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Wentao Wang, Laura C. Popa, Radhika Marathe, Dana Weinstein 

Massachusetts Institute of Technology, Cambridge, MA, USA 
 

ABSTRACT 
In this work, we present the first fully unreleased 

Micro-Electro-Mechanical (MEM) resonator. The 1st 
harmonic longitudinal resonance of a silicon FinFET fully 
clad in SiO2 is demonstrated. The device exhibits two 
resonances at 39 and 41 GHz, corresponding well with 
simulation results. The quality factor (Q) of 129 at 39 GHz 
is ~4× lower than that of its released counterpart. Methods 
to improve Q and reduce spurious modes are introduced. 
This first demonstration of unreleased resonators in a hybrid 
MEMS-CMOS technology can provide RF and microwave 
CMOS circuit designers with active high-Q devices 
monolithically integrated in Front-End-of-Line (FEOL) 
processing without the need for post-processing or special 
packaging. 

 
INTRODUCTION 

Two of the greatest challenges currently faced by 
MEMS are those of packaging and integration with CMOS 
technology. Motivation for monolithic integration includes 
enhanced signal transduction, reduced footprint, improved 
immunity from parasitics and electromagnetic interference, 
and potentially lower cost compared to multichip systems. 
Methods for MEMS-CMOS cofabrication have focused on 
modular MEMS-first or MEMS-last processes. However, 
the increased mask count of these processes decreases yield 
and increases cost due to added complexity. Moreover, the 
constraints on the process sequence, thermal budget, and 
materials require a compromise between the MEMS and 
electronic devices and lead to reduced performance [1]. 
Non-modular MEMS-CMOS processing has been 
demonstrated using the Back-End-of-Line (BEOL) CMOS 
stack, reducing mask count but limiting MEMS materials to 
metals and dielectrics. This method also requires a post-
processing release step to suspend the structure [2]. 

The need for direct integration of MEMS devices with 
CMOS is critical for successful implementation of high 
frequency active MEM resonators. Monolithic integration of 
these devices can provide basic RF and mm-wave building 
blocks with high Q, small footprint, and low power for use 
in wireless communication, microprocessor clocking, 
navigation and sensing applications. Nevertheless, the 
majority of MEM resonators require a release step to freely 
suspend the moving structures. This necessitates complex 
encapsulation and packaging, restricting fabrication to 
MEMS-last or BEOL processing of large-scale devices.  

To overcome these obstacles, this paper reports on the 
first fully unreleased MEM resonator, comprising a 
Resonant Body Transistor (RBT) at 39 GHz, bound on all 
sides by a thick SiO2 layer (Figure 1).  This resonator 
demonstrates the feasibility of direct integration into FEOL 
CMOS processing, making these devices an attractive

 
Figure 1: Scanning electron micrograph (SEM) of the 
unreleased RBT. The 1 µm thick field oxide is visible on top 
of the unreleased resonator, showing contact holes to the 
silicon underneath.  (Inset) Device with oxide cladding 
removed to show the underlying RBT. 
choice for low power clock generation and high-Q tank 
circuits. 

Solid-mount Bulk Acoustic Wave (BAW) resonators 
have previously been demonstrated, using acoustic Bragg 
reflectors to isolate vibrations from the substrate underneath 
[3]. While these devices do not require any release step, 
they depend on free boundary conditions on 5 of 6 sides to 
operate. This necessitates special packaging and restricts 
solid-mount devices to MEMS-last design.  

The authors have previously demonstrated RBTs with 
internal dielectric drive and Field Effect Transistor (FET) 
sensing up to 37 GHz [4,5]. Fabrication of these RBTs is 
very similar to that of independent-gate FinFETs, and 
enables amplification of the mechanical signal before the 
presence of electrical parasitics, allowing detection up to 
mm-wave frequencies. 

The unreleased resonator demonstrated here is not 
limited to CMOS processes, and can be implemented in 
applications where a minimal or no-packaging solution is 
needed. 

 
RBT PRINCIPLE OF OPERATION 

 Unlike capacitive sensing employed in traditional 
electrostatic resonators, FET sensing can be used to amplify 
the mechanical signal prior to any feed-through parasitics. 
Combining the benefits of FET sensing with the frequency 
scaling and high-Q capabilities of internal dielectrically 



 
Figure 2: Top-view schematic showing principle of 
operation of a bulk-mode dielectrically transduced 
Resonant Body Transistor.  The accumulation gate (G1) 
capacitively drives longitudinal waves in the fin while a 
FET channel generated by the inversion gate (G2) 
piezoresistively senses resonance. 
transduced resonators [6], RBTs can achieve frequencies of 
operation previously inaccessible in silicon. 

Figure 2 shows a top-view schematic of the RBT 
principle of operation. The region in light grey represents 
the undoped active area of the FET, while the blue region is 
highly doped. The active area near the drive electrode G1 is 
biased into accumulation (red), so that a capacitive force 
acts across the thin dielectric film (yellow) driving 
longitudinal waves in the fin. A DC gate voltage is applied 
to G2, generating an inversion channel (blue) which results 
in a DC drain current. At resonance, elastic waves modulate 
the drain current by the piezoresistive effect. The gain of the 
transistor reduces the output impedance of the device, 
providing high transduction efficiency at RF and mm-wave 
frequencies. 

RBTs were fabricated in an SOI process similar to that 
of independent-gate FinFETs, as described in [4]. An SEM 
of the unreleased RBT (before metallization) is found in 
Figure 1, showing the field oxide (FOX) layer on top of the 
device with silicided holes for electrical contact to the 
silicon device layer underneath. The inset of Figure 1 
depicts the device with oxide cladding removed to show the 
underlying RBT. 

The operation of the RBT can be described by 
modifying the small signal model of a traditional field effect 
transistor, as shown in Figure 3. Analogous to the FET 
equivalent circuit, the model includes transconductance 
terms gm and gmb of front and back gate respectively, 
defining the electronic amplification of the RBT. In addition, 
a mechanical transconductance gma is introduced to express 
the electromechanical amplification of the mechanical 
signal which exhibits a Lorenzian frequency response, with 
center frequency and quality factor defined by acoustic 
resonance. Under DC biasing condition of the inversion gate 
G2, the small signal current due to the front gate (gmvgs) is 
suppressed. Additionally, the current due to gmb is 
engineered to be small, particularly in standard CMOS 
technology. The dominant AC signal is attributed to the 
electromechanical gma. The derivation for the  piezoresistive  

 
Figure 3: Small signal model of the RBT. gm is the 
transistor transconductance through the front gate G2, and 
gmb is that of back gate G1. Current due to the front gate is 
suppressed by DC biasing. The back gate effect is small, 
and defines the signal floor. The Lorenzian frequency 
response of the piezoresistive transconductance gma 
describes the high-Q electromechanical amplification at 
resonance. 

transconductance 1 ,⁄  is provided in [4], 
showing a direct dependence on the gm of the FET. The 
dynamic range of the RBT is therefore limited by the back 
gate contribution to the drain current modulation and by the 
inherent electrical gain of the transistor. The FET gm is also 
the primary limitation in frequency scaling of the resonator, 
as the drain current modulation cannot be measured reliably 
beyond the transistor’s cutoff frequency fT. The performance 
of these active MEM resonators is therefore defined by the 
quality of transistor technology, and can benefit greatly 
from direct integration with cutting edge CMOS circuits. 

 
Figure 4: COMSOL simulation of side view of unreleased 
resonant mode in RBT, showing contour plot of stress along 
x-axis.  A force applied across one dielectric (15 nm silicon 
nitride) generates a 1st harmonic longitudinal mode detected 
by strain induced in the FET channel. PMLs indicate 
regions of no reflected energy. 



 
Figure 5: Simulated frequency response of unreleased 
resonator showing resonance for both released and 
unreleased devices at the targeted frequency.  
 

SIMULATION OF FULLY UNRELEASED 
RESONATORS 

COMSOL simulations of both released and unreleased 
(fully-clad) RBTs were performed to determine the 
distortion of the 1st harmonic longitudinal resonance in the 
presence of buried oxide (340 nm BOX) under the device 
and field oxide (1 µm FOX) above it (Figure 4). The single  
crystal silicon fin in the simulation is of 114 nm width (x-
direction) and 220 nm thickness (y-direction), with 15 nm 
Si3N4 gate dielectrics and poly silicon gates of 400 nm 
width and 400 nm thickness. In addition, due to etching of 
the BOX during an over-etch of the device layer, the fin was 
offset by 50 nm from the bottom of the poly gate according 
to fabrication data. Longitudinal waves are excited at the 
accumulation gate dielectric and sensed piezoresistively at 
the FET channel. The dielectric on the left was loaded by a 
pair of equal and opposite external forces to represent the 
capacitive driving force. Meanwhile, the stress at the 
interface between the fin and the dielectric on the right was 
integrated to generate the output signal, indicating the 
strength of piezoresistive modulation on the drain current. 

A frequency sweep from 30 to 50 GHz was performed 
in frequency response analysis in COMSOL structural 
mechanics module, shown in Figure 5. Resonance peaks 
were observed at 42 and 44 GHz for both released and 
unreleased RBTs. The similarity in frequency response 
between the released and unreleased devices indicates the 
capacity to design and realize bulk-mode unreleased 
resonators at RF and mm-wave frequencies. 

 
EXPERIMENTAL RESULTS 

The unreleased RBTs were tested in a standard two-port 
configuration at room temperature in a vacuum probe 
station, as described in [5]. Vacuum measurement was only 
necessary to prevent oxidation of the Ni metallization, and 
does not affect device performance. 

 
Figure 6: Measured frequency response of the unreleased 
RBT after standard short-open de-embedding.  

The measured frequency response of the unreleased 
RBT is given in Figure 6. The DC bias of inversion gate VG2 
was set at 3 V, 4 V, and 4.3 V successively, with a DC 
accumulation gate voltage VG1 of -1.12 V, drain voltage VD 
of 4.31 V, and an input RF power of -13 dBm. The device 
exhibits two peaks at 39 and 41 GHz, corresponding well 
with simulation results. The slight shift in resonance 
frequency compared to simulation can be attributed to 
variation of fin length and damping mechanisms. The Q of 
129 at 39 GHz (f.Q product of 5×1012) is ~4× lower than 
that of its released counterpart [5]. Both Q and spurious 
modes can be improved by patterning the gates of the device. 
This was not possible due to routing limitations of the 
coplanar fabrication process, but is easily achievable with 
vias of the standard CMOS metal stack. 

The signal increase with sensing gate voltage 
demonstrates signal amplification due to increasing 
transconductance gm of the FET, and validates that the 
signal originates from mechanical resonance. With the 
increase of VG2 from 3 V to 4.3 V, the resonance frequency 
shifts by 0.1 GHz and 0.2 GHz for 39 GHz and 41 GHz 
peaks respectively. The observed frequency shift results 
from local resistive heating due to increased DC drain 
current at higher gate voltage, which alters the Young's 
modulus of silicon. Engineering of the temperature 
coefficient of frequency (TCF) has been demonstrated using 
composite Si-SiO2 resonators to reduce temperature 
sensitivity well below 1 ppm/°C [7]. Similarly, the TCF of 
this unreleased resonator can be compensated and reduced 
by adjusting the oxide thickness, making the resonator 
temperature insensitive. In a technology with limited control 
over layer thickness, this can be achieved by strategically 
patterning material around the resonant structure. 

 
CONCLUSION 

The 1st harmonic longitudinal resonance of a silicon 
bar Resonant Body Transistor, fully clad in SiO2, was



 
Figure 7: Frequency-quality factor products of various 
silicon-based electrostatic resonators, plotted against the 
theoretical limit of phonon-phonon scattering.  
demonstrated at 39 GHz with a quality factor of 129. The 
resulting f.Q product of 5×1012 is plotted in Figure 7 against 
the fundamental limit of silicon defined by phonon-phonon 
scattering. At high frequencies in the Landau-Rumer regime 
[14], resonator Q is limited primarily by anchor loss where 
the acoustic wavelength is comparable to and can be smaller 
than the dimensions of the supporting structure.  

Anchor loss in released resonant cavities at GHz 
frequencies has been addressed by use of phononic crystals 
surrounding the device [15]. This method has been shown to 
approach the phonon-phonon scattering limit in this 
frequency range. The quality factor of unreleased 
resonators can be significantly improved by localization of 
acoustic energy using acoustic Bragg reflectors [3] or 
phononic crystals. These designs can provide near-perfect 
acoustic mirrors in place of the lossy support beams 
required for released resonators. At mm-wave frequencies, 
unreleased resonators with energy localization may 
therefore achieve better performance than their released 
counterparts.  

Fabrication of the RBTs demonstrated in this work is 
very similar to that of independent-gate FinFETs, and 
enables amplification of the mechanical signal before the 
presence of electrical parasitics. This first demonstration of 
an unreleased resonator in a hybrid MEMS-CMOS 
technology can provide RF and microwave CMOS circuit 
designers with active high-Q devices monolithically 
integrated without the need for post-processing or special 
packaging. 
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