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this technology is the requirement of pre-
cise and reliable vacuum measurements. 
The advances in the field come along with 
harder requirements to meet in terms of pre-
cision and miniaturization of the sensors.[3] 
Vacuum gauges currently used are based on 
mechanical deformation,[4,5] thermal con-
ductivity[6–8] such as Pirani,[9] thermocouple 
or thermistor gauges; ionization[10,11] and 
spinning rotations.[12] All these approaches 
are more or less suitable depending on the 
pressure range of the measurements. But 
for all ranges, the vacuum gauges based on 
the previous parameters have an uncertainty 
from around 1% to 20%. Another approach 
to measure vacuum that has been barely 
investigated is the use of optical sensor. Up 
to date, the only researches following this 
approach were based on heterodyne[13,14] and 
optical fiber interferometry,[15,16] resonance 
effects[17–19] or magneto-optical trapping.[2]

Furthermore, luminescent materials 
play an important role as phosphors, con-
trast agent, labels, optical heaters/coolers, 

temperature and pressure sensors, etc.[20,21] In the field of lumi-
nescent materials, the lanthanide based organic and inorganic 
compounds are of special importance. This is mostly due to 
their favorable optical properties, such as multicolor emission 
and up-conversion luminescence, narrow absorption and emis-
sion bands, large Stokes shift, long radiative lifetimes, etc.[22–24]

Recently, in our previous publication,[21] we showed for 
the first time the possibility of converting luminescence ther-
mometer into the optical vacuum sensor. To present this 

Glass microspheres embedded with Nd3+-doped nanoperovskites based on 
yttrium orthoaluminate are synthesized and used as optical vacuum sensor. 
Under 532 nm excitation, the microspheres show two emission bands centered 
at 820 and 890 nm, corresponding to the 2H9/2,4F5/2 → 4I9/2 and 4F3/2 → 4I9/2 
transitions. When the microspheres are heated by laser excitation in air (ambient 
conditions), the positions of the Stark level transitions shift toward red or blue 
spectral regions. Additionally, the full width at half maximum of these peaks 
increases. Furthermore, due to the specific geometry of the microspheres, it is 
possible to trap the emitted light inside the microsphere resonator, in the form 
of whispering-gallery-modes (WGM). When the microspheres are heated, these 
resonant modes present higher shifts toward lower energies than those for the 
Stark levels. As pressure decreases, the thermal exchange (convection process) 
between the microsphere and the surrounding air molecules decreases, which 
leads to an increase on the temperature of the microsphere. Based on this effect, 
the response of the WGM spectral positions as a function of pressure level is 
used to calibrate the luminescent microspheres as optical vacuum sensors. 
Relative sensitivity and limit of detection are obtained and compared with other 
optical vacuum sensors.
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1. Introduction

Vacuum technology has become an imperceptible but funda-
mental part of modern life. It can be found in a variety of ways 
from daily life uses to industry, passing through medicine or 
atomics physics.[1,2] The applications of vacuum technology are 
wide, as different operating vacuum ranges can be achieved. They 
can be classified either by the physical situation or by the fields 
where the application belongs to. However, a fundamental part of 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202000678.

Dr. M. Runowski
Faculty of Chemistry
Adam Mickiewicz University
Uniwersytetu Poznańskiego 8, Poznań 61-614, Poland
E-mail: runowski@amu.edu.pl
Dr. F. Lahoz
Instituto Universitario de Estudios Avanzados en Atómica
Molecular y Fotónica (IUdEA)
Universidad de La Laguna  
Santa Cruz de Tenerife
Tenerife 38200, Spain
Dr. A. D. Lozano-Gorrín
Departamento de Química
Universidad de La Laguna
Av. Astrofísico Francisco Sánchez  
s/n, La Laguna, Tenerife 38200, Spain

Adv. Optical Mater. 2020, 8, 2000678

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202000678&domain=pdf&date_stamp=2020-07-14


www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000678 (2 of 9)

www.advopticalmat.de

concept we used YVO4:Yb3+-Er3+ inorganic material, working 
as up-converting phosphor, luminescence thermometer and 
heater under NIR (975  nm) laser irradiation. Using the ratio-
metric technique, known as fluorescence intensity ratio (FIR) 
or luminescence intensity ratio (LIR) (band ratio of Er3+ ther-
mally-coupled levels), and changing pressure in the system, we 
were able to optically determine the local temperature altera-
tions. Correlating the local temperature and the applied pres-
sure values, we developed the first luminescent vacuum sensor, 
working in the range from about ≈10−5 to 10−2 bar.

In this paper, a novel optical vacuum sensor based on Nd3+-
doped microspheres, and a contactless detection of whispering-
gallery-modes (WGM) is presented. There exists an increasing 
scientific interest in WGM optical sensing. In particular, it 
has been reported in the literature, that WGM based temper-
ature sensors can improve the resolution limit by orders of 
magnitude when compared to sensors based on the FIR tech-
nique.[25–27] By enhanced light-to-heat conversion in vacuum, 
thermal vacuum sensing was achieved analyzing the optical 
properties of transparent microspheres. Yttrium orthoalumi-
nate nanoperovskite (YAP) was selected as a host material due to 
its favorable mechanical properties and chemical stability, and, 
most importantly, due to its appealing thermal properties; that 
include high thermal conductivity and thermal variation of the 
refractive index.[28] The nanoperovskites were doped with Nd3+, 
that is a common dopant ion for temperature sensing,[29–32] 
exhibiting several radiative transitions from the thermally cou-
pled energy levels (TCLs) 4F5/2 and 4F3/2. Furthermore, they can 
be excited with low-cost diode laser (e.g., 532 nm) and exhibit 
well separated bands in the 800–1000 nm range. This spectral 
range coincide with regular (silicon) CCD detectors response, 
and also with the “near-infrared biological windows” of human 
tissue, which is critical for diverse biological and medical appli-
cations. The nanoperovskite doped with Nd3+ were combined 
with a soda-lime glass to obtain the microsphere resonators. 
The fabrication method used, led to highly transparent micro-
spheres. These microspheres were not coupled to any fibers or 
substrates, which is important to avoid geometrical irregulari-
ties that affect the WGM. The use of microspheres instead of 
a mixture of particles also presents several advantages in terms 
of their application for sensing devices, as microspheres can be 
easily and precisely manipulated with a needle or with a laser, 
by using the optical tweezers technique.[33,34] After tempera-
ture calibration, the microspheres were pumped at constant 
laser power, and their emission was recorded as a function of 
vacuum. Given that the emission is related to the microsphere’s 
temperature, it is possible to calibrate them as vacuum sensors 
following the thermal exchange via convection process, related 
to the ultralow pressure in a vacuum chamber. Therefore, 
despite the wide use of WGM for temperature, refractive index 
or mass detection, among others; and despite of existing pre-
ceding works in the literature where lanthanide ions have been 
used for pressure sensing.[35–38] This is the first time, in the best 
of our knowledge, that WGM is used for vacuum sensing. The 
proposed method of using easy to manipulate microspheres 
for vacuum sensing, with improved pressure resolution in the 
ultralow pressure range, could lead to important new applica-
tions in nanotechnology, materials science, catalysis, medical 
and space technology.

2. Theoretical Background

2.1. Technique

A soda-lime glass microsphere doped with Nd3+ was irradiated 
at constant power (3  mW) and the emission was recorded as 
a function of vacuum. Emission changes when surrounding 
pressure decreases are related to temperature increment in the 
microsphere. Consequently, it is possible to characterize the 
Nd3+ doped microspheres as an optical vacuum sensor. Fol-
lowing this line of thought, a study of the different responses of 
the sample with temperature was made, in order to determine 
the best spectroscopic parameter for vacuum sensing.

One of the main techniques for optical sensors is the FIR. 
This technique uses the many pair of energy levels with 
small energy separation, in the order of the thermal energy 
(<2000 cm−1), that can be found in various lanthanide (Ln3+) 
doped materials. The small energy gap allows thermalization 
processes to occur and thus, the temperature can be estimated 
by the analysis of the band intensity ratio, associated with the 
excited TCLs of the Ln3+ ions involved.

For Nd3+ ions, the relative population between the levels can 
be described as a three level system that follows a Boltzmann 
type distribution[39]
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where I31 and I21 are the emission intensities of the transi-
tions from level 3 to 1 and level 2 to 1, respectively; kB is the 
Boltzmann constant, E32 is the energy gap between the two 
thermalized excited levels 2 and 3, g3 and g2 are the degener-
acies (2J  + 1) of these levels, v3 and v2 are the frequencies of 
the transitions from level 3 and 2 to ground state respectively 
and Rω31 and Rω 21 are the spontaneous emission rates from the 
respective levels to the ground state (E1) and C is the pre-expo-
nential factor. As it can be seen from Equation (1), the FIR tech-
nique is independent of the incident pump-power source, as it 
affects only the intensity of both emissions bands, but not their 
intensity ratio, that is only dependent on the temperature.

Furthermore, due to the nanocrystalline nature of the 
sample and the low point symmetry of the Nd3+ sites in the 
YAlO3 structure, there is a complete breakdown of the neo-
dymium energy levels leading to the rise of Stark splitting, into 
the crystal-field levels[40,41] It is possible to study the spectral 
dependence of these Stark levels, associated with the Nd3+ tran-
sitions, with temperature. Taking advantage of the sharpness 
of the narrow emission bands, corresponding to these Stark 
levels, it is possible to achieve the well-resolved spectra, leading 
to high temperature and pressure resolution. Recording these 
peaks as a function of temperature, it is possible to analyze the 
spectral shift of these peaks, as well as the evolution of their full 
width at half maximum (FWHM).[42]

Finally, due to the unique geometry of the microspheres, it is 
possible for the emitted light to get trapped inside the resonator 
in the form of WGM.[43] The spectral position of these WGM 
can be approximated to equation[44]

2 effλ π=m n Rm  (2)
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where m is the mode number, λm are the resonant wavelengths, 
neff is the effective refractive and R the radius of the micro-
sphere. From Equation (2), it follows that temperature changes 
on the microsphere will affect the spectral position of the reso-
nant wavelengths, due to changes in n and R, described by the 
thermo-optic and expansion coefficients. In the case of soda-
lime glass, these coefficients are both positives and so, a red-
shift is expected when heating the microsphere. Given the high 
Young modulus of soda-lime glass (5.43  ×  108  Torr), it can be 
assumed that in the range of pressure used for the experiments 
(3.8 to 2.3 × 10−2 Torr), the microspheres did not suffer any sig-
nificant volume strain.

2.2. Sensitivity

To characterize the sensing capability of a material, it is a 
common approach to use the absolute sensitivity (S), described 
by the rate of change of the sensing parameter as a response to 
the desired physical property. It is given by the formula

S
dM

dT
= p

 (3)

where Mp is the measured parameter.
However, this feature cannot be considered as a standard for 

comparison, as it depends on the nature of the sensing para-
meter and the experimental setup among others. Thus, in order 
to compare different sensors, Collins et  al.[45] defined another 
figure of merit called the relative sensitivity (Sr) given as
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which allows comparison of optical sensors, even if they use 
different physical parameters to detect a certain change.

Another important parameter used to characterize the sensor 
is the limit of detection (δMpmin), also known as uncertainty 
(sensing resolution). This parameter is related to the minimum 
parameter change that the sensor is capable to recorded and it 
is given as
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where δMp/Mp is the resolution limit or relative uncertainty 
of the thermometric parameter, this is, the smallest change 
that can be experimentally detected. The resolution limit is 

related to the sensor performance but it is also dependent on 
the experimental setup.[46] Therefore, one way of improving the 
resolution limit could be the use of better acquisition systems, 
and also by configuring the measurements with longer integra-
tion time and averaging consecutive measurements to decrease 
experimental noise. However, such procedure increases the 
temporal response of the sensor, and delays determination 
of the measured function, which may be undesired in some 
applications.

3. Experimental Section

3.1. Sample Preparation

Nanocrystalline YAP perovskites of composition Y(0.975)
Nd0.025AlO3 (YAP: Nd3+ 2.5%) were successfully synthesized 
by the Pechini citrate sol–gel method in an air atmosphere. 
Stoichiometric molar ratios of high-purity Y(NO3)3·4H2O 
(ALDRICH, 99.9%), Al(NO3)3·9H2O (ALDRICH, 99.9%) and 
Nd(NO3)3·H2O (ALDRICH, 99.9%) materials were dissolved in 
25 mL of 1 m HNO3 under stirring at 353 K for 3 h. Then citric 
acid, with a molar ratio of metal ions to citric acid of 1:2, was 
added to the solution, which was stirred and heated at 363 K 
until reaching the transparency of the solution. Then, 4 mg of 
polyethylene glycol was added to the solution. This last step cre-
ated a gel that was fired at 400 °C for 6 h in order to remove the 
residual nitrates and organic compounds and the subsequently 
obtained powder sample was finally burnt out at 1200 °C for 
20 h. The second thermal treatment was performed at 1550 °C 
for 12 h. The relatively high Nd3+ concentration (2.5 mol%) was 
chosen because the materials heat up more when they con-
tain higher concentration of the optically active ions, mainly 
due to the enhanced cross-relaxation processes, leading to the 
improved light-to-heat conversion efficiency.[21]

To obtain the microspheres, a Knittel Glaser microscope 
slide was crushed and the grounded to a fine powder with an 
agate mortar. The soda lime glass powder from the slide was 
combined with nanoperovskites using 5  wt% of nanoperovs-
kite versus 95  wt% of soda lime. Lastly, the resulting mixture 
was dropped over a horizontal butane flame. The low melting 
point of soda-lime glass allowed the butane flame to produce 
liquid glass droplets from the mixture, which turned into 
spheres by high surface tension during the cooling process 
(Figure 1). Transparent microspheres with diameter of around 
40–50 ±  1 µm were selected (Diameter size distribution of the 
microspheres can be seen in Figure S1 in the Supporting Infor-
mation). Note that soda-lime glass is by far the most common 

Figure 1. Schematic representation of the procedure followed to obtain the soda-lime glass microspheres doped with YAP:Nd3+ nanoperovskite.
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and inexpensive type of glass in the market at the present time. 
Its low melting point make it extremely easy to work with and 
facilitates the melting process, required to create the micro-
spheres by surface tension during the cooling process.

3.2. Optical Characterization

The emission spectra were obtained by exciting the material 
with a continuous-wave 532 nm diode pumped solid state laser 
(laser power fluctuation is included in Figure S2 in the Sup-
porting Information). A modified confocal microscope was used 
for excitation and detection. The light was collected from the 
objective and focused on the entrance slit of a grating spectrom-
eter (Andor SR-500i-B2) coupled to a CCD (Newton 970EMCCD) 
detector. The use of an adjustable mirror allowed, combined 
with the entrance slit that was narrowed to 60 µm and acted as 
an image plane pinhole, to partially detect the emission from 
one edge or the center of the microsphere image.[47] All spectra 
were corrected from the spectral response of the equipment. 
To obtain the spectral resolution of the system, the width of a 
single mode laser line at 532  nm was measured, resulting in 
a spectral resolution of about 140 pm in good agreement with 
the manufacturer specifications. For the resolution limit, 100 
measurement of a laser profile under the same conditions 
were recorded. The spectra were fitted to a Gaussian curve and 
the uncertainty was calculated as the standard deviation of the 
laser peak position distribution. A standard deviation of 3 pm 
was obtained. Similar procedure was carried out to obtain the 
uncertainty of the spectral position of the Stark peaks, FWHM 
and WGM. For the spectral position and the FWHM evolution 
of the Stark peaks, 100 measurements were carried out at room 
temperature (RT) and ambient pressure from a single peak. A 
statistical study was carried out on the measurements. From this 
analysis, standard deviations of 7.8 and 16.7 pm were obtained 
for the spectral position and the WFHM, respectively. The error 

bars corresponding to these parameters were taken as the double 
of those standard deviations. To determine the uncertainty of the 
spectral position of the WGM, a microsphere was located inside 
the vacuum chamber. The 100 measurements were carried out 
at 3.75 Torr and 318 K. The statistical analysis from the results 
gave a standard deviation of 5.7 pm (see Figure S3 in the Sup-
porting Information). The error bars in the figures that repre-
sent the spectral position of WGM corresponds to a deviation 
of +/− the double of the uncertainty. This way, all the possible 
aspects that affect the experimental setup are taken into account. 
These aspects include laser fluctuations, the vibrations of the 
optical table and the temperature fluctuations of the laboratory.

To calibrate the optical response of the sample with tem-
perature, luminescence measurements were carried out from 
293 RT to 530 K in a tubular electric furnace (Gero RES-E 230/3), 
where the temperature of the sample was controlled via a type 
K thermocouple.

Finally, the microspheres were located inside a vacuum 
chamber. The vacuum was obtained by an oil pump (Edwards 
RV3), where the pressure gauge was connected to a digital con-
troller (Edwards Active Gauge Controller Single Display).

4. Results and Discussion

4.1. Optical Thermal Response

The emission spectrum of the glass microspheres incorpo-
rating YAP:Nd3+ nanoperovskites, under 532  nm excitation at 
RT is depicted in Figure 2a, showing two emissions bands cor-
responding to the 2H9/2,4F5/2 → 4I9/2 and 4F3/2 → 4I9/2 Nd3+ tran-
sitions at 820 and 890 nm, respectively. The small energy gap 
between the 2H9/2,4F5/2 and 4F3/2 levels allows thermalization 
processes to occur, and thus it is possible to measure the inten-
sity ratio of both emission bands as a function of temperature 
using the FIR technique.

Figure 2. a) Emission spectra of the microspheres incorporated with YAP:Nd3+ nanoperovskites, recorded under 532 nm excitation as a function of 
temperature. The inset in the figure shows the FIR data fitted to Equation (1). b) Zoom at 824 and 882 nm showing the transition to the Stark levels 
spectral shift and FWHM change as a function of temperature.
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The appearance of sharp peak profiles is due to the low point 
symmetry of the Nd3+ sites in the YAlO3 crystalline structure, 
which results in a breakdown of Stark levels in the mentioned 
levels (2H9/2,

4F5/2, 4F3/2, and 4I9/2), corresponding to Stark levels 
T(1-5), S(1-3), R(1,2) and Z(1-5), respectively.[48] The appearance of 
these Stark levels indicates that the YAP nanoperovskites have 
been successfully incorporated into the microspheres structure.

In order to correlate luminescence properties of the micro-
spheres with temperature, the sample was heated inside a 
tubular furnace and irradiated at 532 nm with low laser power 
(3 mW), in order to avoid laser heating processes. The selected 
temperature range, between 300 and 530 K, it is due to the 
correlation of the heating of the microspheres in the pres-
sure range used for vacuum sensing (medium vacuum range). 
This topic will be discussed in the Optical pressure response 
section. As temperature increased, the band intensity ratio 
(FIR) changed for the 820 and 890  nm emission bands, cor-
responding to the 2H9/2,4F5/2  → 4I9/2 and 4F3/2  → 4I9/2 transi-
tions (Figure 2a). In the inset of Figure 2a) it can be seen the 
corresponding FIR response of the sample from RT to 530 K, 
fitted to Equation  (1), providing the value of energy difference 
between the TCLs, E32 = 970 cm−1. This value is in good agree-
ment with the literature.[49–51]

When compared to other Nd3+ optical thermometers working 
with the same TCLs, only strontium barium niobate (SBN) 
glass ceramic samples showed a similar rate of change for the 
FIR in the selected temperature range.[49] Whereas phosphate 
glasses,[50] doped optical fibers[51] and fluorotellurite glasses[52] 
present a lower response. FIR relative sensitivity and further 
comparison with other optical temperature sensors can be 
found in Figure S4 and Table S1 in the Supporting Information.

Furthermore, the spectral position of the peaks centroids, 
corresponding to the 4F3/2(R1,2) → 4I9/2(Z1-5) Nd3+ transitions 
between the Stark levels, changed as a function of temperature 
as well (see Figure 2b). For shorter wavelengths (870–880 nm), 
a red-shift to lower energies was observed, whereas for longer 
wavelengths (897–950  nm), shift toward higher energies was 
observed (see Figure  3). A similar behavior was observed by 
Hernández-Rodríguez et  al.[53] when studying the effects of 
pressure in YAP:Nd3+ nanoperovskite, part of the Stark levels 
(from the same band) was red shifted and a second part blue-
shifted. The error bars used for the spectral shift corresponds to 

the double uncertainty value, as it was described in the previous 
sections. For the temperature error bars, the standard error for 
a type-K thermocouple was used.

The evolution of the FWHM as a function of temperature 
can also be used to sense temperature variations.[42] Figure  4 
presents the spectral position shift and ΔFWHM, for the Stark 
level transition corresponding to the 870  nm emission, cali-
brated as a function of temperature from RT up to 530 K. For a 
clear comparison, we also included there the WGM shift, which 
will be discussed in the next paragraph. The error bars used 
for the spectral shift were obtained as it is described in the pre-
vious section, whereas for the horizontal axis it is the standard 
error for a type-K thermocouple.

In order to measure the WGM emission, the detection of the 
confocal microscope was set to an edge of the microsphere. This 
procedure allowed to selectively detect the emitted resonant light 
trapped inside the transparent cavity in the form of WGM reso-
nance. When this was made, a series of narrow peaks (sharper 
than the Stark level transitions) corresponding to the WGM 
appeared, superimposed to the emission spectrum (Figure 5a). 
The microsphere was then laser-heated (by increasing the inci-
dent pump power), and the local temperature values were deter-
mine using the previously done calibration, based on the FIR 
technique. When heating the microsphere, the spectral position 
of the WGM exhibit a red shift due to the thermal heating pro-
duced by the laser, as it was expected due to the positive thermo-
optic and expansion coefficients of the glass microspheres. The 
spectral position of four WGM, corresponding to m = 312, 311, 
310, and 309 obtained from Equation  (2) with R = 30 µm and 
neff = 1.52, obtained by increasing the temperature from RT up 
to 530 K can be seen in Figure 5b.

Comparing the mean WGM shift (shown in Figure  4) with 
the peak shift and the ΔFWHM for the Stark level transition at 
870  nm, all as a function of temperature, the WGM tempera-
ture response was much more sensitive in the measured range. 
In the range from RT to 530 K, the highest Stark level shift and 

Figure 3. Peak shifts of the 4F3/2(R1,2) → 4I9/2(Z1-5) Nd3+ Stark level transi-
tions as function of temperature.

Figure 4. Mean spectral shift of WGM (green, triangles), spectral posi-
tion of the Nd3+ Stark level transition centered at 870 nm (red, circles) 
and mean increment of the FWHM (blue, squares) as a function of 
temperature.
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FWHM variation was about 0.9 nm, whereas the spectral posi-
tion of the WGM changed by ≈2 nm. Moreover, while the spec-
tral positions of the transition between Stark levels shift toward 
different energies with respect to the selected wavelength, 
WGM response with temperature is only related to the thermo-
optic and expansion coefficient, so only a red-shift of the WGM 
is observed. As these resonant modes share the same behavior, 
facilitating the calibration, it is possible to measure the shift of 
the multiple peaks to minimize detection errors.[46]

4.2. Optical Pressure Response

Following these results, the investigated microspheres were 
located inside a vacuum chamber, and excited with a 532  nm 
laser, resulting in the appearance of many WGM in the spec-
trum. The spectra were recorded in the pressure range from 
≈3.8 to 2.3 × 10−2 Torr (medium vacuum range). It was not pos-
sible to calibrate the sensor for pressures below 2.3 × 10−2 Torr 
due to technical limitations of our vacuum system. As the pres-
sure decreased, a reduction of the thermal exchange (convec-
tion process) between the microsphere and the surrounding 
air molecules was expected. Therefore, the temperature of the 
microsphere increases, producing red-shift of the WGM peaks. 
Figure 6 shows a schematic representation of the experiment 
and the microsphere resonator used, emphasizing the behavior 
of the WGM in air and under vacuum conditions.

The mean shift of the spectral position for four different 
resonant modes as a function of vacuum is presented in 
Figure  7. The associated local temperature change, obtained 
from FIR calibration, is also presented in the top axis of the 
same figure.

For a pressure range from 3.8 to 2.3 × 10−2 Torr, the spectral 
position of the WGM had a total shift of about 4 nm. Similarly 
to Runowski et al.,[21] when pressure decreases below 1–2 Torr, 
an increase in the response of the sensor can be observed. With 
a rate change of ≈0.26 to 1 nm Torr−1. The error bars from the 
WGM shift correspond to the double uncertainty value that is 
described in the “Optical characterization” section. Note, that it 
is a constant value for all the pressure range and it is due to the 

logarithmic scale that it seems to increase for pressures closer 
to 3.75 Torr. For the pressure error bars the manufacturer speci-
fications were used: 0.1, 0.01, and 0.001  Torr for the 100, 10−1 
and 10−2 Torr ranges, respectively.

Based on the spectral positions of the WGM as a function 
of pressure (Figure 7), the relative sensitivity of the sensor was 
evaluated with the following equation

S
M

dM

d
=

1

P
r

p

p  (6)

where Mp is the shift of the WGM.
As it was expected, the relative sensitivity increased for lower 

pressures, reaching a maximum value of almost 12% Torr−1 at 
2.3 × 10−2 Torr (Figure 8).

To determine the limit of pressure detection from 
Equation  (5), 100 measurements were carried out with the 
microsphere placed in the vacuum chamber, at pressure 

Figure 5. a) Emission from crystalline YAP nanoperovskites doped with Nd3+ in powder (black, continuous line) and microsphere presenting WGM 
(red, dashed line). b) WGM spectral position as a function of temperature. The inset in (a) shows the fitting of the experimental data to Equation (5) 
for the 4 selected WGM.

Figure 6. Schematic representation of the vacuum sensor based on 
WGM spectral shift for Nd3+-based microspheres.
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3.75  Torr. The spectral position of WGM were analyzed 
for all measurements and, the resolution limit was taken 
as the standard deviation of the statistical distribution 
(σ = 5.7 × 10−3 nm). The resulting limit of detection presented a 
minimum of 5.3 × 10−5 Torr at 2.3 × 10−2 Torr and a maximum 
of 4.19  ×  10−2 Torr at 3.75  Torr, corresponding to the pressure 
resolution from ≈0.24% to 1.1%, respectively. Most vacuum 
gauges based on thermal conductivity,[54] viscosity of gases[55] or 
mechanical deformation[56] present similar performance, with 
uncertainties around 1% when measuring over 0.1  Torr. For 
values under 0.1  Torr, the spinning rotator scheme is usually 
adopted for vacuum sensing. This scheme presents uncertain-
ties up to 10% at pressures close to 10−2 Torr, while the limit of 
detection of microspheres incorporating nanoperovskites doped 
with Nd3+ goes down to values around 0.24%. In other words, 
the pressure resolution of our vacuum sensor is significantly 

higher, allowing much more accurate measurements in the 
mentioned pressure range.

The new sensor showed an improvement, in terms of limit 
of detection when compared to the previous YVO4:Yb3+-Er3+ 
inorganic material.[21] At 7.5 × 10−1  Torr, this sensor presents a 
pressure resolution of 1.1 × 10−2  Torr whereas YVO4:Yb3+-Er3+ 
has 1.9 × 10−2  Torr. For lower pressure, the improvement is 
more significant with a limit of detection of 6.3 × 10−4  Torr at 
7.5 × 10−2 Torr for this sensor, against the 1.5 × 10−3 Torr of its pre-
decessor. Now, to compare to other optical vacuum gauges found 
in the literature, not many works can be found that include 
relative sensitivity and/or limit of detection results. Uttamchan-
dani et  al.[17] presented a sensor, based on resonant diaphragm 
vibrations, capable of covering from 0 to 560  Torr with a rela-
tive sensitivity of 0.03% Torr−1. Values similar to the relative 
sensitivity obtained in this work in the range where the sensi-
tivity decays. Chiang et al.[14] reported a sensor based on hetero-
dyne interferometry, with a working range from 10 to 760 Torr. 
There are not relative sensitivity values presented in that work, 
as the sensor was analyzed in terms of absolute sensitivity given 
in phase degree divided by Torr, which cannot be compared to 
other sensors based on the response of different physical phe-
nomena. However, they present uncertainty values from 0.4% to 
2.6%, as pressure increases and claim to have improved the pre-
vious work based on the same principle by Chiu et al.,[13] with a 
working range from 0.1 to 760 Torr, but with a minimum limit 
of detection of 0.5%. Our glass microspheres incorporated with 
Nd3+-doped nanoperovskites presents uncertainties one order of 
magnitude lower (≈10-times better resolution), in all the meas-
ured pressure range from 3.8 to 2.25 × 10−2 Torr.

5. Conclusions

In summary, microresonators based on the glass microspheres 
incorporating YAP:Nd3+ nanoperovskites were obtained and 
used as optical, luminescent vacuum sensor. Stark level tran-
sitions and luminescent whispering-gallery-modes (WGM) 
were recorded as a function of temperature. The variation of 
FWHM, spectral positions for the Stark level transitions and 

Figure 7. WGM spectral shift for the Nd3+-based microspheres as a func-
tion of vacuum.

Figure 8. a) Relative sensitivity and b) limit of detection (pressure resolution) of the sensor, based on the WGM spectral shift.
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for the WGM were determined. The WGM spectral shift was 
almost twice higher (more sensitive) compared to the other 
parameter changes. In view of this result, a microsphere reso-
nator was located inside a vacuum chamber and irradiated with 
532 nm laser, resulting in the appearance of very sharp WGM 
in the spectra. Due to the laser-induced heating of the mate-
rial in vacuum conditions, the WGM spectral positions were 
correlated with pressure and calibrated as a vacuum sensor. A 
spectral shift of 4 nm was observed for a pressure change from 
3.8 to 2.3 × 10−2 Torr. Relative sensitivity and limit of detection 
were calculated and compared to the literature. The developed 
sensor presented higher sensitivity and lower limit of detection 
than other optical vacuum sensors. Among other advantages, 
this sensor includes contactless localized measurement in 
the “near-infrared biological window”, as well as miniaturiza-
tion capability and low cost diode laser as excitation. Making 
YAP:Nd3+ nanoperovskites a promising candidate for vacuum 
sensing applications, in situations where conventional pressure 
gauges are impractical due to constrains in the vacuum system 
design. All of this advantages entails a big step forward for the 
modern ultralow pressure sensing in micron-sized areas.

Further work could include calibration at different laser 
powers, as previous works have proved that the increase in 
laser power can improve the sensor responsivity. A more pre-
cise vacuum setting could also be used in order to study the 
operating range limits of the sensor.
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