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Abstract—Micromachined thin-film lead zirconate titanate 

(PZT) retains exceptional piezoelectric and energy-harvesting 
capabilities, thus offering an excellent platform for enabling 
efficient piezoelectric microsystems on chip. Here, we design 
and fabricate thin-film ceramic PZT piezoelectric 
microelectromechanical systems (MEMS) operating on 
flexural-mode resonances, by using wafer bonding and chemical 
mechanical polishing (CMP) techniques. We describe the 
experimental demonstration of an integrated multimode 
resonant PZT MEMS temperature sensor. The three resonance 
modes examined (at 1.1, 3.6, 6.8MHz) all exhibit excellent 
linearity and responsivity to temperature variations in the range of 25ºC to 211ºC, with temperature coefficients of 
resonance frequency (TCf) at -200ppm/ºC to -270ppm/ºC for open-loop measurement. We have demonstrated 
dual-mode temperature sensing with real-time tracking of the resonance frequency using a phase-locked loop (PLL). 
We have also built a self-sustaining MEMS oscillator and studied the closed-loop TCf. We compare the open-loop and 
closed-loop TCfs in both air and vacuum and find that the TCf can be affected by heating method, pressure, and 
measurement scheme. The results extend the understanding of temperature effects on the resonance frequency of PZT 
MEMS, demonstrate real-time temperature sensing, and pave the way for enabling multifunctional PZT microsystems 
on chip. 
 

Index Terms—Microelectromechanical systems (MEMS), ceramic PZT, temperature sensor, oscillator, phase-locked loop 
 

 

I. INTRODUCTION 

OWARDS 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 [1],[2]. Miniature temperature sensors, 
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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 the temperature of 
engine or other critical parts), fire-fighting drones, and medical 
implants, etc. [3],[4]. High precision, energy efficiency, and 
harsh-environment resilience are essential in such scenarios 
while conventional thermistor/diode options are increasingly 
insufficient or unfit. Harsh environments are not only limited to 
space and areas affected by natural hazards [5],[6]. There are 
also various industrial applications which impose harsh 
conditions on devices. Jet engines or downhole gas and oil 
industry, for instance, subject monitoring devices to high 
temperatures and pressures [7]. There is a high demand for 
passive wireless temperature sensing in various applications, 
especially inaccessible locations, and hazardous environments 
where long lifetime is essential, or harsh environments where 
battery lifetime can be severely shortened [8]. 

Resonant sensors have frequency as output and have become 
a powerful solution to sensing many physical parameters such 
as mass, pressure, temperature, and viscosity. Remote 
temperature sensors were demonstrated in 1987 based on 
lithium niobate (LiNbO3) surface acoustic wave (SAW) 
resonators [ 9 ]. A plethora of devices have recently been 
developed and are currently in widespread use [10]. Resonant 
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temperature sensors have often been fabricated using 
piezoelectric crystals, such as LiNbO3 or quartz. The high 
responsivity to temperature in particular cuts of quartz crystals 
has made it possible to manufacture sensors with very high 
resolution (0.001℃) [ 11 ]. Despite this feature, the main 
disadvantages of these sensors are their relatively large sizes 
and the incompatibility of their fabrication processes with 
mainstream silicon microfabrication and scalable 
manufacturing technologies [ 12 ]. Microelectromechanical 
systems (MEMS) technology has witnessed tremendous 
development over recent decades. MEMS devices are sensitive 
to external perturbations, making them excellent candidates for 
physical sensors, particularly resonant-mode sensors for 
physical stimuli and perturbations, such as pressure, vibration, 
humidity, mass, temperature, etc. [13],[14],[15].  

Regarding MEMS resonators for temperature sensing 
applications, it is essential to investigate the temperature effects 
on the resonance frequency, and a large absolute value of the 
temperature coefficient of resonance frequency (TCf) is 
preferred. To date, TCf values (TCfs hereafter for simplicity) of 
MEMS with diverse structures based on various materials (Si, 
AlN, GaN, SiC, etc.) have been extensively reported [16], [17], 
[ 18 ], [ 19 ], [ 20 ]. However, the majority of research has 
concentrated on achieving near-zero TCf through improving 
structural design, doping, and stress regulation, so as to enable 
MEMS for timing references [21], [22], [23], [24], [25]. Most 
TCfs reported in literatures are less than 100ppm/℃. Only few 
studies are dedicated to obtaining large TCfs, which are 
required for temperature sensing applications [26], [27]. On the 
other hand, three-dimensional (3D) integration and packaging 
of MEMS with integrated circuits (ICs) is an emerging 
technology that could lead to a new paradigm of future highly 
integrated microsystems, enabling multi-functionality, high 

performance, small size and low weight, and at low cost [28]. It 
would be interesting if we had MEMS energy harvesting, 
MEMS temperature sensor, and integrated circuits (ICs) all on 
one silicon die. 

Micromachined thin-film lead zirconate titanate (PZT) 
retains exceptional piezoelectric and energy-harvesting 
capabilities, which is an excellent platform for enabling 
efficient piezoelectric microsystems on chip [29], [30], [31]. 
PZT piezoelectric micromachined ultrasonic transducers 
(pMUT) is a versatile technology for ultrasonic sensing and 
photoacoustic imaging [32], [33]. It would be appealing to have 
a PZT MEMS temperature sensor which can be self-powered 
and integrated into PZT pMUT arrays for continuous 
monitoring and sensing in ordinary and harsh environments. A 
vision of future 3D integration of PZT MEMS with ICs is 
illustrated in Fig. 1a. In terms of fabrication, sputtered PZT or 
sol-gel PZT films are commonly limited by high processing 
temperature, high stress, low deposition rate and small 
thickness [34], [35]. Ceramic PZT materials with a wide range 
of thickness, on the other hand, can effectively boost the 
piezoelectric response and reduce the processing temperature 
[36], [37]. However, its fragileness makes it challenging to thin 
the ceramic PZT down to sub-10μm thickness.  

In this work, we design and fabricate thin-film ceramic PZT 
piezoelectric MEMS transducers operating on flexural-mode 
resonances by using wafer bonding and chemical mechanical 
polishing (CMP) techniques. We thoroughly investigate the 
effect of temperature on the resonance of PZT MEMS under 
different conditions using various heating techniques, 
pressures, and measurement approaches. We have 
demonstrated temperature sensing with real-time tracking of 
the resonance frequency using a phase-locked loop (PLL) and 
by building a self-sustaining MEMS oscillator. 
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Fig. 1.  Scientific background and experimental design. (a) A vision of future 3D integration of PZT MEMS with integrated circuits (ICs). (b)
Illustration of the device platform and measurement scheme for both open loop and closed loop, where BPF represents band pass filter and LNA
represents low-noise amplifier. (c) Block diagram shows effects of varying temperature on the resonance frequency. TCEY represents the
temperature coefficient of Young’s modulus, α is the thermal expansion coefficient, r0 represents the initial radius. 
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II. DESIGN OF EXPERIMENT 

A. Structural Design of PZT MEMS 

The multimode resonance frequency of a circular diaphragm 
resonator can be expressed as [38] 

,    (1) 

where n represents the mode number, r is the radius, (knr)2 is a 
numerically calculated modal parameter ((k0r)2=10.215, 
(k1r)2=21.260, (k2r)2=34.877, (k3r)2=39.771)), ρ denotes the 
volume mass density, t is the thickness, γ refers to the built-in 
tension (in [N/m], or stress [N/m2 or Pa] times thickness), and D 
is the flexural rigidity, D=EYt3/[12(1-ν2)] in which EY and ν are 
Young’s modulus and Poisson’s ratio, respectively. Equation 
(1) yields a mixed elasticity model, in which both flexural 
rigidity (dominated by the thickness and elastic modulus) and 
built-in tension (stress) play key roles in determining the 
resonance frequency. As γr2/D goes very small and negligible 
in (1), flexural rigidity D dominates the frequency, and the 
model approaches the plate limit. 

,          (2) 

For a circulate plate with multilayers, as illustrated in Fig. 2, 
the effective flexural rigidity and mass density can be expressed 
as 

,       (3) 

.            (4) 

Here EYi, vi, ti, and ρi are Young’s modulus, Poisson’s ratio, 
thickness, and volume mass density of the ith layer, 
respectively, and di is the distance between the mid-plane of the 
ith layer to the neutral plane. By controlling the thickness of 
each layer, the neutral plane is set within the 
benzo-cyclo-butene (BCB) layer (Fig. 2), as indicated by 

,            (5) 

where Zn defines the distance from the neutral plane to the 
reference plane and Zi is the distance from the reference plane to 
the mid plane of the ith layer. Table I summarizes the key 
properties of each structure layer. We first estimated the 
diameter of the device with (2) to obtain a device with the target 
frequency at 1.1MHz. We then performed finite element 
method (FEM) simulation to guide the structure design. 
Starting from the calculated values, multiple iterations are 
performed in COMSOL Multiphysics to accurately find the 
corresponding device dimensions for the target frequencies. It 
has been found that the diaphragm with the diameter of 244μm 
yields the fundamental-mode resonant frequencies of 1.1MHz. 
The diameter of the top electrode is 172μm, which is designed 
with a 70% diameter coverage of the diaphragms for optimal 
transduction. 

TABLE I 
STRUCTURAL AND MATERIAL PROPERTIES 

Structure Material 
Thickness 

[µm] 

Young’s 
Modulus 

[GPa] 

Mass 
Density 
[kg/m3] 

Poisson’s 
Ratio 

Supporting Layer Si 3 170 2329 0.28 
Bonding Layer BCB 2 2.9 990 0.34 

Bottom Electrode Au 0.1 70 19300 0.44 
Piezoelectric 

Layer 
PZT 4 64 7870 0.31 

Top Electrode Au 0.35 70 19300 0.44 

B. Measurement Scheme 

A customized heating and temperature sensing stage is 
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on a Si Wafer & CMP
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Electrode
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Backside DRIE, and Oxide Etch

(h) Final Device on Cavity
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Fig. 3.  Fabrication process flow of the PZT MEMS in this work. (a) Bond PZT wafer on a Si wafer and CMP. (b) Sputter Au. (c) Bond PZT wafer on
an SOI wafer. (d) CMP PZT. (e) Wet etch PZT. (f) Define top Au electrode. (g) Backside etch Si and SiO2. (h) Final device on cavity. 
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Fig. 2.  Schematic diagram of the cross-sectional view of the designed
PZT MEMS. 
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utilized to precisely regulate the device’s temperature, as 
shown in Fig. 1b. We apply a resistive temperature sensor to the 
surface of either a metal ceramic heater element (25℃ to 
211℃) or a Peltier stage (0℃ to ~125℃) utilizing nickel paste, 
to provide real-time monitoring of the heater’s temperature. 
The MEMS die is then wired-bonded within a ceramic package, 
placed adjacent to the temperature sensor, and seated atop the 
heater. The highest temperature is well below the Curie 
temperature (242°C) of PZT. Open-loop multimode resonances 
are measured by a network analyzer. Real-time tracking of the 
resonance frequency with temperature changing is achieved by 
either building a self-sustaining MEMS oscillator or a PLL. 
Fig. 1c shows the block diagram of temperature effects on the 
resonance frequency. 

III. FABRICATION OF PZT MEMS 

The key fabrication processes of the PZT MEMS devices 
include temporary bonding of a ceramic PZT wafer to a Si 
wafer, CMP of ceramic PZT, and permanent bonding of PZT 
thin film with an SOI wafer [39]. Fig. 3 shows the detailed 
fabrication process flow. Firstly, the 500µm-thick ceramic PZT 
wafer was bonded with a Si wafer using BCB, and thinned 
down to 100μm with a smooth surface by CMP, followed by 
sputtering of 100nm Au as the bottom electrode. After that, the 
PZT wafer was permanently bonded with an SOI wafer by BCB 
at 200℃. Next, the PZT wafer was further thinned down to the 
designed thickness of 4µm by carefully removing the Si, BCB, 
and PZT in sequence. The thin ceramic PZT was then patterned 
to expose the bottom electrode by wet etching with diluted 
fluoroboric acid (HBF4) [40]. Next, the top electrode pattern 
was defined by photolithography and formed by Au sputtering 
and liftoff process. Finally, the cavities were defined by a 

photolithography and a backside deep reactive ion etching 
(DRIE) with an aluminum oxide (Al2O3) layer as the hard 
mask. The Al2O3 is patterned and wet etched by diluted 
hydrofluoric acid (HF). 

Various devices with different chip sizes and number of 
elements have been fabricated. Fig. 4a shows an optical image 
of a fabricated PZT MEMS chip with the size of 3.5mm 
×3.5mm. The inset shows the device structure and a 
cross-sectional view scanning electron microscopy (SEM) 
image, where the thickness of the ceramic PZT layer is 
measured to be around 4μm. Fig. 4b shows an SEM image of a 
fabricated 8 × 8 PZT MEMS transducer array, whose top 
electrodes are shown in a zoom-in SEM image in Fig. 4c. Fig. 
4d and 4e show SEM images of another fabricated chip with 
single elements in the front and backside views, respectively.  

IV. RESULTS AND DISCUSSIONS 

A. Temperature-Dependent Multimode Resonances 

We first characterize the multimode resonances of circular 
diaphragm PZT MEMS resonators with diameter of 244µm, at 
25ºC, by using a network analyzer (Fig. 5a). Three resonance 
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Fig. 4.  (a) Optical image of the PZT MEMS chip and a cross sectional
view SEM of the multilayers. SEM images of (b) a 8 × 8 PZT MEMS
transducer array and (c) the zoom-in view of the top electrodes. SEM
images of another chip with single elements in the (d) front and (e)
backside view, respectively. 
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Fig. 5.  (a) Scheme of open-loop measurement, with a photo of PZT
MEMS die wire-bonded in a ceramic package and a zoomed-in view of
a single device with a diameter of 244µm. (b) Multimode resonance
measured at room temperature (25°C) and the corresponding mode
shapes simulated in COMSOL. (c) Resonance spectra measured in the
range from 0.5MHz to 8MHz at 25°C and 211°C, respectively. 
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modes are observed in the range of 1MHz to 8MHz, f1 
=1.107MHz, f2=3.620MHz, f3=6.778MHz. For fundamental 
mode, the device has a Q factor of 50 both in air and in vacuum 
with pressure of 50mTorr. The FEM simulated resonance 
frequencies match the measurement well, with fS1 =1.109MHz, 
fS2=3.698MHz, fS3=6.794MHz, and the corresponding mode 
shapes are shown in Fig. 5b.  

To determine the temperature coefficient of resonance 
frequency, we measure these modes in the temperature range of 
25ºC 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. Fig. 5c shows the resonance 
spectrum of the PZT MEMS at 25ºC and 211ºC , respectively. 
TCf values are evaluated by using 

,             (6) 

where T is temperature. We find that the resonance frequencies 
decrease monotonically with increasing temperature (Fig. 6). 
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. We then extract an average TCf1 = -193 
ppm/ºC for the first mode, TCf2 = -268ppm/ºC for the second 
mode, and TCf3 = -255 ppm/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. 

Staring from (2), the TCf of a circular diaphragm operating 
in the plate regimes can be approximately expressed as 

,           (7) 

where α is the thermal expansion coefficient, and TCEY is the 
temperature coefficient of Young’s modulus. Thus, the 
monotonic decrease of resonance frequencies is determined by 
the synergistic effects of thermal expansion and 
temperature-dependent Young’s modulus. In our case, we 
should consider the effective thermal expansion coefficient (α 
eff) and effective TCEY of the multilayer structure, which makes 
it more complicated. As reported, the thermal expansion 
coefficient of Si and Au changes only slightly over a wide 
temperature range [41], [42], indicating that they do not play a 
major role in determining the TCf. On the other hand, the 
Young’s modulus of these materials decreases more noticeably 
with increasing temperature [ 43 ], [ 44 ]. It is therefore 
reasonable to suggest that the monotonic decrease of resonance 
frequencies is dominated by the effective TCEY of the 
heterostructure stack. 

B. Self-Sustaining MEMS Oscillator 

To enable real-time tracking of the resonance frequency, we 
need to build a self-sustaining oscillator and do closed-loop 
measurement. However, the large electrical background arising 
from parasitic effects and impedance mismatch makes it 
difficult to satisfy the Barkhausen criteria at the resonance 
frequency [45], particularly when the frequency strongly shifts 
with temperature. Fig. 7 shows the equivalent circuit model of 
the PZT MEMS, and the simulated resonance in Cadence. A 
large feedthrough capacitance (Cf) of 141pF is extracted, which 
may originate from the global bottom electrode for all the 
devices on the chip. To null the electrical background and 
enable higher signal-to-background ratios, we build a balanced 
bridge circuit with two devices operating at different 
frequencies but with similar electrical background on the same 
chip. Fig. 8a shows the bridge circuit, which primarily consists 
of a 180 phase shifter and an attenuator. By carefully adjusting 
the attenuator, the electrical background can be effectively 
minimized (Fig. 8b). 
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Fig. 7.  Equivalent circuit model of the PZT MEMS and the simulated 
resonance response, which matches the measurement well. 
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TABLE II 
TCF MEASURED FROM PZT MEMS DEVICES 

Modality Heater Cushion Pressure 
Temperature 

[℃] 
TCf1 

[ppm/℃] 

Resonator Ceramic No Air 25 to 211 -193 
Resonator Ceramic Yes Air 25 to 132 -174 

Resonator Peltier Yes 50mTorr 0 to 125 -125 
Oscillator Ceramic Yes Air 25 to 132 -88 

Oscillator Peltier Yes 50mTorr 0 to 125 -38 
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Fig. 8.  (a) Balanced bridge circuit scheme. (b) Measured resonance 
spectra for Device #1, #2, and the balanced bridge with the attenuator 
set at 0dB and 2.8dB, respectively. 

We then build a self-sustaining MEMS oscillator using the 
PZT MEMS resonator with the diagram shown in Fig. 1b. We 
first perform open-loop measurement to calibrate on meeting 
the Barkhausen criteria [45], 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 
measure the stable self-oscillation both in frequency domain 
and time domain (Fig. 9a-b). We characterize the oscillator’s 
performance by measuring its frequency stability. From the 
time-domain tracked frequency data trace, we calculate the 
Allan deviation [46] (Fig. 9c) from 

,    (8) 

where  is the measured average frequency in the ith 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 (Fig. 9c). 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 first 
decreases in 100Hz to 8kHz range, largely following a 1/f 2 
power law, suggesting it is dominated by thermal noise. Phase 
noise flattens out beyond 10kHz offset frequency and then 
decreases again (Fig. 9d). 

C. Closed-Loop TCf 

To further explore the temperature-dependent resonance of 
the PZT MEMS, we have done closed-loop TCf measurement 

on the self-sustaining oscillator. We gradually increase the 
voltage applied to the ceramic heater from 0V to 9V (Fig. 10a). 
The resistance of the commercial resistive temperature sensor 
increases from 109Ω to 150Ω, corresponding to a change of 
temperature from 25℃ to 132℃. Fig. 10b shows the frequency 
variation versus time. The PZT MEMS devices respond rapidly 
to the changes in temperature. However, it takes ~15 minutes 
for the frequency to be stabilized. 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. 

To better understand the temperature-dependent resonance 
of the PZT device, we conduct and compare the TCf measured 
in different scenarios, i.e., different mounting scheme, in air or 
vacuum, and closed loop or open loop. To improve thermal 
conduction and safeguard the wires, we add a slim Cu cushion 
between the heater and the ceramic package. Then, raising the 
temperature of the heater results in a prompt response from the 
temperature sensor and a corresponding rapid response from 
the MEMS device frequency in all scenarios. This 
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Fig. 9.  Self-sustaining PZT MEMS oscillator characteristics from 
measurements. (a) Oscillator output spectrum. (b) Time-domain 
waveform. (c) Phase noise. (d) Allan deviation. 
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simultaneous, quick response from both resistance and 
frequency are indicative of swift heat transfer. To extract the 
TCf, we take the temperature and frequency values after both 
are stabilized. The fractional downshift of the resonance 
frequency for the first mode (Δf1/f1,0) measured in different 
scenarios are shown in Fig. 10c-e and the extracted TCf1 values 
are summarized in Table II. 

The absolute open-loop TCf1 decreases from 193ppm/℃ to 
174ppm/℃ when the gap increases by 1mm by adding the Cu 
cushion, as shown in the inset of Fig. 10a, which may result 
from the lower heating efficiency. The absolute TCf1 measured 
in air is ~50ppm/℃ larger than that measured in vacuum in 
both open-loop and closed-loop configurations. This indicates 
that the heat convection has been suppressed by removing air 
molecules. By means of the processes of heat convection and 
conduction, the heater will transfer heat to the MEMS chip 
through the air trapped in the narrow space (totally ~2mm gap) 
between the heater and the chip. In a vacuum of 50mTorr, 
however, heat convection has been suppressed, which further 
lower the actual temperature of the MEMS chip than that read 
from the commercial temperature sensor attached directly on 
top of the heater (TMEMS in Air < TSensor and TMEMS in Vacuum < TMEMS 

in Air < TSensor, where TSensor is the temperature read from the 
commercial temperature sensor, see inset of Fig. 10a). This 
further leads to a smaller change in the resonance frequency 
(ΔfVacuum<  ΔfAir) and smaller measured TCf1 in the case of 
vacuum. 

Note that the absolute TCf1 values extracted from closed 
loop are lower than that obtained from open loop. Such 

difference in TCf1 measured from open-loop and closed-loop 
configurations has also been reported in AlN solid mounted 
resonator [47], which can be attributed to the temperature 
instability of the electronics composing the oscillator. 
However, in our work, only the MEMS resonator is heated 
within the loop. The detailed mechanisms causing the 
difference between open-loop TCf and closed-loop TCf 
necessitates further investigation.  

D. Dual-Mode Frequency Tracking by PLL  

Multimode resonances have been exploited to resolve the 
position and mass of nanoparticles with high throughput and 
high resolution [48],[49]. The dual-mode oscillation scheme 
has been demonstrated as an effective method for achieving 
precise temperature sensing across a wide temperature range. In 
a particular device with the 1st and 2nd modes simultaneously 
excited, the resulting beat frequency (i.e., the difference 
between the two frequencies) can provide an accurate measure 
of the resonator’s response to temperature changes. Because 
both modes are produced by the same resonator, any relative 
changes in their TCfs are inherently linked. As a result, any 
higher-order variations in one mode will be mirrored in the 
other, creating a near-linear function of temperature with 
respect to the beat frequency. For example, it is worth noting 
that mass loading resulting from random particle deposition on 
the device can cause a nonlinear decrease in the frequencies of 
the two modes as temperature increases. However, by relying 
on the beat frequency of these two modes, it is possible to 
effectively decouple the effects of mass loading from the 
resonator’s temperature response.  
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Fig. 10.  TCf measured in different scenarios. (a) Resistance and temperature read from a resistive temperature sensor. The inset depicts the
diagram illustrating the arrangement of the heater, temperature sensor, MEMS, and Cu cushion. (b) Real-time tracking of the frequency of the
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PZT MEMS resonator demonstrated in this work exhibits 
large absolute TCf values exceeding 200ppm/℃ for the first 
three modes, showcasing its strong potential for on-chip 
temperature sensing with high resolution. To validate its 
feasibility, we further demonstrate the dual-mode frequency 
tracking by PLL in real time. In a PLL, the output of a 
low-noise oscillator (numerically controlled oscillator (NCO) 
which generates the reference signal in Fig. 11a) is locked in 
phase and frequency with the input signal (output from PZT 
MEMS in Fig. 11a) through a feedback control mechanism. It 
compares the phase of the input signal with that of the reference 
signal and then shifts the phase of the output signal (error signal 
in Fig. 11a) to match the input signal. PLLs are commonly used 
in radio frequency and microwave applications to lock local 
oscillators to signals from remote transmitters, and in other 
applications such as clock synchronization, frequency 
synthesis, and signal modulation. For sensing applications, 
PLL is used to stabilize and follow the input signal’s resonance 
frequency. It is extensively used for tracking 
micro/nanomechanical vibrations [50], [51], [52], [53], [54] 
and for atomic force microscopy [55]. Here we employ PLL to 
track frequency shifts for performing the frequency stability 
measurements as well as for tracking real-time multimode 
frequency shifts caused by temperature change. 

Fig. 11a demonstrates the PLL circuit diagram, which 
originally takes advantage of the built-in functionality of the 
Zurich Instruments UHFLI 600MHz lock-in amplifier. A dual 
phase demodulator, proportional-integral-derivative (PID) 
controller and an NCO are the basic building blocks of a PLL 
inside the UHFLI 600MHz lock-in amplifier. These form a 
negative feedback loop, and the mixer (phase detector) detects 
the phase difference between the signal from the MEMS device 
and the reference oscillator. The PZT MEMS under test in the 
Zurich instrument serves as the frequency determining element 
of the circuit, with PID feedback controller regulating the 
frequency of the NCO. The transfer function for the error signal 
is determined by the PID gains, which are in turn controlled by 
the feedback controller and the PID parameters. The transfer 
function begins to filter out fluctuations with a time scale that is 
less than the corner frequency. Based on mechanical Q, center 
frequency, required PLL bandwidth, locking range, and phase 
setpoint, the lock-in ‘advisor’ program automatically calculates 
the PID settings. The ‘advisor’ uses a 1st order transfer function 
simulation to compute a set of feedback gain parameters that it 
predicts to best match the specified bandwidth. This is 
accomplished by employing a numerically optimized technique 
for loop dynamics.  

We employ two demodulators and two PID controllers to 
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Fig. 11.  Dual-mode frequency tracking by PLL. (a) PLL circuit diagram. (b) Real-time tracking of the dual-mode resonance frequency using Zurich
UHFLI 600 MHz lock-in amplifier. (c) Fractional frequency shift (Δf1/f1,0) with varying temperature, where f1,0 is the fundamental-mode resonance
frequency measured at room temperature. The averaged TCf1 is obtained by linear fitting of the Δf1/f1,0 versus temperature plot. (d) Fractional
frequency shift (Δf2/f2,0) with varying temperature, where f2,0 is the 2nd mode resonance frequency measured at room temperature. The averaged
TCf2 is obtained by linear fitting of the Δf2/f2,0 versus temperature plot. 
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perform dual-mode PLL measurement with device in 50mTorr 
vacuum. The dual mode (1st mode and 2nd mode) frequency 
shifts of the PZT device are measured simultaneously by 
increasing the temperature from 25℃ to 132℃ (Fig. 11b). The 
fractional frequency shifts of the two modes with varying 
temperature are shown Fig. 11c and Fig. 11d. We find that the 
2nd mode’s frequency shift is higher than the 1st mode with the 
same temperature change which signifies that the 2nd mode has 
a higher TCf compared to the 1st mode. This is also consistent 
with the open-loop TCf measurement shown in Fig. 6. The 
average TCfs of the two modes are obtained by linear fitting of 
the fractional frequency shifts with temperature change which 
yields TCf1=-140 ppm/℃ and TCf2=-210ppm/℃. Interestingly, 
the absolute TCfs of the two modes measured from PLL in 
50mTorr vacuum are ~50ppm/℃ lower than that obtained from 
open-loop measurements in air (with TCf1=-193ppm/℃ and 
TCf2=-268ppm/℃). As discussed before, this may be related to 
the suppressed heat transfer by removing air molecules trapped 
in the small gap between the heater and MEMS chip (see Fig. 
10a inset). 

V. CONCLUSION 

In conclusion, we have experimentally demonstrated an 
integrated multimode resonant MEMS temperature sensor by 
exploiting a thin film ceramic PZT piezoelectric micromachined 
transducers in the MHz range. We have designed and fabricated 
the PZT MEMS transducers operating in flexural mode by using 
wafer bonding and CMP techniques. All the three resonance 
modes exhibit excellent linearity and high responsivity to 
temperature variations from 25℃ to 211ºC, with TCf ~ 
-200ppm/ºC to -270ppm/ºC for open-loop measurement. A 
balanced bridge circuit with two devices on the same chip is built 
to null the electrical background and enable higher 
signal-to-background ratios. We have demonstrated temperature 
sensing with real-time tracking of the resonance frequency using 
a PLL. We have built a self-sustaining PZT MEMS oscillator 
and measure the closed-loop TCf in different scenarios. The 
absolute TCf measured in air is ~50ppm/℃ larger than that 
measured in vacuum in both open-loop and closed-loop 
configurations, which indicates that heat convection and 
conduction have been suppressed by removing air molecules.  
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