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The realization of rare-earth (RE)-doped waveguide amplifiers represents a significant advancement in the evolution of
integrated photonic systems, where the co-integration of the gain layer is essential for effective signal amplification in
optical communication applications [1]. In this work, erbium- and terbium-doped aluminum oxide (RE:Al>O3) thin films
are deposited using a modified sol-gel approach and explored as active gain layers for planar and versatile waveguide
amplifiers. While atomic layer deposition (ALD) and reactive co-sputtering [2] are commonly used for erbium-doped
aluminum oxide films, their slow deposition rates and process complexity contrast with the sol-gel approach [3], which
provides a low-cost, scalable, and compositionally tunable process for dense film deposition. The film deposition process
cl=ulminates in spin coating and thermal annealing processes yield dense, uniform, and crack-free thin films with a
targeted thickness of 400 nm. Detailed characterizations are conducted to analyze the structural and optical properties of
the film, confirming the amorphous, low-loss dielectric nature of the films. Meanwhile, photoluminescence studies show
concentration-dependent emission and efficient pump-to-signal energy transfer. We present here an analysis confirms that
modified sol-gel derived RE-doped AlsOs is a scalable and cost-effective gain material, possessing great potential for
compact waveguide amplifiers and opening new possibilities in integrated photonics.

1. Introduction

The demand for active materials capable of on-chip amplification, emission, and lasing has increased due to the continu-
ous miniaturization of photonic integrated circuits (PIC) [4]. Rare-earth (RE)-doped aluminum oxide (AlyO3) thin films,
particularly those doped with terbium (Th3*) and erbium (Er®*), are strong candidates for such applications. While
Th3T provides bright green emission near 545 nm, useful for visible photonics, Er3* offers narrowband emission around
1.55 um, matching the C-band used in optical communications [5, 6]. Because of its high solubility without phase sepa-
ration, low phonon energy, and wide transparency window, aluminum oxide is a great host for RE ions [7]. High-quality
RE:Al;O3 films are produced by methods like atomic layer deposition (ALD) and reactive co-sputtering, but their slow
growth and high cost prevent widespread use. While traditional formulations may result in porous or hydroxyl-rich films
that introduce non-radiative losses [8], the sol-gel method offers a low-cost, compositionally tunable, and scalable alterna-
tive [3,9]. In order to create dense, homogeneous, and crack-free layers appropriate for photonic integration, we combined
spin-coating and high-temperature annealing in this work to create a modified sol-gel route for Er®*- and Th3*-doped
Al,Og3 thin films. In this modified approach, the precursor composition and processing parameters were optimized by
tuning the complexation chemistry and solvent environment to achieve stable and well-dispersed sols. The controlled co-
ordination between the aluminum precursor and chelating ligands ensured uniform dopant incorporation and minimized
the formation of volatile by-products during film deposition. These adjustments improved film densification during an-
nealing, reduced defect-related absorption, and yielded optically smooth, low-loss layers suitable for integrated photonic
applications. The amorphous nature of the film, low loss, and strong, concentration-dependent photoluminescence with
effective pump-to-signal energy transfer are confirmed by structural and optical analyses. According to finite difference
eigenmode solver (FDE) simulations, an active layer with RE:Al;O3 maximizes gain in planar waveguides by offering
optimal modal overlap between the pump (Ap = 980 nm) and signal (Ag = 1550 nm) modes. Sol-gel chemistry’s adapt-
ability allows for co-doping techniques for multi-wavelength operation, and its comparatively low processing temperature
facilitates integration with silicon and polymer platforms [9]. These findings establish sol-gel-derived RE:Al;Og3 films as
a viable and affordable gain medium for active photonic circuits of the future [4].



2. Gain Layer Synthesis and Characterization

2.1. Sol-gel synthesis

Tb - and Er-doped Al;Os3 thin films were synthesized via a sol-gel spin-coating process using aluminum isopropoxide
(AI(OPri)3, 98%) as the precursor, acetylacetone (AcAc, >99%) as the chelating agent, and 2-ethoxyethanol with glacial
acetic acid as solvents. Er(NO3)3-5H2O and Tb(NOj3)3-5H2O served as dopant sources, and all reagents are used without
further purification. A 0.02M Al(OPri)3 solution is prepared in 2-ethoxyethanol, stabilized with AcAc (1:1 molar ratio),
and heated with glacial acetic acid at 105 °C for 2 h to yield a clear sol. Rare-earth nitrates dissolved in ethanol were
added dropwise, and the resulting sols are aged for 72 h and adjusted to 0.4 M with acetic acid. Fused quartz substrates
were ultrasonically cleaned in acetone, isopropanol, and deionized water, dried with N3, and UV-ozone treated for 30 min.
Films were spin-coated at 1500 rpm for 30s, soft-baked at 150 °C for 3 min, pyrolized by ramp heating in 30 °C steps
up to 500-800 °C (10 min per step), and annealed for 4 h at the target temperature. Three types of films are obtained:
(i) polymer-assisted single layers (sol mixed 1:1 with PMMA/THF and stirred at 80 °C for 3 h), (ii) single-layer Er- or
Tb-doped oxides, and (iii) multilayer Er/Tb-doped films prepared by sequential coating and annealing.
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Figure 1: (a) Schematic representation of the sol-gel process (b) Flowchart illustration of the preparation procedure of
RE: Alg 03

2.2. Thin Film Characterization

Structural, morphological, and optical characterizations are performed to evaluate the quality, uniformity, and functional
properties of the sol-gel-derived RE-doped Al,Og thin films. The optical microscope image (Figure 2a) reveals dense,
continuous, and crack-free coatings. Er:Al,Og films display a smoother and more uniform texture compared to Tb:Al; O3,
which can exhibit localized inhomogeneities that may arise from Tb-rich agglomerates or incomplete organic removal.
Atomic force microscopy (AFM) measurements (Figure 2b) further confirm the exceptional smoothness of the films, with
root-mean-square (RMS) roughness values in the sub-nanometer range. Such atomic-level uniformity suppresses surface
scattering and ensures efficient optical confinement for photonic applications.

The X-ray diffraction (XRD) patterns of Er:AlsOs, Tb:Al,O3, and Er:AloO3-PMMA thin films (Figure 2c) exhibit a broad
diffuse halo centered around 26 =~ 22°, characteristic of short-range order associated with amorphous aluminum oxide.
The absence of sharp Bragg reflections confirms that rare-earth incorporation and polymer modification do not induce
crystallization or secondary phase formation. The consistent diffraction profiles across all samples indicate that Er3* and
Tb3* ions, as well as PMMA, are uniformly incorporated within the Al,O3 matrix, most likely occupying substitutional
or interstitial sites without significantly disturbing the host network.

The absorption spectra in Figure 2d (Er:Al;O3) and Figure 2e (Tb:Al;0O3) exhibit the characteristic intra-4 f transitions of
Er3* and Tb?* ions, respectively, confirming successful dopant incorporation into the amorphous host matrix. Er:AlyO3
films prepared with different solvents (DMF, THEF, and ethyl ether) show similar band positions but varying intensities, re-
lated to solvent-derived differences in film composition and structure. The broad background absorption further highlights



the amorphous nature and optical transparency of the films. The absorption spectrum of 2 wt% Tb:Al,O3 demonstrates a
broad UV absorption band, indicative of efficient rare-earth doping for photonic applications.

Photoluminescence (PL) spectra of Tb-doped Al, O3 films (Figure 2f) display the characteristic Tb3+ transitions "Dy —7Fg
(~490 nm) and °D; —7F5 (~541 nm). To investigate the effect of sol preparation temperature, two precursor sols
(Tb:Al2O3) are synthesized under identical conditions except for the stirring temperature: one maintained at 105 °C and
the other at 80 °C. Films derived from the sol prepared at 105 °C exhibit markedly stronger green emission intensity,
particularly for the 12 wt% Tb-doped sample. This enhancement is attributed to improved sol homogeneity, more com-
plete hydrolysis—condensation reactions, and a consequent reduction in nonradiative recombination centers. In contrast,
the films prepared from the 80 °C sol show weaker PL intensity due to incomplete organic decomposition and residual
quenching sites. These observations clearly demonstrate that controlled sol processing temperature plays a crucial role in
optimizing luminescence efficiency in sol-gel-derived RE-doped Al;O3 films.

Spectroscopic ellipsometry data (not shown) confirm that the refractive index of the AloOs matrix increases from 1.47
to 1.60 as the annealing temperature rises from 500 °C to 800 °C, indicating progressive densification and enhanced
packing in the amorphous network. This refractive index tunability, together with atomic-level smoothness and uniformity,
underscores the suitability of sol-gel-derived RE-doped Al,Os films for high-quality gain layers in integrated photonic
and optoelectronic devices.
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Figure 2: (a) Optical microscope image of Er:Al;Os thin film surface, showing smooth, crack-free morphology. (b) AFM
image of Er:AlsOs surface with height profile. (c¢) XRD patterns of Er:AloOs, Th:Al,O3, and Er:AloO3-PMMA films
showing amorphous structure. (d) Absorption spectra of Er:Al,Os films fabricated with different solvents. (e) Absorption
spectrum of 2 wt% Tb:Al2O3 film. (f) Photoluminescence spectra of Tb:Al2Os films for varying Tb content and sol
preparation temperatures.

3. Mode simulation

Mode simulations were performed using a finite-difference eigenmode solver (FDE) approach to analyze optical confine-
ment and field overlap in a SiN/Er:Al; O3 waveguide structure designed for 980 nm pump and 1550 nm signal operation.
The geometry consisted of a SiN passive core (600 x 600 nm?) overlaid with an Er:Al,O3 active gain layer of variable
thickness ranging upto 400 nm. The confinement factor, representing the fraction of optical power confined within the
gain region, was calculated for both the pump and signal wavelengths. As shown in (Figure 3 b), the pump mode at
980 nm exhibits increasing overlap with the gain layer as the Er:AlsO3 thickness increases, achieving a confinement
factor exceeding 20% for thicknesses between 300 and 400 nm. Beyond this range, further thickness increase yields
diminishing improvement due to field saturation and reduced mode confinement in the SiN core. Correspondingly, the
SiN core maintains strong confinement (> 75%) across all configurations, ensuring efficient guidance while allowing
sufficient evanescent field penetration into the gain medium. These results indicate that an Er:Al,O3 layer thickness



of approximately 300400 nm provides the optimal trade-off between pump field overlap and waveguide confinement,
thereby maximizing pump absorption and energy transfer efficiency in the integrated waveguide amplifier.
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Figure 3: (a) Schematic illustration of the Er-doped waveguide node showing the interaction between the input pump
pulse train (1, blue) and the input probe signal (3, green). Injection of the pump pulses raises the state potential of the
Er-doped layer (2, red), which crosses the activation threshold and results in an amplified output signal (4, purple) as
shown in the temporal traces on the right. (b) (b) Calculated map of Er confinement factor as a function of waveguide
width and etch depth, highlighting regions where the optical mode exhibits over 20% evanescent field overlap with the
gain layer for thicknesses in the 300—400 nm range (inset: mode profile). (c) Corresponding SiN confinement factor map
and mode profile inset

4. Conclusion

The modified sol-gel process developed in this study enables the reproducible fabrication of amorphous, crack-free, and
optically smooth rare-earth-doped AloOj thin films suitable for integrated photonic applications. The excellent crack-free
morphology of these films ensures mechanical stability and uniform optical performance, making them promising for
large-area coatings and multilayer photonic integration. Structural and optical characterization confirms that both Er- and
Tb-doped films exhibit refractive index tunability and strong photoluminescence. These results highlight that sol-gel-
derived RE:Al»Oj3 films provide a cost-effective platform for active material development, offering potential for future
implementation in integrated photonic devices.
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