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CONSPECTUS
The microelectromechanical systems (MEMS) that integrate tiny mechanical devices with electronics on a semiconductor substate has experienced explosive growth over the past decades. MEMS have a range of wide applications from accelerometers and gyroscopes in automotive safety, to precise reference oscillators in consumer electrons to probes in atomic force microscopy and sensors for gravitational wave detection. Quality (Q) factor is a fundamental parameter of a MEMS resonator that determines the sensitivity, noise level, energy efficiency, and stability of the device. MEMS with low energy dissipation has always been pursued. Despite the brilliant progress of silicon-based MEMS due to the mature technology in counterpart microelectronic, the intrinsic material properties limit the sensitivity and reliability, especially for the applications under extreme conditions. Diamond has emerged as the ideal semiconductor material for low-energy dissipation MEMS with high-performance and high-reliability, owing to its unparalleled material properties, such as the extremely high mechanical strength, super electrical properties, the highest thermal conductivity, and chemical inertness. Diamond resonators are thus expected to exhibit high Q-factors, and high reliability, with low thermomechanical force noise and long coherence rate of mechanical quantum states, not only improving the performance of MEMS devices but also expanding to the quantum domain. Single-crystal diamond (SCD) is desirable to achieve the ultra-low energy loss or high Q-factor MEMS resonator due to non-existence of grain boundaries and other carbon phases. However, the micromachining for SCD is tough and heteroepitaxial growth of SCD on foreign substrates remains quite difficult.  
 In this Account, we provide an overview of the recent research and strategies in SCD diamond MEMS for achieving high Q-factors, focusing on those fabricated by the smart-cut method developed in our lab. We start with the concept of diamond MEMS, covering from structures fabrication, fundamentals, to applications. A comprehensive discussion of the energy dissipation mechanisms on the Q-factors in diamond MEMS resonators is provided. The approaches to enhance the Q-factor of diamond resonators including (1) the growth of high crystal quality SCD epilayer on the ion-implanted substrate, (2) defects engineering, and (3) strain engineering by thinning the resonator to around 100 nm thick are presented. In the smart-cut method, the ~100 nm thick defective layer contributes to the main intrinsic energy loss. By combing the growth of a high crystal quality diamond epilayer above the defective layer and the atomic scale etching of the defective layer, the Q-factors could be improved from thousands to over one million at room temperature, the highest among all the semiconductors. The intrinsic high Q-factors of SCD MEMS is also due to the well-controlled purity of the diamond epilayer and the ultra-wide bandgap energy of diamond. Through strain engineering of the SCD MEMS beam to nanoscale, the Q-factor is expected to be further enhanced.  These strategies represent pivotal steps in advancing the performance and applicability of diamond MEMS resonators. 

1. INTRODUCTION
Microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) stand out as a cutting-edge multidisciplinary field based on the interaction between electrical and mechanical components. MEMS devices offer promising applications in automation, industry, edge computing, augmented/virtual reality, biomedicine, telecommunications, and quantum mechanics, because of their advantages of smaller, faster, more sensitive, integrability, and low power consumption.1, 2 The past decades have witnessed explosive growth of silicon-based MEMS due to the compatibility with the mature complementary metal-oxide-semiconductor (CMOS) industry. High-frequency and high-quality (Q) factor or low dissipation (or loss) as well as high-reliability MEMS/NEMS resonators have been pursued for better devices properties, such as high sensitivity, high resolution, strong robustness to heat and radiation, and resilience against wear and mechanical attack, as the development of health care for human being, artificial intelligence, autonomous driving, smart robots and space exploration.3 Nevertheless, due to the intrinsic material limitations of silicon such as the narrow bandgap energy, surface native oxidation, and mechanical brittleness, especially when the dimensions entering nanoscale, the performance such as the sensitivity and reliability of the current MEMS devices have been facing bottlenecks. Diamond with an ultra-wide bandgap (UWBG) of 5.5 eV has proven to be an ideal material to overcome the drawbacks of the conventional MEMS/NEMS, especially for the applications in harsh environments, due to its superior mechanical properties, high thermal conductivity, hydrophobic surface, chemical inertness, biocompatibility, and low intrinsic dissipation.4-6
The advancement of diamond MEMS/NEMS resonators is critically dependent on the micromachining fabrication of the freestanding structures, such as cantilever beams, bridges, disks, and membranes, etc. Methods for fabricating PCD/NCD diamond micro-resonators had been realized based on the micromachining the silicon substrate or selective growth, which have the merits of large area production.7, 8 Several prototypes PCD/NCD MEMS devices such as pressure sensors and GHz resonators were demonstrated.9, 10 Nevertheless, the grain boundaries and other carbon phases induce inter-friction limit the ultimate devices performance. Diamond MEMS/NEMS have been used in many different applications, including magnetic sensors, radio frequency (RF) switches, actuators, and atomic force microscope (AFM) probes.11, 12 
[bookmark: OLE_LINK2]Mainly, the fabrication techniques of SCD MEMS/NEMS resonators include smart-cut method based on the ion-implantation assisted lift-off (IAL)13-15, angled anisotropic plasma etching (APE)16, 17, and 1(DOI) methods18-20. Over the past decade, our group has been developing SCD MEMS/NEMS with a structure of diamond-on-diamond using the smart-cut method with well-controlled device dimensions. We demonstrated SCD NEMS switches13, 21 and high-temperature SCD MEMS magnetic sensors11, 22-24. Nevertheless, the ion-implantation in the smart-cut method introduce damages to a semiconductor crystal, degrading the Q-factor of SCD cantilevers to several thousand, orders of far below those expected. Figure 1 provides an overview of high Q-factor and high frequency diamond MEMS/NEMS, including fabrication techniques and representative applications. In total, the low-energy dissipation of diamond provides resonators with ultra-high Q-factors, making it ideal for developing ultrahigh-performance and robust MEMS in sensing and quantum science fields. This capability surpasses that of other semiconductors. For instance, we achieved high self-sensitivity (3.2 Hz mT−1 at 500°C) and low noise level (9.45 nT Hz−1/2 at 300°C) in an on-chip SCD MEMS magnetic sensor by improving the Q-factor11. This work highlights how diamond’s low-energy dissipation enhances Q-factors, facilitating the development of diamond MEMS sensors with unparalleled reliability, particularly in challenging environments such as high temperatures.
In this Account, we firstly provide insight into the energy dissipation mechanisms in SCD MEMS/NEMS. Then, we show the strategies for achieving high Q-factors resonators that include: (1) improving the overall crystal quality of the resonator; (2) defects engineering through either point defects annihilation or surface etching defects in diamond resonators; and (3) strain engineering. Finally, a conclusion and outlook are presented. 
[image: Fig 1]
Figure 1. An overview of diamond MEMS/NEMS. Typical fabrication methods for high Q-factor and high frequency diamond MEMS/NEMS to achieve high performance and high reliability in diverse applications. Reproduced with permission from reference 11. Copyright 2023 Wiley-VCH GmbH. Reproduced with permission from reference 13. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission from reference 16. Copyright 2012 American Chemical Society. Reproduced with permission from reference 18. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission from reference 25. Copyright 2021 AIP Publishing. Reproduced with permission from reference 26. Copyright 2018 Elsevier B.V. Reproduced with permission from reference 27. Copyright 2021 The Japan Society of Applied Physics.

2. ENERGY DISSIPATIONS IN DIAMOND MEMS/NEMS
2.1 Q-factor and Resonance Frequency
The dissipation of a mechanical resonator is the energy loss rate of a mode of resonance, which can be expressed by the reciprocal of Q-factor of Q−1. The Q-factor and the resonant frequency (fr) define the basic properties of a mechanical resonator.28 Low dissipation or high Q-factor has always been pursued. The Q-factor ultimately determines the sensitivity of the device response, such as to force, mass, displacement, etc. For instance, the minimal detectable force (Fmin) for a simple rectangular cantilever is given by29
	
	(1)


where E and ρ note Young’s modulus and mass density of the cantilever material; B notes the bandwidth of the system; w, L, and t represent the cantilever dimensions in width, length, and thickness respectively. The Q-factor is typically calculated from the full-width at half maximum (FWHM, ∆f) of the resonance spectrum obtained by fitting Lorentzian shapes, defined as30
	
	(2)


[bookmark: OLE_LINK3]Here, W0 represents the total mechanical energy, ΔW represents the energy dissipated per cycle of oscillation, and f represents the resonance frequency.
The resonance frequency of a cantilever can be described by the classic Euler-Bernoulli theory as the follow31
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where k represents a resonance mode-dependent constant, typically 0.162 for a cantilever in the first order of the out-of-plane resonance mode. Achieving a higher resonant frequency requires reducing dimensions. However, miniaturization beyond the submicron scale results in increased dissipation.3


2.2 Energy Dissipations in Diamond MEMS/NEMS
To achieve high-performance, high-reliability, and energy-saving diamond MEMS/NEMS devices, understanding the energy dissipation mechanisms is of great significance. The intricate relationship between the Q-factors and the geometric dimensions implies the presence of diverse sources of dissipation.32 Usually, we consider the primary dissipations while ignoring the others in order to better understand the energy dissipation mechanism. The entire Q-factor for a MEMS resonator with a given resonant frequency can be written as the sum of all dissipations:
	
	(4)


where the Q-factors for the dissipation sources from air damping, clamping/support loss, thermoelastic damping (TED), mechanical defects (MD), and surface loss are represented by Qair, Qclamp, QTED, QMD, and Qsurface, respectively. We investigated the dominated dissipation mechanism by excluding other mechanisms one by one. 
(1) Air Damping
In practice, MEMS/NEMS devices are usually operated in atmospheric or low vacuum environments. Investigating the air dampening effect and how ambient gas pressure affects diamond cantilever Q-factor is necessary. The ambient pressure in the range of 10-3 to 105 Pa can be classified into intrinsic (P < 10 Pa), molecular (10 Pa < P < 103 Pa), and viscous (P > 103 Pa) regimes by Knudsen number.33 Following that, the overall damping, which includes viscous, molecular, and intrinsic damping, is represented as follows 
	
	(5)


[bookmark: OLE_LINK4]In the intrinsic regime, air damping exerts a negligible influence since the mean free path of molecules greatly exceeds the dimensions of the diamond cantilever. The dissipation mechanism in the molecular regime combines the effects of both the intrinsic and viscous regimes. The following two models34 can be used to fit experimental data for Qmolecular: 
	
	(6)

	
	(7)


[bookmark: OLE_LINK27]Here, ρ represents the specific mass of diamond (3,500 kg/m), t and fn represent the thickness and the resonance frequency of cantilever, R0 represents the gas constant (8.317 J/(mol K)), T denotes the absolute temperature during measurement (K), Mm represents the molar mass (29 g/mol for air), P stands for the ambient pressure. Thus, Qmolecular is inversely proportional to P. In the viscous regime, the Qviscous can be expressed as34
	
	(8)


where μ denotes the dynamic viscosity of air, which is 1.85 × 10−5 kg/(m s), W is the cantilever width. Hence, Qviscous is predominantly influenced by P1/2. The air damping dominates the energy Q-factors of the SCD cantilevers in air, leading to the value to ~100 for the first out-of-plane resonance mode.34
(2) Clamping Loss
When the measurement is made in a vacuum (less than 10-5 Pa) at room temperature, the air damping and TED can be excluded. Both MD and surface loss mechanisms are independent of cantilever dimensions. Thus, the dominant energy dissipation for the SCD cantilevers with shorter lengths was attributed to clamping loss. Two models were considered for describing the clamping loss of out-of-plane flexural cantilevers. The Q-factor resulting from clamping loss for an infinite-width cantilever fixed to a semi-infinite base can be written as35, 36
	
	(9)


where α is a constant. A different flexural cantilever model with a finite base was put forth as37
	
	(10)


where tb is the base thickness and β is a constant. 
(3) Thermoelastic Damping
Thermoelastic damping stands as an important energy dissipation mechanism resulting from heat conduction during the transverse vibration of cantilevers, which can be estimated as38
	
	(11)


where α, T, Cp and k respectively denote the linear expansion coefficient, environment temperature, heat capacity and thermal conductivity of the cantilever material. TED only becomes dominant at high temperatures for perfect SCD cantilevers. 
(4) Mechanical Defects
The dissipation resulting from mechanical defects (MD) in the mechanics is written as follows39,
	
	(12)

	
	(13)


where ω signifies the resonance frequency, τMD signifies the defect relaxation time, and δ is a unitless constant associated with defect concentration. The characteristic atomic vibration period, τMD0, is approximately 10-13 s. The defect’s activation energy is represented as EA. A Debye peak is produced when the mechanical defect dissipation reaches its maximum at ωτMD = 1. 
The ultrawide band gap of diamond sets it apart from other semiconductors since all known defects possess deep energy levels that exhibit low activity at room temperature. We explored the effect of deep defects on the mechanical energy dissipation of diamond resonators after removing the ion-radiation reduced layer across a temperature range from room temperature (RT) to 973 K. To exclude other effect for energy dissipation, the temperature-dependent resonance frequency was investigated. Figure 2(a) displays the temperature dependence on the resonance frequency of a 120 μm-long diamond cantilever.39 The temperature-dependent resonance frequency was examined to extract the Young’s modulus as a function of temperature for subsequent energy dissipation analysis. The temperature-dependent Young’s modulus models the exponential drop in resonance frequency with temperature40,
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where E0 represent the Young’s modulus at 0 K, C is a constant that is independent of temperature, and T0 is a characteristic temperature that is connected to the SCD Debye 
temperature with the formula of T0 = ϴD/2. The decrease in the SCD cantilever’s Young’s modulus is responsible for the resonance frequencies’ nonlinear downward trend as temperature rises.
Figure 2(b) shows the temperature dependence of Q-factor from RT to 973 K for the same cantilever as in Figure 2(a). The Q-factors exceed 10,000 across the entire temperature range, with a maximum value approaching 200,000 near 400 K. It is observed that, on average, the Q-factor decreases with increasing temperature, with two maxima observed near 400 K and 900 K. Based on the temperature-dependent Q-factors, we inferred the presence of two types of mechanical defects in this case. We used the following equation as our model,3, 31
	
	(15)


By simulating each energy dissipation source in Equation (15) as done in Figure 2(c), we derived the total Q-factors, illustrated in Figure 2(d). It is observed that the energy dissipation increases with temperature and shows local maxima because of the interplay between deep defects that are triggered at specific temperatures and phonons. Removing boron impurities notably enhances the Q-factor of RT diamond resonators. The deep energy nature of these defects provides SCD with remarkably low intrinsic energy dissipation in mechanical resonators, at RT and even beyond.
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Figure 2. The measured resonance frequencies (a) and Q-factors (b) of cantilevers with length of 120 μm as a function of temperature ranging from RT to 700°C (973 K). (c) Temperature-dependent variations in each dissipation source. MD1 represents the mechanical dissipation associated with defect D1, while the dissipation related to defect D2 is absent and thus not depicted. Here, δ1 equals 10−4 and δ2 equals 0. (d) Plot of calculated Q-factors versus temperature for various defect concentrations, distinguishing between the activation of each type of defect: Red lines depict D1 with an excitation energy of 0.33 eV, while blue lines represent D2 with an excitation energy of 0.91 eV. Reproduced with permission from reference 39. Copyright 2020 American Physics Society.

(5) Surface Loss
For the surface loss, it’s primarily caused by surface states, that can be significantly influenced by surface oxides, absorbates and defects. The surface loss can be mathematically represented as3, 41
	
	(16)


Here, δ is the thickness of the surface layer where  is defined. A merit of diamond for MEMS is that there is no existence of solid native oxides on the surface.  In our work, surface loss can be included in the mechanical defect loss due to ion-implantation induced defective layer at the bottom of the SCD cantilevers. 

3. TACTICS TO REDUCE DISSIPATION FOR HIGH Q-FACTOR
3.1 Improve Overall Resonator Crystal Quality
The crystal quality determines the intrinsic energy dissipation in SCD MEMS. PCD and N/UNCD often exhibit a high-volume fraction of grain boundaries and impurities due to their smaller crystal sizes, degrading the Q-factors7 (see Table 1 and 2). The development of MEMS/NEMS devices using SCD becomes highly desirable, as it allows for the exploitation of diamond’s extraordinary properties in the realm of MEMS/NEMS technology.42 Additionally, the Q-factor of electronic-grade SCD (el-SCD) surpasses that of optical-grade SCD. 

Table 1. Q-factors and Raman FWHM for Different Diamond Cantilevers
	Material
	Length
	Width
	Thickness
	FWHM of Raman
	Q-factor
	Ref.

	SCD
	100 µm
	12 µm
	1.5 µm
	2.8 cm-1
	30,000
	43

	SCD
	100 µm
	-
	1.4 µm
	2.4 cm-1
	13,000
	44

	SCD
	100 µm
	10 µm
	1 µm
	1.8 cm-1
	8,000
	45

	SCD
	100 µm
	-
	-
	1.75 cm-1
	20,000
	46

	el-SCD
	240 µm
	12 µm
	660 nm
	-
	412,000
	19

	PCD
	200 µm
	18 µm
	270 nm
	-
	6,680
	19

	NCD
	500 nm
	300 nm
	600 nm
	-
	4,380
	47

	UNCD
	200 µm
	27 µm
	1 µm
	-
	10,000
	48



Table 2. Q-factors of Typical MEMS Based on Different Materials
	Material
	Resonator
	f
	Q-factor
	Temperature
	Ref.

	SCD
	cantilever
	214 kHz
	1,006,178
	300 K
	43

	Si
	cantilever
	495 kHz
	22,500
	4.2 K
	49

	SiO2/TiO2
	beam
	278 kHz
	9,000
	295 K
	50

	SiN
	beam
	8.07 MHz
	10,000
	300 K
	51



The Q-factors of diamond resonators fabricated through the IAL technique are significantly lower than those fabricated using the DOI or APE methods. For such cantilevers, the ion-damaged layer at the bottom of the cantilever primarily determines the total Q-factors. In this case, the strategy to achieve a high Q-factor is to deposit a thick diamond epilayer on top of the ion-implanted diamond substrate.52
As seen in Figure 3(a), the Q-factors for the diamond cantilevers fabricated by helium (He) ion implantation at 1 MeV were 2,000 ~ 7,000.31 Considering the composition of cantilevers with both an ion implantation damaged layer and a high quality homoepitaxial layer, a proposed bilayer model explains how the Q-factor varies with epilayer thickness, as follows53
	
	(17)


Here, Q represents the total Q-factor of the cantilever, Qepi is the Q-factor of the epilayer by itself, and Qion signifies the effective mechanical Q-factor of the ion-implantation damaged layer. The dimensionless factor β is defined as β=(Eiontion)/(Eepitepi), where Eion and Eepi stand for the ion-damaged layer’s and epilayer’s respective Young’s modulus. Additionally, tion and tepi represent the thickness of the ion-damaged layer and epilayer, respectively. The assumption Eion=Eepi simplifies β to tion/tepi. The decrease in β suggests a gradual elimination of the ion-damaged layer.
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Figure 3. (a) Q-factors as a function of cantilever length and width. (b) Q-factor dependence on the ion-damaged layer to epilayer thickness ratio. Reproduced with permission from reference 31. Copyright 2014 AIP Publishing. Reproduced with permission from reference 52. Copyright 2017 The Japan Society of Applied Physics.

As illustrated in Figure 3(b), the Qion of the cantilever with the ion-damaged layer alone exhibited a low Q-factor around 200.52 By growing a homoepitaxial layer with a thickness of 1.81 µm on ion-implanted SCD substrates, the Q-factor was significantly improved. It is clear from that with the increasing thickness ratio of the epilayer to the substrate, there is a corresponding increase in the Q-factor, this was found to be compatible with Equation (15). 
3.2 Defects Engineering
[bookmark: _Hlk111306571](1) Reducing Defects
Evading or reducing energy dissipation caused by defects is crucial in attaining ultrahigh Q-factor resonators for applications in quantum platforms and high-sensitivity MEMS/NEMS sensors. The defects induced by ion-implantation have a detrimental impact on the Q-factors of diamond mechanical resonators. To improve the Q-factors, one effective strategy involves reducing the defects through annealing the as-fabricated diamond mechanical cantilevers in an ultrahigh vacuum (UHV) environment, as shown in Figure 4(a). We explored the effects of UHV annealing on the resonance properties of SCD cantilevers, and assessed the impact of ion-implantation damages in diamond by measuring the Q-factors of diamond resonators.45 After annealing the SCD cantilevers in the temperature range of 900°C to 1100°C and cleaning them with hydrogen plasma, as Figure 4(b) depicts, the resonance frequency and Q-factors were measured. As Figure 4(c) illustrating, the Q-factors significantly improved after annealing at 1100°C, rising from average values of approximately 8,000 to beyond 15,000. This method improved the Q-factor by reducing the effect of the defects in the ion-implanted diamond substrate.
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Figure 4. Digital photos of (a) UHV annealing and (b) H2 plasma treatment. (c) Q-factors of different cantilever length increase with increasing annealing temperatures and further H2 plasma cleaning. Reproduced with permission from reference 45. Copyright 2023 Elsevier B.V.

[bookmark: _Hlk14106689](2) Removing the Defective Layer
To boost the Q-factors of the SCD cantilevers, in addition to the growth of a thick high crystal-quality SCD layer, it is necessary to remove ion-implantation induced damaged layer at the bottom of the cantilever. We achieved ultra-high Q-factors over 1,000,000 in SCD resonators by the use of a smart-cut technique and atomic layer etching (ALE) with 1-nm accuracy.43 In the smart-cut technique, a high-energy ion beam (over 100 keV), was focused onto the SCD substrate, which caused a phase change in the diamond that would act as the sacrificial layer.54 Employing the ALE process in an oxygen ambient alongside high-quality diamond growth, we effectively removed the defective layer within SCD resonators with a thickness accuracy of less than 1 nm, consequently reducing the intrinsic energy dissipation in the cantilevers.
The thickness variation of the SCD cantilever was monitored by the resonance frequency shift. In our etching experiments conducted at 430°C and 500°C for varying durations, a noticeable resonance shift was observed after oxygen etching at 500°C for 4 h, as depicted in Figure 5(a).55 Figure 5(b) illustrates a marked improvement in Q-factors, increasing from 3,500 to 7,000 after annealing at 500°C for 7 h. The etching rate was estimated to be approximately 0.4 to 0.5 nm/h at a temperature of 500°C in an oxygen ambient, corresponding to a carbon mass loss of 10−12 g/h. As shown in Figure 5(c), the Q-factor of a 1.6 µm-thick diamond MEMS cantilever was markedly enhanced to 417,000 after annealing for 380 h in oxygen ambient at 500°C. For further investigation, the etching effect on resonance frequency and Q-factor at 500°C was examined, as displayed in Figure 5(d)-(e). Utilizing ring-down measurement techniques, the Q-factor surpassed 430,000 for a 1.44 µm thick and 100 µm long SCD cantilever, as shown in Figure 5(f). Following further oxygen etching and hydrogen plasma cleaning treatment resulted in the Q-factor eventually exceeding one million, higher than the values reported for PCD, NCD, monocrystalline silicon, and other crystalline materials.43 The diamond MEMS resonators thereby show great promise for sensor applications and coupling with quantum centers in diamond, with the key advancement being the ALE method providing nanometer thickness accuracy, enabling precise control over both the resonator’s quality and vertical dimension.
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[bookmark: OLE_LINK21]Figure 5. (a) Resonance frequency shift after annealing at 500°C for 4 h in O2 atmosphere. (b) Dependence of Q-factor on the annealing time at 430°C and 500°C. (c) Ring-down curve after 380 h annealing in an O2 ambient. (d) Rsonance frequency shift after ALE treatment (500°C, 380 h). (e) Q-factor as a function of ALE durations. (f) Ring-down measurements before and after ALE for 380 h. Reproduced with permission from reference 55. Copyright 2017 Elsevier Ltd. Reproduced with permission from reference 43. Copyright 2018 American Physical Society. 

3.3 Strain Engineering 
Over the past fifteen years, dissipation dilution due to strain engineering has been demonstrated to increase in Q-factors by a four-order-of-magnitude, outperforming earlier the most advanced results in bulk crystalline resonators at both room temperature and liquid helium temperatures.28 The newly developed techniques of strain engineering have facilitated Q-factors of up to 3.6×109 at room temperature,56 while strained silicon resonators have achieved Q-factors of 1.3×1010 at 7 K.57 
The combination of dissipation dilution through strain engineering with the high intrinsic Q-factors of single crystal materials may lead to extremely high Q-factors at room temperature. Given that SCD is an ideal single crystal material for MEMS/NEMS applications, it is imperative to explore the potential of strain engineering in SCD MEMS devices. To examine the impact of strain on the Q-factor of SCD, we fabricated double-clamped SCD NEMS resonators with different thickness. The resonance properties of the SCD bridges were further investigated. Figure 6 (a) displays the relationship between the resonance frequency (f) and length (L). The linearity of f vs L-2 length for the SCD NEMS beam deviated from the Euler-Bernoulli beam theory (Equation (3)) for long length. As shown in Fig. 6(b), the resonance frequency increases with thickness decreasing from 180 nm to 158 nm reduced by oxygen etching, which suggests the existence of tensile stress in the beam. In the meanwhile, as the thickness decreased from 180 nm to 166 nm, the Q-factor also increases due to the strain in the SCD NEMS beams. This experiment provides a promising approach to achieve exceptionally high Q-factors through the strategic utilization of strain engineering and thickness effects in SCD bridges.
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[bookmark: OLE_LINK1][bookmark: OLE_LINK5]Figure 6. Resonance properties of double-clamped SCD NEMS beam with different thicknesses (a) Variation of resonance frequency with SCD bridge length. (b) Resonance frequency and Q-factor of a 100 μm long SCD bridge plotted against different thickness.

4. HIGH-ORDER RESONANCE TOWARD HIGH f‧Q PRODUCTS
When sensing relies on frequency shift, the Q-factor becomes crucial. However, higher resonance frequency typically results in a reduction in the Q-factor for the first-order resonance because of the heightened dissipation. The product of resonance frequency (f) and Q-factor f‧Q emerges as a key parameter for MEMS/NEMS devices. In order to obtain increased sensitivity, quick response times, and better tolerance to mechanical noise, a high f‧Q value is desired. It has been demonstrated that high-order resonance modes can improve sensing capabilities, including the mass sensitivity of a cantilever and the scanning speed and image contrast of AFM. 
[image: ]
Figure 7. Variation of Q-factor and f∙Q shift with (a) lengths and (b) resonance orders for diamond cantilevers. (c) Resonance frequency spectra and (d) ring-down measurement on a diamond cantilever at its second resonance mode. Reproduced with permission from reference 14. Copyright 2024 The Authors.

As we examine the resonance characteristics and energy dissipation in the initial three resonance modes, the f‧Q product increases significantly at higher orders, as Figure 7(a) shows.14 Figure 7(b) illustrates the roughly 15-time rise in the f‧Q product at the third-order resonance, with the Q-factor remaining almost unchanged. Higher order resonances have less clamping loss compared to the fundamental mode, possibly because nodes further away from the clamping points store more mechanical energy. As can be seen in Figure 7(c)-(d), we achieved an ultra-high f‧Q product above 1012 Hz through higher-order resonances in the diamond cantilevers. The improvement in f‧Q was attained without the requirement for extra treatments, like UHV annealing or surface etching. This work offers promising applications for diamond mechanical cantilevers, including the field of AFM tips, mass, and magnetic sensors.
5. CONCLUDING REMARKS
[bookmark: OLE_LINK6]In this Account, the strategies for improving the Q-factor of diamond MEMS/NEMS by reducing the energy dissipations with the resonators are reviewed, mainly drawing insights from our group’s research to date. The combination of overgrowth of high-crystal quality diamond epilayers and reactive etching represent the primary methods employed to enhance the Q-factor of diamond mechanical resonators fabricated through the smart-cut technique. Removing the defective layer caused by ion irradiation at the bottom of the SCD MEMS beams resulted in a remarkable increase in the Q-factor from around 10,000 to over a million. The intrinsic Q-factor of SCD MEMS resonators exceeds those of other semiconductor materials at room temperature. The further enhancement of the Q-factors of SCD MEMS/NEMS at room temperature may be achieved through the dissipation dilution via strain engineering. The fabrication of SCD bridge structures with nanoscale dimensions is well-suited for enhancing Q-factors through strain engineering. By optimizing sample geometry and refining nanofabrication processes, deep elastic strain engineering—inducing high (>5%) tensile or shear elastic strains in diamond—has the potential to significantly improve Q-factors. The Q-factor and its enhancement techniques constitute paramount features for diamond MEMS/NEMS applications, given that a higher Q-factor contributes to higher sensitivity, resolution, and higher reliability. Research on improving Q-factors of diamond MEMS/NEMS paves the way for the advancement of next-generation integrated MEMS/NEMS and optomechanical systems, significantly boosting the performance and reliability for ultra-sensitive sensors and quantum sciences.
The merits of diamond MEMS for high-reliability sensors were revealed. All electrical-type on-chip SCD MEMS resonators were demonstrated and parallel readout of resonator arrays was achieved. The SCD MEMS magnetic sensors showed high reliability up to 500oC. The utilization of high-Q factors SCD NEMS resonators would improve the magnetic sensitivity toward pico-Tesla. Nevertheless, the interface energy dissipation between the functional magnetic materials with SCD NEMS requires further deep investigation. The being increased size of SCD wafers would push forward the development of diamond MEMS/NEMS for wide applications in physical, chemical, medical, and biological fields, where point defects are less critical compared to electronic devices. Further advances in diamond MEMS/NEMS integrating with complementary metal-semiconductor-oxide (CMOS) circuits should be explored to achieve practical applications that conventional MEMS devices cannot reach. 
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