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Luminescent ceramics LuGdAG:Ce with high color rendering index:

Effect of thermal annealing on luminescent properties
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The optical properties of LuGdAG:Ce ceramics with gadolinium content ranging from 0 to 100 atomic percent

were investigated. The study demonstrated that as the gadolinium content increases, the light transmittance of

the ceramics also rises, while the luminescence spectrum shifts toward the red region. Additionally, the color

temperature decreases, luminescence efficiency declines, but the color rendering index (Ra) improves. Following

annealing in air, a significant enhancement in luminescence was observed in ceramics with high gadolinium content,

although this was accompanied by a reduction in Ra . These findings indicate that LuGdAG:Ce ceramics hold

promise for use in warm white light sources with a high color rendering index.
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Yellow phosphors, which convert blue or ultraviolet

radiation into longer-wavelength radiation [1], are used

to produce white LEDs. At present, YAG:Ce is most

commonly used for the production of white luminescent

converters [2]. However, YAG:Ce-based LEDs emit white

light with a high correlated color temperature (CCT) and a

low color rendering index (Ra) due to the deficiency of red

and green components in the spectrum [3]. Lighting with a

low color rendering index has obvious disadvantages, since

such light is perceived as unnatural by humans and may be

harmful in long-term use. A variety of different approaches

to this problem have been tested. Specifically, modification

of the YAG:Ce matrix for the purpose of enhancing the

red and green spectral components has been discussed

multiple times. Co-doping of YAG:Ce with ions producing

red emission (Cr3+, Pr3+, and Mn2+) [4–6] and substitution

of a fraction of garnet-forming cations with Lu3+ and Ga3+

have been proposed as a means to enhance the green

component [7,8]. However, the introduction of impurity ions

inevitably leads to a reduction in thermal conductivity and

thermal stability of the material as a result of disordering

of crystalline media. The synthesis of luminescent ceramics

based on solid solutions is one of the promising ways to

obtain a material with a wide luminescence spectrum and

a high color rendering index coupled with a high thermal

stability. For example, lutetium aluminum garnet (LuAG)
features pronounced luminescence with a maximum in the

green spectral region, while the spectrum shifts toward the

red region as the gadolinium aluminum garnet (GdAG)
content increases [9].
The aim of the present study is to examine the optical

properties of LuGdAG:Ce ceramics based on LuAG and

GdAG solid solutions and assess the effect of annealing on

their luminescent properties.

A ceramic powder was synthesized by reverse coprecip-

itation [10]. The cerium content in all samples was 0.01

formula units (0.33 at.%). The Gd content in LuGdAG:Ce

varied from 0 to 100 at.% (nominal compositions are listed

in the table). Ceramic disk-shaped blanks were produced by

uniaxial pressing under a pressure of 50MPa and sintered

in a vacuum furnace at a temperature of 1740 ◦C for

10 h. Finally, ceramic samples were ground to a uniform

thickness of 0.80± 0.05mm and polished on both sides.

The approximate diameter of the obtained ceramic disks

was 15mm (LG series). Following the study of optical

properties, these ceramics were annealed in air in a muffle

furnace at a temperature of 1300 ◦C for 120min (LGA
series). The annealing temperature was chosen based on

the data for YAG:Ce ceramics reported in [11].
An SF-56 spectrophotometer (OKB Spektr, Russia) was

used to record the transmittance spectra within the wave-

length range of 200–1100 nm. They were measured in

0.5 nm steps with an integration time of 0.1 s. The lumi-

nescence spectra of LuGdAG:Ce ceramics were recorded

with a Lisun LMS-9000C spectroradiometer fitted with an

integrating sphere. A blue laser with a wavelength of

445 nm and a power of 190mW was the excitation source.

Compositions of LuGdAG:Ce ceramic samples

Sample designation Nominal composition

LG1 Ce0.01Lu2.99Al5O12

LG2 Ce0.01Lu2.39Gd0.6Al5O12

LG3 Ce0.01Lu1.79Gd1.2Al5O12

LG4 Ce0.01Lu1.49Gd1.5Al5O12

LG5 Ce0.01Lu1.19Gd1.8Al5O12

LG6 Ce0.01Lu0.59Gd2.4Al5O12

LG7 Ce0.01Gd2.99Al5O12
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Figure 1. a — Transmittance spectra of LuGdAG:Ce ceramics. b — Photographic image of ceramic samples 15mm in diameter and

0.8mm in thickness). The far right ceramic sample has nominal composition LG7 (Ce0.01Gd2.99Al5O12). It is unstable at the vacuum

sintering temperature and decomposes into a mixture of GdAlO3 and Al2O3 .
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Figure 2. Luminescence spectra of LuGdAG:Ce ceramics (a) and normalized luminescence spectra of LuGdAG:Ce ceramics (b).

The diameter of the laser beam spot on the sample was

∼ 3mm. The luminescence spectra were measured within

the range of 350−800 nm with a resolution of 1 nm.

The transmittance spectra for ceramic samples LG1–
LG6 are shown in Fig. 1, a. All of them feature two

absorption bands with centers at 345 and 450 nm induced

by the 4 f →
5d2 and 4 f →

5d1 transitions, respectively,

of Ce3+ ions [9]. The Ce3+ absorption band attributed

to the 4 f →
5d1 transition had a red shift that increased

with increasing gadolinium content, while the band asso-

ciated with the 4 f →
5d2 transition shifted toward shorter

wavelengths. The spectra of samples LG2−LG6 also had a

narrow absorption band around 275 nm associated with the
8S7/2 →

6IJ transition of Gd3+ ions [12]. The transmittance

of ceramic samples at a wavelength of 1000 nm varied

depending on the composition from 40% (for LG1) to 80%

(for LG6). It is important to note that the light transmittance

of the examined ceramics increased significantly with
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Figure 3. Dependences of luminescence efficiency (a), CCT (b), color rendering index (c), and λmax (d) on the gadolinium content in

LuGdAG:Ce ceramics.

increasing gadolinium content. This is attributable to the fact

that LuAG requires higher vacuum sintering temperatures

than GdAG. The nominal composition of LG7 amounted

to cerium-doped GdAG (see the table). This was the end

point in the LuGdAG:Ce series. It is known that GdAG is

unstable and decomposes to form the GdAlO3 phase and

Al2O3 [13] at temperatures above 1300 ◦C. Owing to this,

the LG7 sample differed in its external appearance from the

other compositions and was non-luminescent (Fig. 1, b).

All the studied ceramic compositions had pronounced

luminescence in the visible region of the spectrum

(Figs. 2, a, b). The luminescence intensity decreased as

the gadolinium content increased from 0 to 1.8 formula

units. It is important to note that the shape of lu-

minescence spectra varied significantly with composition.

An increase in gadolinium content resulted in appreciable

suppression of the green component and enhancement

of the red component. The introduction of Gd3+ into

the LuAG matrix leads to more intense distortions of

the local environment of Ce3+ cations and splitting of

energy level 5d . Energy gaps 1E1 (5d1
→

2F5/2) and

1E2 (5d1
→

2F7/2) become narrower as a result. Conse-

quently, the energy of emitted photons decreases, which

amounts to a bathochromic shift [9]. The normalized

luminescence spectra reveal that the spectra of ceram-

ics with a high gadolinium content become narrower

after annealing due to suppression of the red component

(Fig. 2, b).

Let us now consider the dependence of the key lu-

minescence parameters (efficiency, CCT, Ra , and λmax)
on the gadolinium content and examine the effect of

annealing on these parameters (Fig. 3). It was found
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that the luminescence efficiency decreases significantly

(from 300 to 100 lm/W) with increasing gadolinium content

in the ceramics; however, the luminescence efficiency

of the LG2−LG6 compositions increased after annealing

(Fig. 3, a), and the relative enhancement of efficiency

was proportional to the gadolinium content. The CCT

value was inversely proportional to the Gd content and

decreased from 5500 to 3000K (Fig. 3, b). In contrast,

the color rendering index rose from 46 to 77 as the Gd

content increased; however, Ra for ceramics with a high

Gd content dropped to 52−56 after annealing (Fig. 3, c).
The position of the luminescence band maximum shifted

toward the red region with an increase in Gd content

(Fig. 3, d), but a slight blue shift was observed upon

annealing. This is associated with suppression of the

red component (Fig. 2, b). The observed effects are

attributable to the significant crystallographic difference

between LuAG and GdAG. The introduction of large Gd

cations into the LuAG lattice induces significant distor-

tions, which facilitate the formation of crystal structure

defects (such as oxygen vacancies) and establishes the

conditions for valence transition Ce3+ → Ce4+. These

factors contribute to a reduction in luminescence efficiency.

However, annealing induces the relaxation of defects and

redistribution of Lu3+ and Gd3+ cations in the local

environment of cerium atoms, raising the efficiency of

light conversion, but reducing the intensity of the red

component.

Thus, highly transparent luminescent LuGdAG:Ce

ceramics were obtained at gadolinium concentrations

ranging from 50 to 80 at.%. One may adjust the color

rendering index within the range from 46 to 77, the color

temperature (from 5500 to 3000K), and the position

of the maximum of the ceramic luminescence band

(from 513 to 571 nm) by varying the gadolinium content in

LuGdAG:Ce. At the same time, the luminescence efficiency

decreased as the gadolinium concentration increased.

However, the light conversion efficiency of LuGdAG:Ce

ceramics with a high concentration of gadolinium increases

significantly after annealing. The presented results

demonstrate that optimized LuGdAG:Ce ceramics may

serve as an efficient color converter for warm LED lighting

with a high color rendering index. These materials may

be used in the production of spotlights, car headlights, and

specialized lighting with a controlled spectrum.
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