Ultra-high Resolution, Wide-range Thermometry Based on High-quality Factor Microscale Diamond Resonators 
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Next-generation thermometry requires ultrahigh precision and microscale or nanoscale spatial resolution for bio-calorimetry, optoelectronic sensing, quantum science, energy storage and thermal management of electronic devies. Current thermometry approach based on capacitive, piezo-resistive and resonant mechanisms, suffers from various problems such as large volume, narrow temperature range, low resolution, and high noise level. Microelectromechanical system (MEMS) thermometry holds great potential as thermometry due to the small size, batch fabrication and easy of integration with integrated circuits.  However, mainstream silicon MEMS thermometry struggles with the trade-off between sensitivity, temperature resolution, and thermal noise. In this work, we propose the utilization of high-quality factor single-crystal diamond MEMS cantilevers with multi-mode resonance to address these challenges. The resulting diamond MEMS thermometry exhibit unparalleled performance, with an ultra-high temperature resolution of 100 µK, a noise equivalent temperature of ~22 nK/Hz1/2, and a wide-temperature range from 6.5K to 380K. This work highlights the versatility and transformative potential of the diamond MEMS resonator as an advanced platform for high-resolution temperature sensing.



1. Introduction
Microscale ultra-high resolution thermometry bas has become increasingly essential in system-on-chip (SoC) technology, facilitating precise temperature monitoring across diverse applications,  such as bio-calorimetry[1, 2], optoelectronic sensing [3], quantum science[4], thermal management[5, 6], scanning thermal imaging probes[7] and energy generation and storage technologies[8, 9]. The most commonly used thermometers include resistance temperature detectors (RTDs) employing materials like platinum, nickle or copper [10], thermal couples [9], and semiconductor-based temperature sensors [11]. Thermalcouples and semiconductor-based thermometers typically exhibit low resolution (~0.1K). In response to the growing demand for ultra-high-precison microscale thermometry, various techniques have been developed.  Using modulated electrical sensing technique, the temperature resolution of the platinum resistance thermometers has been improved to the range of 20~100 µK [10]. However, the thermal noise induced by electrical sensing imposes a fundamental limitation, with the noise floor reaching ~10 µK/Hz1/2. Optical thermometry techniques, leveraging fluorescence [3] and optical resonators,  have been extensivly explored to enhance both temperature and spatial resolution. Notably, nitrogen-vacancy centers in diamond enable nanoscale spatial resolution, yet their noise floor is contrained to ~mK/Hz1/2 [12]. Additionally, the recorded nanokelvin-resolution thermometer near room temperature has been demonstrated using suspended asymmetric Fabry-Perot resonators [13]. However, the limited temperature range of such techniques restricts their broader applicability. Microelectromechanical system (MEMS) thermometry have emerged as promising alternatives due to their microscale size, batch fabrication and integrated circuits. Current MEMS thermometers are predominantly based on capacitive, piezo-resistive, and resonant mechanisms[14]. However, each type of MEMS thermometer has inherent limitations. For example, MEMS capacitive thermometers [15-17] offer high accuracy but are susceptible to nonlinear pull-in instability, resulting in a low resolution of ~10 mK and a limited temperature sensing range of 203 K to 373 K. By employing a multi-layer stacked double-clamped structure, MEMS resonant thermometers have achieved an ultra-high resolution of 7.25 µK with a sensing range from 223K to 313 K[14]. Nevertheless, the multi-layer design introduces significant challenges, including restricted measurement temperature ranges due to differential thermal expansion of layers and increased the fabrication complexity. As a result, the development of a thermometer that combines ultra-high resolution, microscale size, and a wide operational temperature range spanning from cryogenic temperatures (<10 K) to high temperatures (>373 K) remains an unlocked challenge.
  Single-crystal diamond (SCD) exhibits exceptional mechanical and physical properties, such as the highest Young’s modulus, an ultra-wide bandgap energy, low mechanical loss, and absence of solid-state surface oxides. These characteristics make diamond an ideal material for MEMS sensors, offering unparalleled performance, stability, and reliability[18-21]. Leveraging these properties, diamond MEMS thermometry enables wide-range temperature sensing, from cryogenic temperature to high temperature over 1000 K, owing to its ultra-wide bandgap and insulating nature [22-24]. 
In MEMS resonant thermometry, a high thermal coefficient of frequency  (TCF) is typically desirable to enhance temperature sensitivity [25]. However, diamond inherently has a relatively low TCF compared to other semiconductors. A common strategy is to improve sensitivity is the use of multilayer stacked structures [14].  While this approach increases the TCF, it also degrades the quality (Q) factor of the resonator, thereby reducing the ultimate resolution. Although the low TCF of diamond MEMS reduces sensitivity for thermometry applications, it simultaneously minimizes thermal noise for thermal control, contributing to higher resolution. This highlights a fundamental trade-off between sensitivity and resolution in MEMS resonator-based thermometers, particularly when using diamond as the material platform. 
To address the dilemma associated with SCD MEMS thermometry, we propose the development of an ultra-high quality (Q) factor exceeding 1 million, enabling high-resolution and low noise temperature sensing. By employing a multi-mode actuation approach, we significantly enhance the temperature sensitivity, increasing it from 8 Hz/K for the 1st resonance mode to 20 Hz/K for the 2nd resonance mode. The proposed SCD MEMS thermometry demonstrates unparalleled performance, achieving an ultra-low noise level of ~22 nK/Hz1/2, a temperature resolution as low as 100 µK, and a wide operational temperature range spanning from below 10K to over 380 K. This work paving paves the way for broad applications in bio-calorimetry, electronic devices, energy systems, and quantum technologies that demand integrated and miniaturized sesning solutions. 

2. Results and Discussion 
2.1 High Crystal Quality Diamond Epilayer and Ultra-high Q Factor Cantilevers
To achieve high Q factor SCD MEMS cantielvers, we grew a homoepitaxial diamond epilayer of with the highest crystal quality on the high-pressure high-temperature (HPHT) (100) type-Ib SCD substrate. The fabrication of SCD cantilevers was performed using the smart-cut method, which involves the high-energy ion implantation, photolithography, reactive ion etching, and structure release[24, 26].  To achieve Q factors over 1 million, the damaged layer at the bottom of the SCD cantilevers was efficiently removed in an oxygen ambient. The crystal quality of SCD epilayer was characterized using Raman spectroscopy, as shown in Figure 1. The Raman peak position (Figure 1a, 1b) and full-width at half-maxium (FWHM) (Figure 1c, 1e) of the diamond Raman signal were statistically  analyzed in two dimensions across the epilayer. The FWHM of the diamond Raman peak centered at approximately 1332.27cm-1 , was measured to be ~1.5cm-1, which is the lowest reported value among the SCD wafers to date. The uniform distribution (Figure 1d) of the Raman peak discloses minial low strain in the SCD epilayer. Thus, the SCD epilayer in this work represents the higest crystal quality achieved so far. An optical image of a typical SCD cantilevers with a length of 120 120 µm,  a width of 12 µm, and a thickness around 2.2 µm is illustrated in Figure 1f. 
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Figure 1.  Overall material characterization of the high-quality diamond MEMS resonator (a) a typical Raman spectrum (should be replotted ), (b) Raman peak 2D mapping , (c) FWHM 2D distribution accross the SCD epilayer, (d) Raman peak 2D image, (e) FWHM 2D image, and (f) optical image of SCD cantilevers .

2.2 Temperature Dependent Resonance Properties
The mechanical resonance properties of the SCD cantilevers were investigated in an ultra-high vacuum chamber with a pressure around 10-7 Pa. The vibrational velocity of the cantilevers was measured by a Laser Doppler Vibrometer (LDV) [27, 28]. A signal generator was used to actuate the cantilevers and the data was acquired using a lock-in amplifier. During the measurements, the temperature of the sample stage was varied from 6.5 K to 380 K. The detailed measurement setup is illustrated in Figure S1. We investigate the fundamental (1st mode) and the 2nd mode resonance frequencies. Figure 2a,b display the typical resonance frequency spectra of the 120 µm long SCD cantilever at the room temperature(T=300 K). Also, the resonance frequency response at higher (T=380K) and lower temperature (T=6.5K) are illustrated in Figure S2. The measured resonance frequencies align well with theoretical predictions based on the Euler-Bernoulli formula for a rectangular shape cantilever, expressed as
         　　　　　　　　　　　　　             (1)
where n (n = 1, 2, 3, n > 3 ∙∙∙) is the vibration mode number. k1 = 0.162, k2 = 1.012, and k3 = 2.835,…. fn, E, L, t, and ρ represent the resonance frequency, Young’s modulus, cantilever length, thickness, and mass density, respectively[29, 30]. The smart-cut method developed in our laboratory allows for precise and well-controlled production of SCD cantilevers, as evidenced by the dependence of resonance frequency on the cantilever length (Figure S2c3).  The Q factors are were calculated using the band width method by performing Lorentzian fitting on the frequency spectra across a temperature range from 6.5 K to 380 K. To validate these measurements, the ring-down method is also employed to confirm the Q factors at each temperature. The Q factors are were measured during both the heating and cooling process, as illustrated in Figure 2d2c, e d for the 1st and 2nd resonance modes, respectively.  The consistency between the Q factors obtained during heating and cooling, as well as the reproducibility of measurements on different days, rules out surface absorption as a significant contributor to the energy dissipation in the cantilever resonator. Notably, the overall Q-factors for the 1st mode resonance is over 400, 000 at room temperature while those for the 2nd mode are above 150, 000. At low temperature around 30 K, the Q factor approaches 1 million, demonstrating the exceptional mechanical performance of the SCD cantilevers. The temperature dependence of the Q-factor is primarily attributed to thermalelastic damping (TED), as discussed in detail in Supplementary Information (Figure S3S4). The temperature dependent resonance frequency for both the 1st and 2nd mode is shown in Figure 2e from 6.5 K to 380 K, from which the TCF was calculated (Figure 2f). It is noted that the TCF is as low as <-7ppm/K. Although this makes diamond insensitive to temperature, the thermal noise is expected to be greatly constrained. The low noise performance is a great merit for precise temperature controller. 
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Figure 2 Comprehensive characterization of the rResonance frequency properties at different temperatures. Typical resonance spectra for the 1st (a) and 2nd (b) modes at 300 K, which is operated in the linear region. Q factor dependence on the temperature from 6.5 K to 380 K for the 1st (c) and 2nd (d) resonance modes and temperature dependence, quality factor (Q-factor), and first two resonance frequency responses under varying thermal temperatures. First two resonance frequency response performance affected by heating to cooling effects at room temperature (T=300K). (e) temperature dependent resonance frequency and (f) TCF at different temperatures. All the displacement measurements were performed by positioning the laser spot at the tip of the micro beam for maximum sensitivity[27]. 

2.3 Temperature Sensing Performance 
By fully leveraging the high Q factor and low TCF of the SCD MEMS cantilever resonators, we achieved ultra-high resolution and low-noise thermometry. The underlying mechanism relies on the changes in the resonance frequency caused by the thermally induced variations in the Young’s modulus and the thermal expansion effect on the effective length together (See the movies in Supplementary Information ). These relationships can be expressed as:
E(T)=E0 (1-αE·ΔT),                                                           (2)
 and L(T)=L0 (1+αL·ΔT)                                                   (23)
where E0 and L0 are the original modulus and length at a reference temperature T0, respectively, αE and αL, respectively, are temperature coefficient and expansion coefficient, ΔT represents temperature variation[31-33]. The resonant thermometer operates by tracking resonance frequency shifts as the temperature varies. While the frequency shift caused by thermal expansion of diamond is negligible, the dominant effect stems from temperature-induced variation in the elastic modulus. Owing to the high crystal quality and ultra-high Q factors of the SCD cantilever, the frequency shifts and temperature coefficient factor (TCF) can be predicted with exceptional precision (Figure S42). 
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Figure 3 shows thePrecise temperarture sensing performance of a high-Q diamond cantilever resonator operating at the 2nd resonance mode at differernt tempreatures. Resonance frequency dependence on temperature (i),  frequency spectra (ii), and image of resonance variation frequency and temperature (iii) at differerent temperatures. (a) near 380 K, (b) near 300 K, and (c) near 10 K . as it The image in (iii) responds to varying temperatures including frequency shift, Q-factor variation, and thThe gradient color mapping gradient temperature progression walso reflecting variations of the resonance frequency and Q factor with temperature hen sensing by the 2nd vibration mode at (a) higher temperature; (b) room temperature; and (c) lower temperature. 
We measured the resonance frequency as a function of temperature variation within the linear region, initially focusing on the first resonance mode for temperature sensing (Figure S5). The resonance frequency decreases as the temperature increases. Around 10 K, the temperatuere senstivity is approximately 9.0 Hz/K  ( Figure S5a), which reduces to around 2.0Hz/K  at higher temperture of 380 K (Figure S5b,c). Desite the low sensitivity at the high temperature, the high Q-factor enables the detection of very small frequency changes, facilitating high resolution temperature sensing. At low temperature, such as 10 K, an actual temperature resolution of 0.01K is achieved (Figure S5b). As the tempersture rises above 30K , the resolution decreases (Figure S5 j,k,l). ), Indicating indicating a temperature-dependent degration in sensitivity.
Operation at the 2nd resonance mode significantly enhances both senstivity and temperature resolution  (Figure 3a). For example, at high temperatures at T=10 Knear room temperature and high temperatures, i.e. 380K, the senstivity is improved to be ~45Hz20Hz/K (Figure 3a,b), which is five ten times greated greater than that of the 1st mode (9 2 Hz/K). This sensitivity  remains as high as 18Hz/K at the room temperatureAt low temperature such as 10 K (Figure 3c), the temperature sensitivity is improved to be ~45 Hz/K. The high Q factor and the increased temperature senstivity for the 2nd resonance mode enable precise temoperature detection with a step resolution of 0.01K down to cryogenic temperatures (Figure 3a-ii). For temperature above 100 K, the resolution of 0.1 K is achieved, even at 380 K (Figure 3b,c-ii).  It worth to mentioning that the temperature resolution of our temperture controller is 0.01K for the temperature below 100 K and 0.1 K for temperatures over 100 K. Therefore, for the 2nd mode resonance, the actuation temperature resolution is superior to that those of the temperature control system. In Figure 3 da-iii, b-iii, and c(iii),e,f, we present the colored mapping curves of the temperature dependent resonance freqeuncy shift for the second mode. Althogh the overall frequency shift with temperature variation is not linear, a linear behavior can be obseved within a limited temperature range, as indicated by the color gradient on map. The bandwidth of the color gradient  corresponds reflects to the Q-factor, which remains nealy constant in the linear domain, further highlighting minimal fluctuations and reinforcing the system’s robustness for high-resolution sensing. Additional color-maping comparision results for the first two modes can be tracked in supplementary Supplementary Information (Figure S5S6).  Furthermore, the amplitude of the resonance stays relatively constant over a small  temperature range, further validating the system's reliability and its ability to function without signal degradation (Figure S6S7). The SCD cantilever effectively detects temperature variation by tracking the resonance frequency changes with temperature. Figure 3h,i,j display the resonance freqeuncy variation of the 2nd mode across cryogenic and high temperature region. Note that the slow response time is primarily due to the temperature controller. The real temperature mornitoring by the SCD cantilevers for different modes was conducted at different temperatures from 10 K to 380 K. Shown in Figure 4 is the typical temporal resonse to temperature change. One can see the distinguished resonance frequency shift with temperature. Note that the slow response time is limited by the temperature controller.  
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Figure 44 shows the Temperature sensing performance in real time at different temperatures (a) high temperatures near 380 K, (b) near room temperature 300 K, (c) and (d) low temperatures near 200 K and 10 K, respectively.
To accurately evaluate the temperature resolution and thermal noise of the high-Q factor, we analyzed the frequency stability of the SCD cantilever with a sampling rate of 1799Sa/s, due to the limitation of our temperature controller . A phase lock loop (PLL) was also utilized to assess the frequency stability by tracking the frequency fluctuation over time. The frequency stability was analyzed based on the theory of Allan deviation [34, 35] with different bandwidths (BW) of 1 Hz, 50Hz, and 100 Hz. Figure 5a and 5b show the Allan deviation (BW=50Hz) at 30 K and 380 K of the 2nd resonance mode, respectively. At 30 K, the minimal Allan deviation at BW=50 Hz is around 7mHz, and it changes little as the the tempreature increases up to 100 K. Using the temperature sensitivity near a given temperature (Figure S6S7), the minimum detectable temperature is markedly improved to be approximately 0.1 mK for the 2nd mode. Interesingly, at high temperature near 380K, the Allan deviation does not change significantly at BW=50Hz. Due to the reduced sensitivity (~20Hz/K), the temperature resolution decreases to ~0.3 mK. We also investigated temperature resolution of the 1st resoance mode of the SCD cantilever. The data,As shown in Figure S6S8, reveals a temperature resolution is from 2-5 mK was estimated  for the temperatures from 10 K to 380K. The degradation in temperature resolution for the 1st mode is primarily due to the reduced temperature sensitivity. Therefore, the SCD cantilever demonstrates high-temperature sensitivity across both cryogenic and high-temperature range. Leveraging higher-order resonance modes significantly enhances the resolution and sensitivity of the SCD cantilever thermometer, making it highly effective for detecting minute temperature changes in precision sensing applications. 
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Figure 5  Allan deviation ( BW=50 Hz) at (a) 10 K and (b) 380 K for the 2nd resonance mode.  shows sening...Noise level at (c) 10 K and (d) 380 K for the 2nd resonance mode. 

For resonant-type MEMS sensors, thermal noise limits the ultimate sensing performance. Figure 5c, d illustrates the noise performance for the 2nd modes at two distinct temperatures, 10 K and 380K, respectively. The 2nd mode demonstrates a significantly better sensitivity, with noise level of ~27 nK⸱Hz-1/2 at 380 K, compared to the first 1stresonance mode, which has a noise level of approximately  ~ 194 nK⸱Hz-1/2 at the frequency of 10 50 Hz ​(Figure S7S9). At 10K, the noise level further improves to ~ 22 nK⸱Hz-1/2. The low thermal noise level is primarily attributed to the low TCF of diamond (Figure S3b), which is less than -7 ppm/K, making it far more stable than other semiconductors. While the low TCF results in reduced thermal sensitivity, high resonance modes mitigate this issue, offering offers an effective solution for high-precision thermometry. Specifically, the SCD cantilever can be used as thermometry in devices or applications requiring precise temperature control. 
We compare the sensing performance of the-state-of-the-art thermometers, including the conventional thermocouples, thermistor, optical waveguides, advanced optical resonators, and quantum sensors, in terms of resolution, noise level, temperature range and size, listed in Table 1.  The MEMS based-sensors made from different materials, such as silicon, GaAs, Nanonano-diamond, and AlN are listed in Table 1is also shown.  Most sensors operate at a single mode, with principles based on resistance, wavelength shifts, lattice strain or frequency shifts. Operational temperature ranges vary considerably: silicon-based devices are typically limited to room temperature or slightly lower, while GaAs and AlN sensors extend to broader ranges, including cryogenic temperatures. Nano-diamond sensors focus on narrower temperature ranges, emphasizing high precision in specific applications, but their temperature sensing range, resolution and noise limit are still constrained. 
However, our work utilizes micro-diamond, a material known for its superior thermal conductivity and mechanical stability, which enables exceptional performance under extreme conditions. This material exhibits an impressive temperature range from 380K to 6.5K, effectively covering both high and cryogenic temperatures, making it highly versatile. Additionally, the proposed temperature sensor achieves sensitivities of 2 Hz/K in the 1st mode and 45 Hz/K in the 2nd mode, striking an optimal balance between high precision and a wide operational range. Furthermore, with a noise limit of 22 nK/Hz1/2 and a resolution of 100 µK, our device ranks among the most precise in the comparison, allowing for the detection of minute temperature variations.
The proposed sensor stands out due to its dual-mode operation, leveraging both the 1st and 2nd resonance modes. This dual-mode strategy enhances versatility by enabling the optimization of sensitivity, resolution, and response time based on specific application requirements. The combination of micro-diamond material, a high Q-factor and dual-mode operation positions the  sensor as groundbreaking innovation in MEMS-based temperature sensing. It outperforms other existing solution in terms of versatility, precision, and applicability, particularly for high-resolution sensing in extreme environments.
Table1 illustrates the comparisons performance of different type of temperature sensors

	Ref
	Type MEMS
	Material
	Sensing mode
	T-Range
(K)
	Resolution
	Noise Limit

	[36]
	Ring Resonator
	Silicon
	Wavelength
	[180 300]
	31.3mK
	NA

	[37]
	Bridge
	Silicon
	1st 2nd
	[309, 310]
	NA
	234µK/Hz1/2

	[13]
	Fabry-Perot Resonator
	GaAs

	
	[30, 306]
	100nK
	0.01µK/Hz1/2

	[38]
	MEMS Resonator

	Pt on Silicon
	Resistance
	[299, 386]
	NA
	NA

	[39]
	lattice strain changes
	Nano-Diamond
	1st
	[295, 305]
	1mK
	5mK/Hz1/2

	[40]

	Nanoscale thermometry
	Nano-Diamond
	
	[297, 298]
	1.8mK
	NA

	[41]
	Acoustic MEMS
	AlN
	S0 Mode
	[248, 373]
	NA
	NA

	[42]
	Micro-Ring Resonator
	Silicon
	Wavelength
	[10, 240]

	NA
	NA

	[43]
	MEMS-based programmable oscillator
	Silicon
	Frequecny ratio
	[228, 378]
	20 µK 
	NA

	[44]
	Optical ring resonator
	Silicon
	
	[288, 306]
	1mK
	80 µK

	This work
	Mechanical Cantilever Resonator
	Diamond

	1st 2nd
	[380, 6.5]
	100uK

	22nK~40nK/Hz1/2 




5. Conclusion
In this work, we demonstrate a thermometer based diamond MEMS resonator that can achieve ultra-high-resolution and extensive range temperature sensing simultaneously. The proposed sensor operates in two distinct modes: Easy-use-Mode (1st mode) for straightforward operating and Ultra-high-Mode (2nd mode) to enhancing resolution across the wide sensing range. The obtained results reveal that, in higher order modes, sensitivity is enhanced up to 10 times compared to the Easy-Use-Mode. Remarkably, the sensor achieves a resolution a fine as 100 uK and noise floor of 22 nK/Hz1/2, setting new benchmarks for temperature sensors globally. The ability to switch between modes provides significant flexibility, enabling the resonator to be optimized for diverse sensing requirements. This dual-mode capability highlights the system’s versatility, precision, and effectiveness as a state-of-the-art high-resolution temperature sensor.
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