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Abstract
The aim of this work was to study the effect of vacuum sintering conditions and cerium concentration on the optical, 
luminescent and thermal properties of yttrium-aluminum garnet based ceramics doped with Се3+ cations. Series of 
ceramic powders were synthesized and samples of luminescent ceramics having the composition Y3-хСехAl5O12 were 
synthesized where x was in the range 0.01 to 0.025 f.u. We show that the phase composition and grain size distribution 
of the ceramic powders do not depend on cerium concentration. Without sintering additives, an increase in vacuum 
sintering temperature from 1675 to 1800 °C leads to an increase in the optical transmittance of luminescent ceramic 
specimens from 5 to 55% at a 540 nm wavelength and an increase in the thermal conductivity of the samples from 8.4 to 
9.5 W/(m ∙ K). It was found that an increase in cerium concentration leads to a shift of the luminescent band peak from 
535 to 545 nm where as the width of the luminescent band decreases with an increase in vacuum sintering temperature 
from 1675 to 1725 °C.
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1. Introduction

White light-emitting diodes (WLED) due to their higher 
electrical efficiency as compared with that of luminescent 
lamps [1, 2] are currently widely used in a number of illu-
mination systems [3, 4]. Blue radiation generated in these 

devices by the InGaN-based LED [5, 6] is converted to 
white light with the use of phosphors [7–9]. Yttrium-alu-
minum garnet doped with cerium cations (YAG : Ce) is 
considered as one of the most efficient phosphors [10].

In most of white LED devices for household use, the 
phosphor is applied onto the blue LED in the form of a 
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compound. A technical obstacle to increasing the bright-
ness of WLED is the instability of the luminescent com-
pound in the form of YAG:Ce phosphor powder blended 
with an organic binder. Due to the low thermal conductiv-
ity of the composite coating, increasing the energy emit-
ted by the LED leads to WLED degradation and hence to 
a decrease in the light output and a change in the chromat-
ic coordinates of the device [10–12]. This problem can be 
solved by replacing composite coatings with luminescent 
ceramics [10–13]. Due to their higher thermal stability 
and lower temperature sensitivity as compared with those 
of phosphor layers, luminescent ceramics exhibit higher 
light conversion efficiency [14]. After the introduction of 
commercially available high-power blue semiconductor 
lasers the requirements to the thermal properties of light 
converters strengthened, and it became possible to devel-
op ultra-bright white sources [14]. It should also be noted 
that the demand for ultra-bright white sources exists in 
the automotive, aircraft, shipbuilding, and mining indus-
tries.

The aim of this work was to study the effect of vacuum 
sintering conditions and cerium concentration on the op-
tical, luminescent and thermal properties of yttrium-alu-
minum garnet-based ceramics doped with cerium cations.

To this end, ceramic powders of yttrium-aluminum 
garnet with different cerium concentrations were synthe-
sized. The cerium concentration range was chosen on the 
basis of earlier investigation results [15] and correspond-
ed to the YAG:Ce compositions exhibiting the strongest 
luminescence among ceramic powders synthesized in air.

2. Experimental

The following reactants were used for the synthesis of 
ceramic powders: aqueous ammonia (25%, ultrahigh pu-
rity, SigmaTech, Russia), aluminum chloride hexahydrate 
(99%, AcrosOrganics, Belgium), cerium nitrate hexahy-
drate (99%, Vecton, Russia), yttrium chloride hexahy-
drate (99%, ChemicalPoint, Germany), ammonia sulfate 
(99%, Stavreachim, Russia), isopropyl alcohol (99.7%, 
Khimprom Ltd., Russia).

The ceramic powders having the composition 
Y3-хСехAl5O12 (x = 0.01, 0.0125, 0.015, 0.0175, 0.02, 
0.0225 and 0.025) were synthesized by spraying a con-
centrated solution of cerium, aluminum and yttrium salts 
into a 25% solution of ammonia taken in a six-fold ex-
cess and ammonia sulfate (0.45 M). The precipitate was 
washed with an ammonia sulfate solution (0.045 M). 
The washed precipitate was dried in a drying chamber 
at 60 °C for 15 h. The dried precipitate was air-annealed 
in corundum crucibles in a Nabertherm 08/18 firnace at 
1200 °C for 2 h. We did not blend the ceramic powders 
with any sintering additives in order to avoid their po-
tential influence on the conversion of exciting energy to 
Ce3+ cation luminescence. The synthesized ceramic pow-
ders were uniaxially pressed at 50 MPa to ceramic green 
bodies in the form of 15 mm diam. 4 mm thick discs. The 

ceramic samples were sintered in a vacuum furnace at six 
different temperatures, i.e., 1675, 1700, 1725, 1750, 1775 
and 1800 °C, the isothermal exposure duration being 
10 h. After vacuum sintering for oxygen vacancy remov-
al the ceramic specimens were air-annealed at 1450 °C 
for 10 h in a high-temperature Nabertherm 08/18 furnace 
(Germany).

The ceramic disc samples were mechanically ground 
to the same thickness (1 ± 0.01 mm) and polished to high 
luster on a QPol-250 machine (Germany).

The light transmittance spectra were recorded in the 
200 to 900 nm region using an SF-56 spectrophotometer 
(JSC OKB Spectr, Russia).

The phase composition of the ceramic powders was 
studied using X-ray diffraction (Empyrean, Panalytical, 
Netherlands) with a copper cathode X-ray tube (CuKα1, 
λ = 0,15406 nm) in a 2θ range of 10 to 90 arc deg at 
a 0.01 deg step and a 0.7 deg/min scanning speed. The 
constituent phases were identified using the HighscorePlus 
software with the ICDD PDF-2 database.

The micrographs of the ceramic powders were made 
under a scanning electron microscope (FESEM, LM 
Mira 3, Tescan, Czech Republic).

The temperature conductivity and the isobaric specific 
heat capacity of the ceramics were measured with an LFA 
467 HyperFlash laser flash device (Netzsch, Germany) 
with a pyroceramic reference. The thermal conductivity 
was calculated using the following equation:

χ = gСpρ,

where χ is the thermal conductivity, g is the temperature 
conductivity, Сp is the isobaric specific heat capacity and 
r is the density.

The density of the samples was measured by hydro-
static weighing on an HR-250AZG analytical balance 
with a hydrostatic weighing attachment.

The luminescence spectra were recorded using an 
SFL-MDR spectrophotometer (JSC OKB Spectr, Russia).

3. Results and discussion

Figure 1 shows a micrograph illustrating the typical 
morphology of the YAG ceramic powders synthesized 
by chemical precipitation [16–18]. Analysis of the SEM 
micrographs showed that the ceramic powders consist of 
agglomerates of primary particles sized about 150 nm. 
The data summarized in Table 1 suggest that all the 
Y3-хСехAl5O12 powder samples had close grain size dis-
tributions.

Identification of the X-ray diffraction patterns (Fig. 2) 
showed that the only constituent phase in all the synthe-
sized powders was yttrium-aluminum garnet. No other 
phases were found. Evaluation of the crystal lattice pa-
rameters (a) of the Y3-хСехAl5O12 powders did not reveal 
any significant differences between the samples. The dif-
ference of the a parameters of the samples was within the 
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experimental error (± 0.00025 nm). The calculated a val-
ues (1.2014 ± 0.00025 nm) were in a good agreement with 
earlier data [15] for single-phase YAG : Ce solid solutions 
samples of having comparable compositions. The size of 
coherent scattering regions (63 ± 3 nm) suggested that the 
synthesized samples were crystalline powders.

The fact that the ceramic powders had similar grain 
size distributions and phase compositions allows one to 
ignore in further analysis the effect of these parameters 
on the properties of the luminescent ceramics synthesized 
by vacuum sintering.

Figure 3 a shows photographs of Y3-хСехAl5O12 ce-
ramic samples after vacuum sintering and subsequent an-
nealing in air. For a series of samples containing 0.0175 
f.u. Ce it can be seen (Fig. 3 b), that an increase in the 
sintering temperature leads to an increase in the transmit-
tance in the 500 to 900 nm region. The strong absorption 
in the 400–500 nm region is caused by photon absorption 
by Ce3+ cations [15]. The low transmittance of the ceram-
ic samples sintered at 1775–1800 °C is due to the absence 
of a sintering additive in the ceramic powder.

The 540 nm wavelength was chosen for qualitative es-
timation of specimen transparency since this wavelength 
is beyond the absorption bands of extrinsic or intrinsic 
defects and close to the luminescence spectrum peaks 
of typical YAG : Ce solid solutions. Analysis of 540 nm 
transmittance as a function of cerium concentration (x) 
and vacuum sintering temperature (T) (Fig. 3 c) shows 
that the transparency of the ceramics increases with an 
increase in T and a decrease in x.

It should be noted that the transparency of the ceram-
ics depends on the concentration of residual pores which 
act as light scattering centers. The light transmittance 

Table 1. Grain size distribution in Y3-хСехAl5O12 ceramic pow-
ders

Y3-хСехAl5O12 D10 (mm) D50 (mm) D90 (mm)

x = 0.01 0.395 2.204 6.345

х = 0.0125 0.419 2.447 6.543

х = 0.015 0.405 2.296 6.362

х = 0.0175 0.409 2.415 6.495

х = 0.02 0.407 2.357 6.564

х = 0.0225 0.412 2.228 6.356

х = 0.025 0.413 2.306 6.335

Figure 2. X-ray diffraction patterns of Y3-хСехAl5O12 ceramic powders

Figure 1. Micrograph of Y3-хСехAl5O12 ceramic powder 
(x = 0.0175)

2 μm
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of pore-free YAG : Ce optical ceramics may be as high 
as 80% and can achieve values comparable with those of 
single crystals having the same compositions [16, 19–21].

In our opinion, however, the experimentally observed 
dependences of the transmittance on cerium concentra-
tion and sintering temperature are justified. Ceramic sin-
tering leads to the densification of green bodies as well 
as ceramic powder nanoparticles and their agglomerates. 
The rate of this process is controlled by diffusion laws 
and is therefore temperature-dependent. Thus, sintering 
is faster at elevated temperatures. Furthermore, high tem-
peratures deliver additional energy for the incorporation 
of cerium atoms in yttrium sites in the yttrium-aluminum 
garnet crystal lattice. From the energy viewpoint the in-
corporation of relatively large Ce3+ cations (0.1143 nm) 
into the dodecahedral site of the YAG crystal lattice re-
quires more energy than the incorporation of Y3+ cations 
having an ionic radius of 0.1019 nm.

Therefore, the ceramic samples with low cerium con-
tents undergo more rapid compaction and achieve higher 
transparency at lower vacuum sintering temperatures as 
compared with samples having relatively high cerium 
concentrations.

Studies of the thermal conductivity of the ceramic 
samples with different cerium concentrations at 25 °C did 
not reveal any significant differences. There is a tenden-
cy of increasing the thermal conductivity from 8.4 to 
9.5 W/(m ∙ K) with an increase in the vacuum sintering 

temperature from 1675 to 1800 °C. Taking into account 
the increase in the transmittance of the ceramic samples 
with an increase in temperature one can conclude that the 
most probable origin of the growth in the thermal con-
ductivity is the reduction of the porosity of the ceramic 
samples.

Importantly, an increase in the WLED power entails an 
increase in the energy absorbed by the ceramic converter 
and hence increasing the thermal conductivity is a neces-
sary condition for the designing of high-power WLED.

Figure 4 shows curves of thermal conductivity as 
a function of temperature for Y3-хСехAl5O12 ceramic 
samples containing 0.0175 f.u. of cerium. These curves 
are typical of all the series of samples synthesized in this 
work. It can be seen that the thermal conductivity of the 
samples decreases by approx. 50% with an increase in 
temperature from 25 to 300 °C. The decrease in the con-
ductivity is caused by stronger phonon-phonon scatter-
ing [22].

Study of  the luminescent  propert ies  of  the 
Y3-хСехAl5O12 samples for 450 nm excitation (Fig. 5) 
showed that the luminescence peaks are in the 535–
545 nm region, these results being in a good agreement 
with the references [23–26]. The nature of the YAG : Ce 
luminescence spectra is related to electron energy transi-
tions between the degenerate 5d levels of the excited state 
and two 4f levels of the main state of the Ce3+ cations 
[27].

Figure 3. (a) Photographs of Y3-хСехAl5O12 ceramic samples; 
(b) transmittance spectra of Y3-хСехAl5O12 series of sam-
ples with a 0.0175 f.u. cerium content; (c) transmittance of 
Y3-хСехAl5O12 ceramic samples at a 540 nm wavelength as a 
function of cerium concentration (x) and vacuum sintering tem-
perature (T)

a



Modern Electronic Materials 2022; 8(3): 123–130 127

The study revealed a slight shift of the spectra with 
an increase in the cerium concentration from 0.01 to 
0.025 f.u. This phenomenon agrees well with earlier data 
[15] indicating a red shift of the spectra with an increase 
in cerium concentration from 0.018 to 0.63 f.u.

It is important to note that the positions of the peaks and 
the shape of the photoluminescence spectra for the sam-
ples with the lowest cerium concentration (x = 0.01 f.u.) 
depended but slightly on the ceramic vacuum sintering 
temperature (Fig. 5 b). With an increase in the cerium 
concentration the effect of the sintering temperature on 
the luminescent properties of the ceramics became stron-
ger. It can be seen from Fig. 5 c that the luminescence 
spectrum of the sample containing x = 0.025 f.u. cerium 
sintered at 1675 °C is blue-shifted relative to the spec-
trum of the sample sintered at 1800 °C. Since the blue 
shift of the luminescence spectra is caused by a decrease 
in the Ce3+ concentration, one can easily understand that 

Figure 4. Dependences of the thermal conductivity of a series 
of Y3-хСехAl5O12 samples with a cerium content of 0.0175 f.u.
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only partial incorporation of Cе3+ cations in the dodeca-
hedral sites of the YAG crystal lattice took place at low 
vacuum sintering temperatures. The rest of the cations 
could probably change the oxidation degree from Ce3+ 
to Се4+ and localize at ceramic grain boundaries or in the 
intergranular space. With an increase in temperature, the 
part of the Ce3+ cations localized in the YAG lattice grew 
and therefore the luminescent spectrum red-shifted as 
shown in Fig. 5 c.

Study of the effect of vacuum sintering conditions on 
the luminescence intensity showed that regardless of ce-
rium concentration the luminescence intensity decreased 
with an increase in temperature (Fig. 5 d). The greatest 
changes were observed in the samples synthesized at 
1675 to 1750 °C. Note that the luminescence intensity 
grew in this temperature range with an increase in the 
cerium concentration. However neither the cerium con-
centration nor the sintering temperature exerted any sig-
nificant effect on the luminescence intensity in the 1750 
to 1800 °C range.

Although the luminescence intensity increased with a 
decrease in the vacuum sintering temperature, reducing 

the vacuum sintering temperature to below 1675 °C is not 
expedient since this would further reduce the thermal con-
ductivity of the ceramics. As shown earlier [14], YAG : Ce 
ceramics with a thermal conductivity of 8.3 W/(m ∙ K) 
reach the higher limit of light flux of about 400 lm/mm2 at 
an excitation power of slightly above 8 W/mm2 whereas 
ceramics with a thermal conductivity of 9.6 W/(m ∙ K) ex-
cited with a light power of above 10 W/mm2 can produce 
a light flux of up to 1200 lm/mm2. This large difference 
in the light flux is accounted for by the strong thermal 
quenching of luminescence upon heating of low thermal 
conductivity samples.

Analysis of the experimental results suggests that the 
experimentally observed dependences (see Fig. 5) can be 
associated with changes in the optical properties of the 
ceramics (see Fig. 3). The relatively high luminescence 
intensity of the samples exhibiting the lowest transmit-
tance is caused by the back-reflection of photons at grain 
boundaries. Multiple back-reflection events increase the 
probability of the absorption of excitation radiation quan-
ta by Ce3+ cations and as a result improve the efficiency 
of light conversion during luminescence. This assumption 

Figure 5. (a) Luminescence spectra of Y3-хСехAl5O12 
ceramic samples after vacuum sintering at 1800 °C; 
(b) luminescence spectra of Y3-хСехAl5O12 ceram-
ic samples (x = 0.01 f. u.); (c) luminescence spectra 
of Y3-хСехAl5O12 ceramic samples (x = 0.025 f.u.); 
(d) luminescence intensity of Y3-хСехAl5O12 ceramic 
samples at 540 nm wavelength as a function of ceri-
um concentration (х) and vacuum sintering tempera-
ture (T)



Modern Electronic Materials 2022; 8(3): 123–130 129

was confirmed in an earlier work [28] reporting an in-
crease in the luminescence intensity with an increase in 
the roughness of YAG : Ce sample surface.

4. Conclusion

Experimental studies showed that the luminescence in-
tensity and the peak positions of the luminescence spec-
tra depend on cerium concentration in Y3-хСехAl5O12 and 
on vacuum sintering temperature. An increase in vacu-
um sintering temperature from 1675 to 1800 °C favors 
the substitution of yttrium cations by cerium cations in 
high concentrations and leads to an increase in the trans-
mittance of 1 mm thick ceramic samples at a 540 nm 
wavelength from 5 ± 3 to 55 ± 3% and an increase in 
the thermal conductivity of the ceramics from 8.4 to 

9.5 W/(m ∙ K). The luminescence intensity of the ceram-
ics decreases by approx. 2.5 times. In the meantime a de-
crease in vacuum sintering temperature to below 1700 °C 
causes broadening of the ceramic luminescence spectra 
toward the blue region. These results open up an opportu-
nity not only to vary the transparency of YAG : Ce ceram-
ics over a wide range by selecting vacuum sintering tem-
perature and activator concentration but also to efficiently 
control the luminescence spectrum of the ceramics.
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