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ABSTRACT 
      The design, fabrication and experimental validation of 
two MicroElectroMechanical Systems (MEMS) Double-
Ended Tuning-Fork (DETF) resonators that exhibit an 
intrinsic sub-350 ppm thermal stability in the temperature 
range [5°C – 85°C] are reported.  
A strategy for the optimization of the design of MEMS 
resonators that exhibit high thermal stability and high 
quality factor is also provided and a good agreement with 
experimental data is achieved.  
The main advantage of the proposed strategy is that it does 
not require any experimental calibration of the model 
parameters and can be in principle applied to different kind 
of resonators, thus representing a powerful tool for the a-
priori design of thermally stable MEMS resonators with 
high quality factors.  
 
KEYWORDS 

MEMS, resonators, numerical modelling, thermal 
stability. 
 
INTRODUCTION 
Real-time clocking applications have been dominated by 
quartz resonators [1] so far thanks to their good thermal 
stability (in the order of tens of ppm in the range of 
temperature [-35°C ; 85°C]), low noise, ageing properties, 
power handling and high quality factors. Recently, MEMS 
resonators entered this market as a response to the request 
of miniaturization and integrability with the electronics and 
other MEMS devices [2]. 
To achieve the performances of their quartz counterparts, 
MEMS resonators must overcome their intrinsic low 
thermal stability (frequency variation around 3000 ppm in 
the temperature range [-35°C ; 85°C] for standard 
polysilicon/single crystal silicon) that mainly depends on 
the temperature dependence of the elastic constants and of 
other thermal properties of silicon (thermal expansion 
coefficient, thermal conductivity, specific heat) and 
improve their quality factors.  
Several solutions have been proposed so far to improve the 
thermal stability of MEMS resonators. Some examples 
include, but are not limited to, electronic compensation [3], 
multi-modal operation of the resonator [4], nonlinear 
amplitude-frequency coupling and multi-material devices. 
Furthermore, in [5]-[7] it is shown that for each n-doping 
level of silicon there is an intrinsic minimum in terms of 
frequency drift in temperature that can be achieved by 
properly orienting the structure with respect to the 
crystallographic axes on the wafer. This minimum 
decreases by increasing the doping level and is independent 
on the geometric dimensions of the resonator.  

On the other side, the quality factor of MEMS resonators is 
usually dominated by the thermoelastic contribution (QTED) 
since fluid damping can be considered negligible in 
vacuum packaged devices and anchor losses are often 
avoided by design (i.e. tuning fork resonators). In [6],[8] it 
has been proven that thermoelastic damping can be 
significantly limited by introducing slots in the deformable 
arms of the MEMS resonators to reduce heat conduction. 
In the present paper, we will focus on a classical DETF 
resonator, fabricated in an n-doped single-crystal silicon 
and vibrating according to an in-plane bending mode. The 
geometry and the orientation of the DETF on the highly 
doped single crystal silicon wafer are optimized in order to 
improve simultaneously the thermal stability and the 
quality factor of the resonator. 
Two DETF resonators (DETF1 and DETF2 in the 
following) that exhibit an intrinsic sub-350ppm thermal 
stability are then proposed as the result of two optimization 
procedures.  

METHOD 
Aware of the strong dependence of the thermal stability of 
MEMS DETF resonators on the doping level of the single 
crystal silicon, we choose the maximum doping level 
(Phosphorus 6.6 1019 cm-3) compatible with the employed 
fabrication process. From [6], it is known that the best 
thermal stability achievable for such doping level is a 200 
ppm frequency variation in the temperature range of   
[-35°C ; 85°C]. 
The geometry of the DETF1 resonator is shown in Figure 
1a. The geometric dimensions have been chosen such that 
the natural frequency of the first in-plane flexural mode 
(Figure 1b) is in the order of 550 kHz as required by real-
time clocking applications. The orientation - of the 
structure on the silicon wafer is then considered in order to 
maximize the thermal stability of the resonator.  
A custom Finite Element Method (FEM) code is employed 
to compute the natural frequency and the thermoelastic 
quality factor of the DETF1 under varying temperature 
conditions [9] and for different orientations -. In the code, 
the temperature dependent material properties of the doped 
silicon are taken from the literature [10] thus allowing an 
a-priori estimation of the dynamic behavior of the 
resonator (i.e. no experimental calibration of the model 
parameters needed). The optimal orientation of the 
structure with respect to the crystallographic axes is 
reported in Figure 1a, while the natural frequency and the 
quality factor at 25°C are reported in the first column of 
Table I. 
In the design process of the DETF1, the thermoelastic 
quality factor is not taken into account as a parameter to 
optimize. It is numerically  computed  by solving the  fully  
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Figure 1: (a) Schematic view of the geometry of the DETF1 

resonator. Geometric quantities are reported together with 

the optimal orientation -opt of the device with respect to the 
crystallographic axes. (b) First flexural mode of the 

resonator. The contour of the displacement field is reported 

in color. 

 

coupled thermoelastic problem with zero body forces [11] 
after the final design of the DETF is obtained.  
Other sources of damping are neglected as stated in the 
introduction. They can be added to the FEM model as done 
in [12] for the fluid contribution and in [13] for anchor 
losses. 
The mechanical design of the DETF2 is instead obtained 
by simultaneously maximizing the thermal stability and the 
thermoelastic quality factor through the evolutionary 
algorithm CMA-ES (Covariance Matrix Adaptation 
Evolution Strategy) for non-linear, non-convex black-box 
optimization problems in the continuous domain [14]-[15]. 
The optimization variables are shown in Figure 2, they 
describe the geometry of the DETF resonator, the 
dimensions of the slots on the deformable arms and the 
orientation 𝜃 with respect to the [100] crystallographic 
axis. The multi-objective function reads: 

 𝑓𝑜𝑏𝑗 =  −𝑄𝑇𝐸𝐷 + 100 Δ̌𝑓                                

with  Δ̌𝑓 defined as: 

Δ̌𝑓 =
Δ𝑓0

𝑓0(@25°𝐶) 
 × 106 

where  

Δ𝑓0 = max
𝑇∈[−35°𝐶,+85°𝐶]

𝑓0(𝑇) − min
𝑇∈[−35°𝐶,+85°𝐶]

𝑓0(𝑇) 

 
with 𝑓0 the natural frequency of the in-plane flexural mode 
of the DETF2 resonator. 
The factor of 100 is here introduced to make the two terms 
of the multi-objective function of the same order of 
magnitude to facilitate the optimization procedure. As for 
the DETF1, the desired natural frequency of the in-plane 
flexural mode must be around 550 kHz. This requirement 
is considered as a constraint in the optimization procedure 
together with the fabrication process restrictions (i.e. 
minimum width of the deformable arms, maximum length 
of a suspended structure).  

 

Figure 2: (a) Schematic view of the geometry of the DETF2 

resonator. Holes on the flexible arms are added to improve 

the thermoelastic quality factor. (b)  Optic microscope 

image of the fabricated structure. 

 

Table 1. Comparison between experimental data and 

numerical results for the DETF1 resonator shown in 

Figure 1. 

 Numerical Experimental 

Natural Frequency  536.8 kHz 477.3 kHz 

Quality factor [-] 45318 31379 

Δf @ [5°C – 85°C]  200 ppm 190 ppm 

 

Table 2. Comparison between experimental data and 

numerical results for the DETF2 resonator shown in 

Figure 2. 

 Numerical Experimental 

Natural Frequency  550.8 kHz 472.4 kHz 

Quality factor [-] 96463 66796 

Δf @ [5°C – 85°C]  200 ppm 350 ppm 
 
The optimization results show that it is possible to increase 
the quality factor by a factor of 2 (see first column of Table 
2) by maintaining all other properties unchanged only by 
modifying the geometry of the device (e.g. holes are added 
on the deformable arms).  
The optimal orientation of the structure with respect to the 
crystallographic axis [100] is 𝜃𝑜𝑝𝑡 = 9.54° and it allows a 
frequency variation of 200 ppm in the temperature range of  
 [-35°C ; 85°C] as expected. It is worth stressing that the 
choice made on the optimization variables (i.e. number of 
slots in the deformable arm of the DETF resonator) 
influence the final results. A higher quality factor can in 
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principle be achieved by increasing the number of the slots 
in the in-plane thickness of the arms of the DETF resonator. 
Other optimization variables can be also added according 
to the needs of the MEMS resonator designer thus proving 
the generality of the proposed design strategy. 
 
EXPERIMENTAL RESULTS 
The two DETF resonators have been fabricated through the 
epi-seal encapsulation process proposed by researchers at 
the Robert Bosch Research and Technology Center in Palo 
Alto and then demonstrated with Stanford University.  
As shown in the optical microscope image in Figure 2b, 
two electrodes are located on the external sides of the 
flexible arms of the DETF resonator to provide the 
electrostatic actuation (i.e. Alternating Current (AC) 
voltage), while one electrode is located between the two 
arms to allow the readout. A nominal gap of 1.5 µm 
between the electrodes and the arms of the DETF resonator 
is present. 
A first experimental characterization of the devices in 
terms of natural frequency and quality factor, carried out 
with a custom transimpedance amplifier and a HP4195A 
network analyzer, shows a satisfactory agreement between 
experimental data and numerical predictions (Tables 1-2).  
The predicted increase of the thermoelastic quality factor 
of the DETF2 with respect to the DETF1 resonator and the 
high thermal stabilities of the two devices are confirmed by 
experiments.   
The discrepancies in terms of natural frequencies and 
quality factor can be mainly ascribed to the uncertainties 
related to the fabrication process (e.g. doping level of the 
silicon, material properties, over etch and other fabrication 
imperfections) and to the assumption that all the sources of 
damping are negligible except for the thermoelastic one. 
Finally, the measurement of the frequency variation in 
temperature of the two DETF resonators is obtained by 
placing the devices in a custom electronic oscillator inside 
a climatic chamber and measuring the resulting oscillation 
through a frequency meter.  
 

 
Figure 3: Frequency variation in temperature (defined as 

(f(T)-f(25°C))/f(25°C) 106) for the DETF1 resonator shown 

in Figure 1a. Experimental data are compared to 

numerical predictions computed for three different 

phosphorus doping levels (solid lines) and for three 

different orientations of the structure on the silicon wafer 

(dotted lines).  

 

In Figure 3, the experimental results in terms of frequency 
variation in temperature obtained for the DETF1 are 
compared with numerical predictions computed through 
the above mentioned custom FEM code. 
The agreement between experimental data (blue line in 
Figure 3) and numerical model with nominal parameters is 
overall good, but shows some discrepancies as expected 
from Tables 1-2.  
Uncertainties on the doping level and on the orientation of 
the silicon wafer are then taken into account: the doping 
level and the orientation tolerance with respect to the 
nominal ones are spanned within an admissible range 
provided by the fabrication process. 
Uncertainties coming from the experimental set-up (i.e. 
stability of the climatic chamber especially for negative 
temperatures) should be also considered for a quantitative 
comparison between experimental and numerical curves. 
In Figure 4, the frequency variation induced by temperature 
fluctuations measured on two different prototypes of the 
DETF2 resonator (blue and orange lines in Figure 4) are 
reported together with the numerical predictions computed 
for three different levels of doping: the nominal one, the 
maximum and minimum admissible for the employed 
fabrication process. The small discrepancy between the 
two experimental curves can be ascribed to fabrication 
imperfections (i.e. over etch).   

 

Figure 4: Frequency variation in temperature for the 

DETF2 resonator shown in Figure 2. Experimental data 

(two devices) are compared to numerical predictions 

computed for three different phosphorus doping levels of 

the silicon wafer.  

 
CONCLUSIONS 
Two MEMS DETF resonators have been designed, 
fabricated and experimentally tested.  
The devices are fabricated in highly doped single crystal 
silicon that allow for an intrinsic thermal stability of a 200 
ppm frequency variation in a temperature range of [-35°C; 
85°C] for a specific orientation of the resonator with 
respect to the crystallographic axes. 
The mechanical design of the two proposed devices comes 
from optimization procedures properly developed by the 
authors. Geometric dimensions and the orientation of the 
structure on the silicon wafer are chosen as optimization 
variables, while the objective function are the frequency 
variation in temperature (DETF1) or its combination with 
the thermoelastic quality factor (DETF2). 
It is shown that it is possible to double the quality factor by 
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playing with the geometry of the resonator without 
sacrificing thermal stability. 
All the simulations are performed a-priori, by considering 
nominal dimensions of the DETF resonator and material 
properties available in the literature, thus providing 
generality to the proposed strategy. 
Moreover, it is possible to introduce other optimization 
variables or to change the (multi-)objective function or the 
constraints in the proposed procedure according to the 
needs of the MEMS resonators designer. 
The proposed design strategy can in principle be applied to 
different kinds of MEMS resonators (e.g. Lamè, torsional, 
extensional) since it is not an ad-hoc procedure for DETF 
resonators. 
The agreement between the experiments and the predicted 
frequency variation in temperature is good. A better 
quantitative agreement can be achieved by improving the 
experimental set-up and/or by characterizing the material 
properties of the employed highly doped single crystal 
silicon through ad-hoc structures instead of using material 
properties coming from the literature and referred to 
different processes or different wafers.  
We are currently working on the characterization of the 
material properties in temperature through the design, 
fabrication and testing of structures properly designed to 
measure the alignment of the crystallographic axes with the 
nominal directions [100] and [010], the thermal 
conductivity, the thermal expansion coefficient and 
thermal capacitance. 
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