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Abstract 

 
With the rapid advancement of modern technologies, integrated photonics has become essential for 

applications ranging from visible-light communications and optical (bio)sensing to ultraviolet (UV) 

spectroscopy and quantum information technology. Our research focuses on developing titanium-doped 

sapphire (Ti³⁺:Al₂O₃) waveguides for tunable on-chip lasers in the near-IR (~700–1100 nm), using the 

thermal diffusion process, where titanium is diffused into Al₂O₃. X-ray photoelectron spectroscopy (XPS) 

and secondary ion mass spectrometry (SIMS) is performed to investigate the diffusion depth and oxidation 

states of titanium in Al₂O₃. 
 

 

Introduction 

 
Titanium-doped sapphire (Ti:sapphire) is a widely used laser gain medium due to its 

broad tunability, high efficiency, and ability to generate ultra-short pulses, enabled by 

Ti³⁺ ions in the Al₂O₃ lattice. The presence of Ti⁴⁺ ions can reduce laser efficiency via 

residual absorption, making the Ti³⁺/Ti⁴⁺ ratio critical for optical performance. Annealing 

under reducing atmospheres (hydrogen and forming gas) or vacuum enhances this ratio 

and crystal quality [1]. Ti³⁺ ions emit near 730 nm, while Ti⁴⁺ emits around 420 nm [2]. 

These spectra are essential to evaluate titanium ion distribution and determining laser 

quality. Ti³⁺:Al₂O₃ laser emission spans from 600–1100 nm, with absorption peak near 

500 nm (Fig. 1a)[3]. Due to their high power, stability, and spectral flexibility, Ti:sapphire 

lasers are widely used in spectroscopy [4], amplification [5], remote sensing [6], and 

medical applications [7]. Integrating Ti:sapphire into photonic platforms requires 

controlled titanium diffusion and oxidation states through optimized annealing to achieve 

high Ti³⁺ concentrations, low optical losses, and enhanced performance [1,8].  

 

 

                        
 

Fig. 1: (a) Schematic diagram of absorption and emission spectra of Ti³⁺ in Al₂O₃ [3]. (b) Schematic of 

the AJA ATC 15000 RF reactive sputtering system [11]. 



 

 

Thermal diffusion 

High-temperature annealing provides the thermal energy necessary to activate atomic 

motion, enabling dopant or metal atoms to migrate into a host material through 

concentration gradients or defect-mediated pathways [9]. In the Ti:Al₂O₃ system, titanium 

atoms acquire sufficient energy to diffuse into the Al₂O₃ lattice or along grain boundaries, 

forming a controlled diffusion layer that modifies both structural and optical properties. 

Additionally, the annealing atmosphere, such as vacuum, inert gas, or oxidizing gas 

namely O₂ strongly influences diffusion kinetics and oxidation behavior [10]. Optimizing 

the annealing temperature and atmosphere is essential for controlling the titanium 

concentration and oxidation state, as well as shaping the distribution of titanium ions in 

Al₂O₃ through the diffusion depth profile, which together determine the optical 

performance of the titanium-doped sapphire waveguides. 

Characterization results and discussion 

An AJA ATC 15000 RF reactive magnetron sputtering system [11] was used to deposit 

Al₂O₃ layers, as illustrated in Fig.1b. After deposition, a layer of Ti=50nm thick is 

evaporated. The 100 mm wafers are then diced into individual chips for annealing 

experiments. Following sample preparation, the chips undergo an annealing process to 

facilitate the diffusion of titanium into the Al₂O₃ layer. The annealed samples were treated 

at various temperatures (400–1000°C) and durations (4h, 18h) under high vacuum (10⁻⁶ 

mbar) in a Carbolite Gero furnace. XPS and ToF-SIMS analyses were performed to 

evaluate diffusion depth profiles, concentration and oxidation states of titanium into the 

layer.  

XPS 
 

X-ray Photoelectron Spectroscopy (XPS) was performed at the near-surface region 

(approximately 5–10 nm), to analyze the surface chemical composition and titanium 

oxidation states in samples annealed at various temperatures and different durations. As 

summarized in Table 1, samples annealed at 400°C and 600°C are dominated by Ti⁴⁺ that 

were not significantly affected by diffusion at these lower temperatures. In contrast, the 

samples annealed at 800°C, and 1000°C show a significant reduction in the surface Ti⁴⁺ 

signal together with the appearance of Ti²⁺ and Ti³⁺ species on the surface. This decrease 

in total titanium signal at higher temperatures suggests that part of the titanium layer has 

diffused from the surface into the Al₂O₃ layer, leaving less titanium on the surface. 

Therefore, these XPS results provide information about the chemical state of remaining 

titanium at the surface after annealing, however, they do not directly describe the 

oxidation state of titanium in the bulk of the Al₂O₃.  

 

XPS survey spectra provided quantitative near-surface elemental composition, while 

high-resolution Ti 2p scans identified oxidation states. Fig.2.(a)–(d) present the survey 

spectra and high-resolution Ti 2p peaks of samples annealed at 1000°C for 4h and 18h, 

respectively. These survey spectra show the binding energy peaks corresponding to the 

detected elements, along with their Full Width at Half Maximum (FWHM) and atomic 

concentrations, while the high-resolution Ti 2p peaks identify the binding energy of the 

components associated with different titanium oxidation states. 



 

 

 
Table 1: Quantitative element concentration and titanium oxidation states at the titanium surface; in Atom% 

 

 

 

 

    
 

     
 
Fig. 2: XPS survey spectra and high-resolution Ti 2p peaks of sample annealed at 1000°C (a) and (b) for 4 

hours; (c) and (d) for 18 hours.  
 

 

Samples 
Elements 

S1:400 °C 
-4h 

S2:600 °C 
-4h 

S3:800 °C 
-4h 

S4:1000 °C 
-4h 

S5:600°C 
-18h 

S6:800 °C 
-18h 

S7:1000 °C  
-18h 

O 47.9 54.3 45.8 46.2 57.0 51.3 61.8 

Al 1.8 1.8 5.9 4.2 2.1 14.9 4.6 

Si 1.0 1.4 2.9 5.0 1.9 2.5 17.7 

Ti(+2) 0.0 0.0 2.9 2.7 0.1 0.0 0.4 

Ti(+3) 0.1 0.0 3.8 4.0 0.2 0.1 0.7 

Ti(+4) 17.4 19.6 6.7 6.9 20 5.7 3.7 

(b) (a) 

(c) (d) 



 

 

The dominant elements detected are oxygen (O 1s) and carbon (C 1s), with notable 

contributions from aluminum (Al 2p) and smaller peaks from titanium (Ti 2p) and silicon 

(Si 2p).The titanium layer is located at the surface prior to annealing, therefore, the 

detection of Ti 2p peaks in both samples is expected. Additionally, the strong O 1s signal 

confirms the oxide nature of the films. The relative Ti 2p signal decreases slightly, 

suggesting that with extended annealing time, titanium becomes more deeply embedded 

within the oxide matrix or partially oxidized to lower valence states (Ti³⁺/Ti²⁺), consistent 

with partial reduction observed in the quantitative analysis. 

ToF-SIMS 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was used to analyze the 

elemental distribution and diffusion behavior within the annealed samples. In this 

technique, a focused primary ion beam sputters the surface, and the resulting secondary 

ions are detected based on their time of flight, providing depth-resolved chemical 

information.  

Fig.3. (a) and (b) present the SIMS depth profiles of the key elements (Ti, AlO, and Si) 

for samples annealed at 1000°C for 4h and 18h, respectively. Initially, titanium signals 

are most prominent near the surface but gradually decrease with depth, indicating the 

diffusion of titanium from the top layer into the Al₂O₃ substrate. In contrast, the Al₂O₃ 

signal, increases steadily with depth, confirming that aluminum and oxygen dominate in 

the underlying layers. The observed Si signal arises from the SiO₂ substrate and is 

attributed to high-temperature interfacial mixing and Si redistribution into the Al₂O₃ film 

during annealing, enhanced by SIMS matrix and ion-beam mixing effects. Comparing the 

two samples, the diffusion depth of titanium are significantly greater for the 18h annealing 

time, demonstrating that both higher temperature and extended duration enhance titanium 

diffusion into Al₂O₃. 

     

Fig. 3: SIMS depth profiles of key elements at 1000°C (a) for 4 hours and (b) for 18 hours, showing their 

distribution as a function of depth (nm). 

 

(a) (b) 



 

 

Fig.4. (a) and (b) show the depth profiles of titanium in Al₂O₃ layers under various 

annealing conditions. In Fig. 4(a), titanium distributions at 400, 600, 800, and 1000°C for 

4h are overlaid, showing that higher annealing temperatures result in progressively deeper 

titanium diffusion, with the highest concentration observed at 1000°C. Fig. 4(b) displays 

similar profiles for 600, 800, and 1000°C after 18h of annealing, revealing significantly 

greater titanium penetration compared to the 4h samples. These results clearly indicate 

that both increasing temperature and extending annealing duration enhance titanium 

penetration within the Al₂O₃ layers. Overall, the ToF-SIMS results confirm effective 

titanium diffusion and highlight the strong influence of annealing duration on the overall 

diffusion depth and concentration profile.  

   

Fig. 4: SIMS depth profiles of titanium (a) at 400°C, 600°C, 800°C and 1000°C for 4 hours and (b) 600°C, 

800°C and 1000°C for 18 hours, showing their distribution as a function of depth (nm). 

 

Conclusion 

This study demonstrated successful titanium diffusion into Al₂O₃ layers via high-

temperature annealing under high vacuum. XPS and ToF-SIMS analyses confirmed that 

higher annealing temperatures and longer durations enhanced titanium migration, causing 

interfacial broadening and compositional redistribution. Ti³⁺ and Ti²⁺ oxidation states 

indicate partial reduction during diffusion, beneficial for optical and electronic properties. 

Extended annealing at 1000°C for 18h led to deeper titanium penetration, suggesting 

thermally activated interfacial reactions. These results highlight the critical role of 

thermal treatment in controlling diffusion, oxidation states, and interface structure, 

enabling optimized titanium incorporation for laser and photonic applications. 
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