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Abstract 

For highly integrated systems for bio and chemical analysis a precise and integrated measurement 

of temperature is of fundamental importance. We have developed an ultrasensitive thermometer 

based on a micromechanical resonator for operation in air. The high quality factor and the strong 

temperature dependence of the resonance frequency of these bulk microresonators enable accurate 

temperature measurements. Here, we delineate the conditions to decouple the temperature effect on 

the resonance frequency, from the water adsorption/desorption on the resonator surface that 

happens when it is operated in air. This study enables high temperature resolution measurements, 

as well as the possibility of monitoring adsorption and desorption processes on the resonator 

surface with a resolution of 0.007 water molecules per nm
2
. These devices reach a temperature 

resolution of 3 mK in air, which is one of best ever reported temperature resolution for resonator 

based thermometers.  
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1. Introduction 

Many material properties, such as the density, Young's modulus, refractive index, and 

resistivity depend on the temperature. This dependence has been harnessed to develop 

temperature sensors [1]. Among them, micromechanical based thermometer, play a 

considerable role both for research and commercial applications.   As an example of a 

commercial resonator based thermometer, a resonant quartz thermometer is available 

from Hewlett-Packard with a resolution of 0.1 𝑚𝐾 [2]. However, quartz crystals are 

large devices with areas from 0.1 to several mm
2
 and cannot be scaled down in 

dimension and integrated with other silicon microdevices. In this respect miniaturized 

micromechanical resonators show promise for sensitive thermometers due to reduced 

size, high temperature sensitivity, low cost, and the easy integration with CMOS 

technology. Thanks to these advantages it has been suggested to use them as 

temperature sensors for active temperature compensation on-die of oscillating circuits 

[3-4]. 

In recent years, several microfabricated resonator based thermometers have been 

proposed [3-7]. In these devices, the resonance frequency and quality factor depend 

on the temperature via several mechanisms: the young’s modulus dependence [7], the 

dependence of the Q-factor on the thermoelastic losses [3-4] and the temperature 

dependence of the internal stress of the resonator [5-6]. These microthermometers are 

based on flexural mode resonators reaching resolution of 8 mK [7] and 2 mK [3] only 

when operated in vacuum and these resolutions are comparable with the performance 



 

 

of CMOS based temperature sensors [8][9]. Unfortunately these devices are not 

suitable to be operated in air because the Q-factor in air is highly reduced by one to 

three orders of magnitude due to the viscous damping and this hampers drastically the 

temperature resolution [10-12]. Moreover, the degradation of the vacuum 

encapsulation causes unwanted drifts in the performance of the mechanical resonators 

[13].    

Directly integrated thermometers that can work in air with very high resolution are 

demanding in many applications such as: monitoring cell activity via calorimetry [14-

5], investigation of DNA-water interaction [16], photothermal analysis of airborne 

nanoparticles [16] infrared detection [17-20]. Moreover, in microfabricated gas 

analysis systems the control of the temperature of several elements is fundamental: 

the temperature of the gas chromatographic columns, the temperature of the gas, the 

temperature of the gas detectors during sensing and regeneration [21-22].  Despite the 

large range of possible applications, in recent years, only few examples of resonator 

based thermometers that operate at atmospheric pressure or in air have been proposed 

[18-20, 23]. Verd et al. reached a resolution of 19 K in air at a constant relative 

humidity of 30%, but considering that the device is also very sensitive to humidity a 

strong coupling between these effects should be expected [23][24]. To the best of our 

knowledge only one work deals with the performance of a micromechanical resonator 

in air at different relative humidities [25].   In order to achieve extreme temperature 

sensitivity in air, we have drastically shrunk the resonator dimensions, increasing the 

resonant frequency and entering the regime where the frequency shift induced by the 



 

 

water molecules adsorption/desorption process from the resonator surface is 

comparable with the temperature induced frequency shift.   

We have designed a thermometer based on a micromechanical resonator that vibrates 

in an extensional mode with high quality factor even at atmospheric pressure and we 

have studied the resonance frequency dependence both on the temperature and the 

relative humidity establishing the conditions to uncouple the two physical parameters. 

The device reaches a temperature resolution of 3 mK at 5% relative humidity (RH) as 

well as being able to monitor the desorption of water molecule with a resolution of 

0.007 water molecules per nm
2
 from the resonator surface (at constant temperature), 

thanks to its extreme distributed mass sensitivity of 14.8 kHz m
2
/fg (to be compared 

to values in Table 1 in reference 22). Considering that one monolayer corresponds to 

~1 water molecules per nm
2
 the device is able to precisely monitor adsorption and 

desorption processes happening on the surface [16].   

  

Materials and Methods 

The devices were placed in a custom made environmental chamber, where the 

relative humidity (RH) and the temperature of the resonator are controlled during the 

entire experiment. The chip containing several devices was placed on top of a Peltier 

element, while the temperature was monitored by a high quality thermistor fixed 

against the chip using thermal glue from Artic Silver
TM

. The RH in the environmental 

chamber was controlled by mixing dry nitrogen (N2) and wet nitrogen (dry N2 

bubbling through a glass bottle filled with fresh Milli-Q water) using precision 

valves. The humidity was changed within a working range from 1% up to 95% with a 



 

 

resolution of 0.1%, while the temperature of the resonator was controlled using a 

closed loop electronics with a resolution of 0.05 °C. The calibration curve of the 

thermistor used is shown in Figure 1S.  

  The experiments reported in Figure 3a are performed sequentially. First the 

humidity is set below 2% for several hours. Afterwards it is set to 5% and, keeping 

constant this parameter, the temperature is raised up to 7°C with steps of 1°C, while 

the resonance frequency is monitored. After that, the temperature is set back to the 

lab temperature and the relative humidity is raised to the next value, then the 

temperature sweep is repeated. 

 

2. Results and Discussion 

2.1 Longitudinal Mechanical Bulk Acoustic Resonator (LBAR) 

The longitudinal bulk acoustic micromechanical resonator (LBAR) used in this work 

consists of a polysilicon bar of 60 m in length, which is electrostatically driven into 

resonance. The microfabrication process used to fabricate the LBAR is based on the 

process used in [26], where two photolithographic+dry etching steps are used. The 

first step defines the body of the resonator with the LBAR shape into a heavily doped 

polysilicon-on-insulator layer, whereas the second defines the electrodes around (into 

a second polysilicon layer). Finally, the resonator is suspended and separated from 

the electrodes by etching away the SiO2 underneath the resonator and in the 

resonator-electrodes gap. Figure 1a shows a scanning electron microscopy (SEM) 

image of the resonator. The device is operated in a longitudinal extensional mode, as 

shown in Figure 1b. The device is composed by two cantilevers, which are moving 



 

 

along the length in an antiphase motion [27]. This mode is actuated electrostatically, 

applying a constant and a time varying potential to the electrodes. The resulting 

motional current is detected by capacitive readout, thanks to the two electrodes in 

close proximity to the resonator ends (see Figure 1c).  

 

Table 1. LBAR data.  

     Q Slope @ f0 [
o
/Hz] phase [

o
] Frequency noise [Hz] 

Dry air   ~2000 0.0075 0.02 2.7 

0.25 mBar ~13000 0.04 0.016              0.4 

 

In Figure 2 the characterization of one of the devices is shown. The resonance 

frequency of the LBAR used in this work is 49.13 MHz (in vacuum) and the Q-factor 

is about 13000 in vacuum (0.25 mBar) and 2000 in air environment (room 

temperature and RH < 2%). In Figure 2b and Figure 2d the resonating signal after the 

mathematical compensation of the parallel capacitance are shown. The mathematical 

compensation technique consists in subtracting from the resonant signal as measured 

(Figure 2a and Figure 2c) the capacitive signal measured with Vdc= 0 V (i.e. no 

motional current) [26][28].   The frequency noise has been estimated for the two 

conditions by multiplying the inverse of the slope of the phase signal at resonance by 

the standard deviation of the phase noise [26]. The data for one device are reported in 

Table 1. The resulting frequency noises averaged over three devices are 3 Hz for 

atmospheric conditions (relative humidity 5%) and 0.3 Hz in vacuum with the 

acquisition bandwidth of the analyzer set to 30 Hz in both cases.  



 

 

 The resonance frequency of an LBAR can be approximated by 

𝑓0 = 1 4L⁄ √𝐸 (1 + 2A𝑒𝑥 𝑤𝐿⁄ )⁄ 𝜌                                                               (1) 

, where L is the length of one cantilever, is the density of polysilicon (2320 kg/m
3
), 

Aex the extra areas at the end, w is the resonator width and E is the polysilicon 

Young’s modulus (152 GPa). Under vacuum conditions, the resonance frequency 

varies linearly with the temperature because of the thermal expansion and Young’s 

modulus variation. The temperature sensitivity is given by 
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𝑑𝑓0
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2
(𝐶𝐸 + 𝛼)                     (2) 

, where CE is the temperature coefficient of the polysilicon Young's modulus,  is 

thermal expansion coefficient and T0 is the ambient temperature. However, in humid 

environment the adsorption and desorption of water must be taken into account and 

equation (2) is no longer valid. 

The temperature dependence of the LBAR resonance frequency has been first studied 

in vacuum (10
-5

 mBar). We measured the resonance frequency within a range of 12 

°C (see Supplementary Information, Figure 2S) and from the slope of the linear 

fitting we estimated a temperature sensitivity of -1293 Hz/°C (-25.1 ppm/°C). The 

contribution of the Young’s modulus can be extracted by using equation (2) and it  

results to be -47.6 ppm/K (if  = 2.6 ppm/K). Only two references are available for 

this material parameter. In reference [29] the value is -74.5 ppm/K, while in reference 

[30] is -30 ppm/K.  The same material parameter for crystal silicon is -60 ppm/K 

[31]. Therefore, our result falls within the range of possible values. Using the 

frequency noise previously found, our LBAR resonator based thermometer has a 



 

 

temperature resolution of 0.3 𝑚𝐾 (with an acquisition bandwith of 30 Hz) under 

vacuum conditions. This resolution is one of the best resolutions found in literature 

for a microresonator based thermometer operated in vacuum [3-7].     

 

2.2 LBAR temperature and relative humidity dependence 

As mentioned in the introduction, a micromechanical resonator is subjected to 

changes in the relative humidity when operated in air, and consequently in the 

amount of water that condenses on its surface varies. As shown in this section, the 

resonance frequency of our LBAR resonators varies not only due to a change in 

temperature but also owing to the change of condensed water mass. This is due to the 

change in the total mass of the device that leads to a change in the resonance 

frequency following the well-known inverse relationship mass-resonance frequency 

(see equation 1).  In Figure 3 we report the relative frequency shift obtained by 

changing the temperature at a fixed RH (red circles, RH=5%) and by changing the 

humidity at a constant temperature (blue squares, T=27°C); the error bars are 

calculated as average of 3 different resonators data.  The adsorption isotherm data of 

the LBAR can be partially explained by the BET theory [32], which can be used to 

describe the adsorption of water molecules on the resonator’s surface  

1

𝑁(
1

𝑅𝐻
−1)

=  
1

𝑐𝑁𝑚
+

𝑐−1

𝑐𝑁𝑚
𝑅𝐻                                     (3) 

where RH is the relative humidity defined as 𝜑/𝜑0 being 𝜑 and 𝜑0 the partial 

pressure of water vapor and the saturation pressure respectively, N is total number of 

water molecules adsorbed, Nm is number of water molecules adsorbed in 1 monolayer  



 

 

and c is the BET constant defined as 𝑐 = exp[(𝐸𝑎 − 𝐸𝑙) 𝑅𝑇⁄ )], where Ea is the 

adsorption energy, El the liquefaction heat, R the gas constant and T the temperature.  

In our case the number of molecules adsorbed is proportional to the frequency shift 

that they induce, so equation (3) can be rewritten as 

1

∆𝑓(
1

𝑅𝐻
−1)

=  
1

𝑐∆𝑓𝑚
+

𝑐−1

𝑐∆𝑓𝑚
𝑅𝐻                      (4) 

where f is the relative frequency shift with respect the resonance frequency at 1% 

RH, fm is frequency shift that corresponds to the adsorption of one monolayer of 

water molecules. Fitting the BET isotherm to the adsorption data at 27 °C, a BET 

constant of 3.98 and a monolayer shift of 1.4 kHz are calculated and the heat of 

adsorption of water on our native silicon dioxide surface is estimated to be 43.8 

kJ/mol (see supplementary information for the fitting details). This value is in good 

agreement with the literature [33]. 

As can been seen in Figure 3 the BET isotherm does not correlate with the adsorption 

data after 35%-40%; this is due to the high surface tension of the water film on the 

resonator surface which is no taken into account in the simple BET model used. The 

deviation starts when more than one water layer is completed (RH > 35-40%), due to 

in plane interactions between water molecules [34, 35]. The heat of adsorption can be 

correctly calculated because is extracted only from the adsorption data between 5% 

and 35% relative humidity.      

The comparison between the temperature and relative humidity dependence curves 

indicates that the frequency shifts induced by a temperature change or a humidity 

change have a comparable magnitude. This means that the resonance frequency shift 



 

 

of a LBAR in an environment where temperature and humidity are changing at the 

same time is then a superimposition of the two effects. In order to decouple the 

problem we have measured the temperature sensitivity at different values of relative 

humidity. This will permit us to measure the only the temperature effect (knowing the 

right temperature sensitivity) when the relative humidity is measured independently 

and constant in time.          

 

2.3 LBAR temperature sensitivity as a function of RH 

The inset in Figure 4a presents the resonance frequency vs. temperature curves at two 

different relative humidity values for the same LBAR microresonator. From the data 

we can conclude that, even if the two curves are linear (as confirmed by the R
2
 

values), they have different slopes (-19±0.5 ppm/°C at 5% RH and -13.7±0.2 ppm/°C 

at 50% RH). 

 The resonator behavior is explained by the combination of two effects: i) increasing 

the temperature the resonance frequency decreases, because the Young's modulus of 

polysilicon also decreases and the resonator expands (like in vacuum); ii) increasing 

the temperature the resonance frequency increases, because some of the condensed 

water on the resonator surface evaporates. This means that the evaporation from the 

surface is partially counterbalancing the effect from the Young's modulus and the 

expansion, making the resonance frequency of the device less sensitive to the 

temperature. This concept is expressed as 

𝑆𝑇(𝑅𝐻) = 𝑆𝐸,𝛼 + 𝑆𝑑(𝑅𝐻)                    (5) 



 

 

where ST [Hz/°C] is the overall temperature sensitivity of the device, that is the 

superposition of a negative contribution SE, coming from the Young's modulus and 

the thermal expansion and a positive contribution Sd coming from the desorption. 

Since Sd depends on the relative humidity, the overall temperature response ST will 

vary with the humidity as well. In Figure 4a the slopes of the linear temperature to 

frequency responses are reported for different humidities. The error bars are  

calculated using the data recorded for three different LBAR devices. The slope value 

varies from -1015±41 Hz/°C (-20±0.8 ppm/°C) at 5% to -477 Hz/°C (-9.7±2 ppm/°C) 

at 65%. The temperature slopes are evaluated up to 65% RH with linear fits with a R
2
 

of at least 0.995. The R
2
 is lower than 0.995 for relative humidity values higher than 

65% in a 5 degrees range. Within the temperature range explored not measurable 

hysteresis has been detected at any relative humidity value. Considering the 

frequency noise of 3 Hz (see section 2.1), the temperature noise of the device in 

atmospheric conditions (at 5% relative humidity) is 3 mK.  All the resonance 

frequency values obtained are measured when the equilibrium is reached for any set 

of conditions.  

In Figure 4a the solid line is calculated using the temperature dependence of the fitted 

BET isotherm found in the previous section (c = 3.98 and f0 = 1.4 kHz). The BET 

isotherm permits to calculate the frequency shift due to amount of adsorbed water 

mass that is desorbed per degree when the temperature is risen. This contribution is 

then subtracted to 𝑆𝐸,𝛼 at each relative humidity to calculate the theoretical ST line 

(see Supplementary Information for more details about BET adsorption isotherm 



 

 

temperature dependence). The experimental slope values are reproduced correctly up 

to 40% RH, the subsequent deviation is due to the fact the BET is not able to 

correctly calculate the adsorbed water mass when more than one water layer is 

present (see Figure 2) [34,35].  Figure 3b shows a 2D surface contour plot that 

illustrates the dual functionality of the LBAR resonators by reporting the relative 

frequency shift as a function of the temperature and the relative humidity, showing 

clearly how the devices are more sensitive to temperature at low relative humidity 

and are more sensitive to relative humidity at low temperature. In order to operate the 

device as thermometer the humidity has to be independently measured and vice versa, 

when operated as hygrometer the temperature has to be independently measured.  To 

calculate the relative frequency shifts in Figure3b the data from Figure 3a and Figure 

2 are used and the zero is set for 27 °C and 1% RH. The black line in Figure 3b 

represent the line of zero frequency shift and corresponds to the curve where 𝑆𝐸,𝛼 and 

desorption effects 𝑆𝑑   are equal. This last aspect is not detrimental because we could 

take advantage of this compensation effect for the design of highly stable NEMS-

devices. When the RH is higher than 65% the temperature response deviates from 

linearity, due to the non-linearity in the Sd term and a slope value is not representative 

anymore (see supplementary information).  

 

2.4 Water mass calculation 

The ability of monitoring the resonance frequency both with respect to temperature 

and relative humidity opens up the possibility of precisely quantifying the water mass 

that is exchanged at the resonator surface during the experiments shown in Figure 4. 



 

 

In order to calculate this quantity we need to evaluate the distributed mass sensitivity 

Sm [kHzm
2
/fg] of the resonator, defined as the frequency shift produced by a change 

of mass on resonator’s surface             

𝑆𝑚 = 𝛥𝑓 𝐴𝑟 𝛥⁄ 𝑚                                          (6) 

, where f is the frequency shift induced by an uniform distributed added mass layer 

m and Ar is the total area of the LBAR resonator. When the Sm of the device is 

known, the variation of water mass, that is adsorbed on or desorbed from the device 

surface can be calculated by multiplying the inverse of Sm by the frequency shift 

measured [26].  

We used a FEM simulation to estimate the Sm value for the first extensional mode and 

resulted to be 14.8 kHz m
2
/fg. The validity of value has been confirmed 

theoretically and experimentally (see supplementary information). Thanks to this 

extreme mass sensitivity is possible to quantify the amount of water adsorbed or 

desorbed from the resonator surface when the temperature is changed at constant 

relative humidity (see Figure 5). The RH dependence of the desorbed water per unit 

degree 𝐷𝑤(RH) has been obtained with the equation 

𝐷𝑤(𝑅𝐻) =
𝑆𝑇(𝑅𝐻)−𝑆𝐸,𝛼

𝑆𝑚
      (7) 

where 𝑆𝐸,𝛼 = 𝑆𝑇(𝑅𝐻 = 0) is the device’s temperature sensitivity at dry conditions. 

As it is shown in Figure 5, the desorbed water from the resonator’s surface quickly 

grows with the relative humidity and it reaches around one water molecule per 𝑛𝑚2 

and Celsius degree at RH=60%. These measurements demonstrate the huge potential 

of our LBAR devices in terms of precisely monitoring the adsorption and desorption 



 

 

of molecules from the resonator surface. This is possible thanks to a mass resolution 

of 200 𝑧𝑔/𝜇𝑚2, calculated by multiplying the frequency noise found in section 2.1 

with the inverse of Sm.  This resolution corresponds to 0.007 water molecules per nm
2
 

and moreover, it should be considered that a monolayer of water molecules on 

crystalline SiO2 has a density of ~1 molecules per nm
2
 [33], which is ~140 times our 

mass resolution.        

  

4. Conclusions  

In conclusion, we have demonstrated the use of a LBAR resonator as an 

ultrasensitive thermometer in air environment. After some preliminary measurements 

that reveal the extreme temperature resolution of 300𝜇𝐾 in vacuum conditions, we 

performed the characterization of the device’s performance also in humid 

environment by changing both the temperature and the relative humidity. 

Remarkably, thanks to the high quality factor of the LBAR resonators, we achieved 

the temperature resolution of 3 𝑚𝐾 in air environment. Moreover, we have 

demonstrated the possibility to decouple the temperature and the relative humidity 

dependence of the LBAR’s resonance frequency, by measuring the temperature 

dependence at different relative humidities. Thanks to the extreme mass sensitivity, 

the water desorption has been characterized and a mass resolution of 200 zg/m
2
 

(0.007 water molecules per nm
2
) has been estimated. These results pave the way of a 

miniaturized ultrasensitive thermometer able to work in humid environment and hold 

great potential for studying gas adsorption and desorption processes.   
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Figure 1. LBAR Resonator and electrical scheme used. 

(a) SEM micrograph of the LBAR resonator: the width w=6 m, the length L=30 m, 

the thickness is 2.5 m and the extra area 𝐴𝑒𝑥  are indicated. The gap between the 

electrodes and the resonator body is 100±5 nm. (b) Finite element simulation of the 

first longitudinal mode shape of vibration for a LBAR (dark blue corresponds to no 

movement, dark red to maximum movement). (c) Actuation and readout scheme. A 

power spectrum analyzer has been connected to the resonator as well as to a DC 

source.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 
 

Figure 2. (a) Frequency response in air (Vdc=3V and Vac=0.36 V). (b) Compensated 

frequency response in air. (c) Frequency response in vacuum. (c) Compensated 

frequency response in vacuum. (d) Evolution of the frequency response from 

atmospheric pressure to 0.25 mBar. (f) Zero frequency span acquisition of the phase 

at 49.135 MHz in vacuum with the device connected with Vdc=3 V , Vac = 0.36 V and 

an acquisition bandwidth of 30 Hz. The data have been centered around zero.  



 

 

 

 

Figure 3. Temperature  and relative humidty dependence.  

Red Circles: Temperature dependence of the relative frequency shift recorded at 

RH=5%. The reference frequency is given by the resonance frequency measured at 

the temperature T=26.2 ºC. The red dashed line is a guide for the eyes. Blue squares: 

Adsorption isotherm of the LBAR acquired at 27ºC.  Black line represents the fitted 

BET isotherm (BET constant c=3.98, ∆𝑓𝑚 = 1.4 𝑘𝐻𝑧).   

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 4. Variation of the temperature sensitivity with the relative humidity. 

(a) (Insert) Temperature response at two different relative humidities for the same 

LBAR resonator. The slope is -19±0.5 ppm/°C at RH=5%, while is -13.7±0.2 ppm/°C 

at RH= 50% (R
2
 is 0.996 and 0.998 respectively). The error bars are smaller than the 

data markers. (Main) Temperature sensitivity at different relative humidity values. 

The reported data are averaged over 3 resonators. For RH 30% and 60% only one 

device has been measured. The red line represents the prediction of the slope values 

using the temperature dependence of the fitted BET isotherm. (b) 2D plot of the 

dependence of the resonator frequency on temperature and on relative humidity. The 

zero is set at T=27°C and RH=1% RH.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Figure 5. Water molecule desorption at different relative humidity values. 

Relative humidity dependence of the water mass desorbed per nm
2
 and Celsius 

degree (left axis) and of the number of water molecules per nm
2
 and Celsius degree 

(right axis). The error bars are calculated using the data of three resonators.  


