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Abstract— Temperature coefficient of frequency (TCF) 
is studied in silicon-based cross-sectional quasi Lamé modes 
(CQLMs). Such modes are demonstrated in thin-film 
piezoelectric-on-silicon (TPoS) resonators and the TCF curves 
are modeled using eigenfrequency analysis in COMSOL for 
highly n-type doped silicon. It is shown that the ratio between the 
finger-pitch and the resonator thickness affects the turnover 
temperature of these resonators which could be predicted using 
this model. The CQLM-TPoS resonators fabricated on a 40μm 
thick SOI substrate, are characterized and the measured TCF 
values are confirmed to be in close agreement with the 
prediction. A relatively high turnover temperature of >100°C is 
reported for a third-order CQLM-TPoS resonator aligned to 
<100> silicon plane while a turnover temperature of <20°C   is 
recorded for the <110> counterpart. 
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I. INTRODUCTION  
Bulk acoustic wave MEMS resonators have been used in 

filter blocks and also as sensors in many commercial 
applications. These resonators offer advantages such as low 
power consumption, small size, and since the silicon is the 
substrate of choice in microelectronics batch fabrication, the 
manufacturing process of MEMS resonators is compatible with 
the existing infrastructure developed for microelectronics 
industry.  

However, the most important drawback of these resonators 
is their relatively high temperature coefficient of frequency 
(TCF). The center frequency of these resonators are dependent 
on the resonator’s material properties and dimensions, and both 
features are dependent on the ambient temperature. The 
temperature coefficient of elasticity (TCE) is around -60 
ppm/°C (TCF is around -30 ppm/°C) for lightly-doped silicon-
based MEMS resonators [1] and around -50 ppm/°C (TCF is 
around -25 ppm/°C) for AlN-based resonators [2]. For such 
values of TCF, the frequency fluctuation would be large within 
the commercial temperature range (-40 °C to -80 °C) making it 
a challenge to utilize these resonators in ultra-stable clocks or 
frequency control applications. 

 To reduce frequency drift, active and passive methods are 
employed. The most widely studied passive temperature 

compensation methods are degenerate doping of the silicon 
device layer [3] and using a composite structure which contains 
a material with positive TCE (such as silicon dioxide) in the 
form of an over layer [4] or pillars [5]. With latter method, the 
fabrication complexity would be increased while the quality 
factor is negatively impacted. In addition to the above 
mentioned draw back, with passive temperature compensation 
methods, sub ppm temperature stability is out of reach which is 
required for many ultra-stable clock applications. 

In active temperature compensation methods, resonance 
frequency would be tuned in real-time to compensate for the 
frequency drift due to the ambient temperature variations. 
Tuning the termination impedance [6], inducing a mechanical 
stress [7] and operating the resonator at a constant elevated 
temperature [8] (e.g.  oven controlled oscillators) are amongst 
the most common methods for active TCF compensation of 
MEMS resonators. With these active methods, sub ppm 
frequency variation is achievable within commercial 
temperature range for the price of higher power consumption. 
Oven controlled oscillators are widely studied in the literature. 
Oscillator would be operated at a constant elevated temperature 
slightly above the desirable temperature range. A significant 
performance improvement is achieved if the resonator is heated 
to its turnover temperature (temperature at which the TCF 
changes polarity) by the oven. Designing resonators with 
turnover temperature values above commercial range (80 °C) is 
crucial in oven-controlled oscillators.  

Turnover temperature in silicon resonators is dependent on 
the doping concentration and the resonance mode excited 
within the resonant body as reported in [9]. Based on the data 
reported in this study, turnover temperature of the planar Lamé 
mode silicon resonator is higher than any other conventional 
resonance mode for the same silicon doping concentration. 
Planar Lamé modes are commonly excited capacitively in 
silicon resonators at low-frequencies (MHz regime) [9]. The 
motional impedance of such capacitive resonators are relatively 
large and to reduce the motional resistance, extremely narrow 
gaps are required. On the other hand, such narrow gaps would 
negatively impact the power handling of such resonators. In the 
oscillator application, phase noise is directly related to the 
drive power and motional impedance of the resonator. With 
piezoelectric actuation the motional resistance would be 
substantially lower and the power handling could be improved 
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Properties such as relatively high quality factor, low 
motional resistance and high turnover temperature, suggest 
CQLM TPoS resonators as great candidates for 
implementation of oven-controlled oscillators. 

 
Fig. 10.The measured temperature-frequency dependency for CQLM TPoS 
resonator fabricated on a SOI wafer with 4.7×1019 doping concentration. As 
predicted with COMSOL modeling the turnover temperature is above 100 °C. 

V. CONCLUSION 
  Lamé mode resonators are commonly excited capacitively 

and offers properties such as high turnover temperature. This 
mode cannot be excited piezoelectrically by thin film 
piezoelectric materials such as sputtered AlN in TPoS 
resonators. Cross-sectional quasi lame mode is excited 
piezoelectrically in TPoS resonators and turnover temperature 
of above 100 °C is measured for CQLM TPoS resonators 
fabricated on degenerately n-type doped SOI wafers. The 
turnover temperature is tunable with adjusting the resonator’s 
finger pitch to thickness ratio. CQLM TPoS resonator could 
potentially be the resonator of choice in high performance 
Oven controlled Oscillators due to the unique properties of 
this mode shape. 
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