Ge and Cretu Microsystems & Nanoengineering (2023)9:151

. Microsystems & Nanoengineering
https://doi.org/10.1038/541378-023-00628-7

www.nature.com/micronano

ARTICLE Open Access

A polymeric piezoelectric MEMS accelerometer
with high sensitivity, low noise density, and an
innovative manufacturing approach

Chang Ge®'™ and Edmond Cretu®'

Abstract

The piezoelectric coupling principle is widely used (along with capacitive coupling and piezoresistive coupling) for
MEMS accelerometers. Piezoelectric MEMS accelerometers are used primarily for vibration monitoring. Polymer
piezoelectric MEMS accelerometers offer the merits of heavy-metal-free structure material and simple microfabrication
flow. More importantly, polymeric piezoelectric MEMS accelerometers may be the basis of novel applications, such as
fully organic inertial sensing microsystems using polymer sensors and organic integrated circuits. This paper presents a
novel polymer piezoelectric MEMS accelerometer design using PVDF films. A simple and rapid microfabrication flow
based on laser micromachining of thin films and 3D stereolithography was developed to fabricate three samples of
this design. During proof-of-concept experiments, the design achieved a sensitivity of 21.82 pC/g (equivalent open-
circuit voltage sensitivity: 126.32 mV/qg), a 5% flat band of 58.5 Hz, and a noise density of 6.02 pg/vHz. Thus, this design
rivals state-of-the-art PZT-based counterparts in charge sensitivity and noise density, and it surpasses the performance
capabilities of several commercial MEMS accelerometers. Moreover, this design has a 10-times smaller device area and
a 4-times larger flat band than previous state-of-the-art organic piezoelectric MEMS accelerometers. These
experimentally validated performance metrics demonstrate the promising application potential of the polymeric
piezoelectric MEMS accelerometer design presented in this article.

Introduction intricate movable micromechanical structures, leading to
Microelectromechanical ~ system  (MEMS) accel- capacitive accelerometers with comb drives. Piezoelectric
erometers detect mechanical acceleration through MEMS accelerometers have therefore become popular of

alterations in electrical capacitance (capacitive), resistance
(piezoresistive), or charge (piezoelectric) as occurs within
miniaturized structures. They rank second in usage
among MEMS devices, with only pressure sensors being
more commonly used'. While traditionally used for
vibration monitoring”, automotive testing®’, and inertial
navigation®?, recent research highlights the potential of
MEMS accelerometers in health monitoring devices and
implantable hearing aids*~’”. Early MEMS accelerometers
used piezoresistive coupling in silicon. Advances in silicon
micromachining enabled the robust fabrication of more
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late. They provide many advantages over piezoresistive
and capacitive couplings, such as higher temperature
stability, higher robustness, reduced power consumption,
better linear characteristics, wider dynamic range,
enhanced sensitivity, and no vacuum sealing require-
ment' %, Additionally, when used for implantable hear-
ing aids, piezoelectric accelerometers have the potential to
directly interface with neurons, eliminating the need for
extra readout circuits”’

Despite their diverse advantages, piezoelectric MEMS
accelerometers face a tradeoff of environmental exposure
risks versus performance. For example, high-performance
piezoelectric materials such as lead zirconate titanate
(PZT) raise ecological concerns related to heavy
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metals'' ', Lead-free high-performance alternatives such

as potassium sodium niobate (KNN) present
sustainability-related issues during raw material excava-
tion'"'%. Even though more environmentally friendly
materials such as aluminum nitrides (AIN)>”!>1¢ and zinc
oxide (Zn0)®'*'*!7 can be used for piezoelectric MEMS
transducers, they cannot provide device performance
comparable with PZT-based MEMS transducers due to
weaker piezoelectric properties. Moreover, all these
inorganic materials, regardless of their piezoelectric
properties and environmental impacts, are used in MEMS
fabrication flow based on similar methodologies. Being
either bottom-to-top surface micromachinings or top-to-
bottom bulk micromachinings®*'>'*='% these micro-
fabrication flows all inevitably repeat the three-step cycle
of material deposition, masking lithography, and aniso-
tropic etching, leading to almost identical process com-
plexity. If a design opts for reduced performance for
environmental benefits, then a simpler fabrication process
should at least be expected to make the tradeoff
worthwhile.

A viable approach to address the aforementioned chal-
lenges is the development of polymeric piezoelectric
MEMS devices utilizing poly(vinyl fluoride) (PVDF) films.
First, PVDF has higher piezoelectric coefficients than ZnO
and AIN'®, laying the foundation for potentially higher-
performing devices. Additionally, PVDF films can be
directly shaped into microstructures through advanced
methods such as laser micromachining and additive
manufacturing, bypassing traditional three-step cycles to
streamline fabrication flows.

In addition to simultaneously achieving simple, envir-
onmentally friendly microfabrication flows that yield high
sensitivity devices, polymeric piezoelectric MEMS accel-
erometers based on PVDF can also make a more solid
foothold for MEMS inertial sensors in the emerging field
of flexible electronic microsystems, giving extra sig-
nificance to the research of these polymer MEMS devices.
Leveraging the constant advances in semiconducting
organic materials and organic field effect transistors'?,
research interest in full-polymer electronic systems fea-
turing polymer sensors and polymer integrated circuits
continues to rise, causing an increased demand for poly-
meric MEMS sensors as the vital front end for informa-
tion collection and fueling the corresponding research.
For example, tactile sensors, as the polymeric subcategory
of MEMS pressure sensors, have been extensively studied,
enabling diverse novel applications of this most widely
used MEMS type, such as intelligent skins and soft
robots*°.

In contrast, research on developing polymer versions of
MEMS inertial sensors, which are the second most-often
used MEMS type, is less mature. Moreover, the few
existing studies on high-performance, polymeric,
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piezoelectric MEMS accelerometers lean toward adapting
energy harvesters as accelerometers® >, MEMS energy
harvesters are tuned to work around their mechanical
resonant frequency, taking advantage of the correspond-
ing most significant mechanical response. In contrast,
MEMS accelerometers work on a flat band leftwards to
their mechanical resonant peak. Compared to conven-
tional MEMS accelerometers, the alternatives converted
from MEMS energy harvesters have a confined band-
width, limiting their application potential. To address this
long-standing limitation, further research on polymeric
conventional piezoelectric MEMS accelerometers remains
necessary.

In this context, a new design for PVDF-based piezo-
electric MEMS accelerometers is proposed. Three sam-
ples were fabricated using a simplified polymer-based
microfabrication technology. These samples were char-
acterized for their mechanical resonant characteristics,
frequency response, flat band sensitivity to input accel-
erations, and device-level noises. A comparison between
the experimental measurements and benchmarks indi-
cates promising performance. Following this introduction,
subsequent sections discuss the device design, test results,
benchmark comparison, fabrication flow, and experi-
mental setup. The paper concludes by summarizing the
present study’s significance and future potential.

Results
Theoretical feasibility

The opportunity for achieving polymeric, high-
performance piezoelectric MEMS accelerometers using
bulk PVDF films is hypothesized based on the theoretical
principles of piezoelectric sensing. The general equation
for the electrical output of a piezoelectric MEMS sensor
can be written as®*:

dA;
Qpiezo = [[[D1 Dy Ds3]|dAy
dA3

1 (1)

C,
1

Vpiezo = Qpiezo C,

1

Cs
Equation (1) outlines piezoelectric sensing in a Carte-
sian coordinate system. Q,;, represents the electrical
charge (unit: C) produced by the direct piezoelectric
effect, forming the foundation of a sensor’s sensitivity.
Viyiezo i the open-circuit voltage (unit: V) derived from
Qpiczo» Which is relevant for voltage-mode piezoelectric
sensors. D, D,, and Dj signify the piezoelectric electrical
displacements (Unit: C/m?). A, A, and Aj denote the
effective areas (Unit: m?) of the piezoelectric material.
They refer to the surface area where the stress type is
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consistently compressive or tensile. C;, C, and Cj
represent the capacitors (Unit: F) in each direction. Pre-
dominantly, piezoelectric MEMS accelerometers work in
the one-dimensional 3-1 mode. A piezoelectric layer is
sandwiched by two electrode layers vertically, and elec-
trical charge is induced due to the stress induced by
horizontal axial elongation. Equation(1l) is correspond-
ingly simplified as™*:

(2)

Voo Qe
piezo —

{ Qpiezo = ff ds (O'top — 0 bottam)dA

Crotal

In Eq. (2), ds; is the piezoelectric coupling coefficient
(Unit: pC/N). 640 and Opopom are the stresses (Unit: Pa) on
the top and bottom surfaces of the piezoelectric material
in response to input acceleration. Their difference, o;,,-
Opostons 18 pivotal for the performance of a piezoelectric
accelerometer. Generally, a primary design goal for pie-
zoelectric MEMS sensors is maximizing this value based
on analysis of stress and bending in response to
mechanical input. According to basic mechanical bending
theories?®, the stress exhibits the following relationship
with the bending moment (Unit: Nem) and the position to
the neutral axis (Unit: m):

o=——z (3)

In Eq. (3), I is the moment of inertia (Unit: m*). Spe-
cifically, for MEMS accelerometers, the bending moment,
M, and the moment of inertia, /, have the following
general relationship with the effective mass (Unit: kg),
Mg, the input acceleration (Unit: m/s?), Ainpur and the
equivalent spring constant (Unit: N/m), k.,

M X meya;
{ . eq%input ( 4)
oq o<1

Bringing Eq. (4) into Eq. (3), the stress in response to an
input acceleration is linked to the mechanical resonant
frequency (Unit: rad/s), , of the MEMS accelerometer as:

o o Lo
X (5)
o =k

The mechanical resonant frequency, w, can represent
the structural characteristics of a MEMS accelerometer.
Bringing Eq. (5) into Eq. (2), the general relationship
between the output of a piezoelectric MEMS accel-
erometer, its structural characteristics, and the input
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acceleration is expressed as:
dsa,
Qpieza X ff 31wtznpul (Ztop - Zbo[tom)dA (6)
Vo Quew
pleZU - Ct()tal

In Eq. (6), 20 and Zpozom are the distances (Unit: m) of
the piezoelectric layer’s bottom and top surfaces to the
neutral axis. Based on basic structure mechanics®,
the value of z;,, _ Zpotom can always be approximated to
the total thickness of the piezoelectric layer (Unit: m), H.
Considering the general capacitance expression for a
parallel-plate capacitor, the output of a piezoelectric
accelerometer is linked to its structure design, piezo-
electric layer thickness, and piezoelectric material prop-
erties in the following manner:

d31@input
Qpiezo x H ff wznp dA
Qpi H? ([ 9314
Vpiezo — Xpiezo x ?ff wznpul dA

Crotal

(7)

In Eq. (7), € is the dielectric constant of the piezoelectric
material (Unit: F/m). As per Eq. (7), under the condition
that the mechanical resonant frequency of a piezoelectric
MEMS accelerometer is maintained within a certain
range, the sensitivity of the MEMS accelerometer can be
increased by a thicker piezoelectric layer. This analysis
aligns well with the conclusion of recent research on high-
performance piezoelectric MEMS accelerometers based
on thick PZT films (thickness over 11 um) deposited by
aerosol jet printing*. The latest commercial uniaxial pie-
zoelectric PVDF films®’ can be ten times thicker than
these thick PZT films*. With a tailored design strategy for
other influential factors shown in Eq. (7), it is possible for
polymeric piezoelectric MEMS accelerometers to achieve
key performance metrics rivaling their PZT-based coun-
terparts by using thick PVDF films.

Device design and simulation

The present design of polymer piezoelectric MEMS
accelerometers strives to achieve high sensitivity and simple
microfabrication simultaneously, as detailed in Fig. 1.

As shown in Fig. 1a, every accelerometer designed in
this paper has six identical cantilever-based sensing units,
with the summation of their piezoelectric response as the
output of the accelerometer. These six sensing units have
to be electrically connected in parallel to implement this
purpose, which means that the PVDF layer does not need
extra patterning of its electrode layers. Cantilevers are
used because they offer the unique advantage of low
transverse coupling1‘4‘7‘16. Using an array of sensing units
can increase the reliability of a single accelerometer. More
importantly, this design strategy magnifies the effect of
performance optimization conducted at the level of
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Fig. 1 Design and simulation of the PVDF-based piezoelectric MEMS accelerometer. a Combined and exploded views of the device;
b-e Detailed design of inertial mass, piezoelectric layer, mechanical layer, and bottom electrode interconnect layer; f finite element analysis for the
fundamental resonant mode; g simulation of stress conditions on the bottom and top surfaces in response to acceleration

individual sensors. The PVDF layer in Fig. la has a
thickness of 100 um for the optimum performance as per
Eq. (7) for each sensing unit. The polyimide layer in
Fig. 1a has a thickness of 75um to ensure acceptable
structural stability.

The dimensional designs shown in Fig. 1b—d focus on
achieving a low resonant frequency in each sensing unit.
As per Eq. (7), a lower mechanical resonant frequency can
boost the sensitivity of a piezoelectric accelerometer. The
design in Fig. 1b aims to obtain a relatively large inertial
mass at a miniaturized scale. In Fig. 1c, each PVDF can-
tilever has a length of 7.5 mm and a width of 2mm,
aiming to obtain a relatively equivalent low spring con-
stant out of the cantilever thickness of 100 um. For a

similar reason, the width of the polyimide cantilever beam
in Fig. 1d is set to 300 pm.

The polymer piezoelectric MEMS device design in Fig. 1
consists of four polymeric components that are manu-
factured separately and assembled into a single device.
Such a device design allows the usage of direct material
processing techniques for fabrication, bypassing the tra-
ditional micromachining methodology based on the
three-step cycle to reduce manufacturing complexity. The
vials shown in Fig. 1c to Fig. le are made to implement
alignment for assembly and to expose the silver electrode
layers. The polyimide surface in Fig. le is partially
removed to expose the copper layer connected to the
bottom electrode layer on the top surface, seeking to
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simplify the fabrication process. The details of the
microfabrication flow are provided in a later section.

Figure 1f shows a fundamental resonant frequency of
126.46 Hz simulated in COMSOL for a single cantilever-
based sensing unit. This simulation result provides a
detailed scope for the resonant frequency of the design.
Figure 1g shows the simulated stress conditions along the
midline of the bottom and top surfaces of a single sensing
unit under a 2 g (g = 9.8 m/s”) acceleration. The outcome
details how the designed accelerometer responds to input
accelerations. The stress across the top surface in Fig. 1g
is consistently tensile, while the stress across the bottom
surface is consistently compressive. This simulation result
aligns well with the fundamental bending theories of a
cantilever®. The minor difference in the stress magnitude
indicates that the neutral axis of the composite structure
is within the PVDF layer, with the top surface closer to the
neutral axis than the bottom surface.

Sample appearance

Three samples of the design introduced in Fig. 1 were
fabricated. Figure 2 shows optical images of these samples
and their components.

Figure 2a presents the appearance of three samples
ready for characterization. The electrodes of the samples

are accessed through customized PCB boards with the
help of silver paste. Figure 2b, c¢ highlight how the elec-
trode layers on the PVDF film are exposed through the
vias introduced in Fig. 1. Figure 2d provides insight into
the 3D-printed inertial mass. Figure 2f reveals the precise
alignment of the mechanical layer with the PVDF layer,
demonstrating the reliability of the assembly using the
vias and a common reference structure. Figure 2g, h
display the copper and polyimide facets of the bottom
electrode interconnect layer. The laser micromachining
process left no discernible marks on the copper surface in
Fig. 2g, attesting to its suitability for fabricating our
accelerometer. The magnified view of the polyimide sur-
face in Fig. 2i reveals the subtle distinctions of the exposed
copper from the polyimide. The surface’s characteristic
metallic sheen is visible, and minute milling traces are
only visible at the microscale.

Mechanical resonance behavior

The three samples shown in Fig. 2 were first char-
acterized for their mechanical resonance behaviors to
extract their fundamental mechanical resonant frequency
and quality factors as the base to further evaluate the
performance of the three samples as accelerometers. The
corresponding results are shown in Fig. 3.
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|

All three accelerometer samples exhibited consistent
mechanical resonant behaviors among their sensing ele-
ments. In Fig. 3a—c, this uniformity is represented by the
low standard deviations in the resonant frequency and the
high similarity in resonance profiles. The quality factors of
the three samples, estimated from Fig. 3a, Fig. 3b, and
Fig. 3c, are 12.5, 12.88, and 11.83, respectively.

Based on Eq. (7), the response of a piezoelectric accel-
erometer is affected inversely by the square of its
mechanical resonant frequency. For each accelerometer
sample, the consistent mechanical resonant behavior
measurement indicates that all six sensing units have
working interfaces for piezoelectric electromechanical
coupling. Moreover, the six sensing units uniformly
contribute to the total response of each sample.

Coherence analysis result shown in Fig. 3d further con-
firms that the most significant peaks from Fig. 3a to Fig. 3c

are attributed to the samples’ fundamental resonant mode.
The corresponding coherence coefficient is approximately
0.9, validating its primary origin related to the samples’
structural characteristics. This value is not precisely 1, which
is attributed to the influences of ambient noise.

Frequency response and flat band sensitivity to
acceleration

The frequency response and flat band sensitivity to
accelerations are two fundamental performance metrics
for an accelerometer. The detailed values of these two
performance metrics provide the basis to evaluate the
effectiveness of the presented design strategy. The cor-
responding test results are shown in Fig. 4.

Figure 4a—c present the frequency response of the three
accelerometers from 20 Hz to 200 Hz under an accelera-
tion of 1g. The response profiles highly resemble the



Ge and Cretu Microsystems & Nanoengineering (2023)9:151

Page 7 of 16

.

a 250 T T T b 400 T T T T c 300 T T T T
ol 350 | -+ -
250 - 3
200 .
300 - 1
s s o 200 ¢ J
250 - 3
g + 1 5
° T T
2 2 2
= s L , s L ,
g g 200 g 150
© © ©
(] Q Q
£ 100 - - £ 150 £ ++
S ° r 1 °
= + = = > 100 - 1
-+ 100 - + 1
s + ] + +
iy wallns * + 1+
e Ty P T g Y
O O O O O O O O N O O O S O PP OO S O O
PSS LA PSS LSS PRSP LELLS
Frequency (Hz) Frequency (Hz) Frequency (Hz)
Q
2 I I I I
%; 150 + IV!easured read out voltage amplitude
8 & 125 = Fitted curve V=20.8 g, R-Square: 0.9994
Z ¢ 100 — _
S5 75
52 50 - -
8 = 1 \
w
0 0.5 1 15 2 25 3 3.5 4 4.5 5 5.5 6 6.5 7
Acceleration amplitude (in g @60 Hz,1 g =9.8 m/sz)
e
o
2 I I I I
8_—« 150 + Measured read out voltage amplitude _
a E 125 |= Fitted curve V=22.22 g, R-Square: 0.9988 - 5 =
s 100 - . 1 : - _
© = 75 - 1 t T |
22 50 I ! t ! -
- | 1 1 |
3 23 ] T r | ! | | | |
u 0.5 1 1.5 2 2.5 3 3.5 4.5 5 5.5 6
Acceleration amplitude (in g @55 Hz,1 g =9.8 m/sz)
f
2 200 I I I T
o _ 175 — + Measured read out voltage amplitude ]
2s 150 — ) _ N —
125 | [=== Fitted curve V'=22.44 g, R-Square: 0.9905 —
oF L -
s 100 — - -~ T -
S= 75 1 1 T =
£ 50 - i L T T ]
£ L 1 T _
8 23 =L T b | I \ \ \ \
u 0 0.5 1 15 2 2.5 3 3.5 4.5 5 5.5 6
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s?) for Sample 1, Sample 2, and Sample 3; d—f The 5% band sensitivity for Sample 1, Sample 2, and Sample 3, respectively, at the end frequency of

their band
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mechanical resonance measurement results shown in
Fig. 3a—c. As the input frequency approaches each
accelerometer’s resonant frequency, the measured voltage
increases, reaching a peak near the mean resonant fre-
quency before receding. These patterns confirm that the

three samples can work as conventional accelerometers.
Below the mechanical resonant frequency, they have a 5%
flat band with a relatively constant response to the input
mechanical acceleration magnitude. The edge frequencies
of this 5% band are respectively 60 Hz, 55 Hz, and 60 Hz
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for the three accelerometers. These values were deter-
mined by a statistical method based on the cumulative
average of the frequency response measurements from
Fig. 3a—c. In detalil, for a specific frequency value f; from
F ={f1.f5,..-,fn} and the corresponding voltage readout
V; from V = {V1, Vs, ..., V,}, the average voltage read-
out until f; is computed by:

2. Vi (®)

i

Vi=

The relative deviation of V; from V; in Eq. (8) is then
computed. The last f; that allows the deviation to be less
than 5% is the end frequency.

Figure 4d—f shows the test results of flat band sensitivity
with input accelerations from 0.5g to 6g. Using
MATLARB for data fitting, R-square coefficients exceeded
0.99 in all three figures, suggesting that the fitted curve
slope accurately represents the system-level (accel-
erometer and readout circuit) voltage sensitivity to input
acceleration. Based on the readout circuit schematic, the
system-level voltage sensitivity can be translated to the
charge sensitivity. For the three samples, their charge
sensitivities are 20.8 pC/g, 22.22 pC/g, and 22.44 pC/g,
respectively. According to Fig. 1c, the total capacitance of
a single accelerometer in this paper is approximately
172.74 pF. Based on Eq. (2), the equivalent open-circuit
voltage sensitivities of the three accelerometer samples
are 120.41 mV/g, 128.63 mV/g, and 129.91 mV/g.

Device-level noise measurement and analysis
The device-level noise is another crucial performance
metric of a MEMS accelerometer, with lower noise

signifying an ability to detect accelerations with smaller
magnitudes. For the three accelerometer samples fabricated
here, their thermomechanical noise profiles were measured
using accelerations. These results are shown in Fig. 5.

For each accelerometer sample, the noise in Fig. 5 is the
summation of the noise measured on the free ends of the six
sensing units. Notable noise peaks occur at approximately
57.5 Hz across all samples. These peaks are within the 5% flat
band determined in Fig. 4. However, the amplitudes of these
noise peaks fluctuate between 140 and 190 pg in Fig. 5. They
are three to four magnitudes smaller than the input accel-
eration amplitude for testing flat band sensitivity. Therefore,
they do not significantly affect the measurement result in
Fig. 4 or the derived performance metrics.

The coherence coefficients of the noise peaks in Fig. 5
are approximately 0.2-0.3 in Fig. 3d, ascribing their pri-
mary origin to ambient background noise rather than the
inherent structure and material characteristics of the
accelerometer samples. Therefore, it is reasonable to
neglect measured noise between 50 and 60 Hz in Fig. 5
when estimating the accelerometers’ intrinsic noise. The
thermomechanical noise and the noise density of the 5%
flat band for each accelerometer are computed using the
following equation:

n
Am_total = f step ;P i

m
f step Zp,
1
a =
m V' ™ sssana

The computation of Eq. (9) is based on the power
spectrum density (PSD) data (Unit: m?/s*), p;. This value
was measured by the experiment apparatus together with
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the noise frequency spectrum. The f,, in Eq. (9) is the
frequency increment step used for measurement, with a
value of 0.625Hz. The fsopuna here is uniformly set to
50 Hz. For the three samples, the total thermomechanical
noises within their 5% band are 40.63 pg, 42.61 ug, and
4224 pg, with an average of 41.83 pg. The thermo-
mechanical noise densities are 5.75 pug/VHz, 6.026 ug/
VHz, and 5.97 ug/VHz, with an average of 5.92 pg/VHz.
The standard deviation of the two parameters is 2.5%.
In addition to thermomechanical noise, piezoelectric
MEMS accelerometers are also affected by thermo-
electrical noise®®. This frequency-dependent noise density

can be expressed by the following equation®®:

o 4k b T’7 Ctotal
e = \|———5—
| Q

In Eq(10), a, is the electrothermal noise density (unit:
ug/VHz) at a certain frequency; k; is the Boltzmann
constant; 7 is the temperature in Kelvin; # is the loss
factor, which is 0.02 for PVDF*’;  is the angular fre-
quency (unit: Rad/s) of the input acceleration; and Q is the
charge sensitivity (unit: pC/g). Using the square of Eq.(10)
as the p; in Eq.(9), the thermoelectrical noise of the three
accelerometer samples within their 5% band are 10.22 pg,
9.57 ug, and 9.48 pg, with an average of 9.76 ug. The
corresponding noise densities are 1.45 ug/VHz, 1.35 g/
VHz, and 1.34 ug/VHz, with an average of 1.38 pg/VHz.
The standard deviation of the two parameters is 4.2%. The
total noise density within the 5% flat band and the cor-
responding noise density is computed by*®:

_ 2 2
Atotal = \/ D total T Fe_total
Adensity = \/ ﬂ%,, + ﬂg

(10)

(11)

The final device-level noise within the 5% flat band, as
per Eq. (11), of the three samples is 41.90 pg, 43.67 pg, and
43.29 pg, with an average of 42.95ug and a standard
deviation of 2.2%. The corresponding noise densities are
5.93 ug/VHz, 6.17 pg/VHz, and 6.12 ug/VHz, with an
average of 6.07 ug/VHz and a standard deviation of 2.1%.
As a common practice that is used during MEMS accel-
erometer characterization, the minimum detectable
acceleration with over 99% certainty is typically estimated
as sixfold the total flat band noise®. This minimum
detectable acceleration is 257.70 pg for the three MEMS
accelerometer samples. The noise peaks in Fig. 5 are well
below this value, which further validate that the envir-
onmental noise at approximately 57.25Hz negligibly
impacts on device performances measured in Fig. 4.
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Discussion

For these three accelerometer samples, performance
metrics are extracted from the experimental measure-
ment results and listed in Table 1. Comparisons of the
performance metrics with representative benchmarks are
presented in Table 2.

As shown in Table 1, the average resonant frequency of
the three samples is 128.95 Hz, with a standard deviation
of only 2.7%. The average frequency deviates from the
simulated resonant frequency in Fig. 1f by 1.9%. These
minor differences demonstrate that the simple fabrication
method used here is predictable and reproducible.

The first part of Table 2 compares the polymeric MEMS
accelerometers fabricated here to piezoelectric MEMS
accelerometers reported in previous research works. The
benchmark devices are based on PZT ceramics or organic
piezoelectric materials such as PVDF, copolymers of
PVDEF, or functionalized cellulose. The three accel-
erometer samples fabricated here rival their state-of-the-
art PZT-based counterparts™ in charge sensitivity.
Moreover, the open-circuit voltage sensitivity of our
polymeric piezoelectric accelerometer is over 30 times
higher than that of the same PZT-based accelerometers,
which, as per Eq. (7), could be caused by the large dif-
ference in the dielectric constant between PVDF ( ~ 13.5)
and PZT ( ~1300). This comparison validates the effec-
tiveness of our design strategy in yielding high-sensitivity
polymeric piezoelectric MEMS accelerometers using
PVDF films.

Notably, for the three accelerometer samples, their
resonant frequency and the 5% flat band bandwidth are
considerably smaller than those of the counterpart devices
based on PZT. As previously discussed (with Fig. 1), our
design strategy prioritizes device sensitivity over the flat
band bandwidth. The lower resonant frequency and larger
device area than PZT-based MEMS accelerometers in
Table 2 are tradeoffs of this design strategy. Impliable
from the much higher voltage sensitivities of the polymer
piezoelectric MEMS accelerometers, one possible method
to obtain high sensitivity and large bandwidth is using the
open-circuit voltage rather than the short-circuit charge
(such as the three samples in this paper) as the readout for
polymeric piezoelectric MEMS accelerometers. In this
respect, a major challenge will be the integration between
the voltage amplifier circuit and the accelerometer to
minimize the parasitic effect.

Regarding comparison with a piezoelectric MEMS
accelerometer based on organic piezoelectric materials,
Table 2 reveals that our polymeric MEMS accelerometers
outperform these alternative devices. Our PVDF-based
piezoelectric MEMS accelerometers reach a similar
charge sensitivity to their counterpart based on ZnO-
decorated cellulose!”. However, the sensing unit of our
accelerometers is 60 times smaller than the cellulose
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accelerometer in area, leading to a higher resonant
frequency and a wider flat band, as shown in Table 2.
This comparison result showcases that PVDF films can
be used to simultaneously achieve miniaturized device
design and high sensitivity for polymeric and piezo-
electric MEMS transducers, which is a noteworthy
advantage of PVDF over other polymeric piezoelectric
materials.

In Table 2, the polymeric piezoelectric MEMS accel-
erometer using PVDF-TrFE has used 3D printing for
micromechanical structures, with the PVDF copolymer
and electrodes deposited by inkjet printing®'. Although
this additive manufacturing flow may be simpler than
the fabrication flow used in this paper, the voltage
sensitivity of the manufactured piezoelectric accel-
erometer in Table 2 is lower than the design in this
paper. This comparison result indicates that, currently,
direct micromachining technologies of polymer films,
such as the ones used in this paper, might still be the
optimum option capable of providing manufacturing
robustness and high performance for polymeric piezo-
electric MEMS accelerometers.

The MEMS accelerometer developed by Debnath
et al.”" in Table 2 was converted from a PVDF-based
energy harvester*'. As outlined in the introduction, a
MEMS energy harvester works around its mechanical
resonant frequency, while a MEMS accelerometer works
on the flat band leftwards of this frequency. For an
accelerometer, the mechanical response to input accel-
eration is more significant around the resonant fre-
quency than around the flat band, leading to higher
sensitivity around the resonant frequency. Moreover, as
per Eq. (7), the output of a piezoelectric MEMS accel-
erometer is inversely proportional to the square of its
mechanical resonant frequency. Nevertheless, for a
PVDF accelerometer that is converted from an energy
harvester, despite a ten-times smaller resonant fre-
quency than our piezoelectric accelerometers, its peak
voltage sensitivity (around its mechanical resonant fre-
quency of 13 Hz) in Table 2 remains two times lower
than the flat band sensitivity of the three accelerometer
samples in this paper. Notably, the PVDF film used for
this energy harvester has a thickness of only 28 um*',
while the design of conventional MEMS accelerometers
here included a thickness of 100 um. Therefore, the
higher voltage sensitivity corresponding to the design in
this paper validates the performance-boosting effect of
thicker piezoelectric layers in Eq. (7). More importantly,
this comparison demonstrates the possibility of devel-
oping polymeric piezoelectric conventional MEMS
accelerometers using PVDF films, addressing the chal-
lenges in this field that are outlined in the introduction.

The PVDEF-based piezoelectric accelerometer devel-
oped by Gong et al.** also used cantilever-based

Deviation to simulated resonant
1.9%

frequency
Total noise of the 5% flat band (ug)

41.83

within the 5% flat

Noise density
band (ugvHz)

592

Standard deviation
2.7%
voltage sensitivity

Open circuit
(mV/g)
12632

Charge sensitivity (pC/g)

Summary and comparison of the performance metrics for the accelerometer samples
21.82

Performance metrics as polymeric piezoelectric MEMS accelerometer (Averaged)

Mechanical resonance behaviors
Average resonant frequency (Hz)

5% flat band (Hz)

Table 1
128.95
586
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structures. One highlight of their achievement is the
6-times higher charge sensitivity than the accelerometers
presented in this article. As shown in Table 2, the sensing
area of their device is 5 times larger than that of the
MEMS accelerometer presented in this work. In addition,
their PVDF film is twice as thick (200pum)®2. As per
Eq. (7), the electrical charge response is positively related
to the sensing unit area and proportional to the piezo-
electric layer thickness, providing a possible explanation
for the higher sensitivity.

The second part of Table 2 compares piezoelectric
MEMS accelerometers developed in previous research with
commercially available capacitive MEMS accelerometers,
with a focus on noise level and voltage sensitivity. The
polymeric piezoelectric accelerometer developed in this
work and a state-of-the-art PZT-based piezoelectric accel-
erometer show lower noise density than their capacitive
counterparts, which is attributed to the inherent advantages
of the piezoelectric coupling principle”**®, The noise
density of the polymeric piezoelectric accelerometers
developed in this paper is slightly larger than that of their
PZT-based counterparts®. The dominating noise source for
the polymer accelerometers is the thermomechanical noise,
which is over 4 times larger than the thermoelectrical noise.
For the high-performance PZT piezoelectric MEMS accel-
erometer, its dominating noise source is the thermo-
electrical noise, which is over two orders of magnitude
larger than the thermomechanical noise*. This difference
can be attributed to the material properties. Generally,
polymers have more material-related viscoelastic damping
than metals and ceramics. This conclusion is well reflected
by the much lower quality factors of the three accel-
erometer samples in Fig. 3 than their PZT-based counter-
parts*, explaining the more significant thermomechanical
noise in the polymeric accelerometers. Moreover, PZT has a
100 times higher dielectric constant than PVDF*?*’, leading
to more significant thermoelectrical noise, as per Eq. (10).
As shown in Table 2, the tradeoff for the lower noise in
piezoelectric MEMS accelerometers is a reduced band-
width. This comparison result indicates that piezoelectric
MEMS accelerometers can be used as high-performance
alternatives to capacitive accelerometers in applications
such as low-frequency vibration/noise monitoring. In this
respect, the application potential of polymeric piezoelectric
MEMS accelerometers is further enhanced by their high
voltage sensitivity, low device-level noise, simple micro-
fabrication flow, and more environmentally friendly raw
materials without heavy metals.

Material and methods
Microfabrication flow

The materials used to fabricate the three accelerometer
samples are summarized in Table 3. The detailed fabri-
cation results have been previously presented in Fig. 2.
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In Table 3, laser micromachining of off-the-shelf thin
films and stereolithography 3D printing of glass-fiber
enhanced resin are used as the direct micromachining
techniques to implement the fabrication strategy intro-
duced in Fig. 1. The assembly of the manufactured
components uses an adhesive lamination based on PPC.
Specifically, before laser micromachining to manufacture
the mechanical layer in Fig. 1, PPC was deposited on both
the bottom and top surfaces of the polyimide thin film.
The softbaking after spin-coating in Table 3 aims to
solidify the deposited PPC film on one surface before
deposition on the other. The solidified adhesives were
melted during the heated lamination to ensure the firm
combination of each component. The temperature used
for the heated lamination can melt the adhesives without
reducing the piezoelectric properties of the PVDF film.

Unlike conventional micromachining techniques, the
microfabrication flow detailed in Table 3 skipped the
repetition of material deposition, masking lithography,
and selective etching. Moreover, the fabrication of the
four components for a single accelerometer does not have
to follow a specific sequence. This microfabrication flow is
a typical example showcasing the advantages of polymers
related to simpler and more flexible MEMS
microfabrication.

Experiment setup

The experimental setups to characterize the three
polymeric piezoelectric MEMS accelerometer samples are
depicted in Fig. 6, using photos of the actual apparatuses
and devices.

The core apparatus used in Fig. 6 is the Polytec® MSA-
500 laser Doppler vibrometer (LDV) system. The
mechanical resonance measurement in Fig. 6a is the most
typical application of this system®. The mechanical
resonance measurements in Fig. 3a to Fig. 3c used an AC
periodic chirp signal with an amplitude of 2V internally
within the LDV system for the frequency sweep. The same
type of excitation signal was used for the measurement in
Fig. 3d—f, with an amplitude of 0.5 V. Area scanning with
an array of measurement points covering the cantilever
surface was conducted. The average value of the mea-
surement results at all points on each cantilever is used to
show the mechanical resonance behavior in Fig. 3.

The setup in Fig. 6b was used for the measurement
results shown in Fig. 4. The LDV system was used to
monitor the amplitude of the input mechanical accelera-
tions applied by a Dataphysics® V4 shaker. Existing
research has used the Polytec® LDV system in this way for
the sensitivity test of a polymeric strain-gauge MEMS
accelerometer®, supporting the suitability of the setup in
Fig. 6b. Two Analog Devices® CN0350 circuit boards
were used for differential measurement of the output of
the polymer piezoelectric MEMS accelerometers
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developed in this paper as a way to minimize the impact
of background electromagnetic noise. Figure 6¢ shows the
circuit board schematic. The readout voltage at TP5 is:

Vour = Vrer + % (12)
2

Equation (12) correlates the piezoelectric charge in
response to input accelerations with the readout voltage.
In Fig. 6d, the thermomechanical noise inherent to the
polymeric piezoelectric MEMS accelerometers developed
in this paper was measured by the LDV system without
excitation. The suitability of using the LDV system for this
purpose is supported by existing research works for
MEMS noise characterizations®>°,

Conclusion

This paper presents a new design of polymeric piezo-
electric MEMS accelerometers. To the best of the authors’
knowledge, this is the first polymeric conventional pie-
zoelectric MEMS accelerometer design based on PVDF.
Laser micromachining and 3D printing were used to
fabricate three samples for experimental proof-of-
concept. These samples achieved a charge sensitivity of
21.82 pC/g (equivalent open-circuit voltage sensitivity:
126.32mV/g), a 5% flat band of 58.5Hz, and a noise
density of 6.02 ug/VHz. The designs presented in this
paper rival state-of-the-art piezoelectric MEMS accel-
erometers based on ultrathick PZT films in sensitivity and
noise density, surpassing several commercial capacitive
MEMS accelerometers. Compared with the state-of-the-
art organic MEMS accelerometers, the flat band of our
PVDF accelerometer is four times larger. Moreover, our
device is ten times smaller. In addition to the competitive
performance, our polymer MEMS design has a simple,
flexible, reproducible, and predictable microfabrication
flow not using piezoelectric materials with heavy metals.
These results support that our design can be used as a
more environmentally friendly alternative to traditional
high-performance PZT-based piezoelectric MEMS accel-
erometers, demonstrating its potential in many applica-
tions. More importantly, the proof-of-concept work
provided in this paper demonstrates that high-
performance conventional piezoelectric MEMS accel-
erometers can be directly implemented using PVDF thin
films rather than converting a PVDF energy harvester into
an accelerometer as an indirect solution. Considering that
MEMS accelerometers are the second largest category of
MEMS products after pressure sensors, the work in this
paper fills a long-missing gap in the field of polymer
MEMS, paving the way for future research, such as full-
polymer inertial sensing systems with polymeric MEMS
accelerometers and organic integrated circuits.

Temperature (°C)
Temperature (°C)

60

Speed (mm/s)

Speed (mm/s)
The manufacturer of the PVDF thin film already poled it by a corona discharge process and screen-printed 2-um thick silver ink on both surfaces

This process involves milling to expose the copper layer
This process is to shape the electrical interconnect layer

Process: Roll-to-roll lamination for assembly
Process: Roll-to-roll lamination for assembly

Table 3 continued
Equipment

Equipment

Fortex Engineering” Model 304

*x
P
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a TEGAM-2350 amplifier
Junction box — . P
Frequency sweep
AC signal
Laser Doppler
vibrometer
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measurement
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Fig. 6 Experimental setup to characterize the polymeric MEMS accelerometers based on PVDF. a For mechanical resonant behavior
measurement; b For acceleration frequency response and flat band sensitivity test; ¢ Circuit schematic of the CN0350 board as readout circuit; d For
thermomechanical noise measurement setup
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