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ABSTRACT
The exceptional stiffness of diamond is strongly anisotropic due to its crystal structure, yet experimental quantification of Young’s modulus along different orientations remains limited. Here, we present a direct measurement of elastic anisotropy in microwave plasma chemical vapor deposition (MPCVD) single-crystal diamond (SCD) by analyzing the resonance frequencies of cantilevers aligned along distinct crystallographic directions. The measured Young’s modulus exhibited a minimum value of 1085 ± 21 GPa along the <100> direction and a maximum value of 1189 ± 22 GPa along the <110> direction. The compliance constants derived from the MPCVD-SCD differ substantially from previously reported values for natural diamonds and are more consistent with first-principles theoretical values. This method enables precise determination of orientation-dependent stiffness, revealing significant variation in Young’s modulus across crystallographic axes. These insights are critical for the design of diamond-based micro- and nano-mechanical systems as well as other high-precision devices, where directional elasticity strongly influences performance. 




Microelectromechanical systems (MEMS) are essential for modern technologies, serving as the basis for sensors, actuators, and resonators in fields ranging from communications to biomedical devices. As performance demands increase, particularly for operation in extreme environments, ultra-wide bandgap (UWBG) semiconductors   are promising. Among the UWBG semiconductors, single-crystal diamond (SCD) offers a unique combination of properties, exceptionally high Young’s modulus, outstanding thermal conductivity, chemical inertness, and low thermal expansion, that surpass conventional MEMS materials such as silicon 1-5. These attributes make diamond MEMS highly attractive for next-generation devices, including ultra-stable resonators 6, magnetic sensors 7 and temperature sensors 8 capable of reliable operation under high temperature and radiation conditions 8-12. Recent advances in chemical vapor deposition (CVD) now enable the fabrication of high-quality SCD films with controlled crystallographic orientation and thickness, opening opportunities for high-performance MEMS components with unprecedented robustness and functionality 13-17.
Young’s modulus plays a critical role in the design, modeling, and analysis of MEMS devices under both static and dynamic conditions, as it determines the extent to which structures bend under force or actuation18-23. Despite diamond’s nearly ideal mechanical behavior, its elastic properties, particularly Young’s modulus, have shown significant variation in numerous studies, ranging from ~900 GPa to over 1200 GPa 18-22. The large spread in reported values is primarily attributed to the anisotropic nature of diamond’s elastic properties, arising from its cubic crystal structure 24-26 as well as the quality of diamond. This anisotropy means that the effective Young’s modulus of an SCD-based MEMS device can vary significantly with its orientation relative to the crystal axes. Klein and Cardinale, for example, theoretically analyzed the anisotropic behavior based on the elastic stiffness constants 19, while several experimental studies have reported Young’s modulus variations in CVD diamond for a limited set of crystallographic orientations 20, 22, 23, 27. However, most theoretical predictions rely on ab initio calculations 26, 28 or elastic constants measured in natural type IIa/IIb diamond 18, 29, 30, which may differ substantially from practical microwave plasma CVD (MPCVD)-grown SCD. Moreover, prior experimental work has largely focused on averaged in-plane Young’s modulus within specific planes—typically (110) or (100)—without providing sufficient information to extract reliable elastic constants of high-quality MPCVD-grown SCD 12, 19, 23. Thus, a comprehensive, orientation-resolved experimental evaluation of Young’s modulus for technologically relevant SCD remains lacking.
In this study, we fabricated a “wagon-wheel” structure comprising circular-array SCD microcantilevers on a (001)-oriented diamond substrate, where the cantilever orientations span from 0° to 360° in 15° increments, with 0° corresponding to the ⟨100⟩ direction and 45° corresponding to the ⟨110⟩ direction. By using resonance-based non-contact measurements, we experimentally characterized the orientation-dependent variation of Young’s modulus. The measured Young’s modulus exhibited a minimum value of 1085 ± 21 GPa along the <100> direction and a maximum value of 1189 ± 22 GPa along the <110> direction. The measured values show a variation trend consistent with theoretical predictions19, validating the anisotropy of Young’s modulus in SCD. Based on the experimental results, we extracted the elastic constant of high-quality MPCVD-grown SCD, which differ substantially from previously reported values for natural diamond and are more consistent with first-principles theoretical values. These results highlight the critical importance of crystallographic orientation in the accurate design and analysis of diamond-based MEMS.
SCD MEMS cantilever resonators were fabricated using a smart-cut method from a high-quality SCD epilayer grown on an ion-implanted (001)-oriented SCD substrate with a nominally cut-off angle of 0°. 31. Firstly, ion implantation was performed on a high-pressure high-temperature (HPHT) type-Ib diamond substrate to form a subsurface graphitized carbon layer, which served as a sacrificial layer for forming freestanding SCD structures. The homoepitaxial SCD layers were then grown on the ion-implanted HPHT diamond substrate using an MPCVD system. Photolithography was employed to pattern the cantilever geometry, followed by the deposition of a 50 nm-thick aluminum layer as a mask for reactive ion etching (RIE) in oxygen plasma. After pattern transfer, the metal mask and the underlying graphite layer were selectively removed by wet etching with sulfuric and nitric acids, resulting in the formation of SCD cantilevers within the implanted region—a process commonly referred to as the release of the cantilever 31. As a result, two types of SCD cantilever resonators were fabricated on the same (001)-oriented diamond substrate. Resonator-Ⅰ consisted of cantilevers with lengths ranging from 50 to 190 μm, with a uniform thickness of approximately 1.41 μm and a width of 10 μm, as illustrated in Fig. 1(a) and (b). Resonator-Ⅱ featured a “wagon-wheel” structure composed of circle-array SCD microcantilevers, where the cantilever orientations span from 0° to 360° in 15° increments as shown in Fig. 1(c). The 0° direction of the cantilever was aligned parallel to the [010] crystallographic direction of the diamond substrate, with an orientation tolerance of less than ±1.0°. Each cantilever in resonator-Ⅱ was 100 μm long, 10 μm wide, and 1.41 μm thick. 
The resonance properties of the cantilevers were characterized using an optical interferometric velocity and displacement technique by utilizing the Doppler effect of a focused He-Ne laser (633 nm) 32. A radio frequency (RF) signal generated by a lock-in amplifier was used to actuate the cantilevers, while a laser Doppler vibrometer (LDV) detected their out-of-plane resonance responses 33. The frequency spectra were obtained by applying the Fast Fourier Transformation procedure to the velocity signals. All measurements were conducted in a high-vacuum chamber maintained below 10⁻⁴ Pa to minimize air damping losses at room temperature.(a)

(c)
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Figure 1. (a) Optical microscope image and (b) 3D laser microscope image of the Resonator-Ⅰ with cantilevers of varying lengths. (c) Resonator-Ⅱ with “wagon-wheel” SCD cantilever structure.
Elasticity is the relationship between the stress  and the strain  in a material. Hooke’s law describes this relationship in terms of compliance S or stiffness C: 19
                              (1)
                              (2)
For isotropic uniaxial cases, stiffness C can be represented by a single value of Young’s modulus E. For cubic crystals, such as diamond, by considering the energy of the strained crystal and the effect of the crystal symmetry, the elastic behavior can be described using the following 19:
  (3)
where  and  represent the longitudinal and shear stiffness, respectively, while  describes the coupling between normal stresses and strains in orthogonal directions, without a direct physical interpretation. Similarly,  corresponds to the normal strain under uniaxial stress in the same direction, ​ describes the normal strain induced by stress in a perpendicular direction, and ​ represents the shear strain per unit shear stress. Therefore, three independent elastic constants are required to fully describe the elastic behavior of cubic materials. The stiffness constants for SCD in different study are given in Table Ⅰ 18, 29, 30, 34-38. Most reported stiffness constants have been obtained through Brillouin scattering, ultrasonic measurements on natural type I/II diamonds, or ab initio calculations based on density functional theory. Experimental studies on the elastic stiffness constants of high-quality homoepitaxial MPCVD-grown SCD remain scarce.
TABLE Ⅰ Reported elastic stiffnesses of diamond.
	Reference
	C11 (GPa)
	C12 (GPa)
	C44 (GPa)
	S11 (TPa-1)
	S12 (TPa-1)
	S44 (TPa-1)

	Ref. 18
	1076.40.2
	267±50
	60020
	0.9521
	-0.0992
	1.7319

	Ref. 29
	1080.4
	127.0
	576.6
	0.9491
	-0.0998
	1.7343

	Ref. 30
	10795
	1245
	5782
	0.9493
	-0.0978
	1.7301

	Ref. 34
	1104
	148
	593
	0.9354
	-0.1106
	1.6863

	Ref. 35
	1097.5
	115.5
	598.2
	0.9298
	-0.08853
	1.6717

	Ref. 36
	115520
	26750
	60020
	0.9481
	-0.1780
	1.6667

	Ref. 37
	1146±4.8
	178±46
	562±3.7
	0.9106
	-0.1224
	1.7794

	Ref. 38
	1078.33
	126.59
	577.35
	0.9508
	-0.0999
	1.7321



For cubic crystals such as diamond, the Young’s modulus along an arbitrary crystallographic direction, n=[] can be calculated using the following expression: 19, 39
      (4)
Here, the terms m, n, and p are the direction cosines between the crystallographic direction vector [] and the X, Y, and Z axes, respectively. In the specific case of the (001) crystal plane, the direction cosines can be expressed as [m, n, p] = [, where  is the angle between the crystallographic direction and the [100] direction. Therefore, for the (001) crystal plane, Equation (4) simplified to：
            (5)
In the case of (001)-plane diamond, based on the data provided in Table I, the quantity  is always larger than 0. As a result, the Young’s modulus reaches its maximum along the ⟨110⟩ direction (i.e., at 45°) and its minimum along the ⟨100⟩ direction (i.e., at 90°). Using Equation (5), the directional dependence of Young’s modulus in the (001) plane is calculated and plotted in Fig. 2, where the angle is referenced to the [100] crystallographic direction.
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Figure 2. Simulated values of Young’s Modulus using constants reported by H. McSkimin et al. 30 plotted versus orientation in the (001)-plane of diamond.

We first estimated the Young’s modulus of SCD along the <100> direction at room temperature by measuring the length-dependent resonance frequencies of the cantilevers in Resonator-I. Fig. 3 shows that the resonance frequency scales as well as the law of 1/L2, which exhibits excellent agreement with the Euler-Bernoulli theory: 20
                             (6)
where k represents an isotropic resonance mode-dependent constant, typically 0.162 for a cantilever in the first order of the out-of plane resonance mode; E and ρ denote Young’s modulus and mass density of the cantilever material, respectively. L and t represent the cantilever dimensions in length and thickness, respectively. The agreement between the experimental results and theoretical fitting validates the thin-beam approximation and indicates the high reproducibility of the current fabrication process for mechanical SCD resonators.
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Figure 3. Dependence of measured resonance frequencies on cantilevers length 1/L2 at RT. 

Given that the thickness of the cantilever is approximately 1.41 μm, the Young’s modulus E in <100> direction was estimated to be around 1078 GPa through least-squares fitting of the measured resonance frequencies in Resonator-I using equation (6). Note that the strain in the cantilevers was not taken into account for the fitting. The evaluated Young’s modulus is consistent with previously reported values for <100> oriented SCD 20. This agreement supports the accuracy of the present measurement and highlights the reliability of resonance-based non-contact methods for evaluating the elastic properties of SCD. 
To investigate the anisotropy of Young’s modulus in SCD, measurements on resonance frequency were conducted using Resonator-II. The orientation-dependent resonance frequencies are shown in Fig. 4(a). Using Eq. (6), the Young’s modulus for each crystallographic direction was calculated. Figure 4(b) shows a polar plot of the experimentally measured anisotropy of Young’s modulus (black curve), along with the theoretical anisotropic behavior (blue curve) simulated using Eq. (5). As shown in Fig. 4(b), the experimental results exhibit a clear anisotropic trend, with a minimum Young’s modulus of 1085 ± 21 GPa along the <100> direction and a maximum of 1189 ± 22 GPa along the <110> direction. This variation is slightly larger than the theoretically predicted anisotropy of the Young’s modulus. The discrepancy between our measured values and theoretical predictions may arise from the fact that theoretical calculations are based on the elastic constants derived from natural diamonds, which typically exhibit higher residual stress, crystal defects, and other imperfections. Based on the Hershey–Kröner–Eshelby averaging method, 19 the average Young’s modulus in the (001) plane is calculated to be 1136 GPa. This value agrees well with previously reported data on (001)-oriented SCD, 23, 27 further confirming the reliability and accuracy of our experimental measurements. 
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Figure 4. (a) Orientation dependent 1st order resonance frequency. (b) Theoretical (blue line), fitting (red line), and measured (black line) values of anisotropic Young’s modulus in the (001)-plane of diamond. 

[bookmark: OLE_LINK2]Therefore, for practical high-quality SCD, the elastic constants should require refinement. By fitting the orientation-dependent Young’s modulus using equation (5), we obtained S11=0.9225 TPa-1 and S12 + S44/2=0.7435 TPa-1. In this study, the (001)-oriented SCD alone is insufficient to uniquely determine the individual values of S12 and S44; therefore, additional measurements on (111)- and/or (110)-oriented SCD are necessary to accurately extract these elastic constants in the future. To qualitatively assess the compliance constants obtained in this study, we compare our results with previously reported values shown in Table Ⅰ 18, 29, 30, 34-38 by plotting them together in Fig. 5(a) and (b). It is evident that all compliance constants​ derived from our MPCVD-grown SCD are lower than those reported for natural diamonds. The discrepancy in compliance constants is most likely attributed to the higher crystalline quality and lower defect density of the MPCVD-grown SCD, whereas natural diamonds may contain residual impurities or lattice imperfections. According to Raman spectroscopy results (not shown here), the FWHM of the Raman peak of the SCD cantilever is approximately 1.74±0.02 cm-1, whereas that of the HPHT diamond substrate is about 2.00±0.02 cm-1, indicating superior crystallinity of the MPCVD-grown SCD epilayer. Moreover, the fitted compliance constants closely match those obtained from first-principles calculations based on density function theory using generalized gradient approximation or local density approximation exchange-correlation functionals 34, 35, thereby confirming the validity and reliability of the extracted compliance constants. By substituting the fitted compliance constants into Eq. (5), the orientation-dependent Young’s modulus was recalculated and plotted as the red curve in Fig. 4(b). The recalculated curve shows excellent agreement with the experimentally measured data (black curve). These newly estimated elastic constants thus provide a more accurate and practical description of the elastic behavior of high-quality MPCVD-grown SCD.(b)
(a)
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Figure 5. Comparison of the fitted compliance constants (a) S11 and S12​+​ S44​​/2 (b) S12 and S44​​ obtained in this study with previously reported values. 18, 29, 30, 34-38 The shaded blue region in Fig. 5(b) indicates the more plausible range of S12 and S44​ values.
In conclusion, we experimentally characterized the anisotropy of Young’s modulus in MPCVD-grown single-crystal diamond (SCD) within the (100) plane using a “wagon-wheel” cantilever array spanning 0°–360°. The modulus ranged from 1085 ± 21 GPa along ⟨100⟩ to 1189 ± 22 GPa along ⟨110⟩, providing more precise orientation-resolved data than previously reported for natural diamonds. From these measurements, we extracted reliable compliance constants for high-quality SCD. Our results emphasize the critical role of elastic anisotropy in the design and modeling of SCD-based MEMS devices. This study provides a practical foundation for engineering diamond components with optimized mechanical behavior for advanced technological applications.
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