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1. Introduction

Phosphor thermometry is a laser-based diagnostic technique 
suitable for remote and non-intrusive temperature measure-
ments on surfaces and in gaseous flows. Ceramic materials 
such as rare-earth aluminate perovskite and garnets with 
a general formula of LnAlO3 and Ln3Al5O12 (Ln: lantha-
nide and Y) can be utilized as thermographic phosphors 
and have been extensively studied for surface temperature 

measurements in gas turbines [1] and engines [2, 3] as well 
as for temperature analysis in gaseous flows [4, 5]. The best-
known garnet compound is YAG, owing to its excellent chem-
ical stability, optical isotropy, and particularly its ability to 
accept substantial amounts of trivalent Ln3+ ions for diverse 
optical functionalities. YAG doped with Dy3+ shows emission 
for temperatures up to 1800 K [1], while neither pressure nor 
oxygen concentration influence the luminescence emission 
characteristics [6]. However, the measurement capabilities at 
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Abstract
A comparative investigation of the thermographic properties of Dy3+ -doped gadolinium 
aluminum perovskite GdAlO3 (GAP) and gadolinium aluminum garnet Gd3Al5O12 (GAG) 
was performed with special regard to the suitability of these materials for surface thermometry 
in harsh measurement environments. The phosphors were synthesized by conventional 
high-temperature solid-state method using lithium fluoride (LiF) as a flux. The effects of 
substituting Gd3+ by Lu3+ ions on the stability of the garnet structure and the luminescence 
properties of the phosphors were investigated. An efficient energy transfer from Gd3+ to Dy3+ 
resulted in significantly stronger Dy3+ emission obtained through Gd3+ excitation at 275 nm 
compared to direct excitation of Dy3+ at 352 nm. The luminescence intensity of GAP:Dy3+ 
with Lu3+ substitution was three times higher at room temperature compared to GAP:Dy3+ . 
Due to this intensity enhancement, the range of temperature measurements by the intensity 
ratio and decay time methods was extended from 900 K to 1100 K. The luminescence 
intensity of (Gd,Lu)AG:Dy3+ was doubled at room temperature compared to (Gd,Lu)AP:Dy3+ 
and the limit for reliable temperature measurements by the above mentioned methods was 
increased up to 1600 K.
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high temperatures are limited due to thermal quenching and 
the relatively low quantum efficiency of YAG:Dy3+ . Efforts 
have been made in the literature to improve the temperature-
dependent luminescence characteristics of Ln3Al5O12 doped 
phosphor materials. Approaches such as slightly changing the 
host compound of YAG, e.g. by substituting the tetrahedral 
site Al3+ -O2− in YAG:Dy with B3+ -N3 [7, 8], or by adding a 
sensitizer such as Er3+ or Pr3+ [9, 10], were able to improve 
the luminescence properties. Further research concentrated 
on developing new phosphor materials based on Ln3Al5O12 
garnet hosts [11, 12] or LnAlO3 perovskite hosts [13].

Gd3Al5O12 (GAG) has been much less explored than YAG, 
mainly due to its structural metastability. Generally the ther-
modynamic stability of the garnet structure strongly depends 
on the ionic radius of the incorporated Ln3+ [14], and it is only 
stable for rare-earth ions smaller than Gd3+ . Pure GAG is 
metastable and thermal decomposition to GdAlO3 perovskite 
(GAP) and Al2O3 occurs in a temperature range of 1300 °C–
1500 °C, which makes sintering very difficult [14]. Compared 
to YAG, however, GAG may hold a number of advantages for 
optical applications such as the intrinsic 8S7/2 → 6IJ trans ition 
of Gd3+ (usually centered at 275 nm), which can be utilized 
as a new excitation source for some types of rare-earth acti-
vators. Thus, enhanced luminescence may be attained via an 
efficient energy transfer from Gd3+ to the activator [15–18]. 
Since the GAG lattice is more covalent than YAG due to 
the lower electronegativity of Gd3+ (χ = 1.20) compared to 
that of Y3+ (χ = 1.22), new emission features may appear, 
resulting in improved emission intensity. So far it has been 
difficult to synthesize single phase of GAP and GAG materials 
due to difficulties in controlling stoichiometric composition. 
Different solutions were proposed to stabilize the structures 
by changing the synthesis [19, 20] or by replacing the Gd3+ 
site in GAG with small Ln3+ ions to form (Gd1−xLnx)AG  
solid solution [14, 21]. Li et al [14] extensively studied the 
effects of Lu3+ content on phase evolution and properties of 
the resultant (Gd1−xLux)AG. Li et al [22] demonstrated that 
(Gd1−xLux)AG was significantly superior to YAG as a host 
for Dy3+ emission. With the more covalent lattice and par-
ticularly via an efficient Gd3+ → Dy3+ energy transfer, greatly 
enhanced blue and yellow emissions were simultaneously 
attained. A good summary of the recent achievements in sta-
bilization of the metastable lattice of gadolinium aluminate 
garnet can be found in [23].

Gadolinium aluminum perovskite (GAP) doped with Eu3+ 
has been used as a luminescence thermometer [19, 24] and 2D 
temperature mapping by Cr-doped GAP has been successfully 
demonstrated [13]. The temperature-dependent characteris-
tics of Gd3Ga3Al2O12 (GGAG) doped with various rare earth  
[25, 26] or Cr [27] have been studied recently, underlining the 
promising characteristics of both GAP and GGAG as a host 
material.

To our knowledge, the temperature-dependent characteris-
tics of (Gd,Lu)3Al5O12 (GAG) and (Gd,Lu)AlO3 (GAP) phos-
phors doped by Dy3+ have not been studied in the literature. 
Thus, in this work we systematically investigate the appli-
cability of these phosphor materials for surface temperature 
measurements in harsh environments. Comparative studies 

were also made with GdAlO3:Dy3+ and (Gd,La)AlO3:Dy3+ 
phosphor systems to evaluate the influence of Lu3+ substitu-
tion on the overall temperature performance.

2. Materials and methods

2.1. Sample preparation and characterization

The phosphor powders used in the present study were pre-
pared by the conventional high temperature solid-state 
method such that they had the following overall compositions: 
(Gd0.8Lu0.2)2.97Dy0.03Al5O12, (Gd0.8Lu0.2)2.94Dy0.06Al5O12, 
(Gd0.8Lu0.2)2.91Dy0.09Al5O12, Gd0.98Dy0.02AlO3, (Gd0.78La0.2)
Dy0.02AlO3 and (Gd0.78Lu0.2)Dy0.02AlO3. The amount 
of Lutetium (Lu3+ ) was chosen based on the study of Li 
et al [22], who observed decreasing intensities of both the 
Gadolinium (Gd3+ ) and Dysprosium (Dy3+ ) excitation 
bands for amounts of Lu3+ higher than 20%, due to the higher 
electronegativity of Lu3+ (χ = 1.27) than Gd3+ (χ = 1.20). 
For comparability, a Lanthanum (La3+ ) stabilized host was 
synthesized using the same amount of La3+ as Lu3+ . The 
main starting materials for the solid-state synthesis were 
Gd2O3, Lu2O3, La2O3, Al2O3 (all 99.99%, Alfa Aesar) and 
Dy2O3 (99.9%, Reacton), which were mixed according to 
the stoichiometric ratio. Lithium fluoride (LiF) was selected 
as flux material in order to decrease the sintering temper-
ature and to improve the phosphor efficiency. The atomic 
radius of Dy3+ (105.2 pm) is slightly lower than that of the 
Gd3+ (107.8 pm) atom, which can cause lattice site defects. 
The incorporation of smaller ions such as Li+ and F− can 
work as a compensator in the crystal lattice. The addition of 
10 wt.% of LiF to the stoichiometric compositions supports 
the homogeneous distribution of Dy3+ ions in the lattice and 
promotes both a higher crystallization degree and reduced 
surface defects. Generally, the synthesis was done for 1 g of 
the final product and all starting materials were mixed and 
ground thoroughly in an agate mortar. After grinding, pow-
ders were heated in an alumina crucible in air for four hours 
at a heating temperature of 1473 K. Subsequently, the sam-
ples were cooled to room temperature and ground again to 
fine powder. In contrast to the GAP samples, the fabrication 
of GAG phosphors is not trivial due to its structural meta-
stability, and special care must be taken during synthesis. 
The crystalline structure of the samples was characterized 
by x-ray diffractometry (Panalytical EMPYREAN XRD 
Powder/SAXS Diffractometer) with a Cu-Kα radiation 
source (λ = 1.5406 Å) at room temperature. The morph-
ology and the size of the phosphor powders was imaged 
with a scanning electron microscope (SEM, JEOL JSM-
7610F) equipped with a field emission gun operated at 5 kV. 
The optical properties of the powders at room temperature 
were measured using a spectrofluorometer (Jasco FP-8500) 
equipped with a Xe arc lamp as the excitation source. 
Photoluminescence excitation and emission spectra were 
recorded under identical conditions for all samples with a 
spectral resolution of 5 nm on both, excitation and emission 
side. The luminescence emission spectra were measured for 
excitation wavelengths of 275 nm and 352 nm, respectively.

Meas. Sci. Technol. 30 (2019) 034001



E Hertle et al

3

2.2. Experimental set-up for high temperature measurements

To determine the temperature-dependent luminescence char-
acteristics, the phosphor samples were heated from room 
temperature up to 1600 K. Each phosphor sample was placed 
into a corundum ceramic sample carrier and was reproducibly 
positioned inside a high temperature oven (Supertherm HT 
18/10) with a reproducible regulating inaccuracy of 5 K. The 
bulk density was kept nearly constant for all samples, ana-
lysing the same mass of powder in a container with constant 
volume. A type B thermocouple (shielded to avoid radiation 
effects, 0.75% inaccuracy) was used to monitor the temper-
ature in the proximity of the phosphor sample. The third 
harmonic of a pulsed Nd:YAG laser (Quantel Q-smart 450, 
pulse duration: 6 ns, repetition rate: 10 Hz) with a laser flu-
ence of 0.03 J cm−2 per pulse was used for excitation. The 
chosen laser fluence allowed to obtain sufficient signal at 
high temperatures but it was low enough to minimize heating 
effects in the sample. Excitation and detection were carried 
out along the optical access of the furnace, using a 355 nm 
dichroic mirror. The subsequently emitted luminescence was 
imaged onto the detector by two spherical lenses positioned 
just outside of the furnace, which collimated and focused the 
luminescence signal. A 355 nm longpass edge filter blocked 
the backscattered laser light ahead of the detector. The lumi-
nescence lifetime was recorded with a high-speed photo diode 
(Thorlabs, DET210) in combination with an oscilloscope 
(PicoScope 6, real-time sampling rate of 200 µs div−1) and 
averaged over 51 shots. A bandpass filter (494 ± 10 nm) was 
placed in front of the photo diode to measure the specific life-
time of the 4F9/2 → 6H15/2 transition of Dy3+ . An Ocean Optics 
Flame-S spectrometer covering a wavelength range of 400 nm 
to 700 nm was employed for spectral emission analysis. The 
spectrometer was equipped with a 16 bit 2048 Pixel CCD 
detector, a slit width of 25 µm and a grating of 1200 lines 
mm−1. To avoid strong interference of black-body radiation, 
an integration duration of 2 ms was chosen. All spectra were 
corrected for instrumental response, and each measurement is 
an average of 300 single shots. The spectral and lifetime mea-
surements were done separately, and all optical measurements 
were conducted under identical conditions for all samples, 
thus minimizing the influence of the measurement equipment.

3. Results and discussion

3.1. Phase identification and morphology

X-ray diffration was performed to verify the successful syn-
thesis of (Gd,Lu)AG:Dy3+ , GAP:Dy3+ , (Gd,La)AP:Dy3+ 
and (Gd,Lu)AP:Dy3+ phosphors in the form of pure garnet 
and orthorhombic phase, respectively, without appreciable 
changes due to the Dy3+ doping. The observed diffraction 
patterns are shown in figure  1 for (Gd0.8Lu0.2)3Al5O12 and 
(Gd0.8Lu0.2)AlO3 doped with 2 mol% of Dy3+ . It has been 
shown before that both the (Gd,Lu)AP and the (Gd,Lu)AG 
sample have marginally smaller lattice constants than the non-
stabilized GdAlO3 (space group: Pbnm [20]) and Gd3Al5O12 
(space group: Ia3d [22]). This can be explained by the smaller 

ionic radius of Lu3+ than Gd3+ . No additional or missing 
reflections were observed which could imply the presence of 
unknown byproducts.

Examples of the surface morphology and the crystallite sizes 
of the phosphor powders are shown for (Gd0.8Lu0.2)3Al5O12 
and (Gd0.8Lu0.2)AlO3 doped by 2 mol% of Dy3+ in figure 2. 
The SEM images show that the overall morphology is com-
parable for all garnet samples. The phosphor particles form 
irregularly shaped agglomerates due to the flux used during 
the sintering process, and the size of the crystallites is in the 
range of about two to seven micrometers. The GAP phosphors 
have a higher degree of agglomeration, and the addition of 
Lu3+ or La3+ to the perovskite compound does not change the 
particle shape.

3.2. Luminescence properties at room temperature

Figure 3 shows the room temperature photoluminescence 
excitation (PLE) spectra of the different GAP and GAG phos-
phors, monitored at emission wavelengths of 583 nm and 
584 nm, respectively. The monitored wavelength was chosen 
based on the maximum emission peak, which differed margin-
ally between the perovskite and garnet hosts. Four major bands 
arise in the longer wavelength region centered at  ∼325 nm, 
∼352 nm, ∼366 nm and  ∼386 nm, which are assigned to 
the f–f transitions of the Dy3+ ion from the 6H15/2 ground 
state (GS) to higher levels 4M17/2, 4M15/2, 6P7/2, 4I11/2, 6P5/2 
4I13/2, and 4F7/2, respectively. As marked in the figure, other 
weaker bands were also observed, which slightly differ for 

Figure 1. XRD patterns of the (Gd,Lu)AP:Dy3+ and  
(Gd,Lu)AG:Dy3+ phosphor synthesized by solid state synthesis. 
The standard reference XRD patterns of GAG (98-002-3849) 
and GAP (98-005-9848) provided by the International Centre for 
Diffraction Data (ICDD) are given for comparison.

Meas. Sci. Technol. 30 (2019) 034001
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the perovskite and the garnet host. Besides, the PLE spectra 
of all samples exhibit a strong excitation band at  ∼275 nm 
corresponding to the 8S7/2 → 6IJ transition and a weaker line 
at  ∼312 nm for the 8S7/2 → 6PJ intra-f–f transition of Gd3+ . 
The presence of these Gd3+ -lines in the excitation spectrum 
of Dy3+ examined at 584 nm provides reliable evidence of an 
efficient energy transfer from the Gd3+ to the Dy3+ activators.

The luminescence emission spectra of GAP phosphors 
obtained at UV excitation at 275 nm and 352 nm are shown 
in figure  4. The spectra of GAP: Dy3+ , (Gd,Lu)AP: Dy3+ 
and (Gd,La)AP: Dy3+ have similar shapes for 352 nm excita-
tion. Two dominant emission peaks appear at 480 nm (blue) 
and 580 nm (yellow) belonging to the 4F9/2 → 6H15/2 and the  
4F9/2 → 6H13/2 transition of Dy3+ , respectively. Weaker emis-
sion bands are observed at 670 nm and 760 nm due to the  
4F9/2 → 6H11/2 and 4F9/2 → 6H9/2 transitions. The integrated 
yellow emission is more intense than the blue one in all cases. 
For the excitation at 275 nm an additional unidentified broad 
emission band appears between 650 nm to 800 nm. This effect 
might be due to an unknown interaction between the host and 
the Dy3+ ions, or the appearance of some defect-induced host 
emission. The luminescence intensity at room temperature of 
GAP:Dy3+ with Lu3+ substitution is doubled for an excitation 
wavelength at 275 nm compared to GAP:Dy3+ and the inten-
sity is more than three times higher for excitation wavelengths 

above 310 nm. The introduction of La3+ into the host further 
increases the luminescence intensity. Generally, for all sam-
ples the luminescence intensity is the highest for excitation 
at 275 nm.

Figure 5 compares the emission spectra of (Gd,Lu)AG: Dy3+  
prepared at various concentrations of Dy3+ (1–3 mol%) for 
excitation at 275 nm and 352 nm. Similar to the perovskite 
phosphors, the strongest emission bands occur at 480 nm and 
580 nm with lower emission at 670 nm and 760 nm, attributed 
to the transition from the excited 4F9/2 state to the 6H15/2, 6H13/2, 
6H11/2 and 6H9/2 states, respectively. Comparable to the GAP 
host, an excitation at 275 nm produces a broad emission band 
starting from 730 nm, which can likewise be associated with 
the influence of the (Gd,Lu)AG host. Depending on the excita-
tion wavelength, maximum intensity values occurred for Dy3+ 
concentrations of 1% (λex  =  275 nm) or 2% (λex  =  352 nm), 
an aspect that also manifests itself in the excitation spectrum. 
This suggests that concentration quenching is more significant 
in the case of energy transfer from Gd3+ to Dy3+ . The lumi-
nescence intensity of the garnet (Gd,Lu)AG:Dy(2%) as can 
be seen from figure 5 is almost doubled at room temperature 
compared to (Gd,Lu)AP:Dy(2%) perovskite. No garnet sam-
ples were synthesized with La3+ substitution, since La3+ ions 
are bigger than Gd3+ ions, and thus a stabilization of the GAG 
garnet matrix is not possible.

Figure 2. Particle morphology of the (Gd,Lu)AP:Dy3+ and  
(Gd,Lu)AG:Dy3+ phosphor synthesized by solid-state synthesis.

Figure 3. Room temperature excitation spectra of (a) GAP:Dy3+ 
and (b) GAG:Dy3+ phosphors. The ground state of Dy3+ is denoted 
by GS. The 583 nm and 584 nm lines were monitored for generation 
of excitation spectra of GAP and GAG, respectively.

Meas. Sci. Technol. 30 (2019) 034001
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3.3. Luminescence properties at high temperatures

The temperature-dependent luminescence properties of phos-
phors are the central parameter to determine the application 
field of the material for phosphor thermometry. The spectral 
emission behaviour of (Gd,Lu)AP: Dy3+ for temperatures 
from 300 K to 1100 K is shown in figure 6, all spectra being 
normalized to the peak at 480 nm. At room temperature, two 
emission bands at 480 nm and 580 nm are prominent, which 
can be attributed to the transition from the 4F9/2 excited state 
to the 6H15/2 and 6H13/2 state of Dy3+ , respectively. A strongly 
temperature-dependent peak appears at 458 nm due to the 
4I15/2 → 6H15/2 transition. The 4F9/2 and 4I15/2 energy levels 
of Dy3+ are separated only by about 1000 cm−1 and at low 
temper atures the upper level remains nearly unpopulated. With 
rising temperatures the population of the 4I15/2 state gradually 
increases according to the thermal equilibrium process, which 
consequently leads to significantly increased emission intensi-
ties around 458 nm. However, for temperatures above 1100 K 
luminescence signal intensities of GAP:Dy3+ dropped to 
levels that were too low for reliable signal detection. The int-
egral luminescence emission in the yellow (580 nm) is higher 
by a factor of five than the emission in the blue (480 nm), 
and the ratio between the two emission bands increases with 
temperature. No significant change in the shape and position 
of the emission bands occurs for the substitution of Gd3+ by 
La3+ or Lu3+ .

Figure 7 shows the luminescence emission spectrum of 
(Gd,Lu)AG:Dy(2%) from 300 K to 1600 K, normalized to 

the peak at 497 nm. Similar peaks appear for the garnet phos-
phors as compared to the perovskite (Gd,Lu)AP. In contrast 
to the perovskite materials, (Gd,Lu)AG:Dy(2%) has slightly 
sharper and more defined peaks, especially in the range from 
475–500 nm, which can be an indicator for a lower number 
of defects in the garnet hosts or stronger electron-phonon 
coupling. Lattice vibration leads to a broadening of the peaks 
for increasing temperature, but no shift in the peak position is 
observed. The yellow-to-blue ratio of (Gd,Lu)AG:Dy(2%) is 
lowered by a factor of two as compared to (Gd,Lu)AP:Dy(2%). 

Figure 4. Room temperature emission spectrum of GAP: Dy3+ , 
(Gd,Lu)AP: Dy3+ and (Gd,La)AP: Dy3+ excited at (a) 275 nm and 
(b) 352 nm.

Figure 5. Room temperature emission spectrum of  
(Gd,Lu)AG: Dy3+ prepared at various concentrations of Dy3+ (1–3 
mol%) excited at (a) 275 nm and (b) 352 nm.

Figure 6. Luminescence spectral intensities for (Gd,Lu)AP: Dy3+ 
from 300 K to 1100 K. Measurements were taken every 50 K and 
five spectra for representative temperatures are listed in the legend. 
All spectra are normalized to the peak at 480 nm.

Meas. Sci. Technol. 30 (2019) 034001
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The increased emission in the blue part of the spectrum is an 
advantage of the garnet materials with regard to thermometry 
applications, since the influence of black-body radiation is 
lower in the blue part of the wavelength spectrum.

The luminescence intensity ratio between the temper-
ature dependent band around 458 nm corresponding to the  
4I15/2 →6H15/2 transition and the temperature-independent 
emission centered at 480 nm due to the 4F9/2→ 6H15/2 transition 
is given in figure 8. In the present study, the intensity ratio is 
calculated based on the integrated intensity of two wavelength 
bands, one from 445 nm to 465 nm and the other from 480 nm 
to 497 nm. This approach corresponds to the method actually 
applied in thermometry applications. The emitted intensities 
of these two levels Ii are proportional to the population of each 
energy level and the intensity ratio R from two thermally cou-
pled energy levels, denoted by 1 and 2, is given by [28, 29]

R =
I2(

4I15/2 →6 H15/2)

I1(4F9/2 →6 H15/2)
=

c2 g2A2 hν2

c1 g1A1 hν1
exp

(
−∆E21

kT

)
,

 (1)
where the parameters gi, Ai and hνi describe the degeneracy 
of the thermalized level, the total spontaneous radiative emis-
sion rate, and the average phonon energy of each transition, 
respectively; ci is a pre-exponential factor accounting for the 
response of the detection system and considered equal to 
unity since the emission spectra have been corrected for the 
instrumental response. ∆E21 is the energy gap between the 
two levels, k is Boltzmann’s constant, and T the temperature.

The three curves for GAP:Dy3+ , (Gd,Lu)AP:Dy3+ and 
(Gd,La)AP:Dy3+ show a similar trend with similar temper-
ature sensitivity. The luminescence signal intensity for 
GAP:Dy3+ was high enough up to 900 K to calculate the 
intensity ratio. The Lu3+ and La3+ substitution increased the 
absolute luminescence intensity, thereby extending the meas-
urement range up to 1150 K and 1100 K, respectively.

For the GAG samples, a variation of the dopant concentration 
from 1 to 3 mol% of Dy3+ does only marginally influence the 
trend of the intensity ratio curve and the temperature sensitivity. 
All three garnet phosphors offered measurement capabilities 

up to temperatures of 1600 K, because of a great enhance-
ment of the luminescence intensity of (Gd,Lu)AG:Dy3+ .  
Note that the maximum temperatures were limited by the 
heating capabilities of the oven.

The temperature dependence of the absolute luminescence 
intensities of the phosphor samples are shown in figure  9  
for the perovskite hosts and in figure 10 for the garnet sam-
ples. The absolute luminescence values are determined 
based on the integrated intensities in the wavelength region 
from 440 nm to 520 nm. Signal levels for GAP:Dy3+ are 
strongly inferior compared to the samples with Lu3+ and 
La3+ substitution over the whole temperature range. For the  
(Gd,Lu)AP:Dy3+ and (Gd,La)AP:Dy3+ phosphors, intensi-
ties start dropping strongly above 800 K, and no acceptable 
signal can be detected above 1100 K. The intensities of the  
(Gd,Lu)AG:Dy3+ at various dopant concentrations differ 
by a factor of almost 2 at room temperature compared to 
(Gd,Lu)AP:Dy3+ , and they are about two orders of magni-
tude higher at 1000 K. A remarkable increase in signal intensi-
ties with temperature for all three (Gd,Lu)AG:Dy3+ samples 
is observed. For the thermographic phosphor YAG:Dy3+ this 
distinct increase in signal intensity was not visible [30].

The luminescence emission lifetimes of the 4F9/2 → 6H15/2 
transition are shown in figure  11 for all studied phosphor 
samples. The lifetime τ  of the emission is determined by the 
rates of the radiative and non-radiative transition probability 
from the excited state. While the probability of the radiative 
process is usually temperature-independent, non-radiative 
processes such as vibrational relaxation, internal conversions 
and thermal quenching become more likely with increasing 
temperature. Assuming a single-exponential decay time, the 
decay of the population of the excited state is directly pro-
portional to the measurable decrease of the phosphorescence 
intensity

I(t) = I0 exp
(
− t
τ

)
, (2)

where I0 is the initial signal intensity.
Comparing the temperature-dependent lifetime character-

istics of the garnet phosphors with different concentrations of 
Dy3+ , all samples show a similar trend. The lifetime remains 

Figure 7. Luminescence spectral intensities for the  
(Gd,Lu)AG: Dy(2%) from 300 K to 1600 K. Measurements were 
taken every 50 K and six spectra for representative temperatures are 
listed in the legend. All spectra are normalized to the peak at 497 nm.

Figure 8. Temperature calibration curve of the studied phosphor 
materials calculated based on the ratio between the 4I15/2 → 6H15/2 
(≈ 458 nm) and 4F9/2 → 6H15/2 (≈ 480 nm) transition.
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nearly constant up to a quenching temperature of nearly 
1200  K, above which the lifetime continuously decreases. 
This temperature region from 1200 K up to 1600 K can be 
used for phosphor thermometry based on the lifetime method. 
However, even though general trends are similar, the absolute 
lifetime strongly varies with dopant concentrations. At room 
temperature, it decreases from 750 µs for the lowest Dy3+ con-
centration of 1 mol% over 600 µs for GAG:Dy(2%) and down 
to 450 µs for the sample with 3 mol% Dy3+ . The decreasing 
lifetime values can be explained by stronger concentration 
quenching for higher amounts of activator ions, although this 
increased non-radiative transition rate is compensated by a 
higher luminescence signal from a larger quantity of optically 
active ions. The lifetime of GAG:Dy(2%) at room temper-
ature is close to that (606 µs) reported for YAG(BN):Dy(2%),  
but is significantly lower than observed for YAG:Dy(2%)  
(800 µs) [30].

The decay time and maximum temperature of the phosphors 
GAP:Dy3+ , (Gd,La)AP:Dy3+ and (Gd,Lu)AP:Dy3+ are signif-
icantly lower compared to those of (Gd,Lu)AG:Dy3+ . These 
perovskite materials have the same quenching point at 650 K, 

and the decay time is about 400 µs at room temper ature. The 
signal of GAP:Dy3+ is almost completely quenched above 900 
K. Since the hosts with either Lu3+ or La3+ substitution have 
higher luminescence intensity, the measurement range based 
on the lifetime approach can be extended by 100 K or 50 K, 
respectively. Compared to YAP:Dy3+ perovskite with a lifetime 
of about 600 µs and a quenching temperature of 1400 K [30], 
the high temperature measurement capabilities of GAP:Dy3+ 
and its variations are significantly limited.

4. Conclusion

In this study we characterized the luminescence properties of 
two classes of phosphors materials based on GAP:Dy3+ and 
GAG:Dy3+ for their application in high temperature phosphor 
thermometry on surfaces. The XRD results of samples pre-
pared by solid state synthesis demonstrate well crystallized 
pure garnet and orthorhombic phases, and SEM shows that 
the samples are in a range of 2–7 µm in size. The lifetime of 
GAG:Dy3+ shows a temperature sensitivity between 1200 K 
and 1600 K, which could be used for thermometry. The sam-
ples based on GAP:Dy3+ have a shorter lifetime, however 
the temperature sensitive region is limited to the temperature 
region from 700 K to 1000 K. The luminescence intensity of 
GAP doped by Dy3+ with Lu3+ substitution is three times 
higher at room temperature compared to that of GAP:Dy3+ . 
Due to this luminescence intensity enhancement, the range of 
temperature measurements by the intensity ratio method was 
extended from 900 K to 1100 K. The luminescence intensity 
of (Gd,Lu)AG:Dy3+ was more than doubled at room temper-
ature compared to that of (Gd,Lu)AP:Dy3+ . The enhanced 
luminescence intensity and the higher quenching temperature 
of (Gd,Lu)AG:Dy3+ increased the limit for reliable phosphor 
thermometry by the above mentioned methods up to 1600 K. 
The luminescence properties of (Gd,Lu)AG:Dy3+ are superior 
to those of the well-known garnet YAG:Dy3+ , which makes 
it a promising candidate for high temperature thermometry 
application. Further improvement of the quenching temper-
ature and the absolute intensity might be possible by an excita-
tion at 275 nm and will be tested in the future. Based on these 
results, it can be stated that (Gd,Lu)AG:Dy3+ is a promising 

Figure 9. Absolute luminescence intensities of GAP: Dy3+ , 
(Gd,Lu)AP: Dy3+ and (Gd,La)AP: Dy3+ excited at 355 nm over the 
measured temperature range and integrated over the wavelength 
region from 440 nm to 520 nm.

Figure 10. Absolute luminescence intensities of the  
(Gd,Lu)AG:Dy3+ samples excited at 355 nm over the measured 
temperature range and integrated over the wavelength region from 
440 nm to 520 nm.

Figure 11. Temperature-dependent decay time characteristics for 
the 4F9/2 → 6H15/2 transition of the different host material samples.
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phosphor for high temperature measurement with improved 
characteristics compared to YAG:Dy3+ .

Acknowledgments

The authors gratefully acknowledge financial support of the 
Deutsche Forschungsgemeinschaft (DFG-Zi 1384/1) for 
research work on high-temperature luminescence character-
istics. Parts of this research (phosphor synthesis and materials 
investigation at room temperature) were performed in the 
framework of the Energie Campus Nürnberg and were sup-
ported by funding through the Bavaria on the Move Initiative 
of the State of Bavaria. Liudmyla Chepyga would also like to 
thank the Bayerische Forschungsstiftung (Project DOK-170-
14) for their financial support. Appreciation is also extended 
to Dr Sytnyk for SEM measurements.

ORCID iDs

Ellen Hertle  https://orcid.org/0000-0003-3525-0643

References

	 [1]	 Nau P, Yin Z, Geigle K P and Meier W 2017 Wall temperature 
measurements at elevated pressures and high temperatures 
in sooting flames in a gas turbine model combustor Appl. 
Phys. B 123 279

	 [2]	 Hasegawa R, Sakata I, Yanagihara H, Johansson B, Omrane A 
and Aldén M 2007 Two-dimensional gas-phase temperature 
measurements using phosphor thermometry Appl. Phys. B 
88 291–6

	 [3]	 Neal N J, Jordan J and Rothamer D 2013 Simultaneous 
measurements of in-cylinder temperature and velocity 
distribution in a small-bore diesel engine using 
thermographic phosphors SAE Int. J. Engines 6 300–18

	 [4]	 Hertle E, Will S and Zigan L 2017 Characterization of 
YAG:Dy,Er for thermographic particle image velocimetry 
in a calibration cell Meas. Sci. Technol. 28 025013

	 [5]	 Jordan J and Rothamer D A 2012 Pr:YAG temperature 
imaging in gas-phase flows Appl. Phys. B 110 285–91

	 [6]	 Jovicic G 2015 Study of laser-induced phosphorescence for 
planar gas-phase temperature measurements PhD Thesis 
Institute of Engineering Thermodynamics, Friedrich-
Alexander University Erlangen–Nuremberg

	 [7]	 Kwong W Y, Steinberg A and Chin Y H 2014 Effect 
of B3+ -N3− on YAG:Dy thermographic phosphor 
luminescence Opt. Lett. 39 6166–9

	 [8]	 Chepyga L M, Jovicic G, Vetter A, Osvet A, Brabec C J and 
Batentschuk M 2016 Photoluminescence properties of 
thermographic phosphors YAG:Dy and YAG:Dy, Er doped 
with boron and nitrogen Appl. Phys. B 122 1–10

	 [9]	 Jovicic G, Zigan L, Will S and Leipertz A 2014 Phosphor 
thermometry in turbulent hot gas flows applying Dy:YAG 
and Dy:Er:YAG particles Meas. Sci. Technol. 26 015204

	[10]	 Hertle E, Chepyga L, Batentschuk M and Zigan L 2017 
Influence of codoping on the luminescence properties of 
YAG:Dy for high temperature phosphor thermometry 
J. Lumin. 182 200–7

	[11]	 Heyes A 2009 On the design of phosphors for high-
temperature thermometry J. Lumin. 129 2004–9

	[12]	 Witkowski D and Rothamer D A 2017 Emission properties 
and temperature quenching mechanisms of rare-earth 
elements doped in garnet hosts J. Lumin. 192 1250–63

	[13]	 Eldridge J I et al 2014 Implementation of an ultra-bright 
thermographic phosphor for gas turbine engine temperature 
measurements NASA Technical Report No. 2014-218418

	[14]	 Li J, Li J G, Zhang Z, Wu X, Liu S, Li X, Sun X and Sakka Y 
2012 Gadolinium aluminate garnet (Gd3Al5O12): crystal 
structure stabilization via lutetium doping and properties of 
the (Gd1−xLux)3Al5O12 solid solutions (x = 0–0.5) J. Am. 
Ceram. Soc. 931–6

	[15]	 Li C, Dong B, Li S and Song C 2007 Er3+ –Yb3+ co-doped 
silicate glass for optical temperature sensor Chem. Phys. 
Lett. 443 426–9

	[16]	 Li J G, Li X, Sun X and Ishigaki T 2008 Monodispersed 
colloidal spheres for uniform Y2O3:Eu3+ red-phosphor 
particles and greatly enhanced luminescence by 
simultaneous Gd3+ doping J. Phys. Chem. C 112 11707–16

	[17]	 Wu X, Li J G, Ping D H, Li J, Zhu Q, Li X, Sun X 
and Sakka Y 2013 Structure characterization and 
photoluminescence properties of (Y0.95−xGdxEu0.05)2O3  
red phosphors converted from layered rare-earth  
hydroxide (LRH) nanoflake precursors J. Alloys Compd. 
559 188–95

	[18]	 Teng X, Li J, Duan G and Liu Z 2016 Development of 
Tb3+ activated gadolinium aluminate garnet (Gd3Al5O12) 
as highly efficient green-emitting phosphors J. Lumin. 
179 165–70

	[19]	 Girish H, Madhusudan P, Sajan C, Kumar B S and 
Byrappa K 2017 Supercritical hydrothermal synthesis of 
polycrystalline gadolinium aluminum perovskite materials 
(GdAlO3, GAP) AIMS Mater. Sci. 4 540–50

	[20]	 Jisha P K, Naik R, Prashantha S C, Nagaswarupa H P, 
Nagabhushana H, Basavaraj R B, Sharma S C and Prasad D 
2016 Structural refinement, band-gap analysis and optical 
properties of GdAlO3 nanophosphors influenced by 
Dy3+ ion concentrations for white light emitting device 
applications Mater. Res. Express 3 045007

	[21]	 Wang W, Li J, Teng X and Chen Q 2018 Luminescence 
properties of Y3+ stabilized Gd3Al5O12:Tb3+ /Ce3+ 
phosphors with yellow light-emitting for warm white LEDs 
J. Lumin. 202 176–85

	[22]	 Li J, Li J G, Liu S, Li X, Sun X and Sakka Y 2013 Greatly 
enhanced Dy3+ emission via efficient energy transfer in 
gadolinium aluminate garnet (Gd3Al5O12) stabilized with 
Lu3+  J. Mater. Chem. C 1 7614–22

	[23]	 Li J G and Sakka Y 2015 Recent progress in advanced 
optical materials based on gadolinium aluminate garnet 
(Gd3Al5O12) Sci. Technol. Adv. Mater. 16 014902

	[24]	 Lojpur V, Ćulubrk S, Medić M and Dramicanin M 2016 
Luminescence thermometry with Eu3+ doped GdAlO3 
J. Lumin. 170 467–71

	[25]	 Bartosiewicz K, Babin V, Beitlerova A, Bohacek P, Jurek K 
and Nikl M 2017 The temperature dependence studies 
of rare-earth (Dy3+ , Sm3+ , Eu3+ and Tb3+ ) activated 
Gd3Ga3Al2O12 garnet single crystals J. Lumin. 189 126–39

	[26]	 Elzbieciak K, Bednarkiewicz A and Marciniak L 2018 
Temperature sensitivity modulation through crystal field 
engineering in Ga3+ co-doped Gd3Al5−xGaxO12:Cr3+ , Nd3+ 
nanothermometers Sens. Actuators B 269 96–102

	[27]	 Fuhrmann N, Kissel T, Dreizler A and Brübach J 2011 
Gd3Ga5O12:Cr—a phosphor for two-dimensional 
thermometry in internal combustion engines Meas. Sci. 
Technol. 22 045301

Meas. Sci. Technol. 30 (2019) 034001

https://orcid.org/0000-0003-3525-0643
https://orcid.org/0000-0003-3525-0643
https://doi.org/10.1007/s00340-017-6856-y
https://doi.org/10.1007/s00340-017-6856-y
https://doi.org/10.1007/s00340-007-2690-y
https://doi.org/10.1007/s00340-007-2690-y
https://doi.org/10.1007/s00340-007-2690-y
https://doi.org/10.4271/2013-01-0562
https://doi.org/10.4271/2013-01-0562
https://doi.org/10.4271/2013-01-0562
https://doi.org/10.1088/1361-6501/aa524a
https://doi.org/10.1088/1361-6501/aa524a
https://doi.org/10.1007/s00340-012-5274-4
https://doi.org/10.1007/s00340-012-5274-4
https://doi.org/10.1007/s00340-012-5274-4
https://doi.org/10.1364/OL.39.006166
https://doi.org/10.1364/OL.39.006166
https://doi.org/10.1364/OL.39.006166
https://doi.org/10.1007/s00340-016-6487-8
https://doi.org/10.1007/s00340-016-6487-8
https://doi.org/10.1007/s00340-016-6487-8
https://doi.org/10.1088/0957-0233/26/1/015204
https://doi.org/10.1088/0957-0233/26/1/015204
https://doi.org/10.1016/j.jlumin.2016.10.033
https://doi.org/10.1016/j.jlumin.2016.10.033
https://doi.org/10.1016/j.jlumin.2016.10.033
https://doi.org/10.1016/j.jlumin.2009.03.041
https://doi.org/10.1016/j.jlumin.2009.03.041
https://doi.org/10.1016/j.jlumin.2009.03.041
https://doi.org/10.1016/j.jlumin.2017.09.004
https://doi.org/10.1016/j.jlumin.2017.09.004
https://doi.org/10.1016/j.jlumin.2017.09.004
https://doi.org/10.1111/j.1551-2916.2011.04991.x
https://doi.org/10.1111/j.1551-2916.2011.04991.x
https://doi.org/10.1016/j.cplett.2007.06.081
https://doi.org/10.1016/j.cplett.2007.06.081
https://doi.org/10.1016/j.cplett.2007.06.081
https://doi.org/10.1021/jp802383a
https://doi.org/10.1021/jp802383a
https://doi.org/10.1021/jp802383a
https://doi.org/10.1016/j.jallcom.2013.01.072
https://doi.org/10.1016/j.jallcom.2013.01.072
https://doi.org/10.1016/j.jallcom.2013.01.072
https://doi.org/10.1016/j.jlumin.2016.06.029
https://doi.org/10.1016/j.jlumin.2016.06.029
https://doi.org/10.1016/j.jlumin.2016.06.029
https://doi.org/10.3934/matersci.2017.3.540
https://doi.org/10.3934/matersci.2017.3.540
https://doi.org/10.3934/matersci.2017.3.540
https://doi.org/10.1088/2053-1591/3/4/045007
https://doi.org/10.1088/2053-1591/3/4/045007
https://doi.org/10.1016/j.jlumin.2018.05.052
https://doi.org/10.1016/j.jlumin.2018.05.052
https://doi.org/10.1016/j.jlumin.2018.05.052
https://doi.org/10.1039/c3tc31413h
https://doi.org/10.1039/c3tc31413h
https://doi.org/10.1039/c3tc31413h
https://doi.org/10.1088/1468-6996/16/1/014902
https://doi.org/10.1088/1468-6996/16/1/014902
https://doi.org/10.1016/j.jlumin.2015.06.032
https://doi.org/10.1016/j.jlumin.2015.06.032
https://doi.org/10.1016/j.jlumin.2015.06.032
https://doi.org/10.1016/j.jlumin.2016.09.053
https://doi.org/10.1016/j.jlumin.2016.09.053
https://doi.org/10.1016/j.jlumin.2016.09.053
https://doi.org/10.1016/j.snb.2018.04.157
https://doi.org/10.1016/j.snb.2018.04.157
https://doi.org/10.1016/j.snb.2018.04.157
https://doi.org/10.1088/0957-0233/22/4/045301
https://doi.org/10.1088/0957-0233/22/4/045301


E Hertle et al

9

	[28]	 Brites C D S, Lima P P, Silva N J O, Millán A, Amaral V S, 
Palacio F and Carlos L D 2012 Thermometry at the 
nanoscale Nanoscale 4 4799

	[29]	 León-Luis S F, Rodríguez-Mendoza U R, Haro-González P, 
Martín I R and Lavín V 2012 Role of the host matrix on 

the thermal sensitivity of Er3+ luminescence in optical 
temperature sensors Sens. Actuators B 174 176–86

	[30]	 Hertle E, Chepyga L, Batentschuk M, Will S and Zigan L 2018 
Temperature-dependent luminescence characteristics of 
Dy3+ doped in various crystalline hosts J. Lumin. 204 64–74

Meas. Sci. Technol. 30 (2019) 034001

https://doi.org/10.1039/c2nr30663h
https://doi.org/10.1039/c2nr30663h
https://doi.org/10.1016/j.snb.2012.08.019
https://doi.org/10.1016/j.snb.2012.08.019
https://doi.org/10.1016/j.snb.2012.08.019
https://doi.org/10.1016/j.jlumin.2018.07.032
https://doi.org/10.1016/j.jlumin.2018.07.032
https://doi.org/10.1016/j.jlumin.2018.07.032

	(Gd,Lu)AlO3:Dy3+ and (Gd,Lu)3Al5O12:Dy3+ as high-temperature thermographic phosphors
	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Sample preparation and characterization
	2.2. Experimental set-up for high temperature measurements

	3. Results and discussion
	3.1. Phase identification and morphology
	3.2. Luminescence properties at room temperature
	3.3. Luminescence properties at high temperatures

	4. Conclusion
	Acknowledgments
	ORCID iDs
	References


