METHODOLOGY TO QUANTIFY CONTRIBUTION OF VARIOUS FEEDTHROUGH
SOURCES IN EPI-SEALED DEVICES
Disha Chugh1 : Hyun-Keun Kwon®?, Gabrielle D. Vukasin®?, and Saurabh A Chandorkar'”
!Centre for Nano Science and Engineering (CeNSE), Indian Institute of Science
Centre Apple, Cupertino, CA 95014
SRobert Bosch Research and Technology Center, Sunnyvale, CA 94085f
“Departments of Electrical & Mechanical Engineering, Stanford University

ABSTRACT

We introduce a methodology for accurately assessing the
relative contribution of various feedthrough sources to the overall
feedthrough capacitance (Croperqu) in a capacitively transduced
MEMS device. We illustrate this method using an epi-sealed
Double-Ended-Tuning-Fork (DETF) device. We also report a
counter intuitive result that suggests that segmented transducing
electrodes perform better in terms of signal-to-feedthrough ratio
than conventionally advocated fully extended electrodes.
Additionally, we demonstrate an innovative technique for
feedthrough signal cancellation. This new approach improves our
ability to optimize device- & PCB-design for minimizing
feedthrough effects in a general MEMS device.
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INTRODUCTION

Capacitive MEMS resonators offer miniaturized solutions for
various applications, such as inertial sensors, microfluidics devices,
optical applications, pressure measurement devices, and RF devices,
to name a few [1] [2]. Despite numerous benefits, electrical sensing
of capacitive MEMS suffers from the detrimental effects of
feedthrough capacitance present in the system. The presence of
feedthrough current in the total sensed current can obscure the
motional signal or introduce offsets in measured natural frequencies
and the Quality-factors [3]. In addition, feedthrough complicates the
oscillator design [4], parameter extraction [5], and can impact
device sensitivity, particularly in weakly coupled resonators [6].

Extensive research has been done to mitigate the feedthrough
signal in MEMS devices [3] [5] [7] [8] [9] [10] [11]. Various post-
processing and in-situ methods have been developed to remove the
feedthrough signal from the total signal, both in the frequency
domain and the time-domain operational strategies. While post-
processing methods primarily leverage mathematical tools to
remove the feedthrough signal from the total signal, in-situ methods
offer diverse array of approaches to minimize feedthrough signal.

Joshua Lee et al. proposed a post-processing method for
extracting MEMS resonator parameters from frequency domain
signals when the resonant-to-feedthrough signal ratio is less than v2
[5]. When this ratio exceeds V2, alternative methods presented in
[12] [13] [14] can be used. An ingenious method for time-domain
post-processing was proposed by A. Brenes et al. who suggested
use of pulsed mode actuation [3]. They demonstrated that the
feedthrough distortion in time-domain signal is localized in time and
hence can be easily removed in the post-processing. Is it also
suggested in [3] that subharmonic pulsed-mode actuation
outperforms harmonic pulsed-mode actuation, attributed to the
spread of distortion in time, around the actuation pulse.

For in-situ cancellation, P. Rantakari et al. proposed using a
dummy resonator in conjunction with a differential amplifier to
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remove feedthrough signal from the total output signal [7]. This
method costs precious real-estate on silicon. S. Bhave et al. showed
that differential actuation and sensing can reduce feedthrough
capacitance significantly [8]. However, Julien Arcamone et al.
discusse situations where fully differential actuation/sensing fails to
effectively reduce feedthrough signals, and proposed an alternative
approach called balanced actuation/sensing as a solution in such
cases, especially for bulk-mode resonators, such as, square plate
and wine glass resonators [15]. Additionally, Joshua Lee et al. in
[10] demonstrated the application of appropriately chosen external
package level capacitance with differential input to negate the
feedthrough signal in the total output signal. Cheng-Yen Wu
demonstrated the utilization of substrate inductance to cancel out the
feedthrough signal in [9]. This method can induce undesired
oscillations and requires additional circuitry. Furthermore, J. Giner
recommended adopting an in-situ adaptive feedthrough cancellation
[16] which also requires additional circuitry.

Despite extensive efforts to negate feedthrough signal and a
broad understanding of its origins, there hasn't been a concerted
effort to develop a method for accurately determining the values of
feedthrough capacitance originating from specific sources. Precisely
understanding the contributions of various feedthrough sources is
crucial for designing MEMS devices with minimal feedthrough
capacitance. In this study, we introduce a systematic approach to
assess the contribution of a specific source to the overall value of
feedthrough capacitance, Cropera-

We have selected an epi-sealed [17] device as our primary
platform for experimental work. Ideally, owing to the presence of
ground planes above and below the device, feedthrough capacitance
should be insignificant when no electrodes are left electrically
floating, and the actuation- and sense-electrodes are distant in the
device and the connection pads. However, despite these conditions,
these devices still exhibit significant feedthrough capacitance.
Furthermore, the approach presented in this work can be extended
to any MEMS device.

We propose implementing a supplementary capacitance for
feedthrough cancellation embedded within the device structure. This
approach offers a more compact solution compared to the existing
methods. Device-level feedthrough cancellation is expected to
enhance noise performance due to a simpler configuration, reduced
reliance on external components, and the high performance of single
crystal silicon, the material in which the device is fabricated.
Additionally, we discuss the impact of partial-electrode
actuation/sensing compared to extended-electrode action/sensing on
the ratio of the peak resonant signal to the feedthrough signal.

THEORY

To quantify the contribution of feedthrough from various
sources, we fabricated an epi-sealed DETF resonator with
segmented electrodes, schematic of which is shown in Fig 1.
Subsequently, two carrier packages, one with a wire-bonded device
affixed on it, and the other without any device, were soldered to a
PCB breakout board (Fig 2 & Fig 3).
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Fig 1: Schematic of the segmented-electrode DETF under test,
highlighting forces acting upon it, along with a representation of
coupled spring mass equivalent.
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Fig 2: Schematic of the device wire bonded to the carrier package
Spectrum LCCO02861, which is further mounted on a custom
designed PCB. This setup is used for resonance measurement.
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Fig 3: Schematic of empty carrier package Spectrum LCC02861
mounted on a custom designed PCB. This setup is used to
quantify the contribution of the PCB + carrier package to the
overall feedthrough capacitance.

We identify the sources of feedthrough in an epi-sealed device
to be: i) device electrodes, ii) device bondpads, iii) PCB + carrier
package footprints, iv) Wirebonds + fringe fields.

To quantify the exact contribution of each of these sources
several measurements of the S21-parameters between the actuation-

and sensing-electrodes were performed using a TIA, at frequencies
significantly lower than the first in-plane resonant frequency mode.
While measuring the feedthrough capacitance between any two
electrodes, we grounded all unused electrodes—otherwise left
electrically floating—along with the cap layer and the substrate.

The feedthrough capacitance calculations are outlined in the
following equation:

Vous = —jRpyCrvae — jRsVie (:TA) (g) (1)
|
Cf = wi‘?/fbczw (2)

The measurements were performed for the following cases: a)
far apart segmented-clectrodes and bondpads, b) segmented-
electrodes and bondpads in immediate vicinity, c¢) bondpads apart
but adjacent segmented-electrodes, and d) fully-extended-electrodes
and bondpads far apart.

The measurements were repeated in absence of the device, with
the package still soldered to the PCB (Fig 3) to quantify the
contribution of feedthrough capacitance from the PCB + package
setup.

EXPERIMENTAL RESULTS
The measurement setup is shown in Fig 4. The S-parameter
measurements were carried out using Keysight VNA M9800A.

M9800A

Fig 4: On left is the schematic illustrating the connection setup
of the resonance measurement system. On right is the active
measurement setup showcasing the characterization of the first
two in-plane resonance modes.

To measure feedthrough capacitance between various
electrodes, S21 parameters were recorded in frequency range of
9kHz to 90kHz. An illustrative measurement is presented in Fig 5,
for the case when electrode 6” was made the actuation electrode and
electrode 6 was made the sense-electrode. Remaining electrodes
including the resonator were grounded.
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Fig 5: Magnitude and phase of the measured feedthrough signal
between L3 & R3 when the device is affixed to the package. This
data is used to calculate the feedthrough capacitance Cs.

These measurements were repeated for other sets of actuation
and sense electrodes, for the cases when i) device was kept affixed



on the carrier package and ii) when the device was removed from
the carrier package. The experimental findings and the source of
feedthrough in each case are summarized in Table 1.

Table 1: Measured values of feedthrough capacitance (in fF)
between various input and output terminal combinations for the
setup with and without the device affixed on the package for the
measurement cases listed in section ‘Theory’.
(a) Gy (b) Cr (©) Cf ) ¢r
between between between between
L3&R3 | R2&R3 R5 & R3 L2,L3,L5
(in fF) (in fF) (in fF) & R2,R3,
RS5 (in fF)
1 Cr1 Cr3 Crs Cro
Without 10.84 77.43 12.35 34.27
Device
?2) With Cr, Cra Cre Cr10
Device 10.90 367.23 54.82 58.32
Origin PCB Proximity | Proximity PCB
of Cr in CszCfl of of Cfgz 36;‘1’
Device bondpads | electrodes Cr10®
electtodes on deviee Crot
on PCB wirebonds
& device

The calculation of individual feedthrough contribution of
various sources, using measurements from the experiments, is
outlined in the following Table 2.

Table 2: Calculated values of various feedthrough contributors
using measurements shown in Table 1.
Co Cpcp base = Cf1 Case al 10fF
Cp Coectrote device = (Crs — Cp5) Case c2-cl 42fF
Cy Coectrodepcs = sz Case bl T7F
Cs Cdem‘ce,nundpud Case (b2-b1)- 250fF
= (Cf4 - Cf3) - (Cfﬁ - Cfs) (c2-cl)
Co Costended ctectrode rcs = 3Cy Case d1 34fF
CTI Cextended_electrnde = Cfg + Case d2 58fF
wirebonds

It was found that the PCB contributes approximately
Cpcp pase~10fF of base capacitance between any two electrodes,
while proximity of device-electrodes contributes
Celectrode_device~42fF. Colocation of these electrodes on PCB
further adds Cejectrogqe pcp~20fF, and bondpad colocation results in
Caevice_bonapaa~250fF of feedthrough capacitance. Furthermore, in
the configuration under study, shorting adjacent electrodes with
distant bondpads increases the feedthrough capacitance threefold
(Cextended_etectroae~30fF) due to the three-fold increase in the area
of resulting parallel-plate capacitance. It is important to note that
this three-fold increase arises from the PCB footprints and not from
the device, had these three electrodes been wire-bonded to the same
package footprint, feedthrough signal would not have risen. The
presented case is shown to elaborate how a configuration choice can
determine the fate of the output signal.

Finally, in Fig 6 we show that the feedthrough can be
completely negated at the device level by using a drive scheme
where +vac is applied on actuation-electrode and —vac is applied to
an appropriately chosen dummy-electrode which contributes equal
feedthrough signal to the output electrode as the drive-electrode, but
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does not affect the actuation force on the DETF.

[
o

= _200F
T ol 448dB—> 3 150t
=~ o 100+
N ol 46.48dB| | € <ol
v z
=] - o+
™~
g -0 vo501
2 " f © -100}
c -60+ v
2 fdedthroughL-4 g oo
o avg feedthrough= 2 200d ~180° phase shift
=-80 1 1 f ——+— = i 1 J | }
5100 512.0 5140 5160 5180 5200 510.0 512.0 514.0 516.0 5180 5200

Frequency of i/p ac signal (kHz)  Frequency of i/p ac signal (kHz)
Fig 6: Feedthrough cancellation achieved by supplying +v,. to
L3 and —v,, to L6 when output current is sensed at R3. This
configuration utilizes an in-situ dummy capacitance to eliminate
the impact of Cy.

There is another interesting consequence of using split
electrodes. By actuating only the dynamically relevant portion of the
beams and sensing from the corresponding split-electrode on the
sensed-side contributes to least feedthrough capacitance while
achieving maximum actuation. The observed ratio of peak-to-
feedthrough signal is much higher when only central electrodes are
used as opposed to using all three electrodes on actuation-side and
sensed-side, as shown in Fig 7 & Fig 8.
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Fig 7: Measured signal showing i) peak height (4.64 dB), ii)
feedthrough level (-32.84 dB), iii) ratio of resonance peak and
feedthrough level (37.48 dB), when electrode 6 (L3) is set as the
input electrode and electrode 6 (R3) is set as the output electrode.
Here, Vpc = 8V and input power is -35dBm.
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Fig 8: Measured signal showing i) peak height (15.48 dB), ii)
feedthrough level (-9.97 dB), iii) ratio of resonance peak and
feedthrough level (25.45 dB), when electrode (5°,6°,7°)
(L2,L3,L5) is set as the input electrode and electrode (5,6,7)
(R2,R3,RY) is set as the output electrode. Here, Vp = 8V and
input power is -35dBm



This is because the off-center side electrodes contribute a lot
more to the feedthrough signal while contributing much less to the
actual displacement signal of the resonator.

MORE DISCUSSION

Similar set of experiments can be done on devices fabricated in
other processes. If devices are not encapsulated then measurements
can be performed in vacuum chamber to eliminate any stray charges
in the system, which lead to time varying feedthrough capacitance
in the device under test. Alternatively, as suggested by various
research studies, such as [18], the device can be isolated from stray
charges present in its external environment using an insulating
material.

CONCLUSION

In conclusion, our study delved into quantifying feedthrough
contributions from various sources in a capacitive MEMS device
through experimentation on epi-sealed devices. We found that,
besides proximity of electrodes in the device, arrangement of
bondpads in the device, and their layout on the PCB significantly
influence feedthrough capacitance. Additionally, by utilizing split
electrode configuration, resonant-to-feedthrough signal ratio can be
enhanced. We also demonstrate the complete negation of
feedthrough signal by fabricating a dummy electrode in the actual
device, to which differential drive scheme is employed. Integrating
the dummy electrode directly into the device for feedthrough
cancellation not only minimizes design complexity but also reduces
introduced noise levels in the system. Our findings provide a
foundation for further research to optimize device designs and
develop innovative solutions for feedthrough mitigation across
various fabrication processes.
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