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Abstract
[bookmark: _Hlk196841504]The precise characterization of bulk properties of thin homoepitaxial diamond layers with micrometer thickness is difficult due to the interference from the substrate. In this work, we utilized smart-cut method to fabricate single-crystal diamond (SCD) cantilevers or plates and transferred them to a foreign substrate (SiO₂/Si). The mechanical resonance of the SCD cantilevers were characterized to confirm that the damaged layer by ion implantation was nearly removed under the cantilever. Raman, photoluminescence (PL), and cathodoluminescence (CL) measurements were conducted on the transferred SCD cantilevers/plate and homoepitaxial layers on the substrate with and without ion implantation. As a result, it was found that both of the Raman spectral properties of the SCD layer on the ion implanted parts and the freestanding SCD plates/cantilevers can successfully avoid interference from the substrate. PL analysis showed no emission peaks attributable to nitrogen and other defects from the epilayers. Additionally, CL analysis from the freestanding cantilevers/plates disclosed the exciton emission at around 236 nm at room temperature. These results suggest the high crystal quality of the SCD cantilevers for MEMS applications.
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1. Introduction
Diamond, renowned as the "ultimate material" due to its exceptional physical and chemical properties, has emerged as a cornerstone in the development of next-generation high-performance devices. Its unparalleled hardness, ultra-wide bandgap, high thermal conductivity, remarkable carrier mobility, and superior optical transparency across a broad spectral range make it an ideal candidate for applications in high-power electronics, photonic devices, quantum sensing, and microelectromechanical systems (MEMS) [1-6]. In recent years, the integration of these diverse functionalities—high-field electronics, UV photonics, quantum color-center devices, and mechanical resonators—into compact, multifunctional microsystems is an emerging trend, driven by the demand for miniaturized systems that combine optical, electrical, and mechanical functionalities [7-12]. This integration necessitates not only the synthesis of high-quality single-crystal diamond (SCD) but also the precise characterization of its properties to ensure optimal device performance. High-quality SCD layers are routinely produced by homoepitaxial growth on commercial high-pressure, high-temperature (HPHT) diamond substrates via microwave plasma chemical vapor deposition (MPCVD)[13-16]. This approach exploits the lattice and thermal expansion match between HPHT seed and CVD film, yielding epilayers with low dislocation density[17-20]. However, because the epilayer remains attached to its parent diamond substrate during both growth and characterization, conventional optical measurements (Raman spectroscopy, photoluminescence (PL), and cathodoluminescence (CL)) invariably collect combined signals from film and substrate. Substrate phonon modes and luminescence features overlap those of the epilayer, complicating efforts to isolate the epilayer’s intrinsic spectral signatures [21-23]. Consequently, insufficient clarity regarding defect states, crystallinity, excitonic emissions, and other detailed homoepitaxial‐layer characterization metrics impedes efforts to optimize device performance. 
Here, we present a refined approach to overcome substrate interference by detaching the homoepitaxial SCD cantilevers and plates fabricated through a smart-cut technology from its substrate through high-temperature oxygen annealing and transferring them onto an SiO₂/Si substrate. This process ensures that the subsequent optical characterizations,—specifically Raman, PL, and CL spectroscopy, —probe only the cantilevers and plates itselfthemself, free from initial diamond substrate-induced interference. Raman spectroscopy of as-grown epilayers measured without detachment or ion implantation exhibit a larger average FWHM of 1.98 cm⁻¹, clearly reflecting substrate interference. By contrast, the detached cantilevers and plates on SiO2 yields an average full width at half maximum (FWHM) of 1.85 cm⁻¹—⁻¹, virtually identical to the results measured on diamond resting over the high-energy ion-implanted sacrificial layer,—demonstrating complete suppression of substrate-induced influence. PL spectra display no emission peaks attributable to nitrogen or other defect centers, and CL mapping reveals a dominant ~236 nm emission, consistent with excitons from a high-quality diamond’s intrinsic bandgap of ~5.24 eV. These findings confirm the exceptional crystalline and optical quality of our epitaxial diamond for MEMS and furnish precise characterization metrics essential for device optimization.
2. Experimental
Single‑crystal diamond MEMS cantilevers/plates were fabricated using an ion implantation-assisted smart-cut technique, following a sequence of processes including ion implantation, diamond epilayer growth, photolithographic patterning, metal mask deposition, lift-off, dry etching, and final release, as described in detail in our previous studies [24, 25]. The homoepitaxial diamond thin film was grown on a HPHT type-Ib diamond substrate by microwave plasma chemical vapor deposition (MPCVD) under the following conditions: 1 kW microwave power, a pressure of 80 Torr, and 1% CH₄ concentration, at 820 °C for 2.5 hours. And during the final release process, the residual graphite sacrificial layer remains on the bottom surface of the plate at the fixed end of the cantilever as a mechanical support. To remove it, the as-prepared diamond cantilever samples underwent high-temperature oxygen annealing at 700oC, as shown in Figure 1. The samples were placed in an annealing furnace, and the chamber was evacuated to 10-1 Pa. The temperature was ramped to 700-750°C, after which the vacuum pump and exhaust valve were turned off. Oxygen gas was introduced at a controlled flow rate of 0.2 sccm until the chamber pressure stabilized at 30 kPa (not absolute pressure, removal is better). 
The mechanical resonance of the Ccantilevers delamination was measured monitored by measuring each device’s resonance frequency and quality factor (Q‑factor) with a laser Doppler vibrometer (LV1710) coupled to a lock‑in amplifier. By monitoring the quality (Q) factor, the removal of the ion damaged layer was realize.  After confirming complete release, individual cantilevers were picked up with a microprobe and transferred onto SiO₂/Si substrates. The Ssurface morphology was examined by atomic force microscopy (AFM). A 3D confocal Raman microscope, equipped with a 532 nm laser was used to characterize the diamond phonon peak and its full‐width at half‐maximum (FWHM) under multiple sample conditions. Photoluminescence (PL) spectra were also acquired on the confocal Raman microscope. Cathodoluminescence (CL) spectroscopy was carried out in a field‐emission scanning electron microscope (FE‐SEM) fitted with a parabolic light‐collection mirror and a UV‐sensitive spectrometer, enabling precise determination of the intrinsic bandgap of the diamond.
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Figure 1. Flowchart of the experimental process.
3. Results and discussion
The removal of the graphite ion implanted induced damaged sacrificial layer directly affects the resonance frequency and quality factor of the cantilever, making these parameters valuable indicators of the graphite quality of the cantileversremoval process. As shown in Figure 2a, high‑temperature oxygen annealing causes the resonance peak to shift toward lower frequencies and the full width at half maximum (FWHM) to narrow. At 700°C, graphite the etching rateremoval is relatively slow: after two consecutive 5 h treatments, the resonance frequency of a 90 µm‑long cantilever decreases from 455.188 kHz to 440.134 kHz, while the Q‑factor remains essentially unchanged. By contrast, at 750°C the etch rate increases dramatically.—aAfter a single 5 h treatment, the frequency falls to 390.434 kHz and the Q‑factor rises to 1.84×10⁵ (Figure 2b). The resonance frequencies of cantilevers with different lengths even after various oxygen etching treatments align with the predictions of Euler-Bernoulli beam theory (Figure 2c)[26, 27]. Consistent trends are observed across cantilevers of varying lengths, with both resonance frequency and quality Q factor systematically changing with temperature and processing duration (Figures 2c, 2d). In all cases, the Q factor of cantilevers of all lengths has been increased from 104 to 105, indicating a marked reduction in total energy dissipation and the removal of the substrate layer damaged by ion implantation in the cantilevers  [28, 29]. These results confirm that high‑temperature oxygen etching provides a reliable, reproducible means of selectively removing the supporting graphite layer and fully decoupling the cantilever from its substrate.
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Figure 2. (a) Resonance spectra of a 90 μm-long SCD cantilever before and after high-temperature oxygen annealing. (b) Variation of resonance frequency and quality factor as a function of annealing temperature and duration. (c) Frequency and (d) Q factor of cantilevers of different lengths under varied annealing processes, respectively.
The surface morphology of a 5×5 µm² region after high‑temperature O₂ etching is shown in Figure 3. Atomic force microscopy (AFM) reveals a continuous diamond surface without observable etching pits and an RMS roughness of 0.77 nm, confirming that the process selectively removes the underlying graphite layer without compromising the diamond lattice. Raman spectroscopy was then performed on four sample conditions: as-grown SCD epilayer on the region without ion-implantation ted sacrificial layer, SCD epilayer grown on the with ion-implanted sacrificial layerregion, and transferred cantilevers and plates on SiO₂/Si. The Ttwo-dimensional (2D) maps of the Raman peak positions (Figures 4(a1)-(d1)) and their corresponding statistical histograms (Figures 4(a2)-(d2)) revealed a uniform peak distribution. The Raman peak positions are consistently centered at around 1332.5 cm⁻¹ across all regions,. with only minimal spatial variation. This uniformity in peak position indicates a homogeneous residual stress field and the absence of extended dislocation networks or other macroscopic crystalline defects [30, 31]. Figure 4(a3–d3) demonstrates that the spatial distribution of the Raman FWHM is remarkably uniform across all four sample conditions. Quantitatively, the as-grown SCD epilayer on the region without an ion-implantation ed sacrificial layer exhibits an average FWHM of ∼1.98 cm⁻¹ (Figure 4(a4)), which is mostly from the type-Ib HPHT diamond substrate. By contrast, the SCD epilayer grownt on withthe an iion-implanted sacrificial layerregion shows a narrower FWHM distribution, centered at around 1.8 cm⁻¹ (Figure 4(b4)), reflecting effective decoupling from the HPHT substrate. The broader FWHM in the as-grown sample arises from the substrate’s lower crystalline quality. For the freestanding SCD plate and cantilever transferred onto the SiO₂/Si substrate, the measured FWHM values of ∼1.85 cm⁻¹ (Figure 4(c4)–(d4)) closely match those of the ion-implanted condition, confirming that substrate-induced broadening has been fully suppressed. These consistently narrow and uniform linewidths attest to the excellent crystalline quality of the epitaxial diamond layer with MEMS structures.
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Figure 3. Diamond surface morphology after high temperature O2 annealing.
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Figure 4. Spatial and statistical analysis of the Raman response under four sample conditions. —(i) as-grown SCD epilayer on the diamond area without ion -implantation ed sacrificial layer, (ii) as-grown SCD epilayer on the diamond area with ion implantation SCD with ion-implanted sacrificial layer, (iii) transferred SCD plate on the SiO2,/Si substate, and (iv) a transferred SCD cantilever on the SiO2/Si substate,SCD cantilever on SiO2. (a1–d1) Two-dimensional confocal Raman maps mapping of the phonon peak position for each condition. (a2–d2) Corresponding histograms showing the distribution of Raman peak positions. (a3–d3) Two-dimensional2D mapping s of the Raman peak full-width at half maximum (FWHM). (a4–d4) Corresponding histograms of the FWHM distributions.
To assesassess the optical quality properties of the epitaxial diamond layer, PL measurements were carried out by using a 532 nm laser –excited confocal Raman microscope. First, tThe PL from the bare SiO₂/Si substrate was measured as a reference (Figure 5a). Next,  The PL spectra were acquired from the freestanding SCD plate and cantilever transferred on the SiO₂/Si  substrate are shown in (Figure 5b and, 5c). All spectra exhibited only the sharp diamond Raman peak signal at ∼574 nm (1332.5 cm⁻¹ shift) with no additional features. PL spectra likewise showed no emission peaks associated with substitutional nitrogen centers or other defect-related bands [32, 33]. Since the original HPHTtype- Ib substrates are rich in nitrogen, the complete absence of nitrogen-related luminescence after release and transfer confirms that substrate-induced signals have been fully suppressed. These results demonstrate the exceptional crystalline quality and purity of our the epitaxial diamond epilayer with freestanding MEMS structures, now effectively with little  free of nitrogen impurities.
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Figure 5. Photoluminescence (PL) and Raman spectra of (a) bare SiO₂/Si substrate, (b) freestanding SCD plate on SiO₂/Si, and (c) freestanding SCD cantilever on SiO₂/Si.

To further investigate the optical properties of homoepitaxial diamond, CL spectra were collected at three different  locations along the cantilever (S1-S3, Figures 6(a1)-(c1)) and three on the plate (P1-P3, Figures 6(d1)-(f1)). The Lorentzian fitting of the measured CL spectra of the cantilever (Figures 6(a2)-(c2)) yields emission peaks at 236.62 nm, 236.84 nm, and 236.66 nm for S1, S2, and S3, respectively. The narrow variation in peak positions indicates a highly uniform optical property distribution across the cantilever, suggesting excellent crystal quality and minimal stress gradients. The photon energy Eg was determined using the Planck-Einstein relation[34, 35]:

where h is Planck’s constant, c is the speed of light, e is the electron charge, and λ is the emission wavelength. The corresponding photon energies calculated from the CL spectra are displayed in Figures 6(a2)-(c2), the corresponding photon energies are all approximately 5.24 eV, which is from the exciton emission. For the plate, Lorentzian fitting of the spectra (Figs. 6(d2)–(f2)) shows peak positions of 236.05, 237.54, and 236.14 nm at P1–P3, corresponding to bandgaps of 5.26, 5.22, and 5.26 eV, respectively. The consistent and sharp band-edge exciton emissions observed in both the cantilever and plate structures confirm the excellent crystalline quality and optical integrity of the epitaxial diamond.
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Figure 6. (a1-c1) SEM images of the cantilever showing the CL measurement positions S1, S2, and S3. (a2-c2) Corresponding CL spectra and photon energies with Lorentzian peak fitting at S1-S3. (d1-f1) SEM images of the diamond plate indicating the CL measurement positions P1, P2, and P3. (d2-f2) Corresponding CL spectra and photon energies with Lorentzian peak fitting at P1-P3.

4. Conclusions
In conclusion, we effectively eliminated substrate-derived signals and directly characterized the homoepitaxial diamond thin film by employing the smart-Cut technique to fabricate SCD MEMS and transfer them onto the SiO₂/Si substrate. The Raman spectra of the exfoliated cantilever and plate are similar to those of the ion-implanted region, both showing effective suppression of substrate contributions. Furthermore, no nitrogen-related luminescence was detected in the exfoliated diamond, while cathodoluminescence analysis revealed a distinct emission band centered at approximately 236 nm—consistent with a bandgap of ~5.2 eV. Collectively, these findings underscore the exceptional crystalline integrity of our SCD MEMS and affirm its potential as a dependable materials foundation for advanced optoelectronic and microelectromechanical systems.
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