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ABSTRACT: We present the results of a study on Raman and high-resolution luminescence 

spectroscopy of Ce3+ - doped Tb3Al5O12 single crystalline films (SCFs) grown by the liquid phase 

epitaxy (LPE) method onto Y3Al5O12 and Gd3Al2.5Ga2.5O12 single crystal (SC) substrates. The Ce3+ 

- doped Tb3Al5O12 films exhibit a strong Ce3+ 5d–4f emission band centred at 560 nm when excited 

around 488 nm in the vicinity of the 4f–5d absorption band of Ce3+ and the 4f–4f absorption bands 

of Tb3+ ions in the visible range. To avoid overlapping with this luminescence, Raman spectra 

were recorded using a 785 nm excitation wavelength. The lattice mismatch between the 

Tb3Al5O12:Ce films and the Y3Al5O12 and Gd3Al2.5Ga2.5O12 substrates was found to be +0.53% 

and –1.32%, respectively. The film grown on the Gd3Al2.5Ga2.5O12 substrate exhibits negative and 

higher residual stress than its counterpart grown onto Y3Al5O12 substrate. The observed shifts in 

the positions of the Raman modes for the two epitaxial structures correlate with the differences in 

lattice constants between the films and their respective substrates. High-resolution luminescence 

spectra recorded under 488 nm and 785 nm excitation wavelengths  reveal 5d–4f and  4f–4f 

electronic transitions of Ce3+ ions and lanthanide trace impurities, respectively. 

1. Introduction 

In recent decades, aluminum based garnets with the general formula RE3Al5O12 (RE = Y, Lu, 

Tb, Gd) have been extensively studied due to their multifunctional applications as laser and 

magneto-optical devices, scintillation detectors, and phosphors for lighting technologies.1–4 

Among these, cerium - doped Y3Al5O12 and Tb3Al5O12 garnets (YAG:Ce and TbAG:Ce) are 

widely recognized as conventional phosphor converters used in white light-emitting diodes 

(WLEDs).5,6 These phosphors function by absorbing blue light from an LED chip and reemitting 

it as yellow light via Ce3+ luminescence, and such combined emission produces white light. The 

flexibility of the garnet structure, expressed by the general formula {RE}3[Al]3(Al)2O12, allows 
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for substitution of cations in the dodecahedral {a}, tetrahedral [b], and octahedral (c) sites. This 

structural adaptability enables fine-tuning of the composition to optimize the Ce3+ luminescence 

properties for WLED applications.2,7,8 Traditionally, most commercial WLEDs utilize the volume-

casting conversion design, wherein a blue LED is encapsulated with a powder phosphor converter 

(PC) using organic resins.9 However, the poor thermal stability of epoxy and silicone resins leads 

to color degradation and reduced device lifespan under prolonged operation.10 To address these 

issues, the planar chip-level conversion strategy has been introduced. In this design, the PC is 

separated from the LED chip, and ceramic or single-crystal PC, such as YAG:Ce, are employed to 

enhance performance and thermal stability under blue or near-UV excitation.11 

Recently, both powder and ceramic forms of TbAG:Ce garnet, grown onto YAG substrates, have 

emerged as promising candidates for photoconversion applications.6,12–14 Compared to YAG:Ce, 

TbAG:Ce exhibits a notably red-shifted Ce3+ emission spectrum, attributed to the enhanced crystal 

field strength at the dodecahedral sites where Ce3+ ions are situated. This shift enables the 

production of WLEDs with lower correlated color temperatures, which is preferable for warm 

indoor lighting environments. Additionally, efficient energy transfer from the Tb3+ sublattice to 

Ce3+ activators improves the overall luminescence efficiency of TbAG:Ce phosphors.15–19 

Among different phosphor forms, single crystals and single-crystalline films (SCFs) offer 

significant advantages over ceramics and powders due to their higher thermal conductivity and 

more homogeneous dopant distribution.20-27 Moreover, a relatively thick (~500 µm) YAG 

substrate can absorb a portion of the heat generated by the LED chip, further improving the thermal 

stability of TbAG:Ce SCF-based phosphor converters compared to their powder 

counterparts.25,26,28 However, practical implementation of TbAG:Ce is limited by its incongruent 

melting behavior, as indicated in the Al2O3–Tb2O3 phase diagram. This characteristic complicates 
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the growth of high quality, large-size bulk crystals using the Czochralski (Cz) technique.29 A 

potential solution involves partial substitution of Tb3+ with Lu3+ or Yb3+ ions, forming congruently 

melting solid solutions such as Tb3−xLuxAl5O12 or Tb3−xYbxAl5O12, which can be grown using 

micro-pulling-down (µ-PD) and Cz methods.30,31 Alternatively, SCF of TbAG:Ce in a pure garnet 

phase can be synthesized via low temperature techniques such as the liquid phase epitaxy (LPE) 

method.32,33 LPE is a versatile technique for growing SCFs with controlled thicknesses ranging 

from a few micrometers to over 200 µm.34-37  

TbAG:Ce SCFs have been successfully fabricated using a PbO–B2O3 flux on conventional YAG 

substrates as well as on Gd3Al2.5Ga2.5O12 (GAGG) substrates, which have lattice constants of 

12.011 and 12.233 Å, respectively.38 Moreover, TbAG:Ce SCFs grown on doped YAG:Ce or 

GAGG:Ce substrates are being explored as composite scintillators capable of simultaneously 

detecting different types of ionizing radiation.39,40 

Typically, SCFs can be grown onto substrates several inches in diameter and subsequently sliced 

into converters of desired sizes. In addition to the aforementioned optical advantages, SCF-based 

WLED converters offer superior mechanical strength, chemical resistance, and thermal durability 

compared to conventional volume-cast phosphor designs. Despite their potential, the application 

of epitaxially grown film phosphors in pc-WLEDs has been addressed in only a few studies.20-27 

The quantum yield and luminous efficacy of these films, including TbAG:Ce SCFs, have been 

shown to meet or exceed industrial standards. The critical challenge remains to demonstrate the 

high crystalline quality of LPE-grown TbAG:Ce SCFs and to validate their advantages over 

standard powder or ceramic phosphor converters. 

This study continues our previous investigations and focuses on the structural and luminescent 

characterization of Ce3+ - doped Tb3Al5O12 SCFs grown on YAG and GAGG substrates. Advanced 
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Raman and high-spectral resolution luminescence spectroscopy are employed to assess their 

suitability as blue-to-yellow converters for high-power WLEDs and scintillation applications as 

well.   

2. Materials and methods 

2.1 SCF samples preparation 

The two samples under study, in the form of TbAG:Ce SCF/YAG and TbAG:Ce SCF/GAGG 

epitaxial structures, were grown using the liquid phase epitaxy (LPE) method. The growth was 

performed from a supercooled melt solution based on a PbO–B2O3 flux and high-purity (5N) 

garnet-forming raw materials. The films were deposited onto Y3Al5O12 (YAG) single crystal (SC) 

substrate with (110) orientation and a lattice constant of 12.011 Å and Gd3Al2.5Ga2.5O12 (GAGG) 

single crystal (SC) substrate with (100) orientation and a lattice constant of 12.233 Å (see [38] for 

details). The lattice mismatch m = aSCF – asub/aSCF × 100% between the TbAG:Ce films and the 

YAG or GAGG substrates was found to be 0.53% and –1.32%, respectively (see [38] for details). 

2.2 Experimental methods 

Room temperature (RT) unpolarized Raman spectra of Tb3Al5O12:Ce3+ grown onto 

Gd3Al2.5Ga2.5O12 SC (TbAG:Ce/GAGG) and Tb3Al5O12:Ce3+ grown onto Y3Al5O12 SC 

(TbAG:Ce/YAG) were obtained using a Renishaw inVia Raman microscope equipped with a 

thermoelectrically (TE)-cooled CCD detector. A semiconductor laser with an excitation 

wavelength of 785 nm was used with aim to avoid overlapping with a strong luminescence of Ce3+ 

centered at 560 nm. Prior to Raman spectra measurements, the samples of TbAG:Ce/GAGG and 

TbAG:Ce/YAG were specially prepared. The samples were broken along selected direction, which 

allow to obtain a cross section through the TbAG:Ce SCFs and GAGG SC or YAG SC substrate. 

The cross-section of the sample was not polished before spectroscopic measurements. 
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For an excitation wavelength of 785 nm and an objective with a magnification of ×150 and 

numerical aperture (NA) of 0.95, the spatial resolution is approximately 1 µm. The power of the 

laser beam focused on the sample was kept below 20 mW and constantly controlled to maintain 

consistent measurement conditions. The spectra were recorded in a 100-900 cm−1 region with a 

spectral resolution better than 2 cm−1. Prior to data acquisition, the spectrometer was calibrated 

using a reference crystalline silicon sample as an external standard. The spectra processing was 

performed in WiRE 3.4 software. 

High spectral resolution luminescence (HSRL) spectra of 30 µm thick TbAG:Ce SCF grown 

onto GAGG SC substrate and 21 µm thick TbAG:Ce SCF grown onto YAG SC substrate were 

recorded at room temperature (RT) using the same Renishaw inVia Raman microscope. A 488 nm 

excitation line of the Ar+ ion laser and the aforementioned 785 nm line of the semiconductor laser 

were used. The applied laser powers for mentioned excitation lines were 0.05 mW and 20 mW, 

respectively. The spectral resolution was exactly the same as for the measurements of Raman 

spectra, i.e., better than 2 cm−1. The spatial resolution for wavelengths of 488 nm and 785 nm (NA 

= 0.95) was roughly 0.6 µm and 1 µm, respectively. 

3. Results and discussion 

3.1 Raman spectroscopy characterization 

TbAG:Ce crystallizes in the form of a garnet crystal structure, which belongs to the cubic lattice 

with its symmetry described by the space group no. 230 - 𝐼𝑎3𝑑 (𝑂ℎ
10).41 In the Tb3Al2(AlO4)3 

garnet structure, each oxygen atom is shared among two dodecahedra, one tetrahedron, and one 

octahedron. Tb3+ and Al3+ cations are coordinated by O2− anions in three different ways: Tb3+ 

cations are surrounded in an 8-fold (dodecahedral) configuration, some Al3+ cations are in 6-fold 

(octahedral) coordination, and the remaining Al3+ cations are in 4-fold (tetrahedral) coordination. 
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The Ce3+ ion, as an activator, typically replaces the Tb3+ cation during Ce3+ intentional doping due 

to the similar ionic sizes and valence states of both cations.42 As a result, the local environment 

around the Ce3+ ion in the garnet structure is commonly described by a CeO8 moiety.43 For the 𝑂ℎ
10 

structure of TbAG, a primitive cell contains 4 formula units (Zp=4) resulting in 80 atoms in a unit 

cell. Group theory analysis for the 𝐼𝑎3𝑑 space group predicts the reducible representation near the 

center of Brillouin zone (q ~ 0) as follows: 

Γ = 3A1g + 5A2g + 8Eg + 14F1g + 14F2g + 5A1u + 5A2u + 10Eu + 18F1u + 16F2u 

where only 25 of 240 listed normal modes of vibrations are Raman-active (3A1g + 8Eg + 14F2g), 

17 F1u modes are present in infrared absorption spectra, 55 modes are optically silent and one triply 

degenerated F1u is an acoustic mode.44-46 

The distinctive feature of intentionally doped or co-doped with Ce3+ ions garnet matrices is a 

prominent and strong photoluminescence (PL) occurring at 560 nm, associated with the 5d-4f 

electron transition of the Ce3+ ion after excitation with light from the visible region at 460 nm. For 

this reason, aforementioned semiconductor laser with a wavelength of 785 nm was chosen to 

record the Raman spectra. Unpolarized Raman scattering spectra were registered at RT. The 

spectra were obtained starting from the edge of the film to 40 µm deep into the sample cross-

section for GAGG substrate and to 30 µm deep into the sample cross-section for YAG substrate. 

The experimental spectra revealed fewer Raman modes than the 25 theoretically predicted by 

group theory analysis, mainly because of three important factors: some modes might be too weak, 

preventing us from observing them, accidental degeneracies may cause some modes to overlap, 

making them indistinguishable and also some Raman modes might be mixing with 4f-4f electronic 

transitions of unintentional trace lanthanides.47-52 

For the purpose of analysis, five representative Raman spectra were selected for the 
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TbAG:Ce/GAGG  and the TbAG:Ce/YAG samples. The obtained spectra are shown in Figures 1a 

and 1b. 

 

(a) 

 

(b) 

Figure 1. RT unpolarized Raman spectra of the Tb3Al5O12:Ce SCF grown onto Y3Al5O12 (a) and 

Gd3Al2.5Ga2.5O12 (b) SC substrates. 

Measurements were performed along the cross-section, moving from the film edge towards the 
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substrate, using an excitation wavelength of 785 nm. The solid arrows indicate the observed 

Raman bands corresponding to the normal vibrations for Tb3Al5O12, Gd3Al2.5Ga2.5O12 or Y3Al5O12 

garnets. The depth of the cross-section of the sample, along which Raman spectra were measured, 

increases from bottom to top in both figures (Figs. 1a, 1b) starting from the TbAG:Ce SCF edge. 

The modes observed near the sample edges are associated with the Tb3Al5O12:Ce SCF’s. Those 

situated at the greatest depth of the cross-section belong to the Gd3Al2.5Ga2.5O12 SC and Y3Al5O12 

SC substrates. The spectra from the middle positions reflect the changes caused by passing through 

the transition layer (TL), which acts as a buffer layer between the epitaxial layer and the substrate. 

The existence of TL has been confirmed by our recent research.44,47,53-55 Analyzing the 

measurements taken along the cross-section of the samples, we are able to estimate that the 

transition layer spans the distance from 22 µm to 24 µm for TbAG:Ce/GAGG and from 19.5 to 

20.5 µm for TbAG:Ce/YAG, with corresponding thicknesses of about 2 µm and 1 µm. This means 

that the resulting SCFs thickness is at 22 and 19.5 µm for TbAG:Ce/GAGG and TbAG:Ce/YAG, 

respectively. That is significantly different from the results obtained by the weighing method, for 

which the estimated SCF thicknesses were on the order of 30.0 and 21.0 µm. The most possible 

reason for that is the local nature of the Raman spectra measurement. 

A typical approach found in the literature is the separation of the first-order Raman spectra of 

garnets in the range 100-900 cm−1, into distinct spectral regions.44,47,50-53,56,57 The first region is 

known as the low-wavenumber region, located in the range of 100-500 cm−1. The region that 

occurs in the range of 500-600 cm−1, is called the intermediate-wavenumber region. The high-

wavenumber region is the last separated region, covering the range of wavenumbers up to 900 

cm−1. This classification allows us to analyze the observed Raman modes by associating them with 

the vibrations of isolated tetrahedral AlO4 molecular unit within the structure of A3B2(BO4)3 garnet 
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compounds. The low-wavenumber region, between 100 and 500 cm−1 is associated with the lattice 

modes like translational motion of RE3+ ions and AlO4 tetrahedra, librational motion of AlO4 units 

and also antisymmetric stretching vibration ν3 of AlO4 groups.44,47,50,53,57-59 Modes occuring in the 

intermediate-wavenumber region between 500 and 600 cm−1 are attributed to ν2 quadruple 

vibrations of AlO4 tetrahedra. The high-wavenumber region, i.e., from 600 to 900 cm−1, includes 

the modes assigned to the breathing ν1 and deformation ν4  internal vibrations associated with AlO4 

groups.51,53,57-59 The proposed assignment of Raman modes recorded for Tb3Al5O12:Ce SCFs and 

also Gd3Al2.5Ga2.5O12 and Y3Al5O12 SC substrates is presented in Tables 1-4. Due to the lack of 

previous literature data on Raman spectra for Gd3Al2.5Ga2.5O12 garnet, to evaluate the symmetry 

and the assignment of observed Raman modes, we used the information from the previously 

studied garnet crystals of similar chemical composition i.e. Gd3Ga3Al2O12 and Gd3Ga5O12 

(GGG).60-62 

 

 

 

 

 

 

 

 

 

 

 

 

 



 11 

 

Table 1. Experimentally observed Raman bands of Tb3Al5O12:Ce grown onto Gd3Al2.5Ga2.5O12 

SC substrate with their symmetry types and their assignment in relation to the previously published 

literature. 

Wavenumber (cm−1)                           Literature data                     Symmetry type & Assignment 

TbAG:Ce/GAGG 
TbAG 

[44] 

TbAG 

[48] 

TbAG 

[49] 

TbAG 

[52] 

 

128 129 130 - - F2g  

145 - - 139 - Eg  

167 166 167 167 - F2g  

240 239 238 - 238 F2g  

258 259 263 259 263 F2g 
RE3+ 

Translations; 

291 292 293 293 293 F2g Translations + 

324 324 326 - 326 Eg Librations + 

368 366 369 372 369 A1g ν3 (AlO4) 

394 393 396 396 395 F2g  

464 - - - - Eg/ F2g  

537 538 - - 537 F2g ν2 (AlO4) 

558 559 558 560 558 A1g  

708 708 - - 707 F2g ν1 + ν4 (AlO4) 

772 773 774 - 774 A1g  
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Table 2. Experimentally observed Raman bands of Tb3Al5O12:Ce grown onto Y3Al5O12 SC 

substrate with their symmetry types and their assignment in relation to the previously published 

literature. 

Wavenumber (cm−1)                     Literature data                         Symmetry type & Assignment 

TbAG:Ce/YAG 
TbAG 

[44] 

TbAG 

[48] 

TbAG 

[49] 
TbAG [52] 

  

128 129 130 - - F2g  

167 166 167 167 - F2g  

237 239 238 - 238 F2g  

258 259 263 259 263 F2g RE3+ Translations; 

291 292 293 293 293 F2g Translations + 

324 324 326 - 326 Eg Librations + 

368 366 369 372 369 A1g ν3 (AlO4) 

394 393 396 396 395 F2g  

464 - - - - Eg/ F2g  

537 538 - - 537 F2g ν2 (AlO4) 

558 559 558 560 558 A1g  

681 682 686 690 686 F2g ν1 + ν4 (AlO4) 

707 708 - - 707 F2g  

772 773 774 - 774 A1g  

845 843 850 848 850 F2g  
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Table 3. Experimentally observed Raman bands of Gd3Al2.5Ga2.5O12 single crystal substrate with 

their symmetry types and our proposed assignment. 

Wavenumber (cm−1)                     Literature data                           Symmetry type & Assignment 

GAGG SC 

substrate 
Gd3Ga3Al2O12  [62] 

Gd3Ga5O12 

[56] 
 

119 118 - F2g  

145 - - Eg RE3+ Translations; 

177 180 170.3 F2g Translations + 

184 - 180.3 F2g Librations + 

281 281 274.0 F2g ν3 (Al, Ga)O4 

361 362 354.5 A1g - F2g  

512 510 507.3 F2g ν2 (Al, Ga)O4 

756 758 - A1g ν1 (Al, Ga)O4 

 

 

Table 4. Experimentally observed Raman bands of Y3Al5O12 SC substrate with their symmetry 

types and their assignment in relation to the previously published literature. 

Wavenumber (cm−1)      Literature data               Symmetry type & Assignment 

YAG SC 

substrate 
[47] [50] [51] [59]  

151 - 144 145 145    F2g  

162 162 162 163 163    Eg RE3+ Translations; 

219 219 218 220 220    F2g Translations + 

244 - 243 243 243    F2g Librations + 

260 264 259 261 261    F2g ν3 (AlO4) 
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296 291 296 295 295    F2g  

310 310 310 310 310    Eg  

339 339 340 340 340    Eg  

370 371 373 370 370    A1g  

402 402 403 402 402    Eg  

690 - 690 691 691    F2g  

717 717 719 718 718    F2g ν1 + ν4 (AlO4) 

782 784 783 783 783    A1g  

856 - 857 857 857    F2g  

 

The unpolarized Raman spectra of Tb3Al5O12:Ce SCFs grown onto GAGG and YAG SC 

substrates (Figs. 1a, 1b) were recorded at room temperature using a near-infrared semiconductor 

laser with an excitation wavelength of 785 nm. The laser power was consistently set at 20 mW for 

each measurement. For the Tb3Al5O12:Ce SCF grown onto a Gd3Al2.5Ga2.5O12 SC substrate, 14 of 

the 25 Raman modes predicted by group theory analysis were experimentally observed at: 128, 

145, 167, 240, 258, 291, 324, 368, 394, 464, 537, 558, 708 and 772 cm−1 respectively, and for the 

same SCF grown onto a Y3Al5O12 SC substrate, the presence of fifteen Raman modes at: 128, 167, 

237, 258, 291, 324, 368, 394, 464, 537, 558, 681, 707, 772, 845 cm−1 was experimentally recorded. 

The recorded spectra for TbAG:Ce SCFs contain only Raman modes, which confirms the stability 

of the epitaxial growth process resulting in the high quality of the obtained TbAG:Ce SCFs. 

Because of the missing literature data on Raman spectroscopy of Gd3Al2.5Ga2.5O12, eight observed 

Raman bands were assigned to a particular type of symmetry by using the available literature data 

for structurally and chemically similar garnets: Gd3Ga5O12 (GGG) and Gd3Ga3Al2O12.
56,62 The 

corresponding band positions for these structures were found, and then the symmetry type and 

assignment of the observed Raman bands in the GAGG structure were determined by comparison. 
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In Figure 1b, the evolution of Raman spectra for TbAG:Ce/GAGG illustrates that over a 

comparable wavenumber range, the observed Raman modes are redshifted e.g. 128 → 119 cm−1 

(F2g). This shift is related to the transition towards the GAGG SC region. Due to the higher lattice 

constant of GAGG (12.233 Å) compared to TbAG:Ce (12.073 Å),60,61 the Raman bands are moved 

to lower wavenumber values. The above mentioned vibration, as well as the Raman bands at 145, 

177 and 184 cm−1 were assigned to the translational motions of Gd3+ ions. It is worth noting that 

the position of modes assigned to translational motions should depend on the mass of RE cations, 

however, in this case, the mass of Gd3+ and Tb3+ is comparable. Thus, in this case shift of the 

position of translational motions of RE3+ cations depends on atomic distances RE – O. Two sharp 

bands at: 281 and 361 cm−1 were assigned to translational, librational and internal antisymmetric 

stretching vibrations ν3 of (Al, Ga)O4 tetrahedra. Presumably, the observed band at 361 cm−1 is the 

result of the overlapping of two Raman bands with A1g and F2g symmetry types, respectively. The 

observed low-intensity mode at 512 cm−1 and the high-intensity mode at 756 cm−1 were assigned 

to quadruple ν2 and breathing ν1 vibrations of (Al, Ga)O4 tetrahedra, respectively. Because of the 

higher lattice constant of GGG (12.385 Å) with respect to GAGG (12.233 Å),56,61 the Raman band 

positions for this structure will be shifted towards lower wavenumber values compared to the 

observed GAGG bands. The consequence of the differences in lattice constants and the available 

literature data for Gd3Ga3Al2O12 and Gd3Ga5O12 garnet structures allowed us to determine the 

symmetry types for all of the eight observed Raman bands in Gd3Al2.5Ga2.5O12 structure (see Tab. 

3). The recorded spectra from the surfaces of the GAGG and YAG SC substrates (Figs. 1a, 1b) are 

the result of superposition of Raman modes and also very weak luminescence bands associated 

with an unintentional presence of lanthanide (Ln) elements and the electronic transitions occurring 

in them, especially for YAG SC. In the context of Raman scattering, luminescence is a very 
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undesirable process. Its  intensity is several orders of magnitude greater than the intensity of Raman 

scattering, hence even a marginal amount of unintentional Ln3+ ion impurities can cause strong 

luminescence bands visible in the recorded spectra, which often make Raman modes impossible 

to observe. Raman spectra of the YAG substrate (e.g. 30 µm) show several sharp and broad bands.  

An increase in background intensity in range between 150 and 400 cm−1 and a gently broader 

band at approximately 580 cm−1 are attributed to the electronic transitions of marginal amounts of 

Ln3+ ions present as unintentional dopants. A similar but much less intensive effect was observed 

for the Raman spectra of the GAGG SC substrate (e.g. 30 µm), where a few broader bands at 570 

and 605 cm−1 were observed. The appearance of Ln3+ ions could be explained by the fact that, rare 

earth element oxides such as Y2O3, Gd2O3 and Ce2O3 used in the process of crystal growth, always 

contain trace amounts of impurities from other REs. Nonetheless, after the analysis of Raman 

spectra from the substrates, we can conclude that the YAG SC substrate was much more 

contaminated by unintentional lanthanide impurities than the GAGG SC substrate, or the 785 nm 

line used does not excite the electronic transitions of unintentional Ln3+ impurities as much in the 

GAGG structure. The recorded Raman spectra for the Gd3Al2.5Ga2.5O12 SC substrate contains eight 

sharp bands at: 119, 145, 177, 184, 281, 361, 512 and 756 cm−1 which are Raman modes and for 

the Y3Al5O12 SC substrate, fourteen Raman modes were experimentally observed at 151, 162, 219, 

244, 260, 296, 310, 339, 370, 402, 690, 717, 782 and 856 cm−1 (see Tabs’s. 3, 4). 

To properly interpret the above mentioned results, it is necessary to introduce the concept of the 

SCF–substrate interface and the transition layer (TL). According to [54], the interface thickness 

between the TbAG SCF and the YAG substrate is very small, on the order of 5–6 nm 

(approximately 5–6 lattice constants). While we did not conduct a similar detailed analysis for the 

TbAG:Ce/GAGG structure, it is expected that its interface thickness is only slightly larger than 
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that of the TbAG:Ce/YAG structure. Therefore, it can be assumed that the chemical composition 

of the interface range represents a solid solution: (Tb1-xGdx)3Al2.5Ga2.5O12 for the 

TbAG:Ce/GAGG structure and (Tb1-xYx)3Al5O12 for the TbAG:Ce/YAG structure, with the 

parameter x varying from 0 to 1 across the transition from the SCF to the substrate. Meanwhile, 

the TL is situated in close proximity to the SCF–substrate interface, where a gradual compositional 

change occurs. Figures 1a and 1b, which display the Raman spectra of TbAG:Ce SCFs grown onto 

GAGG and YAG SC substrates, clearly confirm the presence of this TL near the SCF–substrate 

interface. The TL is identified at depths of approximately 22–24 µm in the TbAG:Ce/GAGG 

structure and 19.5–20.5 µm in the TbAG:Ce/YAG structure. Within the TL zone, we observe a 

superposition of the Raman spectra of the SCFs and their respective substrates in this region for 

both samples. This likely indicates a partial or even full relaxation of mechanical strain in the TL, 

leading to variations in cation–anion distances, and corresponding modifications in the Raman 

spectra of TbAG:Ce/YAG and TbAG:Ce/GAGG structures. 

To investigate and characterize the evolution of the observed Raman modes, during the transition 

from SCF through TL to the substrate, peak center positions (PCPs) were determined as a function 

of the probing distance along the cross section for both samples. The obtained results are shown 

in Figures 2a and 2b. The peak center positions assigned to the Raman bands change with probing 

distance, as illustrated in Figures 2a and 2b. For the TbAG:Ce SCF grown onto GAGG SC (Fig. 

2a) one Raman band appears at the same wavenumber, i.e. 145 cm−1. This band is attributed to the 

translational motions of RE3+ ions. No change in band position, can be explained by the similar 

atomic masses ( 𝑚𝑇𝑏3+= 158.93 a.m.u. ~ 𝑚𝐺𝑑3+  = 157.25 a.m.u.) and ionic radii (𝑅𝑇𝑏3+  = 1.040 

Å ~ 𝑅𝐺𝑑3+ = 1.053 Å) of Tb3+ and Gd3+ ions resulting in the same wavenumber value. 

Going from the TbAG:Ce SCF layer to the GAGG SC substrate, there is a noticeable shift in the 
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bands towards the lower wavenumber values. It is an anticipated consequence related to a higher 

lattice constant of the GAGG substrate (12.233 Å) in comparison with that of the epitaxial 

TbAG:Ce SCF (12.073 Å),60,61 as the higher interatomic distances cause the red shift of Raman 

modes. 

 

(a) 

 

(b) 
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Figure 2. Peak center positions (PCPs) of observed Raman modes as a function of the probing 

distance from the SCF edge for the Tb3Al5O12:Ce/Gd3Al2.5Ga2.5O12 (a) and  

Tb3Al5O12:Ce/Y3Al5O12 (b) structures. Estimated transition layer position and thickness was 

illustrated by dashed rectangle. 

For the same TbAG:Ce SCF grown onto YAG SC substrate, the shifts of Raman bands laying 

in comparable ranges of wavenumbers are also related to the change in a lattice constant when 

going from the TbAG:Ce SCF layer to the YAG SC substrate. In the range of low-wavenumbers 

as well as high-wavenumbers, we observed shifts of bands with different symmetry types such as 

Eg i.e. 324 → 339 cm−1, F2g i.e. 707 → 717 cm−1 and A1g i.e. 772 → 782 cm−1 when moving from 

the epitaxial TbAG:Ce SCF to the YAG SC substrate. Bands with these symmetry types are related 

to the vibrations of the AlO4 units of the garnet structure. Compared to GAGG SC, YAG SC has 

a smaller lattice constant (12.011 Å) than TbAG:Ce SCF (12.073 Å). Thus, it is sure that as a 

consequence of a smaller bond lengths in the AlO4 tetrahedral subgroups, the force constants will 

increase and then the individual Raman bands will blue shift. The above-mentioned results are 

consistent with those obtained by Dewo et al. by the analysis of the TbAG:Mn SCF grown onto 

the YAG SC substrate.44 

For both epitaxial TbAG:Ce SCFs grown onto GAGG SC and YAG SC substrates, a Raman 

band was observed at 464 cm−1, which was not reported in the literature yet. This band can 

probably be assigned to deformation vibration of AlO4 tetrahedra of  Eg or F2g symmetry. In Fig. 

3, we observe that as we move further into the cross-section of the sample, the above mentioned 

band becomes significantly more intense, reaching a maximum value of its intensity near the 

region of the transition layer (22.0 µm), and as we leave the TL, we observe a rapid decrease in 

the intensity of this vibration and its complete extinction in the region of the GAGG substrate. For 
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the same TbAG:Ce SCF grown onto a YAG SC substrate, we do not observe an ”uplift” effect of 

the 464 cm−1 band as we approach the TL. 

 

Figure 3. The fluctuations in intensity of observed 464 cm−1 band with the change in depth along 

the cross-section of the Tb3Al5O12:Ce/Gd3Al2.5Ga2.5O12 structure. The change in the intensity vs 

depth is shown in the inset. 

The transition layer might be a region of emerging mechanical stresses which can affect the 

vibrational and optical properties of such composite materials. Gradual changes in the PCPs, 

FWHMs and integral intensities of Raman bands in the vicinity of the TL region may indicate the 

propagation of these stresses deep into the epitaxial layer and substrate area. For epitaxially grown 

SCF onto SC substrates, a lattice misfit parameter m along certain crystallographic direction is 

defined as: 

 𝑚 =
𝑎𝑆𝐶𝐹−𝑎𝑠𝑢𝑏

𝑎𝑠𝑢𝑏
 100% where aSCF and asub are the stress-free lattice parameters of the film and 

substrate, respectively. The lattice misfit parameter (m) values for the TbAG:Ce SCFs grown onto 

the GAGG SC and YAG SC substrates are about -1.32 % and 0.53 %, respectively. Despite 



 21 

relatively high lattice misfit parameter values, the TbAG:Ce SCF can be stably grown onto the 

YAG SC and GAGG SC substrates.60 However, because of the differences in lattice constants, i.e. 

a smaller lattice constant of YAG (12.011 Å) and a larger lattice constant of GAGG (12.233 Å) 

with respect to the TbAG:Ce (12.073 Å), the epitaxial film will undergo a compressive and tensile 

epitaxial strain, respectively. This strain can influence: i) the replacement of Al3+ cations by Ga3+ 

cations in tetrahedral and octahedral coordination sites, ii) bond lengths within polyhedral 

structures, and iii) bond polarizability, where an increase in polarizability corresponds to higher 

band intensity in the spectra. Presumably, the occurrence of tensile epitaxial strain near and in the 

TL region caused by the difference in lattice constants between the TbAG:Ce SCF and GAGG SC 

substrate is the reason for the increase in band intensity at 464 cm−1. The extinction of the band in 

the SC substrate is related to the relaxation of mechanical stress in its region where the crystal 

structure is much better ordered than in the TL, through the excitation of other lattice vibrations. 

The fact that we didn’t observe such an effect for the YAG SC substrate is related to the possibility 

that there is a lower mechanical strain in the TL between the SCF and SC substrate because of a 

smaller lattice misfit parameter value or also because of the nature of the mechanical strain that 

occurs near the TL region, because as mentioned earlier, for YAG substrate it is a compressive 

strain, while for GAGG substrate it is tensile. Although Raman spectroscopy is a very useful 

method used in the study of stress in epitaxial structures, e.g. semiconductors (layers with 

nanometer thickness), in the case of study of single crystalline films (thickness from several to 

several dozen micrometers) it does not allow for obtaining direct and qualitative information on 

the stress occurring in the region of the transition layer around which the stress occurs. 

 

3.2 High spectral resolution luminescence 

High-resolution luminescence spectra (HRLS) of Tb3Al5O12:Ce SCFs grown onto 
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Gd3Al2.5Ga2.5O12 and Y3Al5O12 SCs were recorded at RT using an x150 lens and two excitation 

wavelengths. The measurements were carried out using the 488 nm excitation line of an Ar+ ion 

laser with an output power of 0.05 mW and the 785 nm excitation line of a semiconductor laser 

with an output power of 20 mW. The selected HRLS of the TbAG:Ce/GAGG structure probed 

from the SCF surface alongside the sample cross-section to the SC substrate surface under an 

excitation with 785 nm wavelength is shown in Figure 4a. A similar plot for the same sample, 

obtained under 488 nm excitation wavelength is provided in the supplementary information (Fig. 

S1). The three-dimensional plots shown in Figure 4b illustrate the obtained spectra as a function 

of probing distance under the 488 nm excitation wavelength. An analogous three-dimensional plot 

for the obtained HSRL spectra upon excitation with a 785 nm wavelength is included in the 

supplementary information in Figure S2. 

 

(a) 
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(b) 

Figure 4. Selected HRLS of Tb3Al5O12:Ce SCF/Gd3Al2.5Ga2.5O12 SC structure obtained under 785 

nm excitation (a) and three-dimensional HRLS of Tb3Al5O12:Ce SCF grown onto Gd3Al2.5Ga2.5O12 

SC obtained under 488 nm excitation (b). 

The recorded spectra under the 488 nm excitation line show a visible wide emission band 

composed of two overlapping broad bands, pertaining to two 5d1 → 4f2 electronic transitions of 

the Ce3+ ions - from the lowest level of the excited 5d1 state to the 2F7/2 and 2F5/2 sub-levels of the 

4f ground state. The electronic configuration of Ce3+ is [Xe] 4f1, with one open-shell electron that 

can occupy different orbitals, resulting in possible degeneracies that can be uplifted by several 

interactions such as i) electron repulsion, ii) the Zeeman effect, iii) the Stark effect, iv) spin-orbit 

coupling and v) the influence of the crystal field of the host lattice. The primary contribution to 

the splitting of the 4f energy levels into 2F7/2 and 2F5/2 sub-levels derives from spin-orbit 

coupling.63,64 The 5d excited state is highly sensitive to the surrounding crystal environment since 

it is less-shielded comparing to the 4f ground state. This means that external factors, such as the 

crystal field and local bonding interactions, have a stronger effect on the energy levels of 5d 
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electrons than on the 4f electrons which are more deeply embedded.64 The consequence of this 

phenomenon is the splitting of the energy levels of the 5d excited state into two main sub-levels: 

2D5/2 and 2D3/2. Higher-energy 2D5/2 state electrons are unstable and tend to relax to the lower-

energy 2D3/2 state through interactions with lattice vibrations (electron-phonon coupling).63 As a 

result, the Ce3+ emission band is asymmetric and corresponds to the 2D3/2 → 2F7/2 and 2D3/2 → 2F5/2 

electronic transitions. The intensity of the Ce3+ emission reaches its maximum within the SCF and 

progressively diminishes in the substrate (Figs. 4b, S1). HRLS under excitation at the 785 nm (see 

Figs. 4a and S2) contain peaks that have been attributed to the emission lines of Nd3+ impurities. 

Their intensity is the highest in the GAGG SC substrate, which indicates its trace dopants to be the 

main source of contamination. Formally, it is important to compare spectra obtained from the same 

host material, as the luminescence of lanthanide elements can vary due to effects related to the 

host lattice, such as centroid shift and crystal field splitting. However, due to the lack of previous 

literature data in the context of HRLS for Gd3Al2.5Ga2.5O12 with a 785 nm excitation wavelength, 

the process of identifying unintentional impurities was done by comparing our previous studies on 

epitaxial SCFs of garnets grown onto on SC substrates.44,47,53 The peaks that are visible in the range 

869–900 nm, at 936 nm and 942 nm, and at around 1064 nm were assigned to 4F3/2 → 4I9/2 and 

4F3/2 → 4I11/2 electronic transitions of Nd3+ ions. Due to the lack of presence of other unintentional 

dopants in the HRLS recorded with an excitation wavelength of 785 nm besides the identified Nd3+ 

ions, the three-dimensional plot (Fig. S2) was restricted to the 787-953 nm range. Similarly, 

selected HRLS for the TbAG:Ce/YAG sample obtained under the excitation at 785 nm and 488 

nm are shown in Figures 5a and S3 (check supplementary information), respectively. Analogous 

three-dimensional plots illustrating the obtained HRLs as a function of probing distance are shown 

on Figure 5b and Figure S4 (which is provided in supplementary information) for excitation 
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wavelengths of 488 and 785 nm, respectively. The Ce3+ emission band obtained at 488 nm 

excitation behaves similarly to those of TbAG:Ce/GAGG, with the difference being the depth at 

which luminescence that is associated with 5d1 → 4f2 electronic transitions fades out. 

 

(a) 

 

(b) 

Figure 5. (a) - Selected HRLS of Tb3Al5O12:Ce/Y3Al5O12 obtained under 785 nm excitation. (b) - 

three-dimensional HSRL spectra of Tb3Al5O12:Ce SCF grown onto Y3Al5O12:Ce SC obtained 

under 488 nm excitation. 
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In the spectra obtained by an excitation using a wavelength of 785 nm (Figs. 5a and S4), the 

recognized unintentional dopants observed were Tm3+ and Nd3+. The intensity of the sharp bands 

and the background increases with distance, transitioning from the TbAG:Ce SCF to the YAG SC 

substrate. The broad bands located at around 800-840 nm were assigned to the 3H4 → 3H6 

electronic transitions of Tm3+ ions.44 For the recognized Nd3+ ions, the same emission bands were 

observed as for the TbAG:Ce/GAGG sample and attributed to the previously described electronic 

transitions. Comparing the two Nd3+ emission bands in the 935-950 nm range (Figs. 4a, 5a), we 

observe that their position changes depending on the host substrate (GAGG/YAG) on which the 

epitaxial TbAG:Ce SCF was grown. For the GAGG SC substrate, we observe the above mentioned 

bands at 936 and 942 nm, while for the YAG SC substrate, the same bands appear at 939 nm and 

947 nm. This is a consequence of the effect mentioned earlier, demonstrating that the luminescence 

of rare earth elements can vary due to effects related to the host lattice. The position of the Nd3+ 

emission bands for the YAG SC substrate is consistent with the results previously obtained by 

Dewo et al. for the same SC substrate.44 

Figure 6 illustrates the areas of the Ce3+ 5d1→4f2 emission bands for the TbAG:Ce/GAGG and 

TbAG:Ce/ YAG samples as a function of measurement distance. Comparing the integral intensities 

of this bands, it is observable that for the TbAG:Ce SCFs grown onto the GAGG SC substrate, the 

intensities have subtly greater maximum values than for the YAG SC substrate, indicating a higher 

Ce3+ dopant content. It is seen that after passing through the TL zone, the observed emission band 

does not disappear abruptly but gradually lowers its integral intensity in the case of the sample for 

which the host material is Gd3Al2.5Ga2.5O12, to almost completely fade out while moving deeper 

into the substrate. In case of the sample with the Y3Al5O12 substrate, a slight intensification of the 

emission band is observable after passing through the TL, but then it acts similarly  to the GAGG 
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sample – almost completely fades out while moving deeper into the substrate area (Fig. 6). Former 

research describing the 5d-4f luminescence of the Ce3+ ions in YAG:Ce SCFs grown onto YAG 

and LuAG SC substrates also showed that the Ce3+ emission band does not instantly vanish at 

depths greater than TL region.47 To elucidate this effect, it is essential to understand the LPE 

growth process of SCFs onto SC substrates. 

 

Figure 6. The Ce3+ 5d1 → 4f2 emission band area as a function of probing distance for 

TbAG:Ce3+/GAGG and TbAG:Ce3+/YAG structures. The estimated positions and thicknesses of 

the TL are illustrated with red and black rectangles for TbAG:Ce/GAGG and TbAG:Ce/YAG 

structures, respectively. 

To grow TbAG:Ce SCFs onto GAGG and YAG substrates via LPE method, fluxes such as PbO–

B2O3 are employed to lower the melting point of the deposited material. This enables quasi-

homoepitaxial growth of the SCF on the substrate while simultaneously preventing significant 

over-melting of the substrate. However, in practice, some over-melting does occur, though its 

extent is limited to the nanometer scale. Therefore, the slight intensification of the Ce³⁺emission 
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band in the TL region cannot be attributed to the diffusion of cerium ions from the melt into the 

substrate as a consequence of substrate over-melting during the quasi-homoepitaxial growth 

process. To disqualify the possibility of diffusion of cerium ions into the substrate area, the 

asymmetry ratio R was defined as:  𝑅 =
𝐼2

𝐼1
 where I2 = I(2D3/2 → 2F7/2) and I1 = I(2D3/2 → 2F5/2) are 

the integral intensities of the Ce3+ emission bands corresponding to the relevant electronic 

transitions. The asymmetry ratio R indicates how the surrounding crystal field affects the 

luminescence properties of the Ce3+ ions. In the scientific literature on garnet crystals, the concept 

of asymmetry ratio was used to analyze the luminescent properties of Eu3+ ions in Gd3Al2.5Ga2.5O12 

garnets by Głuchowski et al..62 To compare the influence of the host lattice on Ce3+ luminescence, 

the obtained data on HRLS for Tb3Al5O12:Ce/Y3Al5O12 and for Y3Al5O12:Ce/Y3Al5O12 structures 

from our previous studies were used.47 The emission bands were fitted using a mixed 

Gaussian/Lorentzian function, and then the asymmetry ratio was calculated for the TbAG:Ce and 

YAG:Ce samples and shown as a function of probing distance in Figure 7. 

 

Figure 7. Values of R asymmetry ratio measured for Tb3Al5O12:Ce and Y3Al5O12:Ce SCFs as a 

function of probing distance. Marked areas I and II correspond to the TL positions estimated by 
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Raman measurements for Y3Al5O12:Ce/Y3Al5O12 structure (Markovskyi et. al) and 

Tb3Al5O12:Ce/Y3Al5O12 structure (this work), respectively. 

Regardless of cross-section depth, the asymmetry ratio value fluctuates around 3.15 for 

Tb3Al5O12:Ce SCF. In case of Y3Al5O12:Ce its value is approximately 3.59. Relatively similar 

values of asymmetry ratio for these two samples are mainly a result of the structural similarity of 

TbAG and YAG garnets. If a hypothetical migration of cerium ions into the YAG substrate were 

to occur, an increase in the value of the parameter R to about 3.6 should be observed. That means 

there is no evidence of possible migration of cerium ions deep into the substrate area. In case of 

the TbAG:Ce/GAGG structure, it was concluded that the observed luminescence signal in the 

substrate area is a result of the same reason as for the TbAG:Ce/YAG structure. One of the possible 

explanations for the Ce3+ luminescence still observed in the substrate could be related to the optical 

system of the microscope. Even though the microscope is confocal, the spatial and depth resolution 

is diffraction limited. Thus, when we record the luminescence spectra close to TL (a few 

micrometers far) the laser light still excites the Ce3+ ions in the SCF and the optics (lens) still 

collects Ce3+ emission. 

4. Conclusions 

Raman and high-resolution luminescence spectroscopy studies were performed on Ce3+ - doped 

Tb3Al5O12 (TbAG:Ce) single crystalline films (SCFs) grown onto Y3Al5O12 (YAG) and 

Gd3Al2.5Ga2.5O12 (GAGG) single crystal substrates using the liquid phase epitaxy (LPE) method 

in so called quasi-homoepitaxial growth mode. The measured lattice mismatch between the 

TbAG:Ce SCF and the YAG and GAGG substrates was 0.53% and –1.32%, respectively. Due to 

the differences in lattice constants of YAG (12.011 Å) and a larger lattice constant of GAGG 

(12.233 Å) with respect to the TbAG:Ce (12.073Å), the TbAG:Ce SCF will undergo a compressive 
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and tensile epitaxial strain, respectively. This indicates also that the TbAG:Ce SCF grown on the 

GAGG substrate experiences a greater and negative residual stress compared to the SCF grown on 

the YAG substrate. All experimentally observed Raman modes of the TbAG:Ce SCFs and 

substrates were classified and assigned. Raman spectra collected from the cross-sections of both 

samples revealed the spectral evolution from the SCF/substrate interface  through the transition 

layer to the substrate. Shifts in the positions of Raman modes for the two epitaxial structures are 

consistent with above mentioned changes in lattice constants between the SCF and the substrate. 

High-resolution luminescence spectra recorded under 488 nm excitation show the characteristic 

5d–4f emission of Ce3+ ions. In contrast, excitation in the near-infrared region at 785 nm reveals 

4f–4f emissions from trace impurities. Interestingly, residual Ce3+ emission is still detected in the 

YAG substrate, which is nominally undoped with Ce3+. To investigate this, we calculated the 

asymmetry ratio (R) for the TbAG:Ce SCF/ Y3Al5O12 epitaxial structure and compared it with 

values obtained in our previous study for a Y3Al5O12:Ce SCF/YAG structure. The calculated R 

values for these structures differ by more than 12%. Moreover, in the case of the TbAG:Ce 

SCF/YAG structure, the R value remains constant even when moving into the YAG substrate 

region. A more plausible explanation for the “observed” Ce3+ luminescence in the YAG substrate 

involves limitations of the optical system. Although the microscope used is confocal, its spatial 

and depth resolution is diffraction-limited. Consequently, when luminescence spectra are recorded 

near the transition layer (just a few micrometers into the substrate) the excitation laser may still 

reach Ce3+ ions in the SCF, and the collection optics may still detect their emission. 

The obtained results provide a deeper understanding of the structural and optical properties of 

garnet SCFs grown via quasi-homoepitaxial mode. Furthermore, the investigation of freshly 

fractured cross-sections of Ce3+ - doped Tb3Al5O12 SCFs grown on Y3Al5O12 and Gd3Al2.5Ga2.5O12 
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single crystal substrates enables the measurement of Raman and high-resolution luminescence 

spectra with maximal spatial resolution. 
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