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Abstract—This article presents a method for modeling
high-Q resonant-fin transistors with focus on circuit design
simulations. The model is implemented for simulations in a
SPICE-like design environment and is based on two basic
properties of the resonator device: the mechanical spectral
behavior and the electro-mechanical-transfer function. The
spectral model operates in the mechanical pressure regime,
while the mobility model converts this pressure into a
mobility change inside the channel of the transistor and
is hence, generating an ac current at the output of the
device. The model also includes the electrical transistor
characteristic for the input and the output of the resonator.
This enables accurate and fast circuit simulations with a
standard SPICE simulator, e.g., for the design of frequency
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Fig. 1. Comparison of different resonator implementations and their

synthesizer circuits. The model is validated against finite
element method (FEM) simulations at an artificially damped
quality factor of Q = 500. Also, simulation results for a
quality factor of Q = 50000 are shown, to prove the full
functionality of the electrical model.
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I. INTRODUCTION

HE introduction of advanced communication standards
such as long term evolution (LTE) and 5G New Radio
drives the development of smaller and more compact devices.
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achieved quality factor Q.

Additionally maintaining and improving power consumption
at increasing frequencies is a critical problem statement for
radio frequency (RF) circuit design. Despite good scaling of
active devices with every process node, passive components
like on-chip metal inductors see hardly any improvement [1],
[2]. However, inductors and resonators are key components
for frequency generation and analog filter design in RF circuit
designs. To generate high-performance filters and clock signals
of high spectral purity, a high-quality factor (Q-factor) of the
used resonator is needed. The most common implementation
of a resonant circuit for mobile communication transceiver
designs is the well-known LC-tank. It can be integrated very
easily to on-chip in standard CMOS processes and is a widely
used technique to realize oscillator tanks and analog filters.
However, this implementation type suffers from low Q-factors
of the metal coil, when comparing it to an off-chip crystal
quartz resonator. Another drawback is the area consumption
of an LC-tank, as it does not scale with the process node.
The highest Q-factors can be achieved using microelectro
mechanical systems (MEMSs) like film bulk acoustic wave
resonators (FBARs).

Fig. 1 shows a comparison of a selection of different
resonator implementations, demonstrated in [2]-[16], and
the achieved Q-factor over the years. While traditional
metal inductors achieve maximum values of approximately
30, FBARs show much higher ratings in the range of
1000 and beyond. Their biggest disadvantage is the diffi-
cult integration to CMOS technologies. Current approaches
are using multichip-modules or attempts of monolithic
integration including 1) the “MEMS-last” approach with
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material-deposition on fully processed CMOS chips and 2) the
“MEMS-in-the-middle” approach, where the resonators are
formed by postprocessing the metal stack. Both methods
require additional processing steps, which raise production
costs and complexity of the overall system [17].

Recent research activities like [18] have shown a possibility
to implement MEMS resonators fully embedded in standard
CMOS FinFET processes with promising results in frequency
and Q-factor. The presented resonant fin transistor (RFT)
utilizes the geometric properties of a standard CMOS FinFET
process to drive and sense acoustic vibrations in the solid
CMOS front-end-of-line (FEOL) in an electric fashion without
the need for additional postprocessing or special packaging.
This novel type of resonator is potentially capable of gener-
ating high-frequency signals in the range of tens of gigahertz
with an exceptional spectral purity, with Q-factors over 40 000,
enabling new possibilities for frequency generation for modern
mobile communication transceiver designs.

To make use of this device in circuit design simulations,
accurate models have to be generated. Therefore, in this
work, a novel electrical device-model for the RFT is pro-
posed, to allow the usage and scaling of the resonator in RF
circuit design by modeling electrical and electro-mechanical
effects of the device for circuit simulators. In Section II,
the electro-mechanical simulation of a resonator unit cell using
a multiphysics simulator and its analysis is shown. Section III
discusses the mapping of the electro-mechanical behavior to a
fully electrical model, enabling the usage in circuit simulators.
The full device model is presented in Section IV, including a
validation of the model against the electro-mechanical simu-
lations results.

Il. MECHANICAL SIMULATIONS

To gain a deeper understanding of the electro-mechanical
behavior of the RFT, 3-D finite element method (FEM)
simulations were carried out with a commercially available
simulator. From these results, the parameters for a later circuit
level modeling are retrieved.

A. FinFET MEMS Working Principle

The working principle of the RFT is based on MOS
capacitor actuation, which couples to a mechanical eigenmode
inside a FinFET gate with hundreds of adjacent fins [18].
The mechanical eigenmode inside the common gate is sensed
at a differentially wired transistor pair. The deformation of
the FinFET channel, caused by the mechanical eigenmode,
leads to a modulation of the electron mobility and therefore
the transistor current. The resonant frequency is strongly
influenced by the material properties and spatial dimensions
of the device. Moreover, for best functionality, i.e., the largest
current modulation at the output, the pressure in the channel
needs to be as large as possible. To reach the large Q-factor
reported in [18], an acoustic Bragg mirror is required in the
back-end-of-line (BEOL). Mechanical losses of the cavity can
be reduced if the resonant frequency lies within any acoustic
bandgap of the BEOL mirror [19], [20].
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Fig. 2. Unit cell for the mechanical 3-D-FEM simulations with the
used materials and orientation of the RFT on the assumed wafer. The
deformation of the unit cell illustrates the eigenmode and is not to scale.
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Fig. 3. Response of mode 2 under ac excitation and complex valued

Fano fit to the absolute pressure and phase.

The simulation volume was reduced to the smallest periodic
unit cell, covering only two adjacent fins, depicted in Fig. 2.
This is required to describe the mechanical and electrical
differential nature of the eigenmode in the assumption of an
infinite cavity. Only half of the gate is modeled with symmetric
boundary conditions along the fin direction (X). The vertical
directions are terminated by perfectly matched layers in the
far distance (Z) and Floquet—Bloch boundary conditions are
deployed along the gate direction (Y). The FinFET structure
was modeled to typical 16 nm dimensions. The BEOL mirror
was omitted to increase flexibility of the electrical model,
as the BEOL can vary strongly from process to process.
The silicon wafer used in the simulation is mechanically
anisotropic and (100) oriented [23]. The fins and gate are
biased at Vgive = 40 mV and Vg = 800 mV, respectively.
Both fins are driven with a sinusoidal amplitude of vgrve =
30 mV and a phase difference of @give = 180° in-between
them [18]. The absolute pressure variation, derived from the
integrated Cauchy stress tensor inside one of the FinFET
channels, with regard to the actuation frequency is depicted in
Fig. 3. The spectrum obtained from the ac simulation exhibits
a distinct peak at the frequency of the mechanical eigenmode.
In addition to the main resonance ( fr) also an antiresonance
(fa) can be observed at a lower frequency where the pressure
inside the channel drops to almost zero. The simulation was
limited to Q@ = 500 via Rayleigh damping for illustrative
purposes [25]. Thus, also the maximum pressure for this mode,
which scales with the Q-factor, is limited to 7.2 MPa.

1) Quality Factor: To model the RFT MEMS on a circuit
level, the quantities fr, fa, Or, and Qa have to be retrieved
from the spectrum depicted in Fig. 3. The asymmetric shape,
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also known as Fano-resonance, allows to retrieve the Q-factor
of the main resonance [26]. It can be described by

2(f = fr) —afrBw
2(f — fr) — jfrBW
with a and b being complex valued prefactors, fr the resonant
frequency, frpw the bandwidth of the resonance and g the
Fano parameter which describes the overall symmetry of the
Fano resonance [27]. The complex valued function is fitted to
both amplitude and phase simultaneously allowing the retrieval
of the resonant frequency and bandwidth and thus, the con-
secutive calculation of the Q-factor with Or = fr/frBW-
It should be noted that due to the artificial Rayleigh damping
the Q-factor retrieved from the Fano fit is identical to the
prescribed value. The Fano fitting, while giving some insight
into the nature of the resonance mechanisms, however, has
some drawbacks when it comes to gathering all information
required for the circuit level description of the RFT. Albeit the
main resonance is properly described it lacks information for
the Q-factor of the antiresonance. A different method allows
the extraction of the missing Q-factor from the slope of the
phase ¢ at any angular frequency of the spectrum depicted in
Fig. 3 with

S(fy=a+b
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WR,A
RA = ——
Or, 2

)

ow o
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where fr = wr/27 and fa = wa/27 are the resonance and
antiresonance frequencies, respectively, [28]. The location of
the resonance and antiresonance is extracted from the largest
and smallest pressure in Fig. 3. Both (1) and (2) return the
same Q-factor, with (2) also being used for the retrieval
of the Q-factor of the antiresonance. The Q-factor of the
antiresonance Q, = 476 is lower than of the resonance
Or = 500 due to over damping caused by the Rayleigh
formulation for all other frequencies [25].

2) Effective Coupling Coefficient: A further important fig-
ure of merit is the effective coupling coefficient

2
K2 =”—(7f’*—f“). 3
off = A (3)

It describes the conversion efficiency from electrical to
mechanical energy, and vice versa [29]. For the ideal unit
cell, the effective coupling coefficient is 4.27%. This value
is comparable to AIN FBAR devices [10], [14], [29], [30].
However, as a result of the reduced unit cell, this value is
strongly overestimated. In this configuration (compare Fig. 2),
every fin is connected, which is typically forbidden by the
layout design rule constraints, which are imposed by the
foundries. Assuming a larger unit cell of 14 fins and a design
rule compliant connection scheme, the effective coupling drops
to 0.2%, which is more reasonable at such frequencies [18],
[30]. Nevertheless, the model is able to describe a wide range
of coupling coefficients, which solely depend on the modeled
device.

3) Mobility Variation: For the device to reach optimal per-
formance, it is necessary to reach large pressures inside the
FinFET channel as it directly influences the change in electron
mobility and thereby the current swing at the output. The peak
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Fig. 4. Dependence of main resonance pressure and mobility change
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pressure reached at the main resonance fg in dependence on
the Q-factor, while keeping the bias and excitation voltages
unchanged, is shown in Fig. 4. It rises nearly linearly for Q =
10-100 000 from 166 kPa to 1.46 GPa. For larger Q-factors,
a slight increase is observable; however, these Q-factors are
unlikely to be obtained in a real world scenario. The change
in electron mobility, however, does not only depend on the
mechanical pressure but also the crystallographic orientation
of the silicon wafer. For the (100) oriented wafer, the crystal
principal axis [100] is parallel to the FinFET channel direction
and [010] parallel to the gate, i.e., the cavity, as illustrated
in Fig. 2. The mobility variation in (100) silicon for uni-axial
stress along [010] is depicted in Fig. 5 [31], [32]. Assuming
uni-axial stress along the gate (compare Fig. 2) the mobility
change perpendicular to that direction along the FinFET chan-
nel, i.e., along [100] has to be considered. At the maximum
deflection point for the resonant eigenmode, every other fin
has the same absolute pressure, however, with opposite sign,
leading to a change in mobility for each fin according to Fig. 5.
Interestingly, the mobility change is not symmetric with regard
to the sign of the pressure leading to asymmetries in the overall
change. The maximal mobility difference at full deflection is
frange = | 4max — Hminl @
Ho
where umin and umax are the crest and trough mobilities for
opposite phases and x is the unstrained mobility. The range
is exemplary shown for a pressure of 0.5 GPa in both fins in
Fig. 5. Moreover, the mobility range as well as the required
pressure with regard to the Q-factor are shown in Fig. 4.
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For small pressures, e.g., at Q = 500 with a corresponding
fin pressure of 7.2 MPa only an absolute mobility change in
the subpercent regime can be achieved. However, with rising
pressure attributed to a higher Q-factor, the mobility change
rises significantly and saturates for a pressure difference of
approximately 2 GPa. Hence, so to maximize the mobility
delta in between the two fins a large enough Q-factor is
needed. At Q = 50000, close to the reported value in [18],
the absolute mobility range increases to firange = 50%.

I1l. ELECTRO-MECHANICAL MODEL
FOR CIRCUIT SIMULATION

To use the RFT device in integrated circuits, e.g., oscillators
or narrowband filters, the resonator has to be modeled in a
fully electrical fashion. This enables the usage of the model
in a SPICE-like design environment. The two major aspects
of the RFT-device, which should be also reflected in the
electrical model, are the spectral mechanical relation of mode
actuation and the electro-mechanical relation between pressure
and electron mobility described in Section II.

A. Spectral Pressure Model

The spectral electro-mechanical behavior together with the
drive mechanism (conversion of voltage into mechanical pres-
sure) is modeled by the spectral pressure model depicted
in Fig. 6. Commonly MEMS resonators are modeled with a
Modified Butterworth—Van Dyke (MBVD) model [33], [34]
completely in the electrical domain by forming parallel and
serial resonant circuits representing resonance, antiresonance,
and damping effects of the MEMS device. Because of its active
four-port nature, the MBVD is not instantly usable as model
for the RFT. The spectral model depicted in Fig. 6, however,
uses an MBVD inspired impedance model to implement the
basic pressure-transfer function of the RFT in an electrical
domain useable in a circuit-simulation environment. The spec-
tral pressure characteristic of the RFT is modeled by a series
resonant circuit consisting of the inductor L; together with
the capacitor C; and the resistor R;, and a parallel resonant
part formed by again the inductance L; and the capacitor C;
as well as R,. The resistor Ry enables modeling of additional
damping mechanisms. To use this impedance model in a circuit
simulator, the correct dc operating point as well as a good
decoupling to the output has to be added to the impedance
model. In addition, a high-pass (Cyp and Rygp) with a corner
frequency of 10 Hz is added to the model input to enhance
the simulator convergence at dc.

The closed-form expression of the impedance formed by the
lumped elements L;, Ci, R|, C», Ry, and R can be written
as

1 14+sCi(R;+R L,.C
Z() = - +sCi(R; + Ry) +s°L,Cy

sC2 14+ 5Ci(R1 + Ry) + 52 Lclﬁrlcclz

(&)

with the complex frequency s = jw. The lumped elements
can be linked to the quality factors, resonance, and antireso-
nance frequencies of the resonator [35]. Therefore, (5) can be
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Fig. 6.  Schematic of spectral model including impedance model,
high-pass, and output-decoupling.
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rewritten to

1 2
1 l—i-swA +s
Z(s) = — On

sCy 1+S#QR + 52

1
v

- (6)
o}

with Oa and wp the quality factor and frequency of the
resonators antiresonance, and Qr and wr being the qual-
ity factor and resonance frequency of the main resonance,
respectively. For the calculation of component values the
quality factors, as well as the resonance and antiresonance
frequency have to be either measured or simulated as shown in
Section II. The resistor Ry is set to O as additional mechanical
loss mechanisms on drive side, as well as BEOL effects
are not taken into account. The capacitance C,, representing
the static gate-to-fin-capacitance can be simulated by FEM
simulation to 38 fF. The remaining capacitance and inductance
are calculated to [34]

2
WR 1
Ci=GC,- — ) -1, Li=——. 7
: 2 |:(a)A) :| : wiCl ™

The R; and R, are calculated using the known Q-factors
to [29], [34]
C()AL1 a)RL1
Oa Or

In Fig. 7, the frequency response of the spectral model,
including decoupling, is shown in comparison to the

R, =

- RS» R2 =

— R (8)
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impedance calculations from the impedance model and the
FEM simulations. The circuit simulation shows a very good
fit to the simulation results already presented in Fig. 3. In the
range of the resonance frequency, the model closely resembles
the FEM simulation with a deviation of 0.12%, while aligning
with the impedance model for a greater spectral distance to
said resonance.

To model the spectral behavior of the RFT device correctly,
two major dependencies have to be taken into account:

1) Dependence on AC Drive Amplitude: Fig. 8 depicts the
variation of pressure with actuation frequency and changing
ac drive amplitude simulated by the FEM simulation. The
pressure increases with increasing ac amplitude. The dc level
was kept at a constant 40 mV for this simulation. The slope of
the pressure increase per increase interval of the ac amplitude
is nearly constant, with a deviation in the range of parts-per-
thousand. Hence, for the circuit model, a constant conversion
factor k,. = 33.33 PaV~!, which links the ac input voltage
to the mechanical pressure in the fin, is chosen. The value
for k,. is determined by a fit of the impedance model to
simulation results of a base configuration of the resonator
(Varive = 40 mV and vgrive = 30 mV) and by weighing the
input voltage according to the variation slope. As shown in
Fig. 6, the factor k,. is implemented as a voltage-controlled
current-source at the input of the model.

2) Dependence on DC Drive Level: The variation due to the
dc bias is shown in Fig. 9. The ac amplitude was kept at

30 mV for the simulation, with the pressure decreasing for
rising dc bias values. Again, the slope is nearly constant, thus,
a fixed factor of kg = —1.32 PaV~!, as well as a constant
offset to match the model to the skew of curves is implemented
in a VerilogA block depicted in Fig. 6.

Both factors reflect the variation of the pressure with fre-
quency in dependence on the ac and dc voltages at the drive fin
packages for all supported types of simulations, as described
in Section IV.

B. Electron Mobility Model

The spectral model described in Section III-A provides at its
output a voltage representing the pressure inside a single fin.
This voltage level has to be converted into a change in electron
mobility in the channel of the sense transistors, to model
the complete RFT device behavior. The mobility in [100]
direction along the fin, as shown in Fig. 5, is implemented as
a VerilogA table model, where the input pressure is mapped
to a relative mobility change in the channel. According to
the Berkeley short-channel IGFET model-common multigate
(BSIM-CMG) FinFET model [36], [37], the drain—source
current is indirectly linear dependent on the degradation of the
channel mobility. This factor Dy, incorporates the vertical
mobility degradation due to different scattering mechanisms
Diobpo as well as a multiplier parameter UOMULT used for
variability modeling with Dyop = Dob,0/UOMULT. It can be
shown that the following relation holds:

Ins o« UOMULT. 9)

This linear dependence is used to incorporate the mobility
change due to the pressure on the fin. As shown in Fig. 10,
the mobility change is added as modulated current at the
sense node of the model. The dc operating point is set by
the transistor Mgi,. The input of the pressure/mobility model
is electrically shorted to the output, hence, the transistor
My, is directly connected to the output, defining the output
characteristic of the overall RFT-model. Other physical or
electrical properties that might be affected by the mobility
variation like Ron or Vry are not included in this model.

IV. COMPLETE DEVICE MODEL

In Fig. 11 the complete RFT circuit model is shown. In
addition to the two model parts described in Section III,
the input characteristic of the RFT is added. At the gate G
and the two drive-inputs D, and D, transistors were added
to model the capacitive behavior. After the input models,
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input voltage. The mobility variation of the FEM model was
obtained by interpolation analogous to the VerilogA model
described in Section III-B. Simulations for dc, ac and transient
were performed to ensure full functionality of the electrical
model. For pure dc simulations, both the FEM and circuit
simulation show no mobility variation as is to be expected
from the RFT. In Fig. 12 the ac spectrum of the complete
RFT device model and FEM simulation are shown. Both
simulations are in excellent agreement, with a maximum
deviation at the resonance of about 0.5%. The discrepancy
originates from a systematic error and minor simplifications
when fitting the impedance model, dc and ac variation to
the FEM simulation. The absolute mobility value reached
of approximately Ay = 0.102% for Q, = 500 is solely
exemplary and will not yield a functional device. It was chosen
to allow for a good comparison between the FEM and circuit
simulations. With rising Q-factors FEM simulations, and more
explicitly transient FEM simulations, get challenging. With
larger Q-factors the pressure rises significantly, as depicted
in Fig. 4, and thus for the reported O, = 50000 the circuit
simulation yields Au = 50% at the sense FinFETs.

B. High-Q Simulation

To test the model also for large Q-factors as described
above, the circuit depicted in Fig. 11 is adapted to a similar
configuration as presented in [18]. The sense packets are
formed by three adjacent fins, as layout design rules do
not allow for single fin contacting. The drive is assumed to

Frequency (GHz)

Fig. 13. Transconductance g,, of RFT over frequency.

be ideal. The simulated device reaches a peak mechanical
transconductance g, = 215.184 uS as shown in Fig. 13. The
transconductance is calculated to

l sense

gm = (10)

Ddrive
where vgiive 1S the differential input drive voltage and igepse the
differential output current at a load resistor of Ry, = 100 Q.
The observed g, can be boosted by deploying multiple parallel
gates in the cavity, hence, increasing iense With each additional
gate while maintaining the same vgsive. In addition, the gap to
measurement results shown in [18] might be rooted in different
electron mobilities for other wafer orientations, which can
strongly influence the transconductance [31], [32], [38].

V. CONCLUSION

In this article, a method for device modeling of high-quality
factor RFTs has been presented. This model enables the inte-
gration of this novel device type into an electrical SPICE-like
simulation framework and therefore allows circuit designs
leveraging this resonator. Electrical simulations using the
model presented in Section IV show an excellent fit to FEM
simulations of the structure presented in [18] and achieve good
results and fast simulation time for high-quality factors above
1000. The model can be used in typical simulation scenar-
ios, like dc, ac, harmonic balance, and transient simulations,
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enabling circuit analysis close to the resonance frequency of
the device. The generic structure of the model leaves room
for optimization, incorporating measurement information for
drive losses, drive to sense coupling as well as transient startup
and expand the scope of application to lower and higher
frequencies.
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