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Section I: Elemental and optical characterization of bulk thulium-doped lithium niobate
To evaluate the quality of the bulk thulium-doped lithium niobate (Tm: LN) crystal grown by the Czochralski method, the surface elemental composition and chemical states of a double-side-polished, 500-μm-thick, Z-cut Tm: LN wafer were systematically characterized using an X-ray photoelectron spectrometer (ESCALAB Xi+, Thermo Fisher Scientific Inc.). Figure S1 presents the X-ray photoelectron spectroscopy (XPS) characterization results of the Tm: LN crystal. All binding energies were calibrated with reference to the C 1s peak of adventitious carbon at 284.8 eV. The survey spectrum in Figure S1(a) exhibits the characteristic photoelectron peaks of Nb, O, Li, and Tm, together with the corresponding Auger transitions. Apart from a trace amount of surface-adsorbed carbon, no extraneous impurity elements were detected, demonstrating that the as-grown Tm: LN crystal possesses an ideal chemical composition and high purity.
Figure S1(b) shows the high-resolution Nb 3d detail scan. The spectrum displays the characteristic spin–orbit-split doublet with the Nb 3d5/2 and Nb 3d3/2 peaks located at binding energies of approximately 206.5 eV and 209.2 eV, respectively. The peak shape, positions, and relative intensities are in good agreement with those reported for Nb5+ in LiNbO3[1, 2], confirming that niobium exists exclusively in the +5 oxidation state within the lattice. Figure S1(c) presents the Li 1s peak centered at ~54 eV, which corresponds to Li+ ions in the LiNbO3 lattice. No other lithium chemical states are observed, indicating that the lithium ions reside in a well-defined octahedral coordination environment; the adjacent feature at 59.5 eV is attributed to the Nb 4s core level. The O 1s detail scan in Figure S1(d) can be deconvolved into two primary contributions: the main peak at approximately 529.6 eV is assigned to lattice oxygen (O2−) within the oxygen octahedra, whereas the asymmetric broadening on the higher-binding-energy side likely originates from chemisorbed oxygen or hydroxyl species on the crystal surface[3]. However, some researchers have attributed this high-binding-energy asymmetry to the influence of the ferroelectric polarization direction on the surface chemical states of LN, suggesting that it is associated with oxygen vacancies or aggregated adsorbed oxygen atoms induced by the surface polarity of the material[4]. Figure S1(e) displays the high-resolution Tm 4d XPS spectrum. The spectrum exhibits an asymmetric peak at a binding energy of ~176.4 eV, corresponding to the Tm 4d5/2 transition of Tm3+. The peak position and the accompanying satellite structure unambiguously exclude the presence of other valence states of Tm, directly confirming that the doped thulium ions are incorporated into the host lattice in the stable +3 oxidation state, thereby providing a crucial chemical-state basis for the intended optical transitions. Table S1 presents a semi-quantitative analysis of the elemental composition of the Tm: LN crystal surface determined by XPS. The atomic percentage of Tm is 0.07 at. %, which corresponds to approximately 0.5 mol. % relative to the LiNbO3 molecule, consistent with our intended doping level.
In summary, the XPS analysis provides strong support for the intended valence states, chemical environments, and concentrations of the constituent elements in the Tm: LN crystal, demonstrating that high-quality thulium-doped lithium niobate crystals can be grown by the Czochralski method.
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Figure S1. X-ray photoelectron spectroscopy (XPS) of the bulk Tm: LN crystal. (a) XPS survey spectrum of the Tm: LN crystal. (b) High-resolution detail scan of Nb 3d. (c) High-resolution detail scan of Li 1s (together with Nb 4s). (d) High-resolution detail scan of O 1s. (e) High-resolution detail scan of Tm 4d.


Table S1. Elemental composition of bulk Tm: LN determined by XPS.
	Name
	Atomic %

	C 1s
	18.24

	O 1s
	51.55

	Li 1s
	13.91

	Tm 4d
	0.07

	Nb 3d
	16.23




To characterize the optical properties of the bulk Tm:LN crystal, the absorption and photoluminescence (PL) spectra of a double-side-polished, 500-μm-thick, Z-cut Tm:LN wafer were measured. Figure S2(a) presents the absorption spectrum obtained with a UV-Vis-NIR spectrophotometer (Cary 5000, Agilent Technologies Inc.). A strong absorption peak centered at approximately 785 nm is observed, corresponding to the 3H6 → 3H4 transition of Tm3+. This is the reason for selecting a 785 nm laser as the pump source. Figure S2(b) shows the PL spectrum recorded with a fluorescence spectrometer (FLS 920, Edinburgh Instruments Inc.). To more intuitively display the fluorescence emission arising from each energy-level transition, the vertical axis represents the fluorescence intensity normalized and plotted on a logarithmic scale. A broad and intense emission band is observed in the range of 1.6–2.1 μm, attributed to the 3F4 → 3H6 transition of Tm3+. In contrast, the emission band near 2.38 μm, which corresponds to the 3H4 → 3H5 transition of Tm3+, is considerably narrower and exhibits much weaker intensity. Consequently, the laser performance at ~2.4 μm is, in general, significantly inferior to that at ~1.9 μm.

[image: ]
Figure S2. Optical characterization of bulk Tm:LN. (a) Absorption spectrum of the Tm:LN crystal. (b) Photoluminescence (PL) spectrum of the Tm:LN crystal.

Section II: Lasing characteristics under a different coupling condition

[image: ]
Figure S3. Lasing characteristics under a different coupling condition. (a) Evolution of the laser spectra with pump power. (b) Comparison of the output powers of the ~1.9 μm and ~2.4 μm lasers as functions of pump power.

Figure S3(a) shows the evolution of the laser spectra of the microcavity with pump power after fine adjustment of the coupling position between the tapered fiber and the microdisk, and Figure S3(b) presents the output powers of the ~1.9 μm and ~2.4 μm lasers as functions of pump power under this coupling condition. As can be seen, although the threshold of the ~2.4 μm laser is higher than that of the ~1.9 μm laser, the output power of the ~2.4 μm laser catches up with that of the ~1.9 μm laser as the pump power increases, and the maximum peak power of the ~2.4 μm laser even surpasses that of the ~1.9 μm laser. This demonstrates that the coupling condition between the microcavity and the tapered fiber strongly influences the lasing performance of the microcavity.



Section III: Simulation of lasing modes in the microcavity.
[image: ]
Figure S4. (a-c) Simulated intensity distributions of the TE modes at 785 nm, 1938.5 nm, and 2376.42 nm. (d-f) Simulated intensity distributions of the TM modes at 785 nm, 1938.5 nm, and 2376.42 nm.
We simulated the intensity distributions of the pump light and the signal light inside the microcavity using COMSOL Multiphysics (COMSOL 6.4.0.378). The laser signals at 1938.5 nm and 2376.42 nm were selected as representatives of the ~1.9 μm and ~2.4 μm multimode lasing, respectively. The side-view SEM image of the microdisk was imported into the software to extract the edge profile; this modeling approach ensures the simulation accuracy to the greatest possible extent. Figures S4(a-c) present the simulated intensity distributions of the TE modes at 785 nm (pump), 1938.5 nm, and 2376.42 nm, respectively, and Figures S4(d-f) present the simulated intensity distributions of the TM modes at the same three wavelengths. 
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