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PHOTOLUMINESCENCE CHARACTERISTICS OF YAG:Ce, Gd
BASED PHOSPHORS WITH DIFFERENT PREHISTORIES

V. M. Lisitsyn,' N. P. Soshchin,” Yu Yang yang,' S. A. Stepanov,’' UDC 535.37
L. A. Lisitsyna,’ A. T. Tulegenova,"* and Kh. A. Abdullin*

Luminescence characteristics of yttrium-aluminum garnet based phosphor samples differed by their elemental
composition and prehistory of synthesis are studied. The morphology, structure, and elemental composition of
phosphor samples, their excitation and emission spectra, efficiency of phosphor conversion of chip emission,
and kinetics of luminescence decay are measured. The emission characteristics of phosphors are compared
with their structural properties and elemental composition.
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INTRODUCTION

Phosphors based on yttrium-aluminum garnet (YAG) Y;Al50; are perspective materials for conversion of UV
and blue emission of light-emitting diodes (LEDs) by InGaN based chips into emission in the visible range of the
spectrum [1-4]. Excitation of the YAG phosphor doped by trivalent cerium in the region 340 or 460 nm leads to the
occurrence of intensive luminescence in the region 500-650 nm. A modification of phosphors through incorporation of
modifiers can be used to displace the position of the emission band in the spectrum [5]. The use of the chip emitting at
460 nm for phosphor excitation seems most promising. This chip has minimal excitation energy losses for phosphor
conversion of the emission into the visible range, and the efficiency of energy conversion can reach 0.76 [6]. Integral
emission of such light-emitting diode is the sum of the phosphor emission and the blue chip emission partly transmitted
through the composite with phosphor. By the present time great progress has been made in improving technologies of
synthesis of effective YAG phosphors for white LEDs. Further increase in the conversion efficiency is impossible
without understanding of elementary processes providing high degree of emission conversion and their relationship
with the structure, elementary composition, and imperfection of synthesized phosphors.

The present work studies the dependence of the emission characteristics of YAG phosphors of SDL type on
their initial structural characteristics.
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TABLE 1. Elemental Composition of the Examined Samples

Phosphor Y Al O Gd Ce
SDL2700-2016 9.55 5.06 53.22 20.98 11.21
SDL2700-2015 8.62 421 56.98 20.86 9.32
SDL3500-2015 25.13 4.54 49.00 4.09 17.24
SDL3500-2016 26.07 4.28 55.32 4.41 9.92
SDL4000-2016 35.51 4.73 59.77
SDL4000-2015 36.57 5.16 58.27

1. EXAMINED SAMPLES AND EXPERIMENTAL TECHNIQUE

We studied industrial SDL4000 (Y3Als0;5;), SDL3500 (Y26Gdo2sAls012:Cepys), and SDL2700
(Y124Gd; 56Al5015:Ceg2) phosphors synthesized in the Research and Production Association “PLATAN” in 2015 and
2016. The elemental composition of the synthesized samples was studied using an x-ray photoelectron spectrometer
(XPS) ESCALAB 250 with a PHI 5000Versaprobe-Scanning ESC Amicroprobe. The elemental composition of the
examined samples is presented in Table 1. Phosphors SDL2700 and SDL3500 contain Gd and Ce in addition to Y, Al,
and O. Phosphors SDL4000 had no Gd and Ce in quantities, sufficient for detection by the employed method. We
emphasize that the method employed allowed the sample composition to be determined only near its surface. The
morphology of phosphors was studied with a scanning electron microscope (SEM) Quanta3D 200i. The structure of
phosphors was identified using an x-ray diffractometer (XRD) Rigaku with CuK, emission. The photoluminescence
spectra were recorded using a spectrometer FLS980 with a xenon lamp (250-1000 nm) as an excitation source. The
ultraviolet semiconductor laser (A, = 375 nm and © = 0.75 ns) was used as an excitation source for measuring the decay
kinetics.

2. EXPERIMENTAL RESULTS
2.1. Crystal structure

As an example, Fig. 1 shows SEM images of SDL4000 phosphor samples synthesized in different years. The
following differences can be indicated in the morphology of phosphor particles. All SDL4000 phosphors consist of
particles whose maximal sizes do not exceed 20 pm. Many particles of SDL2700 phosphor have sizes greater than
20 um, and particles of SDL3500 are about 20 um. The large particles are contained in the most part of volumes of
SDL2700 and SDL3500 phosphors, and they are contained in a smaller part of the volume of SDL4000 phosphor. Small
particles have micron and submicron sizes. Attention is attracted to the following. Particles of SDL4000-2015 phosphor
are shaped as pure granules bounded by planes. Granules of the SDL4000-2016 phosphor are more rounded and
covered by spiderweb that does not penetrate into the particles.

Many particles incompletely formed into crystals and small particles of submicron sizes are characteristic for
SDL3500-2015 phosphors. These particles are more smooth, without faceting characteristic for crystals. Particles of
SDL2700 phosphors are shaped as granules with a tendency toward faceting. All large particles are covered by small
particles resembling fragments with sizes fluctuating from 200 nm to several micrometers. We note that sizes and
shapes of phosphor particles are similar to those reported in [7].

Figure 2 shows x-ray diffraction patterns of the examined phosphors. For a comparison, the x-ray diffraction
pattern of the YAG crystal is shown. All diffraction peaks correspond to the YAG phase. Some changes revealed in the
relationships of the peak intensities are probably because of the incorporation of Ce’" and Gd*" ions. It is established
that the position of the (420) diffraction peak in phosphors is shifted toward smaller angles relative to that in the crystal.
It is suggested that the displacement of the (420) peak is caused by the distortion of the lattice due to the substitution of
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SDL 4000-2016

Fig. 1. Example of SEM images of SDL4000 samples synthesized in 2016 and 2015.
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Fig. 2. X-ray diffraction patterns of SDL4000, SDL3500, and SDL2700 Y;Als0,, crystals.
Positions of the (420) peaks for the examined samples are shown in the inset.

Y3 (0.92 A) ions by Gd** (0.938 A) ions. The recorded x-ray diffraction patterns are analogous to those measured in [7,
8].
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TABLE 2. Characteristics of the Emission and Excitation Spectra of Examined Phosphors: Position of the Band
Maximum and Its Halfwidth

.. . Characteristics of the excitation bands in the
Characteristics of excitation bands . .
hosohor luminescence band maxima

Phosp Aex = 460 nm Aex = 340 nm In the region 340 nm In the region 460 nm
AE, eV | hpa, N | AE, eV | Apayx, NM AE, eV Amax, M AE, eV Amax, M

SDL.2700-2015 0487 | 585+2 | 0.489 580 +2 0.264 336 +2 0.450 460 + 2
SDL2700-2016 0487 | 583+2 | 0.489 580 +2 0.273 336 +2 0.468 460 +2
SDL3500-2015 0484 | 562+2 | 0.487 558 +2 0.294 338 +2 0.390 458 £ 2
SDL3500-2016 0484 | 5602 | 0.487 558 +2 0.304 338 +2 0.411 458 £2
SDL.4000-2015 0435 | 540+2 | 0.486 540 +2 0.313 340+ 2 0.396 456 +2
SDL4000-2016 0447 | 545+2 | 0.504 545+2 0.324 340+ 2 0.426 456 +2

12
11 000000
10

Sc1/Rc1(CPS/pA)
~
o
3
o
b

Fig. 3. Excitation and luminescence spectra of SDL4000-2015 phosphors.

2.2. Luminescence and excitation spectra

The luminescence and excitation spectra were measured at wavelengths in the range 300-510 nm. An example
of the measured luminescence and excitation spectra in the 3D format is shown in Fig. 3. Two peaks at 339 and 456 nm
can be distinguished in the excitation spectrum. The excitation peak at 456 nm coincides well with the absorption band
of YAG phosphors and crystals [9—-11] and the blue emission band of the InGaN based chip. Therefore, YAG phosphors
effectively absorb chip emission and convert it into longer-wave one.

The spectral characteristics of phosphors in generalized form, including positions of luminescence and
excitation bands and their halfwidths, are presented in Table 2. The positions of the luminescence bands are
independent of the spectral range in which the luminescence was excited. The measured excitation and luminescence
spectra are analogous to the spectra measured for YAG phosphors [12] and crystals [13, 14].

The following regularities were established for the results presented above. The luminescence band of
SDL4000 phosphor in the region 454 nm (~0.44 eV) was narrower than the bands of SDL2700 and SDL3500 phosphors
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TABLE 3. Luminescence Energy Yield n under 460 nm Excitation and Characteristic Times of Luminescence
Decay in the Band Maxima under 375 nm Excitation

S;r(l)al Phosphors Ty, NS Ay, rel.% Ty, NS Ay, rel. % T, NS n
1 SDL2700-2015 42 10.4 66.1 89.6 59.6 0.422
2 SDL2700-2016 4.3 14.9 66.0 85.1 56.8 0.393
3 SDL3500-2015 1.5 12.3 60.5 87.7 53.4 0.438
4 SDL3500-2016 4.0 9.7 68.7 90.3 62.4 0.368
5 SDL4000-2015 3.0 12.7 61.8 87.3 54.4 0.377
6 SDL4000-2016 2.9 9.1 59.8 90.9 54.6 0.404

(~0.485 eV). The luminescence band of SDL4000 phosphor in the region 344 nm (~0.495 eV) was wider than that in
the region 454 nm (~0.44 eV). The halfwidths of the excitation band in the region 340 nm differed for all examined
phosphors and changed from 0.264 to 0.324 eV. The excitation band widths in the region 460 nm differed for all
examined phosphors and changed from 0.390 to 0.450 eV.

2.3. Efficiency of phosphor conversion of chip emission

The integral efficiency of phosphor conversion of chip emission was measured using an integrating sphere and
an AvaSpec-ULS3648 calibrated spectrometer. The energy yield of the emission conversion 1 was measured as a ratio
of the flux emitted by phosphor to the absorbed excitation flux. For excitation, the chip generating emission with a flux
of 173 uW/cm® in the band at 460 nm in the plane of phosphor arrangement was used. The measured 1 values are
presented in Table 3.

2.4. Kinetics of luminescence decay

Curves of phosphor luminescence decay were investigated. As an excitation source, a pulsed light-emitting
diode of the EPLED series emitting a 750 ps pulse at 375 nm with bandwidth of about 10 nm was used. As an example,
Fig. 4 shows the kinetics of SDL3500-2015 luminescence decay in the band maximum.

Kinetic curves of luminescence decay in all phosphors in the nanosecond range had a clearly expressed two-
stage character. They were fairly well described by the function

I=Ayexp (—t/ 1))+ Arexp (—t/ 1),

where A; and A, are the initial intensities, and t; and T, are the characteristic luminescence decay times. Results of
investigation of the kinetic of luminescence decay curves are summarized in Table 3. The short-term decay component
in the nanosecond range for the examined phosphors was within 1.46—4.3 ns, and the long-term component was within
59.8-68.7 ns. The main portion of the entire emission was provided by the long-term component: 87.3-90.9%. The
average decay time T was 53—59 ns. This is in agreement with the data presented in [13, 15, 16].

2.5. Dispersion of decay times

For all examined phosphors, the dependences of the kinetic curves on the wavelength of the recorded
luminescence were measured in the nanosecond range. The characteristic decay times were calculated from the results
of measurements, and the dependences of these times on the wavelengths (the dispersion of the characteristic times)
were drawn.
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Fig. 4. Kinetics of luminescence decay of SDL3500-2015 phosphor.
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Fig. 5. Dispersion of the luminescence decay times.

The results of measurements are shown in Fig. 5 for short- and long-term components. Two segments are
distinguished in the dispersion curves. At wavelengths from 480 to 610 nm, the characteristic times were shorter than in
the long-wave region of the spectrum. This means that the luminescence centers in these regions of the spectrum have
different characteristics. We note that the sharp decrease of the decay time at wavelengths less than 480 nm
demonstrates that the dominant emission in this region was the emission of the chip rather than of phosphor.

3. DISCUSSION OF RESULTS

Our studies of phosphors have shown that they are very imperfect and contain considerable number of not only
intentionally incorporated activators and modifiers, but also intrinsic defects of the lattice. In the SEM images, the
particles do not shaped as well faceted crystals. Among the phosphor particles, smoother, obviously incompletely
formed crystals are often encountered. The results of XRD analysis demonstrated that the main characteristics of the x-
ray diffraction patters were similar to those of crystals, but the difference in the relationships of the peak intensities for
phosphors of one type but synthesized in different years were obvious. The lattice parameter changed when yttrium is
substituted by gadolinium. The results of our investigations demonstrated that the elemental compositions of phosphors
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of one type synthesized in different years differed considerably. Hence, even at strict adherence to technological
conditions of synthesis, the materials obtained had different degrees of imperfection.

This conclusion seems reasonable: it is impossible to provide high degree of stoichiometry when crystals are
synthesized from the mixture of three-four components. Moreover, in such complicated compounds as YAG phosphors,
the existence of antidefects (mutual substitution of cations) is possible. It is obvious that disorders created in the crystal
during synthesis should be compensated by incorporation of intrinsic structural defects — vacancies and interstitial ions.
And finally, in a very imperfect crystal such as phosphor, the defects cannot be distributed homogeneously throughout
the volume. Complexes consisting of structural elements and defects of the lattice having nanometer sizes are formed in
the crystal. Their existence was confirmed for LiF based scintillation crystals with polyvalent impurity [17] and for
ZnWOy, [18]. Nanodefects are effective centers for trapping excitation energy and its transfer to the luminescence
centers being structural elements of the nanodefect structure.

Results of investigation of the emission characteristics of phosphors allowed us to conclude the following. The
integral efficiency of energy conversion of chip emission into luminescence in all examined phosphors was high and
equal to 48—58% of its limiting value [6]. The luminescence excitation spectra were absolutely similar. This testifies to
the similarity of the excitation processes. Hence, the excitation processes are independent of changes in the elemental
composition and the degree of imperfection of phosphors of this group. The luminescence spectra of phosphors of
different types differed. This testifies to different luminescence centers or their combination and is confirmed by the
investigation of the dispersion of the decay times. We note that the long-term components with t of about 2 and 20 ps
that contribute significantly to the integral luminescence were observed for all examined phosphors [19].

This suggests that the luminescence in YAG phosphors is caused by excitation and relaxation of Ce®" ions. In
[20, 21] it was shown that the cerium centers can have different surroundings, and a portion of luminescence can be
caused by the F-centers. We believe that in very imperfect YAG phosphors, as in oxygen-containing scintillation
crystals, the luminescence centers are complex defects whose structure involves oxygen-vacancy complexes [17, 18].

The authors express their gratitude to Y. Wang, Professor of Jilin University, for kindly provided possibility of
carrying out spectral and structural measurements.
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