission characteristics are very sensitive
to pressure changes, respectively.23–26 Such materials are an alter-
native to the well-established and commonly used ruby-based
(Al2O3:Cr3+) fluorescent sensor, whose emission, unfortunately, is
highly temperature-dependent.27–29 Whereas for low-pressure, i.e.,
vacuum sensing, either the organic complexes (dyes) exhibiting
oxygen-dependent emission quenching or the inorganic materials
exhibiting a pressure-modulated light-to-heat conversion phenom-
enon (heating–cooling processes monitored via luminescence
thermometry) are used.10,11,30,31 However, the oxygen-sensitive
organic dyes allow sensing in a very limited pressure range,
typically from E0.05 to 2 bar.31

Considering temperature, currently there are various approaches
in luminescence thermometry, allowing the development of micron-
sized and nano-sized optical thermometers, operating in a broad
temperature range, from cryogenic to high-temperatures (above
1000 K).6,12,13,19–22,32–34 They usually use a band intensity ratio of
two thermalized levels or changes in luminescence lifetimes for
temperature determination.6,12,13,20,32–38 Whereas in the case of
optical pressure sensors, they work either in the vacuum range or
in the high-pressure range.3–5,7,10,11,36 This is because of their totally
different operating principles, namely sensors working in the high-
pressure range are based on materials compression, leading to
changes in spectroscopic properties of the optically active ions, e.g.,
line shift, changes in band intensity ratios, emission line width
or luminescence lifetimes.2–5,7,36 Whereas luminescent sensors
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working in the vacuum range (below 1 bar) are based predomi-
nantly on the changes in the concentration of the surrounding
gas molecules, resulting either in the mentioned luminescence
quenching (variations of emission intensity) or elevation of the
local temperature (the recently discovered method allows the
conversion of luminescent thermometers/heaters into vacuum
sensors).10,11,30,31 The last approach, utilizes the effect of laser-
induced heating of the materials, enhanced under vacuum
conditions.10,11

Here we show, for the first time how to combine two different
approaches of pressure sensing, i.e., high-pressure materials
compression and vacuum-enhanced light-to-heat conversion,
and develop the first multi-range optical pressure sensor (see
Scheme 1). The developed sensor can operate in the very broad
pressure range, from vacuum (10�4 bar) up to high-pressure range
(105 bar). The luminescent probe is an upconverting material
based on inorganic phosphate doped with ytterbium(III) and
erbium(III) ions, showing a well-defined thermal and pressure
responses, and resistance to treatment under extreme conditions.

Results and discussion
Characteristics of the pressure sensor material

The luminescent low (vacuum) and high pressure sensor used
in this work is based on YPO4 doped with 15 mol% of Yb3+ and
2 mol% of Er3+ micron-sized (E0.5–1 mm) inorganic particles,
with a relatively high phonon energy of around E1100 cm�1,7

crystallizing as tetragonal YPO4, in the I41/amd space group (see
Fig. S1–S4 that confirm the structure, morphology, and elemental

composition of the sensor material, ESI†). The material studied is
stable under high-pressure conditions, preserving its tetragonal
structure up to B14 GPa, with a bulk modulus (B0) of B186(5)
GPa.7,39 The synthesized material is optically active, i.e., it can
generate a two-photon upconversion (UC) luminescence, namely
the anti-Stokes emission of Er3+ under near-infrared (NIR) laser
irradiation (E975 nm), which is commonly observed in various
inorganic materials doped with Yb3+–Er3+ ions. In such a system,
Yb3+ (‘‘light harvesting ions’’) effectively absorb the incident NIR
laser radiation, and transfer it to the neighbouring Er3+ ions
(emitters), mostly via energy transfer UC processes (see the energy
level diagram in Scheme 1b).4,10,35

Low pressure (vacuum) sensing

In order to calibrate the optical response of the developed
upconverting vacuum sensor YPO4:Yb3+–Er3+, we have mea-
sured a series of UC emission spectra as a function of tempera-
ture (E300–850 K), using a continuous wave (CW) 975 nm NIR
laser (2 W mm�2). The normalized spectra presented in Fig. 1a,
clearly show temperature dependence of the thermalized bands
of Er3+, corresponding to the radiative transitions 2H11/2 -

4I15/2

(E525 nm) and 4S3/2 -
4I15/2 (E550 nm). Based on the recorded

spectra, we have determined the band intensity ratio of 525/
550 nm, integrating the area under the mentioned bands. The
determined values are plotted in Fig. 1b as a function of
temperature, showing an almost linear dependence, which is
typical of Er3+ TCLs 2H11/2 and 4S3/2. Because these energy levels
of Er3+ are thermally coupled, with DE E 866 � 4 cm�1 (value
determined from the spectra), they follow Boltzmann type

Scheme 1 (a) Two different concepts of pressure sensing combined in a single, Er3+-doped luminescent material, working as a multi-range pressure
sensor; (left) low pressure, i.e., vacuum sensing via light-to-heat conversion, and (right) high pressure sensing via materials compression. (b) Energy level
diagram showing the main radiative and non-radiative processes taking place in the investigated Yb3+–Er3+ system, focusing on Er3+ TCLs 2H11/2 and 4S3/2

(for vacuum sensing) and Stark sublevels, i.e., crystal field components of the 4I13/2 - 4I15/2 transition (for high-pressure sensing).
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distribution, so we could easily fit them with the following
function:

LIR � I525

I550
¼ B exp � DE

kBT

� �
(1)

where LIR is the band (luminescence) intensity ratio (525/550 nm);
DE is the energy difference between the band centroids; kB is the
Boltzmann constant; T is the absolute temperature; and B is a
constant, which depends on the states degeneracies, branching
ratio of the transitions in relation to the ground state, and rates of
total spontaneous emission and energy of the transitions.6 The
fitting performed using eqn (1), resulted in the DE E 739� 3 cm�1

(slightly lower compared to the value derived from the spectra,
most plausibly due to band overlapping), B E 5.81 and R2 E 0.999.
This contactless, ratiometric method is commonly used in lumi-
nescence thermometry, ensuring good sensitivity, accuracy and
repeatability of optical determination of the local temperature
values. The detailed characteristics of the luminescent thermo-
meter performance, including thermal cycling experiments, tem-
perature sensitivity and resolution, as well as comparison with
different optical thermometers from other reports are given in the
ESI† (see Fig. S5–S7 and Table S1, respectively).

With the temperature response of the sensor in hand, in the
next step we irradiated the sample with an increasing laser
power (1–220 W mm�2), to determine the light-to-heat conver-
sion efficiency under ambient conditions. Similarly like in the
case of heating experiments, the discussed band intensity ratio
(LIR; 525/550 nm) of Er3+ increases as a function of laser power
(Fig. 1c and d), indicating the local temperature elevation, up to
around 1000 K at E200 W mm�2 (see Fig. 1d).

In the next step, we have recorded the UC emission spectra
as a function of laser power (E0.5–18 W mm�2) under vacuum
conditions (E10�5 bar). The band intensity ratio of 525/550 nm
increases significantly at a much lower pump power (Fig. 2a),
compared to the laser-heating experiments performed under
ambient conditions. The heating rate, i.e., the light-to-heat
conversion efficiency is much higher under vacuum compared to
ambient pressure (see Fig. 2b), resulting in the elevation of the local
temperature up to E1000 K, at a laser power of o20 W mm�2. This
indicates more than 10-times enhancement of the light-to-heat
conversion under vacuum conditions. The observed enhance-
ment of local heating of the sample is associated with less
efficient heat dissipation (convection) in vacuum, where the
amount of air molecules is significantly limited. Whereas under

Fig. 1 UC emission as a function of temperature and pump power. (a) Normalized UC luminescence spectra of the YPO4:Yb3+–Er3+ material as a
function of temperature, measured at lex = 975 nm and E2 W mm�2. (b) determined band intensity ratios, i.e., Er3+ LIR of 525/550 nm as a function of
temperature. (c) Normalized UC emission spectra as a function of pump power. (d) Determined Er3+ LIR of 525/550 nm as a function of pump power and
the corresponding local temperature values (dashed lines) calculated using eqn (1).
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ambient pressure, abundant air molecules (cooling gas) transfer
the generated heat into the surroundings. That is why, the
determined LIR parameter (which is directly related to the local
temperature of the sample) has much higher values in a vacuum,
compared to the ambient pressure. Additionally, in Fig. 2c we
present temporal evolution of the determined LIR parameter as a
function of irradiation time, indicating stabilization of the local
temperature after 1 s (top; red) and 0.1 s (bottom; blue) of laser
irradiation (E15 W mm�2), under vacuum and ambient condi-
tions, respectively. Longer stabilization time (equilibrium between
the competing heating–cooling processes) under vacuum condi-
tions is due to different heat dissipation mechanisms, as in the
case of ambient pressure the dominant role in the cooling process
is played by air molecules (convection process), whereas under

vacuum conditions the slower process of heat conduction within
the sample dominates. Nonetheless, the temporal resolution of
this phosphate-based sensor is much better, compared to our
previous vanadate-based vacuum sensor, which reaches equili-
brium after about 5 s.10

Finally, in order to develop the luminescent low pressure
sensor, we have measured a series of UC emission spectra at
fixed laser power (E15 W mm�2) and different vacuum levels
(see Fig. 3a). It is clear that the band intensity ratio (525/550 nm)
associated with the discussed TCLs of Er3+ significantly increases
with the vacuum level of the system (1000–0.03 mbar), confirming
the light-to-heat conversion enhancement under vacuum condi-
tions. We have plotted the determined LIR parameter in Fig. 3b
in the logarithmic representation, and using a simple linear fit

Fig. 2 UC luminescence under vacuum conditions. (a) Normalized UC emission spectra of the YPO4:Yb3+–Er3+ material, measured as a function of
pump power (lex = 975 nm) under vacuum conditions. (b) Comparison of the determined band intensity ratios, i.e., Er3+ LIR of 525/550 nm under vacuum
(red) and at atmospheric pressure (blue), recorded as a function of pump power, and the corresponding local temperature values (dashed lines)
calculated using eqn (1). (c) Temporal evolution of the determined LIR parameter as a function of irradiation time (E15 W mm�2), recorded under vacuum
(red) and at atmospheric pressure (blue).

Fig. 3 Low-pressure, i.e., vacuum, sensing. (a) Normalized UC emission spectra of the YPO4:Yb3+–Er3+ material (lex = 975 nm; E15 W mm�2), measured
as a function of low-pressure, i.e., vacuum. (b) Determined band intensity ratios, i.e., Er3+ LIR of 525/550 nm as a function of vacuum, and the
corresponding local temperature values (dashed lines) calculated using eqn (1); the continuous line corresponds to the applied linear fit. (c) Relative
pressure sensitivity, i.e., Sr(P), and pressure resolution, i.e., dP, plotted as a function of vacuum.
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(LIR = �0.3601P + 1.4999) we correlated the LIR values with the
vacuum level of the system, from 0.2 to 1000 mbar (R2 = 0.99).
Most importantly, in contrast to the vanadate-based sensor
(allowing sensing in a limited vacuum range, from E10�1 to
101 mbar), the measured sensing parameter, i.e., LIR, exhibits a
significant and monotonic change over 4 orders of magnitude,
i.e., from 10�1 to 103 mbar. This is the reason it also allows
vacuum sensing close to the atmospheric pressure range, which
is important from the point of view of science and industry.
Fig. 3c presents the relative pressure sensitivity – Sr(P) and
resolution of pressure sensing � dP, determined based on the
following equations:

SrðPÞ ¼ 100%� 1

LIR

dLIR

dP
(2)

and

dP ¼ 1

SrðPÞ
dLIR
LIR

(3)

where dLIR is the uncertainty of determination of the band
intensity ratio (525/550 nm). The Sr(P) decreases with pressure,

from E50% mbar�1 (at around 0.2 mbar), down to E0.04% mbar�1

at atmospheric pressure. Whereas the pressure resolution, i.e., dP
changes from 0.02 mbar to E27 mbar at ambient pressure,
respectively. The obtained resolution is similar to the vanadate-
based sensor, in the comparable pressure ranges.10 Additionally,
the reliability of our method is confirmed by cycling the sample
between atmospheric pressure and vacuum, and the repetitive
determination of the LIR parameter (the band intensity ratio 525/
550 nm of Er3+), which is fully reversible, as expected (see Fig. S8, ESI†).

High pressure sensing

In order to optically monitor high pressure with our sensor, we
have determined the spectral shift rate of one of the Stark
sublevel of the Er3+ emission band located in the NIR region,
namely the 4I13/2 -

4I15/2 transition, centred at around 1550 nm
(lex = 975 nm; 2 W mm�2). This band (4I13/2 -

4I15/2) splits into
several crystal-field components (Stark sublevels), starting from
E1500 nm and ending at E1600 nm. It is worth noting that in
the case of high-pressure measurements we did not focus on
the transitions located in the visible range, because they are

Fig. 4 High-pressure sensing. (a) Normalized NIR emission spectra of the YPO4:Yb3+–Er3+ material (lex = 975 nm), measured as a function of high-
pressure. (b) Determined spectral positions of the 4I13/2 - 4I15/2 band (Stark sublevel) of Er3+ as a function of high-pressure; the continuous line
corresponds to the applied linear fit; the filled symbols represent the compression and the empty ones decompression data. (c) Relative pressure
sensitivity, i.e., Sr(P), and pressure resolution, i.e., dP, plotted as a function of high-pressure.
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generally less sensitive to pressure changes compared to the
lower-energy transitions.3–7 The emission spectra recorded as a
function of high-pressure (up to 112 kbar, i.e., E11 GPa) are
presented in Fig. 4a. Due to the increasing crystal-field strength
under high-pressure conditions, caused by the shortening of
interionic distances (Er3+–O2�) and stronger interactions
between the ions in the compressed crystal lattice, the splitting
of the observed Stark sublevels is enhanced with increasing
pressure.5,7,26,40 That is why the left part of the band (Stark
sublevels located at shorter wavelengths) exhibits a blue-shift,
whereas the right part of the band (higher wavelengths) red-
shifts.3,5,7 This effect superimposes with the commonly reported
decreasing energy difference between the ground and excited
states of lanthanide ions (in this case Er3+), leading to the red-
shift of their emission bands under high-pressure conditions,
which is related to the increased bonding covalency of the
compressed material (enhanced nephelauxetic effect).5,7,26,40

That is why, the Stark sublevel located at the longest wavelength
shifts more, compared to the one located at the opposite side of
that transition. Fig. 4b and Fig. S9–S11 (ESI†) present the
determined spectral positions and the corresponding shift rates

for the most intense Stark sublevels, namely 0.0539 nm kbar�1

(at 1589 nm), 0.0199 nm kbar�1 (at 1565 nm), �0.0459 nm
kbar�1 (at 1542 nm) and �0.0297 nm kbar�1 (at 1508 nm),
respectively. The observed spectral shifts are reversible, as con-
firmed by the decompression data. For the Stark sublevel
exhibiting the greatest spectral shift and good linear fitting, with
R2 E 0.99 (see Fig. 4b), we have also determined the relative
pressure sensitivity (Sr(P)) and pressure resolution, which are
plotted as a function of pressure in Fig. 4c. Please note that to
calculate the mentioned sensitivity and resolution values we
have used the same equations as those for low-pressure sensing,
i.e., eqn (2) and (3), applying the determined spectral position of
the emission line as a measured parameter (instead of LIR).
Because the relative changes of the measured parameter, i.e., line
shifts are typically smaller compared to the LIR, the determined
Sr(P) values are small, being around E3.4 � 10�3% mbar�1 in the
whole high-pressure range. However, most importantly, the result-
ing pressure resolution is quite good, i.e., dP E 2 kbar at around
50 kbar, which is crucial for pressure sensing purposes.

Additionally, we have measured the emission spectra of Er3+

in the same NIR spectral range, as a function of temperature,

Table 1 Comparison of low (vacuum) and high-pressure sensitivities of different luminescent manometers used for optical pressure sensing

Low-pressure (vacuum) sensors

Host Emitting ion
Sensitivity Sr(P)
(% mbar�1) Resolution dP (mbar) Transitions l (nm) Ref.

YPO4 Er3+ 10 (at 1 mbar) 0.1 (at 1 mbar) 2H11/2 - 4I15/2/4S3/2 - 4I15/2 525/550 This work
1 (at 10 mbar) 1 (at 10 mbar)

YVO4 Er3+ 40 (at 1 mbar) 0.025 (at 1 mbar) 2H11/2 - 4I15/2/4S3/2 - 4I15/2 525/550 10
1 (at 10 mbar) 1 (at 10 mbar)

YAlO3 (microsphere) Nd3+ o0.1 (at 1 mbar) 0.015 (at 1 mbar) 4F3/2 - 4I9/2 914 11
PtTFPL Organic complex B0.1 — Triplet–singlet 740 41
PtTFPP B0.1 — 650 42

High-pressure sensors

Host Emitting ion
Sensitivity – line shift
(nm kbar�1) T-shift (nm K�1) Transitions l (nm) Ref.

YPO4 Er3+ 0.0539 �1.78 � 10�3 4I13/2 - 4I15/2 (Stark) 1589 This work
Al2O3 (ruby) Cr3+ 0.0365 6.8 � 10�3 2E - 4A2 694 27
YAlO3 Cr3+ 0.070 7.6 � 10�3 2E - 4A2 723 43
YF3 Er3+ 0.01855 �3 � 10�4 4F9/2 - 4I15/2 (Stark) 665 4
NaBiF4 Er3+ �0.08 — 4I13/2 - 4I15/2 (Stark) 1503 3
YAlO3 Nd3+ �0.013 1 � 10�6 4F3/2 - 4I9/2 (Stark) 875 43
Gd3Sc2Ga3O12 Nd3+ B0.0632 — 4F3/2 - 4I9/2 (Stark) 935 44
Y3Al5O12 Eu3+ 0.0197 �5.4 � 10�4 5D0 - 7F1 591 45
EuPO4 Eu3+ B0.027 — 5D0 - 7F0 580 46
Y3Al5O12 Sm3+ 0.030 2.3 � 10�4 4G5/2 - 6H7/2 (Stark) 618 47
SrFCl Sm2+ 0.110 �2.3 � 10�3 5D0 - 7F0 690 48
SrB4O7 Sm2+ 0.0255 �1 � 10�4 5D0 - 7F0 685 49
SrB2O4 Sm2+ 0.0244 �1 � 10�4 5D0 - 7F0 685 25
BaLi2Al2Si2N6 Eu2+ 0.158 — 5d - 4f 532 26
KMgF3 Eu2+ B0.013 — 5d - 4f 360 50
CeN–PVDF Ce3+ 0.028 — 5d - 4f 327 51
CeS–PVDF Ce3+ 0.01 — 5d - 4f 340 51
LaPO4 Tm3+ 0.01 �2 � 10�3 1G4 - 3H6 475 7

0.8% (band ratio) — 3H4 - 3H6/1G4 - 3H6 800/475
Y6Ba4(SiO4)6F2 Ce3+ 0.063 — 2DJ -

2FJ (5d - 4f) emission 466 52
0.15% (FWHM) 2FJ -

2DJ (4f - 5d) excitation 342
0.25% (FWHM)

SrF2 Er3+ 0.77% — 4F9/2 - 4I15/2 653 53
0.64% 4S3/2 - 4I15/2 538
0.62% (lifetimes) 2H11/2 - 4I15/2 516
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and determined the spectral positions of the Stark sublevels of
Er3+ (4I13/2 - 4I15/2 transition), in order to verify the potential
temperature drift/correction for the sensor (see Fig. S12 and S13,
ESI†). Fortunately, up to E500 K, there is almost no change in
the spectral position of the measured bands (Fig. S13, ESI†),
which is typical of lanthanide (Ln3+) emission.6 This result is
of great importance from the point-of-view of the researchers/
engineers performing the experiments, simultaneously under
high-pressure/high-temperature conditions.4

Finally, we have compared in Table 1 the performance of the
developed luminescent pressure sensor with the available
literature data. Please note, that for the vacuum sensors we
compared the relative sensitivity and resolution, but for the
high-pressure sensors we mainly used the line shift and the
corresponding temperature correction. This is because most of
the high-pressure sensors are based on the emission line shift,
hence there are no literature data available about their relative
sensitivity and resolution. In the case of luminescent vacuum
sensors operating in the very low pressure range, i.e., from
about 0.1 mbar, the data are very limited. Depending on the
pressure range of interest, the sensitivity of the developed
sensor varies significantly, i.e., at a pressure of around 1 mbar,
Sr(P) E 10% mbar�1, which is lower compared to the vanadate-
based sensor, but higher compared to the perovskite-based
sensor (microsphere). However, at a pressure of around 10 mbar,
Sr(P) E 1% mbar�1, which is the same for the vanadate sensor
(perovskite sensor do no operate in this range). Resolution of the
developed sensor also depends on the pressure range, however, at
pressure around 10 mbar (i.e., in the middle of the operating
pressure range) it is the same for the developed phosphate sensor
and for the already reported vanadate sensor, i.e., dP E 1 mbar.
Whereas comparing the performance of the high-pressure sensors,
our material exhibits one of the largest spectral shift, i.e.,
0.0539 nm kbar�1, which is much larger than that of the com-
monly used ruby-based sensor. Nonetheless, it is worth noting that
this is the first time that a single optically active material is used
for sensing in an unprecedentedly broad pressure range, encom-
passing vacuum and high-pressure regions.

Conclusions

In this work, we have shown for the first time the possibility of
optical sensing of low and high pressure values, utilizing a
single, lanthanide-doped upconverting material. The active
material used for sensing is based on the YPO4:Yb3+–Er3+

luminophore, exhibiting UC luminescence in the visible range
and down-shifting emission of Er3+ in the NIR range, observed
under 975 nm excitation. The sensing concept in the vacuum
range is based on the laser-induced heating of the upconverting
material, enhanced under vacuum conditions, and the use of
Er3+ band intensity ratio (525/550 nm) as a pressure-dependent
sensing parameter. Whereas for sensing in the high-pressure
range we used the spectral shift of the Er3+ emission line
(around 1590 nm), observed during materials compression in
a diamond anvil cell (DAC). The developed sensing methods

provide good pressure resolution, both in a vacuum and in the
high-pressure ranges (uncertainty of about E3–4% of the
measured pressure value), ensuring accurate pressure determi-
nation in the unprecedentedly broad pressure range, i.e., from
E10�4 to 105 bar. Another very important advantage of the
presented luminescence manometry technique is its non-invasive
character (optical detection), allowing pressure sensing in various
environments.

Experimental section

The starting materials Y2O3, Yb2O3, and Er2O3 (Alfa Aesar,
99.99%) were dissolved in excess chloric acid (Sigma-Aldrich,
ASC 37%). The solutions were evaporated 3-times to dispose of
HCl. The obtained YCl3, YbCl3, and ErCl3 solutions were
diluted with deionized water, and 0.5 M solutions were pre-
pared. 0.198 g (25% excess) of (NH4)H2PO4 (Sigma-Aldrich, ACS,
498%) was dissolved in 30 ml of glycerol (POCH, 499.5%) and
90 ml of deionized water. The prepared solution was mixed at
323 K for 30 min. Next, a stoichiometric amount (calculated on
the basis of the formula Y1�x�yYbxEryPO4 where x = 0.15; y = 0.02)
of YCl3, YbCl3 and ErCl3 solutions were added dropwise. White
material starts to precipitate at the time of mixing. Finally, the
prepared solution was stirred continuously at 323 K for 30 min.
The synthesized material was collected by centrifugation and
washed with water five times. The obtained material was dried
at 353 K for 24 h in air, and then ground in an agate mortar. Next,
the sample was annealed at 1273 K for 2 h. The elemental
composition, i.e., chemical formula of the synthesized material,
determined by the energy-dispersive X-ray (EDX) analysis is found
to be YPO4:16 mol% Yb3+,2.7 mol% Er3+.

Characterization

Scanning electron microscopy (SEM) and EDX analyses were
performed using a Scanning Electron Microscope FEI Quanta
250 FEG, and an EDAX detector. The Powder X-ray diffraction
(XRD) pattern was recorded with a Bruker AXS D8 Advance
diffractometer, using Cu Ka1 radiation (l = 0.15406 nm). The
FT-IR spectrum was measured in a KBr pellet (transmission
mode) using a FT-IR spectrophotometer JASCO 4200. UC emis-
sion spectra in the visible range and the emission spectra in the
NIR range were recorded using an Andor Shamrock 500 spec-
trometer, coupled to the silicon (visible range detection) and
InGaAs (NIR range detection) CCD cameras from Andor. The
excitation source was a tunable CW Ti:Sapphire laser system,
Spectra Physics 3900-S pumped with a 15 W 532 nm Spectra
Physics Millenia, adjusted at 975 nm. The procedures of lumines-
cence measurements in a vacuum chamber and under high-
pressure conditions (in a DAC) are described in detail in our
previous publications.4,7,10

DAC loading procedure and high-pressure detection

High-pressure measurements were carried out in a DAC (400 mm
culet size) made at Universität Paderborn (Germany), where the
pressure is adjusted by the use of four metal screws. Stainless

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/2

1/
20

26
 9

:2
1:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc00709b


4650 |  J. Mater. Chem. C, 2021, 9, 4643–4651 This journal is © The Royal Society of Chemistry 2021

steel sheets (200 mm thick) were used as gaskets. The gaskets
were pre-indented down to B50 mm thickness, and then drilled
with an electro-driller, to form a hole of B100 mm diameter.
After mounting the metal gasket on the diamond cell, a small
sphere of ruby and the sample (white powder) were placed in the
gasket hole, and filled with a methanol : ethanol : water (16 : 3 : 1)
pressure transmitting medium (hydrostatic up to B10 GPa). The
high-pressure values were determined using the R1 ruby flores-
cence line shift, excited by a 532 nm laser, and using a ruby
calibration curve available elsewhere.54

Low-pressure (vacuum) measurements

Luminescence measurements in a low-pressure range were
performed for the material (B100 mm thick) placed on a small
glass plate, in the centre of the vacuum chamber. The low-
pressure values were monitored using a digital vacuum sensor.
For all experiments, the material was used in the form of a fine
powder. More technical details can be found in ref. 10.
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10 M. Runowski, P. Woźny, S. Lis, V. Lavı́n and I. R. Martı́n,
Adv. Mater. Technol., 2020, 5, 1901091.

11 K. Soler-Carracedo, I. R. Martin, M. Runowski, L. L. Martı́n,
F. Lahoz, A. D. Lozano-Gorrı́n and F. Paz-Buclatin, Adv. Opt.
Mater., 2020, 8, 2000678.

12 D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301–4326.
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