Real-time monitoring of adsorbate desorption on H-terminated diamond using single-crystal diamond MEMS resonators
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ABSTRACT
The ultimate physical and chemical properties of hygrogen (H)-terminated diamond devices are strong influenced by real-time surface adsorbates. In this study, we investigated the dynamic thermal desorption process of these adsorbates using an innovative approach—single-crystal diamond (SCD) microelectromechanical system (MEMS) resonators. By analyzing the variations in resonance performance and surface conductivity, we uncover several important findings: (i) The desorption of surface adsorbates reaches saturation around 600℃, (ii) The desorbed mass per unit area is approximately 2.3 fg/μm2, corresponding to an equivalent thickness of around 0.65 nm, (iii) Surface conductivity recovers after annealing at 600°C, indicating the stability of C-H bonds, and (iv) The impact of the adsorbate layer on mechanical energy dissipation in H-terminated diamond devices is significantly lower than that of naturally oxidized films in other semiconductors. These findings provide a reliable method for evaluating the surface properties of H-terminated diamond and offer a new approach for studying the surface characteristics of other semiconductor materials



Hydrogen (H)-terminated diamond, produced by exposing diamond to hydrogen plasma or gas, exhibits negative electron affinity (NEA), attracting negative ions and water molecules. This leads to the formation of a two-dimensional hole gas (2DHG) and p-type surface conductivity via a charge-transfer doping mechanism 1,2. These properties make H-terminated diamond promising for high-performance photodetectors 3, field-effect transistors 4, and other semiconductor devices, with potential for next-generation integrated circuits. Notably, the physical and electrical properties of H-terminated diamond are strongly influenced by surface adsorbates 5. Upon heating, adsorbates gain sufficient thermal energy to desorb from the surface, affecting device performance 6,7. Understanding these desorption mechanisms is essential for optimizing H-terminated diamond-based electronic devices.
Although conventional characterization techniques, such as X-ray photoelectron spectroscopy (XPS) 8 and electron energy loss spectroscopy (EELS) 9 have been employed to analyze the thermal stability of C-H bonds, real-time studies on the dynamic desorption process of adsorbates from H-terminated diamond remain limited due to the lack of high-precision measurement equipment, particularly under in situ operating conditions.
[bookmark: OLE_LINK13]Single crystal diamond (SCD)-based microelectromechanical system (MEMS) resonators, leveraging the exceptional mechanical properties including the highest known Young’s modulus (~1100 Gpa), a low friction coefficient (0.01~0.1), superior thermal stability, and high crystal quality with minimal defect density 10, can serve as highly reliable, low-noise, and ultrasensitive mass sensors 11. When functionalized as H-terminated diamond, these resonators enable in situ monitoring of adsorbate desorption through resonance frequency shifts, making them ideal for dynamic tracking under varying conditions. Despite these advantages, systematic studies on the dynamic desorption process using SCD MEMS resonators remain scarce, particularly in linking mechanical responses to surface chemical dynamics.
Here, we present a comprehensive investigation of the dynamic desorption of surface adsorbates from H-terminated diamond using high-sensitivity SCD MEMS resonators. By monitoring resonance frequency shifts, we observe the desorption dependence on processing temperature, quantify the desorbed mass (2.3 fg/μm²), and measure the equivalent adsorbed layer thickness (0.65 nm) when desorption saturates at 600°C. Additionally, we confirm the stability of C-H bonds after annealing at 600°C. These findings provide new insights into the surface dynamics of H-terminated diamond and offer a method for studying surface properties in other semiconductor materials.
High temperature high pressure (HPHT) Ib-type (100) diamond substrates were used to fabricate single-crystal diamond (SCD) microelectromechanical system (MEMS) resonators via a smart-cut process based on high-energy ion implantation (see supplemental Material FIG. S1(a)). The fabrication involved: (i) High-energy ion implantation, (ii) Epitaxial regrowth via microwave plasma chemical vapor deposition (MPCVD) at 1.5% CH₄ concentration, 1 kW microwave power, and a deposition time of 30 min, (iii) Patterning using a smart-cut process, (iv) Reactive ion etching (RIE) with 90 sccm O₂, (v) Removal of the Al mask and sacrificial layer to release the cantilevers, and (vi) Hydrogen plasma treatment for 30 min to achieve H termination.The epitaxial diamond material was characterized using atomic force microscopy (AFM) and Raman spectrometer with a 532 nm laser. The device measurement setup (Supplemental Material FIG. S1(b)) integrates a laser Doppler vibrometer (LDV, LV-1710) and a lock-in amplifier (HF2-LI) for resonance spectra and noise requency measurements. Real-time surface I-V characterization of H-terminated diamond was conducted using a Keithley 2636B source meter. This setup, combined with a vacuum chamber (10-4 Pa), temperature control system, and data acquisition software, enables comprehensive characterization of the mass changes and surface electronic properties during the desorption process of adsorbates on H-terminated diamond by heating to target processing temperatures (30℃~600℃) then cooling down to 30℃.
The Raman spectrum of epitaxial diamond exhibits a sharp peak at 1332.2 cm-1 with a full width of half maximum (FWHM) of 1.90 cm-1, corresponding to the sp3-bonded carbon lattice of diamond (FIG. 1(a)) 12. No additional peaks are observed, indicating high crystalline and purity. The inset of FIG. 1(a) shows the surface morphology of a 1 μm² diamond epilayer after H plasma treatment, with etching pits attributed to hydrogen plasma interactions with defects or weak regions on the surface 13,14. Despite this, the root mean square (RMS) roughness remains low at 2.91 nm. The smooth surface and high-quality crystal structure provide a solid foundation for stable H-terminated SCD cantilever resonators. FIG. 1(b) presents a 3D microscopy image of the SCD cantilever, which exhibits upward bending due to residual stress from the sacrificial layer release. After H plasma treatment, the cantilever’s surface becomes H-terminated, attracting adsorbates that induce a two-dimensional hole gas (2DHG) and measurable current (~10⁻⁴ A) under 5 V, as shown in the inset of FIG. 1(b).
[image: ]
FIG. 1. (a) Three-dimensional (3D) optical image and (b) Raman spectrum of the H-terminated SCD cantilever resonator.
The amplitude of a 140 μm-long SCD cantilever resonator increases linearly with actuation voltage at 600 ℃, as shown in FIG. 2(a), consistent with the force being proportional to the applied voltage. Additionally, shorter cantilevers exhibit higher resonance frequencies, with a 60 μm cantilever resonating at 1067.323 kHz and a 140 μm cantilever at 210.175 kHz. The frequency is inversely proportional to the square of the cantilever’s length no matter at 30 ℃ or 600 ℃, as revealed in FIG. 2(b), which follows the Euler-Bernoulli theory 15,
                                                         (1)
where k is a constant of 0.162 for the first mode vibration, t and L represent cantilever’s thickness and length, respectively, while Eeff and ρeff denote the effective Young’s modulus and mass densityy. These results confirm the stability and reliability of SCD cantilever resonators at both 30 °C and 600 °C, establishing them as a robust platform for studying the dynamic desorption of adsorbates on H-terminated surfaces.
The real-time monitoring of surface adsorbate desorption relies on mass sensing via cantilever frequency shifts. However, frequency fluctuations from thermal noise, mechanical noise, and environmental disturbances can constrain the resolution of small mass changes. 16,17. A smaller frequency fluctuation corresponds to a higher mass resolution of the cantilever resonator. To quantitatively assess frequency stability, Allan variance analysis is employed. Allan variance, defined as the average of the squared differences between consecutive frequency measurements over a time interval τ 18-20, is crucial for evaluating resonator performance, particularly in mass sensing. The Allan deviation, the square root of the Allan variance, directly measures frequency fluctuation. The measured frequency stability over a 5-minute period with a sampling rate of 1.6k Sa/s is shown in FIG.S2. The entire frequency noise dataset is divided into N-1 parts, and each averaged over an integration time τ. Thus, the Allan deviation can be expressed as equation (2) 19.
                                       (2)
After calculation, the Allan deviation as a function of integration time for cantilevers of different lengths is presented in FIG. 2(c). The minimum Allan deviation of 140 μm-long, 120 μm-long, 80 μm-long, 60 μm-long cantilevers are 0.0028 Hz, 0.013 Hz, 0.024 Hz, and 0.068 Hz, occurring at integration times of 2.89 s, 2.67 s, 9.02 s, and 8.63 s, respectively. The minimum Allan deviation increase as cantilever length decreases, as displayed in FIG. 2(d). This trend arises because shorter cantilevers, with higher resonance frequencies, are more susceptible to external perturbations such as thermal, mechanical, and environmental noise, leading to greater frequency fluctuations under identical measurement conditions 21-23. The minimum detectable mass for cantilevers of different lengths is determined based on the minimum Allan deviation using equation (3) 24,25, 
                                                          (3)
wherein f0 is the fundamental resonance frequency, m0 is the mass of cantilever, Δf is the frequency shift, and Δm is the mass change. As revealed in FIG. 2(d), the minimum detectable mass of 60 μm-, 80 μm-, 120 μm-, and 140 μm-long cantilevers are 4.72×10-16 g, 3.98×10-16 g, 7.34×10-16 g, 2.45×10-16 g, respectively. Despite differences in length, all cantilevers exhibit a comparable mass resolution on the order of ~10-16 g. Since the cantilevers are fabricated from the same SCD substrate and share identical cross-sectional geometry (e.g., width and thickness). From the equation (3), we can know that the minimum detectable mass Δmmin∝Δf/f0. Although shorter cantilever resonators have higher resonance frequency f0, they also experience larger frequency fluctuation Δf due to increased noise sensitivity. Conversely, longer cantilever resonators exhibit lower resonance frequencies but reduced frequency fluctuations caused by noise. These opposing effects effectively balance each other, resulting in similar Δmmin values across different cantilever lengths. This demonstrates that SCD cantilever resonators, ranging from 60 μm to 140 μm in length, possess the capability to detect mass changes at the molecular layer level. 
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FIG. 2. (a) Resonance spectra of a 140 μm cantilever at different actuation voltages. (b) Resonance frequency vs. cantilever length. (c) Allan deviation vs. integration time for various cantilever lengths. (d) Frequency fluctuation and mass resolution for different cantilever lengths.
The resonance spectra of H plasma-treated diamond were measured at 30℃ as a reference. As shown in FIG. 3(a), the initial resonance frequency and Q factor of a 120 μm-long cantilever were 285101.4 Hz and 6135.7, respectively. By heating the H-terminated SCD cantilever to target processing temperatures (30℃-600℃) and then cooling down to 30 ℃ subsequently, surface adsorbates such as H2O, H3O+, OH-, and HCO3- 26,27 gradually gained energy and desorbed form the diamond surface, leading to a frequency shift. After 600℃ annealing, the resonance frequency increased to 285172.1 Hz, while the Q factor improved to 6705.1. This enhancement in Q factor is attributed to the reduced surface energy damping caused by adsorbate desorption. Similar effects have been observed in single-crystal silicon cantilevers by Takahito Ono et al. 28 and Jinling Yang et al. 29. However, in this study, the effect on the H-terminated diamond surface was minimal. This difference arises because silicon surfaces consist of a solid oxide film, whereas the H-terminated diamond surface hosts a molecular adsorbate layer. FIG. 3(b) presents the frequency shift of the 120 μm-long cantilever as a function of temperature, revealing three distinct regions: I (30℃–200℃), II (200℃–450℃), and III (450℃–600℃). In region I, the frequency shift of ~21.5 Hz corresponds to a 1.2 pg mass desorption, primarily from water molecules. In region II, the shift of ~27.3 Hz (~1.5 pg) is attributed to the desorption of weakly bound anions, such as HCO₃⁻, which become mobile above 300℃ 1. Between 420℃ and 450℃, the frequency stabilizes, indicating near-complete desorption of these anions. As the temperature increases, the anions with stronger C-H bonding force on the H-terminated diamond surface gradually escape, such as OH-. The desorption process tends to be saturated at 600 ℃, and the desorption mass in region Ⅲ is around 1.2 pg. The total mass of desorbed adsorbates including water moleculars and anions after 600 ℃ annealing is approximately 3.9 pg. The consistent frequency shift and Q factor trends observed for 60 μm-, 80 μm-, and 140 μm-long cantilevers (FIG. S3) further validate the reliability of diamond MEMS cantilevers for dynamic surface desorption monitoring.
The surface conductivity of H-terminated diamond is directly determined by surface adsorbates, which act as electron acceptors, drawing electrons from the diamond valence band and generating hole carriers, leading to p-type surface conductivity. To verify the adsorbate desorption process, I-V characteristics were recorded at 30°C after annealing at different processing temperatures, as shown in FIG. 3(c). The initial current is ~10-5 A measured in vacuum at 30 ℃ and under 5 V applied voltage and degrade gradually with increasing temperature. Dynamic desorption can alter the surface hole carrier density, resulting in the change of surface conductivity. Thus, after 600 ℃ annealing, the desorption of water molecules and anions led to a drastic current decrease to ~10-10 A at 5 V. At lower processing temperatures below 350°C, the metal and H-terminated diamond interface maintained an ohmic contact due to high surface carrier density on the H-terminated diamond surface. However, as the temperature increased, the contact gradually transitioned into a Schottky contact due to reduced carrier density and an increased barrier 6,30,31. The current trend in FIG. 3(d) aligns with the frequency shift in FIG. 3(b), with three distinct regions. In region Ⅰ, the desorption of 1.2 pg water molecules caused the surface current to drop from 4.57×10-5 A to 4.64 ×10-6 A. For region Ⅱ between 200 ℃ to 400 ℃, the current drops two orders of magnitude to 1.13×10-8 A, and almost keep unchanged from 400 ℃ to 450 ℃, corresponding to the frequency changing trend in this temperature region. In region Ⅲ, further desorption at 600℃ reduced the current to ~10⁻¹⁰ A, suggesting only a few strongly bound adsorbates remained. To assess whether 600°C annealing disrupted the C-H bond structure of the H-terminated diamond, the SCD MEMS device was re-exposed to air for 12 hours. The surface current returned to the same magnitude as the initial state~ 10-4 A, indicating H-terminated diamond almost maintain structural integrity and attract new adsorbates from air to form hole carriers. This finding aligns with prior studies by V. Serpente et al. 32 and further confirms that breaking C-H bonds in a vacuum requires temperatures exceeding 600℃ 33,34. These results reaffirm the dynamic desorption process of adsorbates on H-terminated diamond surfaces.
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FIG. 3. (a) Resonance spectra of a 140 μm-long cantilever at 30 °C and after cooling from 600 °C. (b) Frequency shift and desorbed mass per unit area as a function of temperature. (c) Surface current-voltage (I-V) characteristics of H-terminated diamond at different temperatures. (d) Surface current at −5 V vs. processing temperature. The inset shows the temperature dependence of the surface current at -5 V.
To assess the uniformity of adsorbates on the surface of H-terminated diamond, we recorded the frequency shifts of cantilevers of different lengths after 600°C annealing, as shown in FIG. 4(a). The frequency shift of the 60 μm-, 80 μm-, 120 μm-, and 140 μm-long cantilevers are 249.0 Hz, 148.0 Hz, 70.7 Hz, and 47.8 Hz, corresponding to the mass change of 1.8 pg, 2.4 pg, 3.9 pg, and 4.3 pg, respectively. Since all cantilevers were fabricated on the same diamond substrate with identical cross-sectional geometries (width and thickness), the desorbed mass exhibited an approximately linear relationship with cantilever length. The measurement errors of 0.1~0.3 pg exists among cantilever beams of different lengths, which may be attributed to variations in residual stress 35,36. Regardless of cantilever length, the mass per unit area remained around 2.3 fg/μm², indicating a uniform distribution of surface adsorbates on the H-terminated diamond. Due to the diverse nature of adsorbate species, determining the exact effective density is challenging. However, assuming a density of 3.5 g/cm³ (similar to diamond), the estimated adsorbate layer thickness is approximately 0.65 nm.
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FIG. 4. (a) Resonance frequency shift and corresponding desorbed mass for cantilevers of different lengths. (b) Mass per unit area and estimated desorption layer thickness for cantilevers of varying lengths.
In conclusion, single-crystal diamond MEMS has been employed for the first time to investigate the dynamic desorption process of adsorbates on H-terminated diamond by analyzing changes in vibration characteristics and surface conductivity with respect to temperature. The desorption process reaches saturation at approximately 600℃, with a desorbed mass per unit area of 2.3 fg/μm² for 30-minute H plasma-treated diamond. It is confirmed that the C-H bonds maintain structural stability after 600℃ annealing, with the desorbed species consisting primarily of water molecules and anions adsorbed on the surface. These findings provide valuable insights into surface chemistry, aid in optimizing surface properties, and contribute to the development of advanced electronic devices based on H-terminated diamond. This work demonstrates that MEMS technology offers a precise and detailed method for analyzing the surface properties of semiconductors.
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