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Abstract
[bookmark: OLE_LINK13]Single-crystal diamond (SCD) microelectromechanical systems (MEMS) resonators with lower energy dissipation and higher quality (Q) factors have always been pursued for the development of high-sensitivity and high signal-to-noise ratio (SNR) MEMS sensors. The intrinsic loss such as the crystal quality and extrinsic loss of clamping loss have been optimized to greatly improve the Q factors of SCD MEMS resonators. Nevertheless, the surface termination induced energy dissipation has been rarely known due to the lack of high crystal quality diamond resonator and in-situ characterization. Here we examine the effect of oxygen-termination on the surface energy dissipation of SCD cantilevers by in-situ heating these cantilevers in a high vacuum chamber. After heating the 120 μm-long cantilever to 933 K, the Q factor of the cantilever is improved from 280,000 to 330,000 and the resonance frequency increases markedly. The present work clarifies that the oxygen-terminated surface plays an important role in the mechanical energy dissipation of SCD resonators.
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Introduction
Microelectromechanical or nanoelectromechanical systems (MEMS/NEMS) have ushered in a new era of detection and sensing with ultra-high precision, super-high stability, miniaturization and integration [1-4]. MEMS resonators can detect and sense force, mass, strain, gas, light, current, temperature, displacement, and magnetic fields, such as those utilized widely in atomic force microscope, smart watches, home appliances, medical electronics, biological science and automotive electronics [5-9]. Diamond presents as a promising candidate for the fabrication of MEMS resonators with low energy consumption and ultra-high frequency by virtue of its brilliant mechanical properties, superb electrical behavior, the highest Young's modulus, excellent thermal conductivity, and high thermal and chemical stability [10-14]. Single-crystal diamond (SCD) MEMS resonators can eliminate the effects of grain boundaries and other carbon phases, favoring the achievement of low mechanical dissipation or high quality (Q) factors for high-sensitivity and high signal-to-noise (SNR) ratio sensors. Currently, a number of applications based on SCD diamond MEMS have been achieved such as radio-frequency switches [15], magnetic sensors [16], on-chip actuators [14], and optical nanocavities [17]. In order to further improve the device performance such as the sensitivity, energy consumption, and SNR etc, the quality (Q) factors of the SCD MEMS resonators need to be improved. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK15]Single-crystal diamond MEMS freestanding structures are typically fabricated by smart-cut method through the ion-implantation-assisted lift-off (IAL) technology [18], diamond on- insulator (DOI) [19], and angled etching [20]. The smart-cut method is to remove the graphite-like sacrificial layer formed by high-energy ion implantation to prepare SCD MEMS, which enables SCD MEMS to be produced with brilliant reproducibility, excellent reliability, and high controllability. However, two major obstacles including defects in the ion implanted damaged layer and surface oxygen-termination effect are unavoidable during the fabrication. Our group has successfully minimized the effect of the defect layer and achieved the Q factor over one million through annealing in oxygen ambient followed by hydrogen plasma treatment [21-23]. It has been realized that the mechanical energy dissipations contributing to the Q factor are resulted from the crystal defects, air damping, clamping loss, and surface loss. Among these energy loss mechanisms, the surface loss has been rarely examined for SCD MEMS resonators. Surface terminations are widely employed in diamond electronic devices, among which oxygen (O)-termination and hydrogen (H)-termination are commonly utilized [24, 25]. During the fabrication of SCD MEMS, O-termination is unavoidably presented on diamond surface However, how the surface O-termination affects the Q factors of SCD MEMS is still mysterious. Therefore, the clarification of the O-termination effect is critical to achieve the ultra-high Q factor MEMS resonators.
[bookmark: OLE_LINK14]In the present work, we aim to explore and clarify the effect of surface loss induced by oxygen termination on the Q factor of SCD MEMS resonators, in which the ion-implantation induced defect layer have been removed. We examine the Q factors and resonance frequencies of the SCD MEMS resonators in a high vacuum chamber by in-situ heating and cooling. It is observed that the desorption of the absorbates on the oxygen-terminated diamond surface markedly increases Q factor and the resonance frequency of the SCD MEMS resonators.
Experimental
The SCD cantilever resonators were fabricated by using the smart-cut method based on the ion-implantation-assisted lift-off (IAL) technique (Fig. S1, Supporting information). The first step in preparing a diamond MEMS cantilever is to implant 180 keV high-energy carbon ions into a high-temperature and high-pressure (HPHT) type-Ib (100) diamond substrate to obtain the precursor for the sacrificial layer. The epitaxial single-crystal diamond was grown on the ion-implanted type-Ib diamond substrate by using a microwave plasma chemical vapor deposition (MPCVD) system with hydrogen (H2) and methane (CH4) as the precursor gas. The CH4 concentration, the microwave power, the substrate temperature, and the duration were 1.5%, 1kW, 900℃, and 2.5h, respectively. During the deposition of the epitaxial diamond layer, the sacrificial layer precursor was transferred to a graphite-like layer. The cantilevers were fabricated by a laser photolithography process: (i) the diamond was patterned using negative photoresist and exposure techniques; (ii) a 100 nm-thick aluminum layer was deposited as a mask; (iii) the area not covered by aluminum was etched by reactive ion etching technique and the input power, the oxygen flow, and the pressure were 800 W, 90 sccm, and 0.5 Pa, respectively; (iv) the graphite layer and aluminum layer were removed by wet etching with a boiling mixture acid. Meanwhile, diamond surface becomes to be oxygen-terminated. The width and length of the cantilevers were approximately 13 μm and 80~160 μm, respectively, as shown in Fig. 1(a). The removal of the graphite-like layer causes the stress in the SCD cantilever beams to be released and the cantilevers to bend upwards, as shown in Fig. 1(b), and the bending amplitude is related to the length of cantilever. We removed the damaged layer below the SCD cantilevers by annealing in an oxygen ambient followed by hydrogen plasma treatment and realized to improve the Q factors.
    Atomic force microscopy (AFM) and Raman spectrometer with a 532 nm laser were used to investigate the surface morphology and the crystal quality of epitaxial SCD, respectively. The typical resonance frequency spectra of cantilevers were measured and read out by a laser Doppler vibrometer (LDV, LV-1710) combined with a lock-in amplifier system in a high vacuum (~10-4 Pa) chamber with a heater. A probe is placed above the cantilever and forms an air capacitance to actuate the resonance vibration. The overall measurement scheme is shown in Fig. 1(c). The as-oxidized SCD cantilevers were measured at 298 K (later called room temperature (RT)), by which the resonance frequency and Q factor were used as the initial references. For test 1, the SCD cantilevers were heated to the target temperatures, then test 2 and test 3 were carried out sequentially when the chamber temperature was cooled back to 323 K and RT. The measurements at each temperature were performed until the resonance frequency was stable. We treated the SCD cantilevers until 933 K.
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[bookmark: OLE_LINK1]Fig. 1. (a) 2D and (b) 3D height distribution optical images of SCD cantilevers. (c) Schematic diagrams of the measurement route.

Results and discussion
[bookmark: OLE_LINK10]The crystal quality of the SCD epilayer greatly affects the Q factors of the MEMS cantilever resonators. We characterized the homoepitaxial diamond by confocal Raman measurement instruments and the position of the Raman scattering peak is obtained by Lorentz fitting, as shown in Fig. 2. The 2-dimension (2D) Raman mapping of the peak position and full width at half maximum (FWHM)are shown in Fig. 2 (a) and (c), respectively. The darker areas represent lower scattering peak shifts and smaller FWHM, respectively, and vice versa. The overall quality of the crystal is evenly distributed. The Raman peak position and FWHM of all the Raman spectra peaks in the characterized area are statistically calculated, and the histogram can be well fitted by the Gauss function, as depicted in the Fig. 2 (b) and (d). The average peak position of all Raman spectra was estimated at 1332.14 cm-1, which was very close to the standard value of 1332.5 cm-1. And the average FWHM of all peaks was only 1.78 cm-1, indicating that the epilayer has high single-crystal quality. The surface morphology of the SCD epilayer measured by AFM with an area of 400×400 nm2 is shown in Fig. 3. It displays that the overall surface is smooth with only a few small bumps and the root mean square (RMS) roughness is around 0.37 nm. Ten different areas of 400×400 nm2 were randomly selected to measure the RMS, and the results showed that the RMS basically remains between 0.3 nm and 0.4 nm (Fig. 3(b)), indicating that epitaxial diamond has a smooth surface.
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[bookmark: OLE_LINK2]Fig. 2. 2D Raman image of an area of 30×30 μm2 on the SCD epilayer. (a) Raman peak position distribution image. (b) Raman shift count statistical histogram. (c) Raman FWHM distribution image. (d) Raman FWHM count statistical histogram.
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Fig. 3. (a) Surface morphology and root mean square (RMS) roughness of an area of 400×400 nm2 on the SCD epilayer. (b) RMS in different regions with the dimension of 400×400 nm2.

The cantilevers were actuated by the electric field force between the microprobe with radio-frequency signal and the cantilevers. The resonance amplitude of the as-oxidized cantilever (120 µm long) increases linearly as the probe actuation voltage increases, as shown in Fig. 4(a) and the inset. The resonance frequency and Q factor are two main performance parameters of resonator and can be obtained by fitting the spectrum with the Lorentz function. The Q factor represents the ratio of the stored energy in the cantilever to the dissipated energy per vibration cycle. The frequencies and Q factors remain almost constant as the actuation voltage changes, as displayed in Fig. 4(b), indicating that the frequency and Q factor are virtually unaffected by voltage. The resonance frequency of the as-oxidized 120 µm-long cantilever is 482.8474 kHz and the Q factor is around 2.8x105 due to the removal of the damaged layer induced by ion-implantation. The resonant frequency of a cantilever is closely related to its dimensions including length and thickness and material properties, following the Euler-Bernoulli beam theory: [11, 18, 26]
                                                                                                           (1)
[bookmark: OLE_LINK9][bookmark: OLE_LINK11]where k, t, L, E, and ρ are 0.162 for the first mode, the cantilever thickness, the cantilever length, the effective Young’s modulus, and the effective mass density, respectively. The resonance frequencies clearly follow the equation (1) as shown in Fig. 4(c) and (d). The resonance frequency is an inversely proportional function to the L2 and has a linear relationship with 1/L2. The Q factor is approximately linearly proportional to the cantilever length, due to clamping dissipation, i.e. from 5.9×104 for the length of 60 µm to 2.8×105 for the length of 120 µm. There is some deviation between the experimental Q factor and the fitted line, which may be contributed to the surface loss and other dissipation mechanisms. These results indicate that the homoepitaxial diamond layer has high quality and the cantilevers fabricated by ion implantation assisted lift-off have excellent reliability and stability.
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[bookmark: OLE_LINK4]Fig. 4. Resonance performances of SCD cantilevers tested at room temperature. (a) The resonance frequency spectra of a 120 μm-long cantilever at different actuation voltages and the inset shows the dependence of spectral amplitude on the actuation voltage. (b) The frequencies and Q factors as a function of actuation voltage. (c) The frequencies and Q factors of the cantilevers as a function of length (L). (d) The dependence of frequencies on 1/L2.

Heating the oxygen-terminated diamond results in the change of the surface electron affinity, causing the surface adsorbates to gradually desorb [27, 28]. Surface desorption affects the cantilever frequency due to the mass change of the cantilever and energy dissipation due to surface friction. We recorded the frequency spectrum at each temperature until the resonance frequency was stable to ensure the reliability of the data. Four cantilevers were characterized to show the reproducibility of the measured resonance frequency shift and Q factor variation. Fig. 5(a) shows the resonance frequency spectra of a 120 µm-long cantilever at different actuation voltage and at 933 K. It can be seen that the amplitude rises as the voltage increases, while the resonance frequencies and Q factors remain almost the same, indicating that the desorption of the diamond surface reaches a steady state at this temperature. The resonance frequency at 933 K is lower to 480.3276 kHz and the Q factor is around 1.8×104. The normalized resonance spectrum continues to shift to the left (Fig. 5(b)) and the frequency downward nonlinearly (Fig. 5(c)) with increasing temperature from 298 K to 933 K, mainly due to the Young’s modulus decrease of the SCD cantilever. The functional relationship between Young's modulus and temperature can be expressed as the follow [29]:
                                                (2)
where E0 (GPa), A, and T0 are the Young’s modulus at 0 K, the independent constant of temperature, and the characteristic parameter, respectively. It can be obtained that the Young’s modulus has a negative correlation with temperature. According to equations (1) and (2), the temperature-dependent resonance frequencies are well fitted, as depicted in Fig. 5(c). Fig. 5(d) displays the dependence of Q factors on temperature from RT to 933 K for the cantilever with the 120 μm length. The Q factor decreases from 2.8×105 at RT to 1.8×104 at 933 K. The trend of the Q factors decreases continuously with increasing temperature. Generally, the total Q factor is an overall factor including air damping (Qair), clamping loss (Qclamp), thermoelastic damping (Qted), bulk loss ( Qbulk), and surface loss (Qsurf), and can be expressed as equation (3) [26, 30]. 
[bookmark: OLE_LINK7]                                (3)
In our experiments, the damping loss in air is excluded here due to the measurements in a high vacuum chamber (10-4 Pa). Note that the impurities induced bulk energy loss was not observed in this sample due to the high purity [30]. The Q factor decreases with temperature is mainly due to the TED loss.
[image: ]
Fig. 5. Resonance performances of SCD cantilevers tested at high temperature. (a) The resonance frequency spectra of the 120 μm-long cantilever at different actuation voltages. (b) Resonance spectra shifts of the cantilever with increasing temperature. (c) and (d) The dependence of frequencies and Q factors on temperature, respectively.
[bookmark: OLE_LINK16][bookmark: _Hlk160791603]To investigate the effect of in-situ heating treatment on the resonance properties of O-terminated SCD cantilever, we measured the Q factors and resonance frequencies at RT and 323 K after the SCD cantilevers were treated at each high temperature, namely, test 2 and test 3 in Fig. 1. Fig. 6(a) and (b) reveal that the Q factors tested at RT have a significant improvement after in-situ annealing treatment. It increases from approximately 5.9x104 and 2.8 x105 to 6.9x104 and 3.3x105 for the 60 μm- and 120 μm-long SCD cantilevers, respectively. In order to further verify the influence of in-situ annealing treatment on the changing trend of Q, the variation of the Q factor at 323 K (Test 2) after the SCD cantilevers were treated at each high temperature was recorded, as shown in Fig. 6(c) and (d). It is disclosed the increase of Q factors measured at 323 K with annealing temperature is consistent with that measured at RT after annealing (Test 3). Since the certain SCD cantilevers were examined and only the annealing temperature is changed for each cantilever, the only energy dissipation in equation (3) is the surface one related to O-termination on the SCD surface. The surface modification with the increasing temperature has a strong impact on the energy dissipation of the cantilever because the effect of air dissipation, clamping loss, thermoelastic damping, and bulk loss is constant. The critical surface loss parameter Qsurf-1 is defined by equation (4) [31].
                                                      (4)
Where ω is the cantilever width, t is the cantilever thickness, δ is the surface adsorption layer thickness, E1 is the conventional Young’s modulus of diamond and ES 2 is the Young’s modulus of the surface dissipative part. The substantial reduction in surface energy consumption Qsurf-1 is conducive to the improvement of the Q factor of the SCD resonators. The significant decrease in Qsurf-1 is attributed to the gradual desorption of the surface adsorbates, causing the δ and ES 2 to decrease as the temperature continues to increase.
[image: ]

Fig. 6. The changing trend of the Q factors of the 60 μm- and120 μm-long cantilever tested at RT (a), (b) and 323 K (c), (d) after cooling back from different high temperatures. 

[bookmark: OLE_LINK6][bookmark: OLE_LINK5][bookmark: OLE_LINK17]For the purpose of confirming again that surface desorption induces a decrease in energy consumption and an increase in the Q factor. We summarize the variation of the resonance frequency at RT and 323 K with the annealing temperature for the 60 μm-long and 120 μm-long SCD cantilevers in Fig. 7. The overall frequency change tendency of the 60 μm cantilever measured at RT after cooling back from high temperatures consists of three regions, as shown in Fig. 7(a). In region I, the frequency changes little before cooling from 363 K to RT. When the temperature rises above 393 K and then reduces to RT, the frequency starts to increase sharply and then increases gradually, as shown in region Ⅱ of Fig. 7(a). In region Ⅲ, the resonant frequencies rise slightly. For the 120 μm cantilever, the trend in frequency variation is approximately the same as for the 60 μm cantilever, as shown in Fig. 7(b). And the overall frequency increased by 117.8 Hz and from 37.0 Hz for the 60 μm- and 120 μm-long SCD cantilevers, respectively. In the case of measurements at 323 K after annealing, the similar trend in the frequency shift is observed, as depicted in Fig. 7(c) and (d). The three regions correspond to the desorption of different surface absorbates at different temperature, as shown in Fig. 7(e1), (e2), (e3), respectively. Oxygen-terminated diamond exhibits positive electron affinity [28, 32] and hydrophilicity [33], causing some positive polar ions such as N2+, NO+, O2+, H3O+ [34-36] and water molecules in air to be adsorbed on its surface, as vividly shown in Fig. 7(e1). For the temperatures below 363 K, little desorption occurs, so the resonance frequency of in region Ⅰ has almost no change. As the temperature rises from 393 K to 933 K, the adsorbates sequentially detach, as shown in Fig. 7(e2), causing the cantilever frequency to increase after cooling back to RT, as revealed in Fig. 7(e3), corresponding to the Ⅱ and Ⅲ stages. The slight change in the frequency in region Ⅲ stage is due to that there are a few adsorbates remaining on the O-terminated diamond cantilever surface. The cantilever resonators with other lengths show the same performance trend, as depicted in Fig.S2 and Fig.S3. Overall, promoting the desorption of adsorbates from the oxygen-terminated diamond surface by heating can reduce the energy consumption of the resonator and achieve higher Q factor and frequency.
[image: ]
Fig. 7. The frequency changing tendency of the 60 μm- and 120 μm-long cantilevers tested at RT (a), (b) and 323 K (c), (d) after cooling back from different high temperatures. (e1)-(e3) Schematic diagrams of surface desorption and frequency shift. 

The desorption of surface adsorbates leads to an increase in the resonant frequency of the O-terminated diamond cantilever. And the mass of the desorbates Δm can be calculated based on the change in frequency by equation (5) [37]. 
                                                                                                                     (5)
[bookmark: OLE_LINK18][bookmark: OLE_LINK8]where Δf is the frequency shift of the resonator, f0 is the mechanical resonance frequency of the cantilever without adsorption layer, and m0 is the mass of the cantilever itself. The dependence of desorption mass on temperature and the total desorption mass of the cantilever with the length of 60 μm and 120 μm are displayed in Fig. 8(a) and (b), respectively. It can be seen that the change trend of the desorption mass is consistent for the cantilevers with different lengths. The desorbed mass starts to increase rapidly after 363 K and then gradually rises gently after 753 K. In turn, the small change in the desorption mass indicates that there are few adsorbates left on the surface of the cantilever. The total desorption mass of the O-terminated diamond cantilever with the length of 60 μm and 120 μm is 0.9 pg and 2.2 pg, respectively, resulting from the adsorbate mass being closely related to the cantilever dimension and the surface morphology.
[image: ]
Fig. 8. The desorption mass of the O-terminated SCD cantilevers with the lengths of (a) 60 μm and (b) 120 μm.
Conclusions
In conclusion, the energy dissipation as well as the resonance frequencies of O-terminated SCD cantilevers were investigated by in-situ annealing. We showed that the desorption of surface adsorbates on the O-terminated SCD had a strong impact on the resonance behavior of the SCD cantilevers. The heating treatment in a high-vacuum chamber was able to desorb the surface adsorbates and modify the surface state, thus inducing an increase of the resonance frequency and an improvement in the Q factor from 280,000 to 330,000 for the 120 µm-long cantilever. Our research reveals that although O-terminated diamond surface is stable in air at RT, a surface loss is also induced. Appropriate surface treatments may significantly reduce surface losses and achieve higher Q factors for the development of MEMS devices with improved performance such as sensitivity, SNR, and reduced energy consumption.
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