
www.oaepublish.com Submit a Manuscript: https://ucenter.oaepublish.com

Research Article  |  Open Access

Microstructures
Dong et al. Microstructures 2026, 6, 2026095      DOI:10.20517/microstructures.2026.102

Eu3+-doped GAGG scintillating transparent ceramics:
optimization of optical, thermal, and X-ray imaging
performance

Guangzhi Dong1,2 , Xiaorong Yang1, Chaoke Lv1, Rulang Bai1, Huanhuan Su1, Bilin Zhang1, Xiaowang Liu3,
Tao Wang4, Wanqi Jie4

Keywords:

GAGG: xEu3+, transparent

ceramics, scintillator, X-ray

imaging

Citation: Dong, G.; Yang, X.;

Lv, C.; Bai, R.; Su, H.;

Zhang, B.; Liu, X.; Wang, T.;

Jie, W. Eu3+-doped GAGG

scintillating transparent

ceramics: optimization of

optical, thermal, and X-ray

imaging performance.

Microstructures 2026, 6,

2026095.

https://dx.doi.org/10.20517

/microstructures.2026.102

Received: 19 May 2026

First Decision: 22 May

2026

Revised: 22 Jun 2026

Accepted: 26 Jun 2026

Published: 9 Jul 2026

Academic Editor:
Dawei Wang

Copy Editor:
Ping Zhang

Production Editor:
Ping Zhang

1School of Advanced Materials and Nanotechnology, Xidian University, Xi’an 710126, Shannxi, China.
2School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, Shannxi, China.
3Institute of Flexible Electronics, Northwestern Polytechnical University, Xi’an 710072, Shannxi, China.
4School of Materials Science and Engineering, Northwestern Polytechnical University, Xi’an 710072, Shannxi, China.

Correspondence to: Assoc. Prof. Guangzhi Dong, School of Advanced Materials and Nanotechnology, Xidian University, Xi’an 710126,
Shannxi, China. E-mail: gzdong@xidian.edu.cn

Abstract
Scintillators,  which  are  critical  for  X-ray  detection,  are  widely  used  in  medical  imaging,
radiation  detection,  and  high-energy  physics.  In  this  study,  Eu3+-doped  Gd3Al3Ga2O12

(GAGG:  xEu3+)  transparent  ceramic  scintillators  were  fabricated  using  a  solid-state
reaction  method  combined  with  pressureless  atmosphere  sintering.  The  effect  of  Eu3+

concentration on the optical quality, scintillation performance, and thermal stability of the
ceramics  was  systematically  investigated,  and  their  X-ray  imaging  performance  was
preliminarily evaluated. The as-prepared ceramics exhibited high optical transmittance and
a uniform grain-size distribution. Photoluminescence (PL) spectra revealed characteristic
Eu3+  emission peaks at approximately 590 nm, corresponding to the dominant 5D0  →  7F1

magnetic dipole transition. The optimal Eu3+  concentration was determined to be 2 at%,
and the concentration quenching behavior was predominantly governed by electric dipole-
dipole  interactions.  Furthermore,  the  GAGG:  xEu3+  ceramics  demonstrated  satisfactory
thermal stability and radioluminescence performance, with the radioluminescence intensity
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reaching its maximum at a doping concentration of 3 at%. The discrepancy between the optimal concentrations
obtained  from  PL  and  radioluminescence  measurements  is  attributed  to  the  different  excitation  mechanisms
involved. These results indicate that GAGG: xEu3+ transparent ceramics are promising candidates for X-ray detection
and imaging applications.

INTRODUCTION
Scintillators are functional materials capable of converting high-energy particles or radiation into detectable

ultraviolet or visible light
[1]

. Owing to this unique property, they are widely used in medical imaging,

radiation detection, and national security applications
[2,3]

. During X-ray detection, scintillators absorb

incident high-energy radiation and become excited, subsequently emitting fluorescence. The emitted

fluorescence is then converted into electrical signals by photodetectors, such as photomultiplier tubes

(PMTs), photodiode arrays, and charge-coupled device/complementary metal-oxide-semiconductor

(CCD/CMOS) detectors, thereby transforming otherwise invisible high-energy radiation into displayable

signals or images for further analysis
[4]

. Therefore, scintillators play a crucial role in X-ray detection systems.

Garnet-type scintillation materials have attracted considerable attention owing to their excellent optical

transparency, compositional flexibility, and tunable luminescence properties
[5]

. Gd
3
Al

3
Ga

2
O

12
 (GAGG)-based

ceramics, which belong to the cubic garnet crystal system, are particularly promising for X-ray detection due

to their high density (~6.7 g·cm
-3

), large effective atomic number (Z
eff

 = 55), strong absorption capability for

high-energy photons, and high light yield
[6]

.

Research on GAGG-based materials began with single-crystal forms. Kuwano et al.
[7]

 first grew GAGG: Nd

single crystals and demonstrated their potential for laser materials. Kamada et al.
[8,9]

 successfully fabricated 2-

inch GAGG: Ce single crystals using the micro-pulling-down and Czochralski methods. These crystals

exhibited an emission wavelength of approximately 520 nm and a density of 6.63 g·cm
-3

, highlighting their

potential for high-energy radiation detection applications, including medical computed tomography (CT)

and security screening. Kunikata et al.
[10]

 systematically investigated the influence of Eu
3+

 concentration on

the optical and scintillation properties of Gd
3
Al

2
Ga

3
O

12
 single crystals, observing the characteristic 4f-4f

transitions of Eu
3+

 and their millisecond-scale decay behavior. Endo et al.
[11]

 improved the light yield of

Eu: GAGG single crystals through optimization of the Al/Ga ratio. Despite their excellent scintillation

performance, single-crystal materials suffer from several inherent limitations, including long growth cycles,

high production costs, and restrictions on crystal size and dopant concentration, which significantly hinder

their large-scale application
[12]

.

To overcome the limitations associated with single crystals, GAGG-based ceramics have attracted increasing

attention owing to their shorter fabrication cycles, lower production costs, ability to achieve homogeneous

high-concentration doping, and suitability for large-scale manufacturing
[13]

. Kanai et al.
[6]

 were the first to

synthesize GAGG: Ce ceramics via a solid-state reaction method and investigated the effect of compositional

deviation on afterglow, although the resulting samples exhibited poor optical quality. Seeley et al.
[14]

 prepared

a series of GYGAG: Ce ceramics and systematically examined the effects of calcination and sintering

atmospheres on their scintillation performance. Yanagida et al.
[15]

 fabricated GAGG: Ce ceramics with a

thickness of 1 mm and a doping concentration of 1 at%, achieving scintillation performance that partially

exceeded that of single crystal counterparts, although the optical transmittance remained low. Wu et al.
[16]

compared the scintillation properties of Ce: (Lu,Gd)
3
(Ga,Al)

5
O

12
 ceramics and GAGG: Ce single crystals. The

results showed that ceramics exhibited a higher light output (48,200 Ph/MeV) than single crystals

(45,000 Ph/MeV), further demonstrating the considerable potential of GAGG-based ceramics for

scintillation applications.
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Studies have demonstrated that incorporation of rare-earth ions (RE
3+

) into host lattices can effectively tailor

their optical and electronic properties, thereby broadening their functional applications
[17,18]

. Liu et al.
[19,20]

prepared GAGG: Ce ceramics with a luminous efficiency of 388 lm·W
-1

, making them suitable for high-

power blue LED devices. Dimitrakopoulos et al.
[21]

 demonstrated that GAGG:Ce materials exhibit excellent

stability and efficiency under medical X-ray irradiation, highlighting their potential for X-ray imaging

devices. Among various rare-earth activators, Eu
3+

 has attracted considerable attention as an efficient red-

emitting luminescence center owing to its unique 4f electronic configuration and outstanding red emission

characteristics
[22,23]

. Xu et al.
[24]

 fabricated GAGG: Cr
3+

/Eu
3+

 transparent ceramics and achieved broadband

continuous emission centered at 730 nm, demonstrating their potential for bioimaging applications. In

addition, the narrow-band emission peaks of Eu
3+

 ions within the 550-750 nm range exhibit excellent spectral

matching with silicon photodiodes, which are widely used in radiation detection systems
[13]

. Therefore,

GAGG: Eu
3+

 ceramics hold significant application prospects in the high-energy field
[25]

. However, studies on

Eu
3+

-doped GAGG ceramics remain limited, and the luminescence mechanisms and thermal stability of this

system have not yet been fully understood, warranting further investigation.

In this study, GAGG: xEu
3+

 (x = 1~4 at%) transparent ceramics were fabricated via an optimized solid-state

reaction route followed by pressureless sintering. The effects of Eu
3+

 content on the optical transmittance,

photoluminescence, and scintillation properties of the ceramics were systematically investigated. In addition,

the luminescence thermal stability and defect-related characteristics were comprehensively analyzed through

temperature-dependent emission spectroscopy and thermoluminescence measurements. Based on their

excellent optical quality, the radioluminescence behavior and potential applicability of GAGG: Eu
3+

 ceramics

in X-ray imaging were also evaluated.

MATERIALS AND METHODS
(Eu

x
Gd

1-x
)

3
Al

3
Ga

2
O

12
 scintillation ceramics (abbreviated as GAGG: xEu

3+
, x = 1, 2, 3, 4 at%) were fabricated

using a solid-state reaction method combined with pressureless sintering. High-purity raw oxides, including

gadolinium oxide (Gd
2
O

3
, 99.9%, Macklin), alumina (Al

2
O

3
, 99.9%, Aladdin), gallium oxide (Ga

2
O

3
, 99.99%,

Aladdin), and europium oxide (Eu
2
O

3
, 99.9%, Aladdin), were accurately weighed as starting materials. The

raw materials were milled in a planetary ball mill for 12 h. After drying the slurry at 80 °C, the resulting

powder was sieved through a 200-mesh screen. The sieved powder was subsequently compacted into pellets

by uniaxial pressing and further densified via cold isostatic pressing at 250 MPa. The obtained green body

was then calcined at 1,000~1,300 °C for 4 h in an air atmosphere. After calcination, the samples were sintered

at 1,600~1,620 °C for 10 h in an oxygen atmosphere to obtain dense ceramics.

The phase composition of the samples was analyzed by X-ray powder diffraction (XRD, D8 Advance, Bruker,

Germany). The microstructural and elemental distribution were examined using transmission electron

microscopy (TEM, F200X, Thermo Fisher Scientific, USA) and scanning electron microscopy (SEM,

JSM-7500F, JEOL, Japan). The optical transmittance spectra were measured using an ultraviolet-visible-near-

infrared (UV-Vis-NIR) spectrophotometer (Lambda950, PerkinElmer, USA). Photoluminescence excitation

(PLE) and photoluminescence (PL) spectra were recorded using a fluorescence spectrometer (FLS-1000,

Edinburgh Instruments, UK). Radioluminescence spectra were obtained using an X-ray excitation and

emission spectrometer (XEL, OmniFLUO990-Xray, Zhuoli, China). The defect states of the ceramics were

evaluated using thermally stimulated luminescence (TSL) measurements using a three-dimensional

thermoluminescence spectrometer (TOSL-3DS, Radiation Technology, China).
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Figure 1. (A) XRD patterns, (B-E) Rietveld refinement results, (F) lattice parameters and densities, (G) schematic crystal structure, (H)
optical transmittance spectra and photographs (inset) of GAGG: xEu3+ (x = 1~4 at%) ceramics. GAGG: Gd3Al3Ga2O12.

RESULTS AND DISCUSSION
Phase and morphology analysis

The XRD patterns of the GAGG: xEu
3+

 transparent ceramics, shown in Figure 1A, confirm that all diffraction

peaks can be well indexed to the standard Gd
3
Al

3
Ga

2
O

12
 (PDF#46-0448), with no detectable secondary

phases. This result indicates that the incorporation of Eu
3+

 ions does not alter the garnet crystal structure of

the host lattice. To further verify the phase purity and structural characteristics, Rietveld refinements were

performed using GSAS-Ⅱ software
[26]

. The corresponding refinement profiles are presented in Figure 1B-E.

The obtained reliability factors (R
wp

 = 5.72%~8.47%) demonstrate satisfactory fitting quality. The refined

structural parameters are summarized in Figure 1F and Table 1. As the Eu
3+

 concentration increases, both the

lattice constant and unit-cell volume exhibit a slight increase, suggesting that Eu
3+

 ions are successfully

incorporated into the lattice through substitution at the Gd
3+

 sites. The bulk densities (D) of GAGG: xEu
3+

ceramics, measured by the Archimedes method, are approximately 6.4 g·cm
-3

, corresponding to more than

98% of the theoretical density. These results indicate that highly densified ceramics were successfully

obtained.

The schematic illustration of the GAGG crystal structure is presented in Figure 1G. GAGG crystallizes in a

cubic garnet structure with space group O
h

10
-Ia3d. In this structure, Gd

3+
 ions occupy the dodecahedral
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Table 1. Lattice and refinement parameters of GAGG: xEu3+ ceramics

Parameters x = 1 at% x = 2 at% x = 3 at% x = 4 at%

Rp (%) 5.29 5.51 4.15 5.27

Rwp (%) 8.47 7.69 5.72 7.34

a = b = c (Å) 12.213 12.214 12.215 12.216

V (Å3) 1,821.659 1,822.106 1,822.554 1,823.002

Density (g·cm-3) 6.446 6.443 6.439 6.437

GAGG: Gd3Al3Ga2O12.

[GdO
8
] sites coordinated by eight O

2-
 ions, whereas Ga

3+
 and Al

3+
 preferentially occupy the octahedral [GaO

6
]

and tetrahedral [AlO
4
] sites, respectively. However, partial cation disorder between Ga

3+
 and Al

3+
 ions may

occur, resulting in the coexistence of [AlO
6
] octahedra and [GaO

4
] tetrahedra

[6]
. Additionally, Gd

3+
 ions at

dodecahedral sites can be readily substituted by rare earth ions with similar ionic radii, thereby facilitating

the luminescence of diverse rare earth activators
[27,28]

. The ionic radii of Eu
3+

 and Gd
3+

 are 0.0947 and

0.0938 nm, respectively. The slightly larger radius of Eu
3+

 facilitates its incorporation into the GAGG lattice

via Gd
3+

, promoting efficient luminescence activation within the solid solution.

As shown in Figure 1H, the polished GAGG: xEu
3+

 transparent ceramics (thickness = 1 mm) exhibit excellent

transparency without visible defects, confirming good optical quality. The prepared ceramics demonstrate

optical transmittance values of approximately 70% within the 400-800 nm range. Among the investigated

samples, the ceramic doped with the 2 at% Eu
3+

 exhibits the highest value of 77%, which is comparable to that

reported for GAGG single crystals. Several sharp absorption peaks are observed in the visible region around

394, 466, and 527 nm, which correspond to Eu
3+

-related 4f-4f transitions
[29]

.

To further investigate the influence of Eu
3+

 doping on the microstructural evolution of GAGG ceramics,

polished samples were thermally etched at 1,300 °C in air. The resulting SEM micrographs are shown in

Figure 2. All samples exhibit dense microstructures with well-defined grain boundaries, and no obvious

pores or secondary phases are observed. These results indicate a high degree of densification, which is

consistent with the XRD and density measurements discussed above. To quantitatively evaluate the

microstructural characteristics, grain-size distributions were analyzed, as in the inset of Figure 2. The average

grain size shows a non-monotonic dependence on the Eu
3+

 concentration, increasing initially and then

decreasing. The maximum average grain size of 8.32 μm occurs at 2 at% Eu
3+

, which also exhibits the highest

optical transmittance. This enhancement is attributed to reduced light scattering at grain boundaries due to

grain growth, effectively lowering optical losses and improving transparency in the ceramics.

The microstructure of the optimal GAGG: 2 at% Eu
3+

 ceramic was further characterized by TEM. The

selected area electron diffraction (SAED) pattern shown in Figure 3A exhibits well-defined diffraction spots

along the [211] zone axis, indicating the high crystallinity of the GAGG phase.

The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image

acquired along the [211] direction is presented in Figure 3B. Clear lattice fringes can be observed,

demonstrating the excellent crystallinity of the ceramic. The measured interplanar spacing is 0.87 nm,

corresponding to the (     ) plane, which agrees well with the theoretical value of 0.86 nm (PDF#46-

0448). To evaluate the elemental distribution within the ceramic, energy dispersive spectroscopy (EDS) 

mapping was performed on a representative region, as shown in Figure 3C. The results indicate that Gd, 

Al, Ga, Eu, and O elements are uniformly distributed, with no other impurity elements detected.

Additionally, no obvious elemental segregation or enrichment phenomenon is observed. Combining the

001̄
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Figure 2. SEM images and grain size distributions of GAGG: xEu3+ transparent ceramics. GAGG: Gd3Al3Ga2O12; SEM: scanning electron
microscopy.

TEM and EDS analysis results, it is confirmed that the prepared ceramics possess high uniformity and optical

quality.

Optical properties

The PLE spectrum of the GAGG: 2 at% Eu
3+

 ceramic is shown in Figure 4A. Five distinct excitation bands are

observed in 350-500 nm, which can be assigned to the following intra-4f transitions of Eu
3+

 ions: 
7
F0 → 

5
D

4
,

7
F0 → 

5
L

7
, 

7
F0 → 

5
L

6
, 

7
F0 → 

5
D

3
, and 

7
F0 → 

5
D

2
 
[30]

. The PL spectra of GAGG: xEu
3+

 ceramics with different Eu
3+

concentrations are presented in Figure 4B. A dominant orange-red peak is observed at 590 nm,

corresponding to the 
5
D0 → 

7
F

1
 magnetic dipole transition of Eu

3+
 ions. Additional emission peaks located at

610 and 630 nm are attributed to the 
5
D0 → 

7
F

2
 electric dipole transition, while the weaker emission bands at

653, 695, and 710 nm originate from the 
5
D0 → 

7
F

3
 and 

5
D0 → 

7
F

4
 transitions, respectively

[31]
. Based on the Eu

3+

emission spectrum, a schematic energy-level diagram illustrating the photoluminescence process is

proposed, as shown in Figure 4C.

Studies have shown that the luminescence behavior of Eu
3+

 ions is highly sensitive to their local crystal

environment. In the PL spectrum, the 
5
D0 → 

7
F

1
 magnetic dipole transition remains dominant, indicating that

Eu
3+

 ions occupy sites with relatively high symmetry in the host lattice
[32]

 The emission intensity initially

increases with increasing Eu
3+

 concentration and reaches a maximum at 2 at%, beyond which concentration

quenching becomes apparent. This quenching behavior is likely associated with reduced interionic distance

between Eu
3+

 ions at higher doping concentrations, which facilitates energy transfer among activator ions
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Figure 3. TEM characterization of GAGG: 2 at% Eu3+ ceramic: (A) SAED pattern, (B) HAADF-STEM image, and (C) EDS elemental
mapping. GAGG: Gd3Al3Ga2O12; TEM: transmission electron microscopy; HAADF-STEM: high-angle annular dark-field scanning
transmission electron microscopy; SAED: selected area electron diffraction; EDS: energy dispersive spectroscopy.

and increases the probability of excitation energy being trapped by defect states or impurity levels. The

trapped energy may subsequently be dissipated through non-radiative relaxation or transferred to impurity

ions, thereby reducing the luminescence efficiency of Eu
3+

 ions
[33,34]

. The non-radiative energy transfer

between rare earth ions can occur through two primary mechanisms: exchange interaction and electric

multipole interaction
[35]

. According to the Blasse model
[36]

, the critical distance (R
c
) for doped ions can be

calculated using Equation (1):

Where (X
c
) is the critical doping concentration; (V) is the unit-cell volume and (N) represents the number of

available substitutional sites per unit cell. For the GAGG ceramics, a = b = c = 12.214 Å, N = 8, and V = abc =

1,822.106 Å3
, the calculated (R

c
) is 22.15 Å. When R

c
 <​ 5 Å, energy transfer is predominantly governed by

exchange interaction. The calculated (R
c
) is significantly larger than 5 Å, indicating that the concentration

quenching behavior is primarily attributed to electric multipolar interaction rather than exchange

(1)𝑅𝑐 = 2

(
3𝑉

4𝜋𝑋𝑐𝑁

) 1
3
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interaction
[37]

. To further clarify the electric multipolar interaction mechanism, Dexter’s theory
[38]

 was

employed to analyze the relationship between the luminescence intensity (I) and the Eu
3+

 concentration (x),

which can be expressed by Equation (2):

Figure 4. (A) PLE spectrum of GAGG: 2at% Eu3+ ceramic; (B) Emission spectra of GAGG: xEu3+; (C) Schematic diagram of the Eu3+ photo-
luminescence energy-level transitions; (D) Relationship between lg(I/x) and lg(x) for GAGG: xEu3+ ceramics. GAGG: Gd3Al3Ga2O12; PLE:
photoluminescence excitation.

where (I) represents the luminous intensity of the 
5
D0 → 

7
F

1
 transition, while (C) and (θ) are constants. The

type of multipolar interaction can be identified according to the value of (θ), where θ = 6, 8, and

10 correspond to electric dipole-electric dipole (d-d), electric dipole-electric quadrupole (d-q), and electric

quadrupole-electric quadrupole (q-q), respectively
[39]

. The plot of lg(I/x) versus lg(x) is shown in Figure 4D,

where the slope is equal to -θ/3. From this plot, the value of θ was calculated to be approximately 4.827,

which is close to 6. This result indicates that the concentration quenching mechanism in GAGG: xEu
3+

 is

governed by electric dipole-dipole interactions
[40]

.

(2)𝑙𝑔(𝐼/𝑥) = C − (𝜃/3)𝑙𝑔𝑥



Dong et al. Microstructures 2026, 6, 2026095 Page 9 of 15

Figure 5. GAGG: 2at% Eu3+ ceramic: (A) Temperature-dependent PL spectra, and the Arrhenius relationship between ln[I0/I(T)-1] and
1/kT; (B) Thermally stimulated luminescence spectra. GAGG: Gd3Al3Ga2O12; PL: photoluminescence.

To evaluate the luminescence stability of GAGG: xEu
3+

 ceramics, temperature-dependent PL spectra of the

GAGG: 2 at% Eu
3+

 sample were recorded over the temperature range of 300~550 K, as shown in Figure 5A.

The luminescence intensity of Eu
3+

 gradually decreases with increasing temperature and retains 50.28% of its

initial intensity when the temperature reaches 550 K. The decrease in luminescence intensity with increasing

temperature is attributed to thermal quenching. As the temperature rises, electrons in the excited states of

the luminescence centers can be thermally activated to higher vibrational levels and subsequently return to

the ground state through non-radiative relaxation processes, leading to a reduction in luminescence

intensity
[41]

. The thermal quenching is closely related to the strength of phonon-electron coupling
[42]

. The

activation energy (ΔE
a
) for thermal quenching was calculated by fitting the temperature-dependent

luminescence intensity using the Arrhenius
[43]

 Equation (3):

where (I0) is the initial luminescence intensity, I(T) is the luminescence intensity at a given temperature; (B)

is a constant and (k) is the Boltzmann constant. The fitted curve for ΔE
a
 across the temperature range of

300-550 K is shown in the inset of Figure 5A. The fitting process yields ΔE
a
 = 0.13 eV. A higher ΔE

a
 indicates

enhanced stability, as it corresponds to a higher non-radiative energy barrier that must be overcome during

the transition from the excited state to the ground state. This elevated barrier effectively suppresses

nonradiative relaxation, thereby confirming the excellent thermal stability of the GAGG: 2 at% Eu
3+

ceramic
[44]

.

To further examine the influence of defect states on the thermal stability of radioluminescence in ceramics,

TSL measurements were performed on the 2 at% Eu
3+

 ceramic, and the corresponding spectra are presented

in Figure 5B. Unlike the sharp Eu
3+

 emission lines observed in the PL spectra, the TSL spectrum exhibits a

broad red emission band in the 650-750 nm range, indicating that TSL process does not simply follow the PL

emission mechanism. During TSL measurements, thermally released charge carriers undergo recombination

through defect-related or activator-related radiative pathways. Therefore, the broad emission band centered

at approximately 700 nm is likely associated with defect-mediated recombination processes within the

GAGG lattice, involving oxygen vacancies, antisite defects, and local lattice distortions, together with a

                                                                                            

(3)𝐼 (𝑇) = 𝐼0/[1 + 𝐵𝑒𝑥𝑝 (−Δ𝐸𝑎/𝑘𝑇)]
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possible contribution from the weak Eu
3+ 5

D0 → 
7
F

4
 transition. Continuous trap distributions are observed

over the temperature range of 340~550 K. This is likely due to the stronger lattice vibrations at higher

temperatures, which cause the release of electrons (or holes) from traps, leading to light emission. Their

release difficulty depends on both the depth of the trap and the temperature of the material. Shallow trap

levels can release charge carriers at relatively low temperatures, whereas deep trap levels require higher

temperatures for carrier release. The relationship between the temperature and the trap depth (E) can be

calculated using Equation (4)
[45]

:

where (Tm) is the temperature corresponding to the TSL peak, (s) is the frequency factor, (β) is the heating

rate, and (k) is the Boltzmann constant. In this measurement, (β) was fixed at 1 °C/s. Considering that the

frequency factor (s) typically falls within the range of 10
10

~10
14

, a characteristic value of 10
12

 was adopted to

simplify the calculation while maintaining reasonable accuracy. The calculated trap depths of the GAGG:

2 at% Eu
3+

 ceramic range from 1.62 eV to 1.85 eV, indicating the presence of medium and deep trap levels.

Generally, shallow traps can release charge carriers at relatively low temperatures and may participate in

rapid carrier recombination processes. However, an excess concentration of shallow traps can increase the

probability of non-radiative recombination, thereby reducing luminescence efficiency. In contrast, deeper

traps require higher thermal energy for carrier release and can temporarily store charge carriers during

excitation. These traps are beneficial for regulating carrier capture and delayed release processes, thereby

influencing the thermal stability and radioluminescence performance of the material
[46]

.

Scintillation properties

To evaluate the high-energy X-ray detection capability of GAGG: xEu
3+

 transparent ceramics, as shown in

Figure 6A. The GAGG: Eu ceramics exhibit X-ray absorption capability comparable to that of commercial

scintillators. The scintillation properties were further characterized by X-ray-excited emission spectroscopy,

and the corresponding spectra for different Eu
3 +

 concentrations are presented in Figure 6B. The

radioluminescence spectra are generally consistent with the PL spectra. Among the prepared GAGG: xEu
3+

ceramics, the highest luminescence intensity is observed at 3 at%. When the Eu
3+

 concentration exceeds this

value, concentration quenching becomes apparent. The quenching phenomenon observed under X-ray

excitation differs from that observed in the PL spectra. The discrepancy in the optimal Eu
3+

 concentration

between PL and X-ray-excited luminescence can be attributed to the different excitation and energy-transfer

pathways. Under UV excitation, Eu
3+

 ions are mainly excited through localized 4f-4f transitions, and the

emission intensity is strongly influenced by concentration-dependent energy migration among Eu
3+

 ions. In

contrast, under X-ray excitation, the scintillation process involves X-ray absorption by the host lattice,

generation of secondary electrons and holes, carrier transport, defect trapping and release, and subsequent

energy transfer to Eu
3+

 emission centers. Therefore, the scintillation performance is jointly influenced by Eu
3+

concentration, defect states, and optical transparency
[39]

. The CIE 1931 chromaticity coordinates derived

from X-ray-excited emission spectra are shown in Figure 6C. All GAGG: xEu
3+

 ceramics exhibit red emission

in the visible region, indicating their potential for optoelectronic applications.

In addition, the dependence of the radioluminescence intensity of the GAGG: 2 at% Eu
3+

 ceramic on X-ray

tube power was investigated, as shown in Figure 6D. The results show that the luminescence intensity

increases steadily with increasing X-ray power. This enhancement is attributed to the increased flux of

incident X-ray photons at higher power levels. These photons interact with the scintillator through processes

such as the photoelectric effect and Compton scattering, generating a larger number of secondary electrons.

The generated secondary electrons subsequently transfer energy to the luminescent centers, resulting in

                                                                                            

(4)
𝐸 =

(
0.94 ln

𝑠

𝛽
+ 4.12

)
× 𝑘𝑇𝑚
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Figure 6. (A) Comparison of X-ray absorption coefficients among BGO, CsI: Tl, GOS: Tb, LuAG: Ce and GAGG: Eu3+; (B) X-ray-excited
emission spectra, and (C) CIE chromaticity coordinates of GAGG: xEu3+ transparent ceramics; (D) Relationship between X-ray power and
luminescence intensity of GAGG: 2at% Eu3+ ceramic. GAGG: Gd3Al3Ga2O12; CIE: International Commission on Illumination; XEL: X-ray
excited luminescence; BGO: Bi4Ge3O12, Bismuth Germanate; CsI:Tl: thallium-doped cesium iodide; GOS:Tb: Gd2O2S:Tb, terbium-doped
gadolinium oxysulfide; LuAG:Ce: Lu3Al5O12:Ce, cerium-doped lutetium aluminum garnet.

enhanced visible light emission. These findings suggest that the prepared ceramic scintillator holds promise

for applications in X-ray detection.

To explore the potential of the prepared GAGG: xEu
3+

 transparent ceramics as scintillation layers for X-ray

imaging, an X-ray imaging system was employed, as illustrated in Figure 7A. In this system, X-rays generated

by an X-ray tube penetrate the object and subsequently irradiate the ceramic scintillator, where the incident

X-rays are converted into visible photons. The emitted visible light is then captured by a digital camera and

processed to generate the corresponding image. In the experiment, the GAGG: 2 at% Eu
3+

 transparent

ceramic scintillator was selected for imaging, as shown in Figure 7B. A capsule containing a miniature spring

was used as the imaging target [Figure 7C]. Under a tube voltage of 50 kV, the X-ray intensity was varied by

adjusting the tube current from 20 μA to 80 μA. As shown in Figure 7D, both the image brightness and

clarity improved with increasing current. At lower currents of 20 μA, the X-ray intensity was insufficient,

resulting in a blurred image of the spring. As the current increased, the image quality gradually improved. At

80 μA, the scintillator exhibited the highest imaging brightness, and the internal structure of spring could be

clearly distinguished. These preliminary imaging results demonstrate the feasibility of using GAGG: Eu
3+

transparent ceramics as scintillation converters for X-ray imaging.
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Figure 7. (A) Schematic diagram of the X-ray imaging system; (B) Photograph of GAGG: 2 at% Eu3+ ceramic, and (C) photograph of the
capsule containing the sub-piece spring under ambient light; (D) X-ray images captured under different X-ray tube currents. GAGG:
Gd3Al3Ga2O12.

CONCLUSIONS
In summary, a series of GAGG: xEu

3+
 (x = 1~4 at%) transparent ceramic scintillators with narrow-band red

emission were successfully fabricated by a solid-state reaction method combined with pressureless sintering.

The prepared ceramics exhibited excellent optical properties, with a maximum transmittance of 77% in the

400~800 nm. Photoluminescence investigations demonstrated efficient Eu
3+

 emission and good thermal

stability over a wide temperature range. Under X-ray excitation, the GAGG: xEu
3+

 ceramics exhibited intense

radioluminescence, and their emission bands exhibited favorable spectral matching with silicon-based

photodetectors, indicating their potential for radiation detection applications. The X-ray imaging

experiments performed using a self-developed imaging system successfully revealed the internal structure of

target objects, highlighting the capability of these ceramic scintillators for X-ray imaging. Overall, the GAGG:

Eu
3+

 transparent scintillation ceramics, featuring narrow-band red emission, high transmittance, excellent

thermal stability, and effective X-ray imaging performance, represent promising candidates for future

applications in X-ray detection and imaging technologies.
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