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Abstract: Fine-dispersed YGdAG:Ce nanopowders with various degrees of isomorphic substitution
of yttrium by gadolinium were synthesized. The structure and luminescent properties were studied
by X-ray diffraction, attenuated total reflection Fourier-transform infrared spectroscopy, lumines-
cence spectroscopy and scanning electron microscopy. The possibility of synthesis of YGAAG:Ce
nanopowders with a degree of gadolinium substitution up to 60% and nanocrystals with average
sizes of 25-30 nm were shown. The red-shift of the cerium luminescence band with an increase in Gd
content was studied. The CIE diagram for emission of YGAAG:Ce synthesized by the polymer-salt
method shows that the degree 30-40% substitution of Y by Gd is optimal for the fabrication of a white
light source based on LED with an emission wavelength of 470 nm.
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1. Introduction

Cerium-doped media are commonly used as scintillators and phosphors [1]. A broad
yellow luminescence band of the cerium ions allows the fabrication of the phosphors
for spectral correction of LEDs, which allows for obtaining the white LEDs [2—4]. The
yttrium-aluminum garnet with a cubic crystalline structure is widely applied as a matrix
for luminescent rare-earth ions. Yttrium-aluminum garnet crystals are characterized by a
number of beneficial physical properties such as high thermal conductivity, mechanical,
chemical and radiation sustainability, and optical isotropy and transparency in a wide
spectral range [5-7]. The ionic radius of yttrium is close to the ionic radii of some rare earth
ions which allows the doping of YAG without significant distortion of its crystal structure.

The tuning of luminescence spectra is necessary in order to fabricate the phosphors
which are able to convert the emission of LEDs to broadband white light. The modification
of the environment of luminescent centers causes changes in the luminescence spectrum.
Therefore, structural defects engineering based on the formation of intrinsic defects is a
way to modify the structural and luminescent properties of materials. For example, the
generation of defects in ZnO allows modifying its luminescence spectra [8-11]. In addition
to the formation of such defects as vacancies, interstitial hydrogen or other elements, it
is possible to change smaterials’ properties by using the partial substitution of some ions
by ions with similar properties [12-15]. This approach allows changing the interatomic
distances and crystal cell parameters. If the materials contain luminescent ions, their
environment will change, which leads to the formation of other luminescent centers and
modification of their luminescent properties [16-20].
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For example, the isomorphic substitution of yttrium or aluminum by other ions
modifies significantly the properties of materials doped with activator ions [15,21,22]. The
partial substitution of aluminum (ionic radius 0.53 A) by scandium (0.75 A) in order to
form paramagnetic centers in Mo®>*-doped YAG was described in [21].

The luminescence bandwidth is a parameter having key importance for the fabrication
of mode-locked lasers with shorter pulse duration. In order to widen the ytterbium lumi-
nescence band in Yb:YAG, aluminum ions can be substituted by Sc3+ [23,24] or yttrium ions
can be substituted by gadolinium [15,25]. The difference in ionic radii of yttrium (0.92 A)
and gadolinium (0.97 A) ions [26] provides the disturbance of the YAG crystal structure
that causes the broadening of the ytterbium luminescence band. Since the difference in
ionic radii of Y and Gd is lower than in the ionic radii of Al and Sc, the obtained effect is less
strong. Thus, the substitution of yttrium for gadolinium allows a more subtle modification
of the luminescence spectrum. However, at the replacement of more than 40% of yttrium
atoms, the phase composition of Yb:YGdAG nanopowders is disturbed. One can observe
this phenomenon in the luminescence spectrum, and it is confirmed by the data of XRD [15].

The effect of gadolinium incorporation on cerium luminescence bands in the YAG
matrix is well known. The addition of gadolinium leads to the red-shift of the cerium
luminescence band. Therefore, YGAAG:Ce is used as luminescent material for white LED
fabrication [27,28]. Nevertheless, the studies on the influence of substitution of yttrium
by gadolinium on YAG:Ce properties are brief or concern only YAG:Ce powders with low
concentrations of gadolinium [29,30].

The synthesis of nanocrystalline powders opens new opportunities for structural
defect engineering since these powders have a very high specific surface area. YAG
nanocrystalline powders can be introduced into optical fiber [31,32] or be used as a material
for temperature sensor fabrication [33,34] or as precursors for ceramics sintering [35]. The
transparent YAG ceramics obtained by sintering nanocrystalline powders can be considered
as a replacement for YAG monocrystals since the growth of crystals is a difficult and energy-
consuming process.

YAG nanocrystalline powders can be synthesized by solid-state reaction [36-38],
which is an energy-consuming process. The use of liquid—phase methods such as sol-gel
method [39-41], precipitation method [42—44] and combustion methods [45—47] allows
reducing the synthesis temperature of YAG nanopowders. The polymer-salt method
which is a simple method of nanomaterials synthesis belongs to methods based on the
combustion of organic fuel. This method is based on the dissolution of metal salts and
soluble polymer, the drying of solution with the following calcination of obtained polymer—
salt composition. It can be applied for the fabrication of luminescent and photocatalytic
coatings and nanopowders [48-51]. The polymer-salt method allows for obtaining uniform
nanomaterials due to the mixture of components in a liquid phase that allows for reaching
homogeneity at the molecule level. A soluble polymer plays the role of stabilizer preventing
the precipitation of the salts during the drying of solutions. It acts also as a dispersant
evolving a big volume of gaseous products at its decomposition during the calcination
process, which provides a decrease in the average size of nanoparticles in comparison with
the synthesis without any organic fuel.

Thus, the aim of this work is to apply the polymer—salt method to the synthesis of
YGAAG:Ce nanocrystalline powders and to perform a study on the influence of isomorphic
substitution of yttrium by gadolinium in a wide range of gadolinium content on the
structure and luminescent properties of the synthesized material.

2. Materials and Methods

Yttrium, cerium, gadolinium and aluminum nitrates as well as polyvinylpyrrolidone
(PVP; Mw~1,300,000 g/mol) were used as precursors.

The amounts of salts and PVP were calculated according to the stoichiometric ratio
for YGAAG:Ce with a predetermined percentage of isomorphic substitution of yttrium
by gadolinium. Initial aqueous solutions were prepared and mixed using the magnetic
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stirrer until the full dissolution of PVP and salts. Then, obtained solutions were dried in
the drying chamber at the temperature of 70 °C for three days. Obtained polymer-salt
compositions were calcinated in the electric muffle at the temperature of 1000 °C.

The chemical compositions of initial solutions are presented in Table 1. The YAG-X
notation was used, where X is the percentage of yttrium atoms substituted by gadolinium.
The concentration of cerium in each sample is 0.5 wt. %.

Table 1. Chemical compositions of initial solutions.

Chemical Composition, wt. %

Sample
Y(NO3)3 AI(NO3)3 Gd(NO3)3 Ce(NO3)3 PVP Hzo

YAG-0 0.543 0.421 0 0.014 4.69 94.33
YAG-10 0.489 0.421 0.068 0.014 4.68 94.32
YAG-20 0.434 0.421 0.136 0.014 4.688 94.307
YAG-30 0.38 0.421 0.203 0.014 4.688 94.295
YAG-40 0.326 0.42 0.271 0.014 4.687 94.282
YAG-60 0.217 0.42 0.406 0.014 4.686 94.257
YAG-80 0.108 0.42 0.542 0.014 4.685 94.231
YAG100

(GdAG) 0 0.42 0.677 0.014 4.683 94.206

The UV-VIS luminescence spectra were captured using the spectrofluorometer Perkin
Elmer FL6500, since the cerium ions are characterized by strong luminescence in the visible
spectral range.

The diffuse reflectance spectra were captured using Perkin Elmer Lambda 900 UV /VIS/
NIR spectrophotometer equipped with a special module.

The measurement of absolute PL quantum yield was performed using Hamamatsu
(C9920-02G absolute PL quantum yield spectrometer.

Photoluminescence decay curves were captured using MicroTime 100 system (Pico-
Quant, Berlin, Germany) with excitation at 405 nm. The signal was collected in the spectral
range from 430 to 780 nm. The decay curves were fitted by the bi-exponential function. The
average luminescence lifetime was calculated as:

T= <A1T12 + A2722) /(A1 + A ), @

where A;, and 77 are the amplitude and luminescence lifetime of each component in
biexponential function, respectively [52].

The phase compositions of powders were studied using the X-ray diffraction method.
XRD patterns were captured using the Rigaku Ultima IV diffractometer in the range of
angles from 20° to 80°. The wavelength of X-ray radiation is 1.5406 A. The average size of
nanocrystals was calculated using the Scherrer equation [53]:

kA

~ Beosb’ @

where k is the Scherrer constant dependent on the shape of nanoparticles (0.9 for cubic
crystals), A is the wavelength of X-ray radiation,  is FWHM of the most intense diffraction
peak, and 6 is the Bragg angle.

The changes in the powder structure which occur when Y is substituted by Gd were
estimated based on the IR absorption spectra since the structural elements containing Y-O
and Al-O bonds have intense absorption bands in the low wavenumber region [54]. The
spectra were captured using the ATR-FTIR module which allows the comparison of peaks
spectral positions, but it is impossible to obtain the absolute values of optical densities
using this method.

The morphology of synthesized powders was studied using scanning electron mi-
croscopy (the VEGA3 TESCAN microscope).
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3. Results and Discussion
3.1. Analysis of Chemical Composition Using EDXRF

In order to confirm the chemical composition and percentage of substitution of yt-
trium by gadolinium the energy dispersive X-ray fluorescence (EDXRF) was applied. The
experimental data and comparison of the theoretical and experimental percentage of Y/Gd
substitution are presented in Table 2.

Table 2. The results of determination of YGAAG:Ce chemical composition using EDXRF.

Percentage of Y/Gd Substitution, %

Sample AlLat.'%  Yat'% Gdat'%

Theor. Exper.
YAGO 51.1 48.9 0 0 0
YAG10 57.2 385 43 10 10.1
YAG30 62.8 27.3 9.9 30 26.6
YAG40 65.4 212 13.4 40 38.7
YAG60 68 141 17.9 60 55.9
YAGS80 62.7 8.1 29.2 80 78.3
YAG100 66.3 0 33.7 100 100

1 Oxygen is not taken into account.

Due to the limitations of the instrument, the cerium has not been detected since its
concentration is low. According to the data in Table 2, the error of the Y/Gd substitution
percentage does not exceed 5%. The deviation of Al, Y and Gd concentrations is caused by
instrumental error.

3.2. X-ray Diffraction
The X-ray diffraction patterns of YGAAG:Ce nanopowders synthesized using the
polymer-salt method are given in Figure 1.
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Figure 1. XRD patterns of YGdAG:Ce nanopowders.

Intensity, a.u.

As one can see from Figure 1, the YGdAG:Ce samples with the percentage of substi-
tution of Y by Gd not exceeding 30% consist of the pure yttrium-aluminum garnet phase,
which corresponds to the result obtained earlier in [15] for the YAG:Yb,Gd nanopowders.
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The XRD peaks of YAG slightly shift to the lower Bragg angles. Thus, in the case of rela-
tively low concentration, gadolinium incorporates the YAG crystal structure without the
formation of other phases.

In the sample YAG-60, the peaks corresponding to the gadolinium aluminate phase
(GAP, gadolinium-aluminium perovskite, GAAlO3) [55-57] are observed. The percentage
of gadolinium aluminate phase in this sample is about 11% according to the estimation
based on Rietveld refinement. Samples with 80% consist of the YAG phase as well as
from unstable GAG (gadolinium-aluminum garnet, Gd3A15012). The GAG phase was not
obtained in our previous work [15], but its synthesis was described in [58]. A sample with
full substitution of yttrium by gadolinium represents a mixture of GAG and GAP phases.
The formation of an unstable GAG phase can be explained by the stabilization of the crystal
structure due to the presence of yttrium (in the sample YAG-80) and cerium ions or due to
the relatively low temperature of materials synthesis (GAG phase thermally decomposes at
the temperature exceeding 1300 °C [59]).

The results of the calculation of nanocrystal average sizes using the Scherrer equation
and the calculation of the lattice parameters using Rietveld refinement are given in Table 3.
The values of average sizes for YAG-80 and YAG-100 were obtained using the data on the
most intense GAG peak.

Table 3. Average sizes of nanoparticles and lattice parameters.

°

Sample Average Size of Nanoparticles, nm Crystal Cell Parameter, A
YAG 279 12.03065

YAG-10 259 12.04203

YAG-30 26.6 12.06933

YAG-40 27.5 12.07583

YAG-60 27.6 12.09490

YAG-80 31.75 12.12342

YAG-100 30.6 -

As one can see from Table 3, no influence of gadolinium on the average size of
nanocrystals is observed. The dependence of the crystal cell parameter on the degree of
isomorphic substitution of Y by Gd is shown in Figure 2. The crystal cell parameter was
determined for the YAG phase using Rietveld refinement.

The dependence of the YAG crystal cell parameter on the isomorphic substitution
of yttrium by gadolinium is linear. The obtained result confirms the incorporation of
gadolinium into the YAG structure. It is worth noticing that the crystal cell parameter
continues to increase in the substitution range of 40-80%; hence, even when the formation
of parasite phases is observed, a significant part of gadolinium ions incorporates into the
structure of the YAG phase.

3.3. ATR-FTIR Spectroscopy

The infrared absorption spectra of YGdAAG:Ce nanopowders are presented in Figure 3.

As one can see from Figure 3, four intense bands with maxima at 565, 686, 715 and
783 cm~! corresponding to YAG are observed in these spectra. The low-intensity band with
a maximum at about 516 cm ! can be attributed to Ce-O bond vibration [60] but it cannot
be clearly distinguished due to the limitations of the instrument. These limitations also do
not allow observing the bands having maxima less than 500 cm~! in the spectrum. The
bands with maxima at about 690 and 790 cm ! correspond to Al-O vibrations in tetrahedral
structural elements AlOy, which are presented in the YAG structure [54,60,61]. The bands
with maxima at 570 and 720 cm~! can be attributed to Y-O vibrations. According to the
FTIR data, one can observe the presence of other phases in YAG-80 and YAG-100 samples,
since there are some other bands that are not characteristic of the YAG phase.
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Figure 2. Dependence of crystal cell parameter on isomorphic substitution of yttrium by gadolinium.
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Figure 3. ATR-FTIR spectra of YGAAG:Ce nanopowders with different percent of isomorphic substi-
tution of Y by Gd.

The sample YAG100 with full substitution of yttrium by gadolinium consists of gadolin-
ium aluminate garnet (GAG, Gd3Al;012) and gadolinium-aluminum perovskite (GAP)
phases according to the XRD data. The shape of the FTIR spectrum of the GAG phase
is similar to the one of YAG [62,63]. The absorption band in the range of 600-620 cm !
can be attributed to the GAP phase, which forms due to the thermal decomposition of the
Gd3Al50;; phase [64]. The FTIR data is consistent with the data obtained by XRD. The
absorption bands of some parasite phases were not found since the FTIR peaks of YAG and
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other phases containing Y, Gd and Al overlap. For example, the peaks of the GAAIO; phase
would overlap with Al-O (690 cm~!) and Y-O (570 cm~!) peaks in the YAG phase [65,66].

It is worth noticing that the ATR-FTIR measurement technique does not allow the
comparison of absorption band intensities, since it depends on the pressure applied to the
sample during the measurement. This method is applied in order to determine only the
positions and shifts of the bands. A significant shift of Y-O and Al-O bands is observed
with an increase in gadolinium content. The dependences of the position of maximum on
gadolinium content are presented in Figure 4.

790 -
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780 - v
T M v
£ 770 - .
© v
= A
£ 710 A
: S
%S 700 2k -
c ® *
S 680 e o
3 R .
+L | |
560 - s
n
| |
550 : : . ' . . . . :
0 20 40 60 80

Substitution of Y by Gd (%)

Figure 4. Dependencies of positions of maxima of absorption bands in ATR-FTIR spectra of
YGdAG:Ce nanopowders on the percent of isomorphic substitution of Y by Gd.

The dependence of the maxima positions on the degree of isomorphic substitution of
yttrium by gadolinium is almost linear in the range of Gd content 0-60%. This linear shift
of peaks maxima positions confirms the gadolinium incorporation into the YAG structure,
which leads to distortion of crystal structure and change in frequencies of vibrations.
However, the observed shift at 60-80% substitution of yttrium by gadolinium is less
prominent, probably, due to the formation of other phases. Since their FTIR bands overlap
with the bands of the YAG phase, the results obtained for samples with 60-100% of Y-Gd
substation are difficult to be analyzed.

Despite the fact that gadolinium replaces only the yttrium in the YAG structure,
it is worth noticing that the isomorphic substitution of yttrium by gadolinium affects
significantly the frequencies of Al-O vibrations. This phenomenon can be explained by
distortion of the YAG crystal structure which causes the change in distance between all the
atoms in the structure and an increase in ion mass when gadolinium substitutes yttrium
ions. Such an increase must lead to a decrease in vibrational frequency.

The shift of these vibrational bands can be explained also from the viewpoint of
compression deformation in a rigid structure caused by the difference in ionic radii of
yttrium and gadolinium which is able to affect also the vibration frequencies. Authors
of [67] explained the effects on luminescence caused by Y/Gd substitution using this
approach based on combining hybrid orbital theory with solid-state energy band theory.
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3.4. Scanning Electron Microscopy
The SEM image of the YAG10 sample is presented in Figure 5.

SEM MAG: 1.64 kx Det: SE VEGA3 TESCAN|
SEM HV: 30.0 kV WD: 4.93 mm 20 pm

BI: 7.00 View field: 155 pm 1y cnerTu(Ty)

Figure 5. SEM image of YAG10 sample.

The synthesized cerium-doped yttrium-aluminum garnet consists of aggregates that
have a porous morphology and their sizes are in the range of 1-50 um. The porous
morphology of nanoparticle aggregates can be explained by the features of synthesis, that
is, by outgassing during the decomposition of PVP and nitrates.

Although one can see the structure of aggregates from Figure 5, it is difficult to estimate
visually the sizes of nanoparticles. For more precise estimation, the XRD analysis and the
Scherrer equation can be applied.

3.5. Luminescence Spectroscopy

The luminescence spectra of the cerium-doped garnet nanopowders with different
percentages of substitution of Y by Gd are presented in Figure 6. The wavelength of
excitation light is 450 nm. The spectra were normalized to (0.1). The luminescence band of
the YAG100 sample is distorted because of the low signal-to-noise ratio. Its lower intensity
in comparison with other samples might be the reason for this phenomenon.

—— YAG
1.0 —— YAG10
—— YAG30
084 —— YAG40
_ ——— YAGB0
3 ——— YAGS0
= 061 ——— YAG100
B
c
[0
E 044
024
0.0+
T T T T T T T T T T
450 500 550 600 650 700

Wavelength, nm

Figure 6. Luminescence spectra of cerium-doped YGdAG powders.
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A wide intense band corresponding to YAG:Ce is observed in the spectra of all of
YGdAG:Ce samples. This wide intense band corresponds to the 5d-4f electric dipole
transition which is characteristic of the cerium ions in the YAG matrix [4,49]. A significant
red-shift and distortion of the band shape are observed with an increase in gadolinium content.

The CIE chromaticity diagram of YGdAG:Ce emission is presented in Figure 7.

0.9

CIE 1931 diagram

520
0.8

0.7

0.6

0.5 1
- ‘
0.4 1

620
0.3 1
0.2 1

0.1 -

0.0 0.2 0.4 0.6 0.8

Figure 7. CIE chromaticity diagram of YGdAG:Ce emission.

The point which represents the color coordinates of a mixture of colors lies on the
line connecting the points corresponding to these colors (Figure 7, dashed line). The x
coordinate increases and the y coordinate decreases with the growth of gadolinium content.
This change in chromaticity with an increase in Gd content is consistent with the data
of [29] for YGdAd:Ce powders prepared by the urea combustion method; nevertheless, the
y-coordinate of polymer—salt synthesized samples emission is lower. As one can see from
Figure 7, the emission of samples with the degree of yttrium substitution by gadolinium
30-40% can be mixed with an emission of 470 nm (wavelength of blue LEDs) in order to
fabricate white LEDs. Nevertheless, the precise value of the substitution degree is to be
calculated based on the chromaticity of a specific LED since the LED emission spectrum is
not monochromatic.

The structure of the cerium luminescence band in the YAG:Ce sample (without Gd) is
shown in Figure 8. This band can be deconvoluted into 2 Gaussian bands which correspond
to a high energy transition 5d-2F5/2 and a lower energy transition 5d-2F7/2 [68-70]. The
results of Gaussian fitting for other samples are presented in Table 4 (Section 3.7).

As one can see from Figure 6, both bands shift to longer wavelengths with an increase
in the degree of isomorphic substitution of yttrium by gadolinium. At the same time, the
relative intensity of the band with a maximum at longer wavelength increases.
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Figure 8. Structure of the luminescence band of the YAG sample (black line: experimental data, red
and green lines: deconvoluted Gaussian peaks, orange line: sum of two Gaussian peaks).

Table 4. Parameters of YAG:Gd,Ce luminescence.

Sample Luminescence Peak Maximum, nm Excitation Peak, nm Diffuse Q1:1antum Lu.mir.lescence
Peak 1 Peak 2 Peak 1 Peak 2 Reflectance Peak Yield, % Lifetime, ns
YAG 519.02 568.63 343.36 458.07 454.35 71 66
YAG10 522.41 570.06 343.14 458.55 454.34 65 66
YAG30 529.94 577.33 341.52 460.42 457.71 61 72
YAG40 532.76 586.61 340.75 462.41 459.28 - 48
YAG60 539.64 594.53 339.09 464.92 461.03 - 53
YAGS80 - - - 467.94 - - 31
YAG100 - - - 471.92 - - 24

3.6. PL Excitation and Diffuse Reflectance Spectra

The diffuse reflectance and excitation spectra of synthesized YAG:Ce,Gd nanopowders
at the emission wavelength 550 nm are presented in Figures 9 and 10, respectively. The
excitation spectra were normalized to (0.1).

Two absorption bands (Figure 9) which are characteristic of cerium ions in the YAG
matrix [71-73] are observed in the spectrum. Since the morphology of synthesized powders
is the same and the same amounts of powders were studied, one can conclude that the
intensity of the band with a maximum of about 450 nm tends to decrease with an increase
in gadolinium concentration. The cerium absorption band in the YAG-100 sample is not
present in Figure 9. Nevertheless, a low-intensity band in this spectral region is observed
in the excitation spectrum. Thus, the sensitivity of diffuse reflectance spectroscopy does
not allow registration of this band. The values of band maxima are presented in Table 4
(Section 3.7).
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Figure 9. Diffuse reflectance spectra of YAG:Ce nanopowders.
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Figure 10. Excitation spectra of cerium-doped YGAdAG powders.

Two excitation bands with maxima at about 380 and 450 nm which are characteristic of
cerium ions in the YAG matrix [60,71,74] are observed in Figure 10. These bands are due to
the electronic transitions from the 4f ground state of cerium ions to 5d states, which are split
by the crystal field [29]. An excitation band of YAP:Ce with a maximum of about 300 nm is
observed in the spectrum [75]. The relative intensity of this band increases with an increase
in gadolinium content. This result is consistent with XRD data which has shown that at
higher concentrations of gadolinium, the peaks of the YAP phase are observed in X-ray
diffraction patterns of YAG:Ce,Gd. With the increase in the degree of yttrium substitution
by gadolinium the band with a maximum of 450 nm shifts to a longer wavelength, and the
band with a maximum of 380 nm, on the contrary, shifts to shorter wavelengths.

The bands of unknown origin in the spectral range of 370—425 nm are observed in
excitation spectra of YAG:Ce nanopowders with the degree of substitution of yttrium
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by gadolinium higher than 60%. These bands are not characteristic of cerium ions in
YAG and YAP matrix [60,76]. They can be due to the defects formation in YAG or YAP
crystal structure.

3.7. Parameters of Luminescence

The values of luminescence, luminescence excitation peaks maxima and diffuse re-
flectance peaks minima obtained by fitting the spectrum by two Gaussian peaks, quantum
yield and luminescence lifetime of YAG:Gd,Ce nanopowders are presented in Table 4. The
dependencies of luminescence intensity on wavenumber were fitted, then obtained maxima
were recalculated to wavelengths. This approach was applied to all the fitted spectra.

As one can see from the Table 4, the maxima of both cerium luminescence bands shift
to longer wavelengths with an increase in gadolinium content. The correlation between
diffuse reflectance and excitation peak (Peak 1) maxima is observed since both spectra
represent the absorption of cerium ions.

The values of quantum yield lie in the range of 65-75% for samples with low concen-
trations of gadolinium. This result is consistent with data obtained in [77] where a quantum
yield value of 70% was reported for YAG:Ce,Gd phosphors with 5% of yttrium substitution
by gadolinium. The same values were obtained for YAG:Ce powders obtained by flame
spray synthesis [78].

The value of luminescence lifetime for pure YAG:Ce sample is 66 ns. This result
is consistent with the data obtained previously in [41] for sol-gel fabricated YAG:Ce
nanoparticles. This value is in the typical range (60-90 ns) for YAG:Ce single crystal [79].

Luminescence lifetime tends to decrease with an increase in gadolinium content, and
for samples YAG80 and YAG100, a 50% decrease is observed in comparison with the pure
YAG:Ce sample. The same tendency was previously reported in [80] for cerium-doped
gadolinium-aluminum garnet powders with isomorphic substitution of aluminum by
scandium. The reason for the decrease in luminescence lifetime may be the inevitable
deficiency of nanocrystals caused by the incorporation of gadolinium ions into the YAG
structure. The increase in a short-decay component can be the reason for a decrease in
the average luminescence decay time. Authors of [81] propose that this component is
attributed to cerium ions which are close to the surface defects of the nanocrystal.

4. Conclusions

A set of YAG:Ce samples with different degrees of yttrium isomorphic substitution by
gadolinium was synthesized via polymer—salt method. Due to its simplicity and efficiency,
this method is promising for the synthesis of nanomaterials. The luminescence properties
and structure of synthesized powders were studied using X-ray diffraction, ATR-FTIR
spectroscopy, scanning electron microscopy and luminescence spectroscopy.

The average size of nanoparticles in synthesized powders lies in the range of 25-30 nm.
Based on SEM data, the nanoparticles form porous aggregates with a size of 1-50 um. The
samples with yttrium by gadolinium substitution of less than 60% consist only of the YAG
phase. The possibility of pure YAG:Ce synthesis with up to 60% gadolinium substitution
using the polymer—salt method was demonstrated. It was shown that the dependence of
unit cell parameters on gadolinium content is linear, therefore, gadolinium incorporates
into the YAG crystal structure at a wide range of concentrations.

The increase in gadolinium concentration leads to a red-shift of the cerium lumi-
nescence band and its long-wave photoluminescence excitation band. The short-wave
excitation band shifts to shorter wavelengths. The luminescence and excitation spectra
are consistent with the spectra of YAG:Ce single crystal. The luminescence lifetime lies
in the typical range for YAG:Ce single crystal for samples with low Y/Gd substitution.
A decrease in quantum yield and luminescence lifetime with an increase in the degree
of Y/Gd substitution is observed. It can be explained by an increase in the deficiency of
nanocrystals due to the incorporation of ions with different ionic radii.
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The analysis of the CIE chromaticity diagram of YGAAG:Ce emission shows that for
the YGdAG:Ce nanopowders synthesized by the polymer-salt method the degree of Y
substitution by Gd 30-40% is optimal for the fabrication of white LEDs based on LED with
emission wavelength of 470 nm.
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