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Abstract—This digest paper reports on the experimental 
demonstration of an integrated multimode resonant MEMS 
temperature sensor by exploiting a thin film ceramic PZT 
multi-frequency piezoelectric micromachined ultrasonic 
transducers (pMUTs) in the MHz range. The three resonance 
modes examined (at 1.107, 3.620, 6.778MHz) all exhibit 
excellent linearity and responsivity to temperature variations 
in the range of 0 to 211ºC, with temperature coefficients of 
resonance frequency (TCf) at ~ -200 to -270ppm/ºC for open-
loop measurement. We have demonstrated the temperature 
sensing with real-time tracking of the resonance frequency 
using a phase-locked loop. We also build a self-sustaining 
MEMS oscillator and study the closed-loop TCf which is 
smaller than the open-loop TCf. We compare the open-loop 
and closed-loop TCfs in both air and vacuum for different type 
of heaters and find that the TCf can be affected by heating 
method, pressure, and measurement scheme. 
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I. INTRODUCTION 

Resonant sensors are frequency output sensors and have 
become a common solution for sensing many physical 
parameters such as mass, pressure, temperature, and 
viscosity. Since the first remote temperature sensors were 
demonstrated in 1987 based on lithium niobate (LiNbO3) 
surface acoustic wave (SAW) devices [1], a variety of such 
devices have been developed and are widely used [ 2 ]. 
Conventionally, piezoelectric crystals such as LiNbO3 or 
quartz were exploited to fabricate resonant temperature 
sensors. The high responsivity to temperature in specific 
crystalline cuts of quartz has enabled sensors with very high 
resolution (0.001℃) [3]. The drawback, however, is their 
relatively large size and incompatibility of their fabrication 
processes with the mainstream silicon microfabrication 
technology [4]. Microelectromechanical systems (MEMS) 
technology has been in development over recent decades. 
Thanks to miniaturization, MEMS devices are ultrasensitive 
to external perturbations, making them excellent candidates 
for physical sensors, particularly resonant-mode sensors for 
physical stimuli and perturbations [5,6]. 

Toward the emerging industry 4.0 with prevailing 
internet of things (IoT) and the swarm of trillion sensors 
perspective, new advances in miniaturized, ultralow-power 
or self-powering, multifunctional integrated sensors are 
increasingly demanded [7]. Miniature temperature sensors, 
in particular, while being ubiquitous and having various 
existing solutions in conventional methods (e.g., thermistors, 
diodes, transistors, etc.), still face new challenges in 
emerging applications, such as in smart buildings and 

industry plants, self-driving vehicles (e.g., monitoring 
temperature of engine or other critical parts), fire-fighting 
drones, and medical implants, etc. High precision, energy 
efficiency, and harsh-environment resilience are critical in 
such scenarios while conventional thermistor/diode options 
are increasingly unfit. Micromachined thin-film PZT is an 
excellent platform (with piezoelectric coefficient higher than 
those of ZnO and AlN) for enabling efficient piezoelectric 
microsystems on chip [8]. As thin PZT energy harvesters and 
pMUT have been well known [9], here we demonstrate a thin 
PZT temperature sensor that we envision can be co-
integrated onto the same platform. 

II. DEVICE DESIGN AND FABRICATION 

The proposed PZT MEMS devices are fabricated via a 
simple three-mask process [ 10 ]. The key fabrication 
processes include a temporary bonding of a PZT wafer to a 
Si wafer, a chemical mechanical polishing (CMP) of ceramic 
PZT, and a permanent bonding of PZT thin film with an SOI 
wafer. The 4µm-thick ceramic PZT is first patterned to 
expose the bottom electrode by wet etching. Next, the top 
electrode pattern is defined by photolithography and formed 
by Au sputtering and liftoff process. After that, the cavities 
are defined by a two-side photolithography and DRIE. A 
customized heating and temperature sensing stage is utilized 
to precisely regulate the temperature. Multimode resonances 
are measured by a network analyzer in the temperature range 
of 25 to 211ºC. We build a bridge circuit with two different 
devices to null the electrical background, and track the 
frequency in real time using a phase-locked loop (PLL). 

 

Fig. 1. Optical image of the MEMS chip and the 3D cross-sectional view 
of the PZT MEMS device. 

III. RESULTS AND DISCUSSIONS 

A. Temperature-Dependent Multimode Resonances 

 We first characterize the multimode resonances of 
circular diaphragm PZT MEMS resonators with diameter of 
172µm, at 25ºC, by using the network analyzer. Three 
resonance modes are observed in the range of 1 to 8MHz, f1 
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=1.107MHz, f2=3.620MHz, f3=6.778MHz. For fundamental 
mode, the device has a Q factor of 50. 

 
Fig. 2. (a) Illustration of the measurement system. (b)-(d) Measured 
resonance responses at room temperature from a PZT resonator with 
diameter of 172µm. 

 To determine the temperature coefficient of resonance 
frequency (TCf), we measure these modes in the 
temperature range of 25 to 211ºC. The MEMS device chip 
is mounted in a ceramic package and faced the heater. The 
resonance frequencies of the three modes are recorded, and 
their TCf values are evaluated by using 

TCfൌ
ଵ

௙

௙

்
,    (1) 

where T is temperature. We find that the resonance 
frequencies decrease monotonically with increasing 
temperature (Fig. 3). We plot the frequency shift at different 
temperatures with respect to its resonance frequency at 25 
°C for each of the 3 modes, in which a linear relation 
between Δf/f and T is observed from each mode (Fig. 3b-d). 
We then extract an average TCf1 = -193ppm/ºC for the first 
mode, TCf2 = -268ppm/ºC for the second mode, and TCf3 = 
-255ppm/ºC for the third mode. The linear temperature 
dependence and TCf values of the PZT MEMS resonator 
can be directly exploited for on-chip temperature sensing. 

B. Real-Time Tracking of Resonance with PLL 

To demonstrate resonant temperature sensing with real-
time tracking of the resonance frequency, we first build a 
balanced bridge circuit with two devices on the same chip. 
By carefully adjusting the bridge circuit [11], the electrical 
background rising from parasitic effects and impedance 
mismatch can be minimized, enabling higher signal-to-
background ratios [11]. We then track the resonance of the 
first mode with PLL while applying heating pulses (Fig. 4). 
The PZT MEMS devices respond rapidly to the changes in 
temperature. However, it takes tens of minutes for the 
frequency to be stabilized. From thermal circuit model, we 
obtain the thermal time constant value of 8 min. This could 
be attributed to at least two factors. One effect may be 
caused by the slow heating process of the ceramic heater. 
Another may result from the slow heat transfer from the 
heater to the MEMS devices. 

 
Fig. 3. (a) Illustration of temperature-controlled heating stage. (b)-(d) 
Fractional frequency shift of the 3 modes with varying temperature from 
25℃ up to 211℃. 

 
Fig. 4. Real-time frequency tracking of the 1st mode to heating pulses 
attained in the closed-loop measurement. 

C. Self-Sustaining MEMS Oscillator 

 We then build a self-sustaining MEMS oscillator using 
the PZT MEMS resonator. We first perform open-loop 
measurement to calibrate on meeting the Barkhausen 
criteria, with the overall open-loop gain slightly greater than 
0dB near the resonance frequency and the overall phase shift 
to be 2n, where n is an integer. After satisfying the 
Barkhausen criteria, we close the loop and characterize the 
stable self-oscillation both in frequency domain and time 
domain (Fig. 5a-b). Then we characterize the oscillator’s 
performance by measuring its frequency stability. From the 
time-domain tracked frequency data trace, we calculate the 
Allan deviation (Fig. 5d) from [11] 

0 100 200 300 400
1.092

1.096

1.100

1.104

1.108

1.112

F
re

q
ue

nc
y 

(M
H

z)

Time (min)

64

4127
23

(a)

(b)

112
T(C)

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on April 02,2025 at 21:34:42 UTC from IEEE Xplore.  Restrictions apply. 



஺ሺ஺ሻ ൌ ൤
ଵ

ଶሺேିଵሻ
∑ ቀ

ሺ௙ഢశభ തതതതതതതି௙ഢഥ

௙೚ೞ೎
ቁ
ଶ

ேିଵ
௜ୀଵ ൨

ଵ/ଶ

, (2) 

where 𝑓పഥ  is the measured average frequency in the i-th 
discrete time interval of ஺. The Allan deviation data gives 
us the short-term frequency stability A  210-7 at 
averaging time ஺ < 5s, and long-term frequency stability A 

 110-6 at ஺= 1000s. We then examine the phase noise 
behavior using the phase noise module in a spectrum 
analyzer. In the phase noise plot, we see two main regions. 
Phase noise decreases in 100Hz–10kHz range, following a 
1/f 2 power law, suggesting it is dominated by thermal noise. 
Phase noise flattens out beyond 10kHz (Fig. 5c). 

 
Fig. 5. Self-sustaining MEMS oscillator characteristics from measurement. 
(a) Oscillator output spectrum. (b) Time-domain waveform. (c) Phase 
noise. (d) Allan deviation. 

D. Closed-Loop TCf 

To further explore the temperature-dependent resonance 
of the PZT MEMS device, we have done closed-loop TCf 
measurement on the self-sustaining oscillator in both air and 
vacuum. We gradually increase the heater voltage from 0 to 
9V (Fig. 6a). The resistance of the commercial resistive 
temperature sensor increases from 109Ω to 150Ω, 
corresponding to the change of temperature from 25℃ to 
132℃. Fig. 6b shows the response of frequency variation 
versus time. To extract the TCf, we take the temperature and 
frequency values after both are stabilized. As shown in Fig. 
6c, we obtain TCf1,osc = -88ppm/℃ with ceramic heater in 
air, which is much smaller than TCf1 measured in open loop. 
Such difference in TCf may be related to the response of the 
feedback loop circuit of the self-sustaining oscillator. 

 
Fig. 6. Closed-loop TCf measured with ceramic heater. (a) Temperature 
readout from a resistive temperature sensor. (b) Real-time tracking of the 
resonance frequency of the self-sustaining oscillator. (c) Fractional 
frequency shift (Δf1/f1,0) with varying temperature, where reference 
frequency f1,0 is the frequency measured at room temperature. The averaged 
TCf is obtained by linear fitting of the Δf1/f1,0 versus temperature plot. 

TABLE I SUMMARY OF TCf MEASURED FROM PZT MEMS DEVICES 

Modality Heater Pressure Temperature 
[℃] 

TCf 
[ppm/℃] 

Resonator Ceramic Air 25 to 211 -193 
Resonator Peltiera 50mTorr 0 to 125 -125 
Oscillator Ceramic Air 25 to 132 -88 
Oscillator Peltiera 50mTorr 0 to 125 -38 
a Measurement data plots using the Peltier heater are not shown here due to limited space.   

Table 1 summarizes the TCf values measured in 
different scenarios, from which we observe that the TCf can 
be affected by heating method, pressure, and measurement 
scheme or modality. The mechanisms of such TCf variations 
require further investigation. 

IV. CONCLUSIONS 

We have experimentally demonstrated an integrated 
multimode resonant PZT MEMS temperature sensor. All 
the three resonance modes exhibit excellent linearity and 
responsivity to temperature variations from 0 to 211ºC, with 
TCf ~ -200 to -270ppm/ºC for open-loop measurement. We 
have demonstrated temperature sensing with real-time 
tracking of the resonance frequency using a phase-locked 
loop (PLL). We have also measured the closed-loop TCf 
based on a self-sustaining PZT MEMS oscillator. The 
results indicate that the measured TCf can be affected by 
heating method, vacuum level, and measurement scheme.  
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