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ARTICLE INFO ABSTRACT

Keywords: A self-powered triboelectric accelerometer miniaturized to the micro-scale is presented. This micro triboelectric
Tribo-electric-nano-generator (TENG) accelerometer (MTEA) was fabricated using CMOS-compatible processes. The design followed the triboelectric
MEMS nanogenerators made in meso-scale and operates in the contact-separation mode. The scaled-down, multilayer
Accelerometer design enabled fabrication using microelectromechanical systems (MEMS) technology. The MTEA was made
Self-powered . . o . . .

Polyimide using an aluminum and polyimide triboelectric pair that generated charges on the contact. A square movable

plate that is 2 mm x 2 mm was fabricated with 1 pm thickness. Then, the fabricated MTEA was excited by a
mini-shaker at known frequencies (0.1-7 kHz) and accelerations (1-10 g), and the output was recorded. The
output was 0.7 V at the resonance frequency (700 Hz). The generated voltage has a linear relationship with

the acceleration with a maximum sensitivity of 70 mV/g at the 700 Hz excitation frequency.

1. Introduction

Microelectromechanical systems (MEMS) are widely designed and
integrated into various sensors and actuators in multiple fields of indus-
try and science. As one of the most critical sensing applications, MEMS
accelerometers can measure the dynamic acceleration forces acting on a
proof mass by converting the mechanical movement into an electrical
signal as an output. Sensitive accelerometers are necessary for many
applications in the automotive industry [1,2], smart electronics [3-5],
shipment monitoring [6,7], fitness tracking [8,9], etc.

Among the MEMS accelerometers developed in the past few years,
capacitive electrostatic accelerometers are the most popular as they
are compatible with nanofabrication techniques needed to integrate
with numerous electronic components. In nicely designed electrostatic
MEMS accelerometers [10-13], measurements of the displacements of
the proof mass from the acceleration forces are directly related to
variation in capacitance in an externally charged pair of parallel elec-
trodes [14-16]. To mitigate the pull-in instability in the parallel plate
designs, Daechin et al. built electrostatic-levitation-based MEMS ac-
celerometers using multiple electrodes [13,17]. This strategy permitted
devices with tunable natural frequencies, which allowed the measure-
ment of acceleration in a much wider frequency range compared with
conventional electrostatic MEMS accelerometers. Also, measuring the
acceleration of the suspended electrode when it is levitated away
from the bottom electrode has been proven effective in electromag-
netic MEMS accelerometers. Because the electromagnetic suspension

* Corresponding author.

system has less friction and dynamic characteristics that are tunable
by adjusting the circuits, electromagnetic MEMS accelerometers can
achieve very high sensitivity, and accuracy [18], albeit rather high
power consumption is unavoidable. Optical accelerometers have been
investigated recently because of their very high-resolution sensitivity.
Acceleration drives the proof mass and results in shifts of the reso-
nant frequency [19], wavelengths [20], etc. These devices have to be
fabricated precisely to incorporate delicate optical elements and are
suitable for measuring accelerations in the high-frequency range of
MHz. Tunneling accelerometers take advantage of the concept of tun-
neling currents. When the acceleration is applied, the distance between
a tunneling tip and the counter electrode changes accordingly, which
generates currents of different levels. Feedback circuits are built to keep
the current or the distance constant by external forces [21].

Because capacitive MEMS accelerometers require external bias volt-
ages for charging and electromagnetic MEMS accelerometers require
large currents, neither is considered self-powered [22]. With the MEMS
accelerometers designed to communicate with diverse components and
integrate into devices with complex functionality, many researchers
have been attempting to limit energy consumption to secure better
reliability in sensors [23,24]. Piezoelectric materials are well-known
to self-generate a potential difference following the strains in the
structures. Many zero-power piezoelectric MEMS sensors [25,26] and
digital triggers [27,28] for switches have been developed. Because
no external energy sources and complicated amplifying electronics
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are applied, piezoelectric MEMS sensors are regarded as self-powered.
Investigations on piezoelectric MEMS accelerometers have been done
for decades, with many effective designs developed [27,29]. The pri-
mary disadvantages of piezoelectric MEMS accelerometers are related
to fabrication; the piezoelectric thin film often requires additional
polarization after annealing to ensure a good sensitivity [30,31]. Even
if the thin-film deposition is successful, the piezoelectric coupling be-
tween applied forces and electrical outputs is vastly reduced [32,33].
Therefore, their sensing performances and the potential to integrate
with diverse electrical components are very limited.

In 2012, an innovative design of a flexible triboelectric nanogener-
ator (TENG) was demonstrated by Fengru et al. which takes advantage
of the charge induced in the frictional contact and separation of two
materials with distinct electron affinity [34]. Besides the effective-
ness in transferring mechanical energy to electrical signals, TENG
shows the advantages of low cost in fabrication, large power outputs,
robust mechanical structures, and compatibility with diverse electron-
ics [35-38]. Thus, many studies have been devoted to designing TENG-
driven actuators such as a high-speed micro motor by Yang et al. [39]
and self-powered TENG-based sensors by applying triboelectric pairs
to various scenarios and utilizing or measuring the output voltages
directly from the triboelectric effect [40-42]. In the realization of
self-powered TENG-based accelerometers [43-45], the devices are con-
ventionally in mesa-scale (cm X cm) and essentially work at low
vibration frequencies. Considering the development of the internet of
things (IoT) and various microsystems, there is a need to create mi-
croscale self-powered accelerometers with a high sensitivity. Through
decades of process development for manufacturing MEMS devices,
CMOS-compatible techniques such as plasma-enhanced chemical vapor
deposition (PECVD) and deep reactive ion etching (DeepRIE) have
become mature technologies and are widely used for high-volume
production. Chen et al. [46] presented a micro triboelectric acoustic
harvester fabricated from MEMS technologies. The merger of MEMS
and TENG is promising to miniaturize the TENG and improve the
integration of a self-powered sensing system into a microchip. How-
ever, the fabrication processes, including wafer bonding, still need
to be simplified to facilitate inexpensive mass production. The latest
work by Hamid et al. [42] used the MEMS processes and UV-LIGA
(in German: ultra-Violet Lithographie, Galvanoformung, Abformung)
as a novel hybrid technique to effortlessly form the proof mass in
a TENG-based energy harvester. That work shows great potential to
fabricate self-powered TENG-based devices on a micro-scale. However,
the UV-LIGA process is not compatible with the MEMS standard mi-
crofabrication processes and its use of X-ray adds potential hazard to
human beings [47-49].

In this work, we exhibit a TENG-based self-powered MEMS ac-
celerometer fabricated only in the standard MEMS processes. The ac-
celerometer outputs the directly generated voltage following the ex-
erting acceleration force, and at the same time, no external voltage
inputs are required. Mass production of the MEMS device is possible. Its
high sensitivity and linear relationship mean it is competitive in various
acceleration measurement scenarios.

2. Design and fabrication

The micro triboelectric accelerometer (MTEA) was fabricated with
a bottom electrode of aluminum covered with polyimide on top, a gap,
and a top electrode made of aluminum and an amorphous-silicon (a-Si)
proof mass. To accomplish the fabrication, we designed 7 lithography
masks to fabricate the MTEA layers. A schematic of the fabrication
process is shown in Fig. 1. The fabrication process began with a 100 mm
silicon wafer covered with an insulating layer of reactive-sputtered alu-
minum nitride (1.7 pm). Then, a 200 nm film of chrome and aluminum
was sputtered to create the bottom layer (Cr/Al). The resulting film was
patterned using Maskl and an Inductive Conductive Plasma Reactive
Ion Etcher (ICP-RIE) in BCl;, Cl,, and argon etch chemistry (Fig. 1a).
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Table 1

TENG-based accelerometer dimensions.
Description Symbol Value
Bottom electrode thickness t, 200 nm
Polyimide thickness 1, 5 pm
Gap g 2 pm
Top electrode thickness 1y 120 nm
Proof mass thickness |- 1 pm
Top electrode area A 4 mm?
Square array elevation t 1 pm

Then, a 5 pm polyimide (PI2574 HD Microsystems) precursor was
coated and baked until it was fully cured in a polyimide oven. The
cured polyimide was then patterned using Mask2 and a reactive ion
etching machine (RIE) with a CF,/O, mixture that was tested for
polyimide etching by Turban et al. [50] (Fig. 1b).

After the polyimide was patterned, a layer of 2 um silicon oxide was
deposited using plasma-enhanced physical vapor deposition (PECVD).
The oxide film was patterned using Mask3 and RIE machine with CHF;
and argon gases (Fig. 1c). While this mask was used to etch 2 pm of
the oxide, a recipe of CHF; and O, was used to etch 1 pm of oxide
with Mask4 which is made of a square pattern to create an arrayed
structure in the top layer (Fig. 1d). That arrayed pattern increases the
friction between the top aluminum layer and the bottom polyimide
because of the increased surface area for aluminum in contact with the
polyimide and, in return, will increase the surface charges when both
layers collide. Then, a 120 nm Cr/Al-s film was deposited on top of the
oxide. The film will conformally cover the square trenches created by
the etching performed with Mask4. This film was etched using Mask5,
and an ICP-RIE etcher was used to pattern the springs and the shape of
the top electrode (Fig. le).

The top Cr/Al-s film has a compressive stress which if released will
cause the electrode to collapse. To avoid that, a layer with tensile stress
should be added to counter the compressive stress. In this design, we
choose amorphous silicon to serve as the proof mass layer. Amorphous
silicon deposited with PECVD has controllable stress that can be tuned
by varying deposition pressure, temperature, and plasma power. We
found that under a temperature of 200 °C, RF power of 20 W, and
pressure of 2 torr, the Cr/Al and amorphous silicon film combination
has a tensile stress of around 100 MPa or less. A 1 um PECVD film of
amorphous silicon was deposited on the patterned Cr/Al-s film. Because
amorphous silicon is an insulating layer, it was etched from the top of
the contact pads using Mask6, then both amorphous silicon and Cr/Al-s
layers were etched to create the top electrode with release holes using
Mask? (Fig. 1f). The amorphous silicon etching was done using an RIE
etcher with SF¢/0, gases, and the aluminum was etched using the same
recipe as in Fig. la.

Finally, the wafer was diced and the vapor hydrofluoric (vHF) acid
was used to remove the silicon oxide release layer and the release the
top layer. This process takes 90-120 min. The released devices are
wire-bonded using aluminum wires. A 3D schematic of the fabricated
device is shown in Fig. 2a, and a microscopic image of the fabricated
device is shown in Fig. 2b. The dimensions of the device are listed in
Table 1. The fabrication process used for the accelerometer has many
advantages over previous work were the triboelectric generator was
made with UV-LIGA technology [42]. By using polyimide (PI2574), the
deposition of 5 pm layer is easier as compared to the deposition of
teflon since it can be done by spin-coating and oven-baking once to
get the required thickness, and because the used polyimide precursor
does not require adhesion promoter. The other major advantage of
this work is the use of silicon dioxide as a sacrificial layer instead of
polyimide (HD 4400). The silicon dioxide layer can be removed by vHF
process relatively fast (typically around 2 h) compared to the process of
removing the polyimide sacrificial layer as it was reported that ashing
process under high-pressure oxygen was used for 800 h to remove 14
pm thick polyimide.
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Fig. 1. CMOS fabrication process of the micro triboelectric accelerometer (MTEA).

3. Modeling and simulation

The model of the micro triboelectric accelerometer can be funda-
mentally simplified as in Fig. 2c; the micro plate and the serpentine
springs attached to the amorphous silicon provide the proof mass and
the necessary stiffness in vibration. At the same time, Cr/Al layers
work as the top and bottom electrodes, and the polyimide layer is used
to generate a charge when contacting the top electrode. We follow
the derivations discussed in [51] to establish the electro-mechanical
equations to predict the response of the accelerometer.

After the triboelectric pair is forced to contact, as a result of electrifi-
cation, static charges of opposite signs and equal charge density ¢ will
be uniformly distributed on the surfaces of the top electrode and the

polyimide layer with almost no decay. When the triboelectric pair sep-
arates, the induced potential difference will help transfer some amount
of the charges, ¢(r), between the top electrode and the bottom electrode.
Considering the effect of static charge density ¢ and transferred charges
q(1), there are generated electrical fields in the air gap and inside the
polyimide layer. The strengths of the electric fields are derived (E,: air,
E,: polyimide) as

E,(t) = w
0
€))]
E0) = q(n/A
€o€r
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500 pm

Fig. 2. (a) MTEA 3D schematic layout, (b) microscopic image of the MTEA, (c) schematic for the MTEA model.

where A represents the total area of the micro plate, ¢, and ¢, are the
vacuum permittivity and dielectric constant of the polyimide, respec-
tively.

The produced voltage between the two electrodes can be written as

q“(g 20+ >+i(g—z(r)> @
€ €0

where g is the maximum distance between the triboelectric pair, z(¢) is
the displacement of the movable micro plate, and 7, is the thickness of
the polyimide layer. Further, the generated voltage is connected to the
internal resistance R, which gives the expression of the current as

| 40) 90 I o
40 = —= = —m<g—z(t)+ e—r>+€0—R<g—Z(t)> €)

V() = E (1) (g—z(t)) +E, (01, =

Based on the displacement of the movable micro plate, two me-
chanical scenarios should be considered. The first happens when the
displacement is smaller than the air gap (z(f) < g) and the governing
equation of motion is given by

mZ(f) = —c,, 2(1) — ko 2(t) + F, — ma(t) (€))

Besides the forces from the equivalent stiffness k,,, damping coefficient
¢,,» and the external acceleration a(r), there is an electrostatic force on
the micro plate from the effect of the capacitor given by

a0)

= 5
¢ 2eA )

The second scenario happens when the displacement is beyond the
initial air gap (z(f) > g), in which the impact force causes an additional

stiffness k;, another damping constant ¢;, and the electrostatic force is
not considered:

mE(t) = —¢;2(1) = kog2(t) — k; <z(t) - g) — ma(t) (6)

We conduct the nondimensionalization by replacing with 2(r) =

z(n/g, 4 = q)/(cA), and i = t/T = t /k,/m, to solve the
electro-mechanical equations:

T
L ) + o AT Az(m - —a(m when 2(1) < 1
%z m ot g
F T k;
ot _ 4Lk p - —( 5T — 1) _ T2 7). when 2 > 1
m of keoq g
@
94 Tg Tg
T2t g(1-mh+ L) —(1-
ot RAq< AT+ ge, ) * RA< Z(t))
Tg Ttp
= 1-2aTd)(1-4) - G 8
e RA < X ﬂ) ( q) eoerRAq ®)

=a(ﬂ—z<m)<1—q) ~rd

To verify our electro-mechanical model, we determined the gen-
erated voltages by applying different sinusoidal accelerating forces.
Some of the model parameters (impact-related stiffness and damping,
charge density o, and resistance of TENG R) are identified from the
experiments and listed in Table 2. Based on more detailed investiga-
tions [52], some specific parameters vary with different vibrational
amplitudes of the TENG. Here, for simplicity, we assume them to
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Fig. 3. (a) Image of the experimental setup, and (b) schematic for the experimental setup where 1 is the fabricated MTEA, 2 is the shaker (B & K 4809), 3 is the amplifier (B &
K 2706), 4 is the laser Doppler vibrometer (MSA-500), and 5 is the data acquisition system (USB 6366).

Table 2

Identified parameters of the TMEA from experimental results.
Parameters Symbol Value
Mass of movable structure m 9.32x 107 kg
Equivalent stiffness keq 0.1803 N/m
Non-impact damping coefficient [ 3x107* Ns/m
Impact stiffness k; 20 X ky,
Impact damping coefficient ¢ 3xe,
Charge density o 15 pC/m?
Resistance of TENG R 56 Q
Vacuum permittivity € 8.854 x 10712 F/m

Dielectric constant €, 3

be fixed values. Models using those fixed values produce simulations
that adequately comply with experimental data. The results are fully
discussed in Section 4.

4. Results and discussion

The experimental setup for the micro triboelectric accelerometer
(MTEA) is shown in Fig. 3a and b. The micro triboelectric accelerometer
(MTEA) is mounted on a portable vibration exciter, Bruel & Kjaer
4809, which is connected to a power amplifier, Bruel & Kjaer 2706.
Those devices are controlled by a computer through a data acquisition
system, NI USB-6366 which is used for sending data for the shaker
and reading the MTEA output and the velocity from the vibrometer.
The acceleration is acquired from numerical derivation of the measured
velocity.

4.1. Sinusoidal vibrations testing

A laser Doppler vibrometer, Polytec MSA-500, is used to measure
the velocities of the shaker (with the mass of the MTEA chip added) and
to characterize the output accelerations resulting from the excitation of
the shaker. The input voltages to keep the accelerations constant at dif-
ferent frequencies are recorded. The sinusoidal vibrations testing uses
those input values and the output voltage from the MTEA is measured.
For sinusoidal excitation, a 2-10 g acceleration input is applied to the
MTEA in the range of 100 Hz-7 kHz. With the parameters identified in
Table 2, our model efficiently predicted the linearity in the generated
voltages in the frequency range between 700 Hz to 5 kHz, as the
comparison with experimental data shows in Fig. 4a. The fundamental
reason our model could not account for the responses outside that
frequency range comes from some resonances of our MTEA (near and

below 700 Hz) and resonances of the portable shaker (near and above
5 kHz). The discrepancy between the simulations and the experiments
could be caused by varying resistances and charge densities at different
vibrational amplitudes. The plot in Fig. 4b shows that the MTEA gives
linear outputs against the accelerations for each frequency. Maximum
slopes are identified near the natural frequency of our MTEA (around
700 Hz), which represent the greatest sensitivities when accelerations
are measured. The sensitivity is maximized at 68.3 mV/g while the
minimum sensitivity is 6.23 mV /g at 5 kHz. Besides acceleration-output
linearity, the frequency responses of the MTEA in Fig. 4c have peaks
near the natural frequency at different external accelerations. The root
mean square (RMS) of the output voltage of the MTEA is shown in
Fig. 4d against acceleration and frequency.

4.2. Shock pulses testing

To evaluate how fast or slow the micro triboelectric accelerometer
(MTEA) responds, we use pulses of different heights and slopes as input
voltages to the shaker. The data acquisition system synchronized the
vibration accelerations (obtained from the laser Doppler vibrometer)
and the generated voltages from the MTEA.

First, we input square signals of two different strengths (first:
+1.5 V, second: +0.5 V) and long-enough duration into the shaker to
activate positive and negative acceleration spikes. As in Fig. 5a, the
two levels of generated voltages from the MTEA follow the strengths of
the accelerating excitation very well. For first and second shock testing
with pulse accelerations, the signal-to-noise ratios are calculated as
34.054 dB and 29.331 dB, respectively.

Next, we input trapezoidal signals of two different slopes (third: +3
V/s and -3 V/s, fourth: +3 V/s and —0.6 V/s) into the shaker to activate
acceleration spikes of different strengths. As in Fig. 5b, the output
voltages from the MTEA follow the levels of the accelerating excitation.
Meanwhile, we observe detailed charging and discharging in generated
voltage signals. Because the accelerations to TENG are much smaller
than in the previous case, the charge generated from triboelectricity is
much less. We assume the discharging starts almost at the same time
as generating charges. When the generation of charges is weak, the
discharging becomes more obvious. For third and fourth shock testing
with pulse accelerations, the signal-to-noise ratios are calculated as
22.947 dB (+3 V/s) and 22.947 dB (-3 V/s), and 22.947 dB (+3 V/s)
and 11.059 dB (-0.6 V/s), respectively. We conclude that when the
external accelerations are below 0.5 m/s?, our MTEA cannot respond
well because of low signal to noise ratio.
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Fig. 4. Results of sinusoidal excitation where: (a) is the response comparison between simulation (left, dashed) and experiment (right, solid), (b) is the linear relationship between
generated voltages and external accelerations with varying frequencies, (c¢) shows the peaks in the relationship between generated voltages and external frequencies with varying

accelerations, and (d) shows complete RMS responses of the MTEA.

4.3. Cross-axis sensitivity

The MTEA’s serpentine springs mostly allow out-of-plane (Z-axis)
motion. The response of the MTEA for in-plane (X and Y axes) motions
is tested by attaching a 3D-printed adapter to the shaker’s table to
mount the MTEA perpendicular to the table’s surface in both axes.
Then, the shaker is excited under different frequencies and the MTEA’s
output and acceleration are measured. The results for both axes sen-
sitivity are shown in Fig. 6. In Fig. 6a, the sensitivity for excitation
in X-axis is shown for 3 frequencies that fall in the test beginning,
mid-range, and end region of applied frequencies tested in the previous
section, the output was very small in comparison with the main axis
excitation (Z-axis) and only 0.8-2.3 mV was recorded. A very close
outcome was obtained by rotating the accelerometer 90 degrees to test
Y -axis excitation with output falling in the range of 0.6 to 1.7 mV for 2—
10 g excitation at the same frequencies. This output of Y-axis excitation
is shown in Fig. 6b.

The accelerometer testing for the X and Y axes is important to check
for the effect of disturbances on the designed system, with a harmonic
disturbance, the system could be excited in higher-order mode shapes
and give faulty measurements depending on how these modes cause
the triboelectric pair of the MTEA to contact and separate.

The sensitivity for the accelerometer after X and Y axes excitation
is shown in Fig. 6¢c. The measured sensitivity of these axes ranges
from 0.016 mV/g to 0.1 mV/g which is negligible to the sensitivity
from the Z-axis measurement that ranged from 6-70 mV/g. Also, the
measurement of such low output has a very low signal-to-noise ratio
compared to the output from Z-axis excitation. In this test, the main
axis sensitivity was found to be 60-700 times higher than the sensitivity
at the X and Y axes which is a considerable advantage for the MTEA.
The high sensitivity in the normal direction and almost zero response
in the other directions, shows an excellent potential of the MEMS-
TENG to be engineered as a 3D accelerometer. Because of its small
size, two other accelerometers with the same design can be positioned
in perpendicular axes to make its 3D version. Its size will be orders of
magnitude smaller than previous 3D TENG accelerometers [45] (the
volume of our device should be around 0.00085% of the previous
device’s).

4.4. Accelerometer stability and long time performance

To test the accelerometer stability over long time, the device was
tested two times separated by 6 months period for 2000 cycles. The
results of this test for 3 different frequencies is shown in Fig. 7a-c. The
device testing was conducted over the span of 8 months after it was
released in a cleanroom and wire-bonded for testing. The linear rela-
tionship between acceleration and generated voltage with sinusoidal
excitation is preserved with variation noticed in the peaks. The voltage
variations at the natural frequency of the accelerometer (700 Hz)
are higher than the variations far from resonance which happened
because of the shift in the natural frequency for the system after being
stored in air for about 7 months. The device has shown stability in its
performance over time and had variations in the range of 2% to 37%.

4.5. Humidity effect on the accelerometer performance

Humidity is a major factor affecting MEMS devices performance.
By conducting the test at two different times of the year (mid-summer
and mid-winter), the effect of humidity on the performance of the
accelerometer was noticed by variations in the results after repeating
the same tests. The device was tested in atmospheric pressure at the
room temperature. The test showed a shift in the natural frequency
from 700 Hz to 1.1 kHz when the relative humidity changed from
40% to 15% as illustrated in Fig. 8a-b. The results has also shown
drop in the generated voltage with lower relative humidity where the
maximum voltage generated was 0.7 V at relative humidity of 40%
and the generated voltage was 0.5 V at the relative humidity of 15%.
The maximum output showed a variation of 30% around the peak
frequency at 10 g. On the other hand, the variation away from the
natural frequency at 5 kHz was the smallest as it ranged from 1 to 3%
for accelerations 2-10 g.

4.6. Noise floor from Allan deviation theory

Allan deviation analysis has been widely applied to study the long-
term performance of inertial MEMS sensors. Based on that, we turned



M. Alzgool et al. Nano Energy 109 (2023) 108282

=21
g | |
N
3 2 | | | | ==Voltage 2 to shaker|
= 0 5 10 15 20 25
Time [s]
<100 |
(@ g '| ! |
Q | ' | Acceleration 2 to TENG| |
< -100
0 5 10 15 20 25
Time [s]
2_

o] | |
’ ==Generated voltage 1
{ | ==Generated voltage 2| )
0 5 10 15 20 25
Time [s]

N
1

Voltage [V]

==Voltage 1 to shaker|
| | | ==Voltage 2 to shaker| I

") 1 1 1
0 1 2 3 4 5 6 7 8
Time [s]
0.5
n 1
E |,_, T T M I T e A_.J S Dy—
() A ————
Q I 1 | I | i i Acceleration 2 to TENG
< -0.5
0 1 2 3 4 5 6 7 8
Time [s]
0.1

:
0.1 L —Generated voltage 1

Time [s]

Fig. 5. (a) First and second shock testing with pulse accelerations. (b) Third and fourth shock testing with pulse accelerations.

X-axis excitation output Y-axis excitation output 045 Cross-axes sensitivity
' T ] ' 1.6 : : : ;045 ; :

2.2} + X-axis sensifivity
Y-axis sensitivity
15 ©Z-axis sensitivity| ¢,
2 L
14 _
S ) S G
£1.8 al S 50 8
= E13 E 0.1x E
S16 g12 s 40 2
o ° = 2
> >1 1 .0 =
5 5 & E
31.4 & (7] 30 @
= s 1 ) »
o ° ] . 2
(1231'2. m09' 7¢|50.05‘ ;
¥ E . s \\ 20 '<‘
x,
1 0.8 1 R
© 1kHz| © 1kHz 10
© 4kHz 0.7 © 4kHz
0.8 © 9kHz © 9kHz
) ) g 0.6 0 ; : 0
2 4 6 8 10 2 4 6 8 10 2 4 6
Acceleration [g] Acceleration [g] Frequency [kHz]

Fig. 6. RMS output voltages of TENG from: (a) X-axis excitation and (b) Y-axis excitation. (c) Sensitivity in X, Y, and Z axes.



M. Alzgool et al. Nano Energy 109 (2023) 108282

(a) 700 [Hz] (b) 4000 [Hz] (c) 7000 [Hz]
0.7F —F T 11 04 ' 1 ! ] I I ' I
0.1
0.09} 1 ! ]
— 4 - 0.09
=06 = & l:l
o © 0.08| | g 0.08} 1
0.5 18 £ 0.07}
S S 0.07 18"
> > >
504} 15 0.06 1 5 0.06
3 03] |3 0.05 & 13" ==
£ " £ = 0.04}
S 3 0.04f 13
Eoal |E ﬂ £ 0.03}
x 5 0.03f 1 %
S S < 0.02}
S S S— 0.01— : . : : : : : . :
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Acceleration [g] Acceleration [g] Acceleration [g]

Fig. 7. Box-plots for 3 experiments done on the accelerometer to show long-time performance at external frequency of: (a) 700 Hz, (b) 4000 Hz and (c) 7000 Hz.

. Relative humidity (RH): 40% g E_!?_elative humidity (RH): 15%

0

Z o6 2

o >0.4¢

205 S

S g

204 = 03]

-, =

303 30.2}

g 0.2+ g

>§< E 0.1

N 0-1 m

= =

0 0 : . ,
2000 4000 6000 0 2000 4000 6000
(a) External frequency [Hz] (b) External frequency [Hz]
10°F  [~Fit from nlinfit ' ;
—Original data
& 1072}
10} 5
(c) 108 10°® 10 102 10° 102

T

Fig. 8. (a) Frequency response of accelerometer at high RH (40%) and (b) frequency response of accelerometer at low RH (15%). (c) Tau-sigma curves from Allan deviation
analysis.



M. Alzgool et al.

Table 3
Coefficients determined from Allan deviation analysis.

Nano Energy 109 (2023) 108282

Coefficient Relationship Noise type Parameters for MTEA
A, 0=4,/\3 Quantization (Q) 24319 - 1078~2.6661 - 1077 [m/s]
A, N=4A_ Velocity random walk (N) 7.9946 - 1075~8.7645 - 10~ [m/s/\ﬁ]
Ay B = A,/0.664 Bias instability (B) 4.1303~45.2810 [mg]
A, K=A, - \/§ Rate random walk (K) 0.0439~0.4816 [m/sz/\/g]
A, R=A4,- \ﬁ Rate ramp (R) 0.0717~0.7859 [m/s’]

Table 4

Analog accelerometer product feature comparison.

Parameter ADXL326 (Analog Devices) FXLN8372Q (NXP) Our device
g-Range [g] +16 4~16 +10
Sensitivity [mV/g] 51~63 114.5 6.23~68.3
Bias instability (B) [mg] 0.42~1.06 6.55 4.13~45.28
Velocity random walk (N) [m/s/\/l;] 1.92~2.34 0.117~0.126 0.0048~0.053
Cross-sensitivity +1% +4.2% +1%

off the vibration shaker and recorded generated output voltages from
the MTEA with the highest sampling rate of our data acquisition system,
2 MS/s. A sigma-tau logarithmic plot of the Allan deviation versus the
cluster time is shown in Fig. 8c for the performance of the MTEA.
Regression has been proven a powerful tool to extract Allan deviation
parameters from experimental data [53]. With MATLAB, we use the
nonlinear regression function, nlinfit.m, to fit the original data with
the relationship in Eq. (9) and identify the coefficients in Table 3:

orr(®) = At + A 17705 4 A0 + 4,795 + A7t 9)

To conclude assessment of the competitive performance of our
device, we compare some critical parameters with those of two com-
mercial analog accelerometers, as shown in Table 4. Regarding the
g-range and bandwidth, our testable range is greatly restricted by the
characteristics of the portable shaker and the power amplifier. But a
comparable g-range and bandwidth of 100 Hz to 2 kHz (considering a
3 dB drop from the maximum generated voltage as the cutoff) are still
secured. Our device shows a higher bias instability than the other two
accelerometers, meaning a higher zero-g level offset is needed for an
accurate measurement. The most negligible velocity random walk tells
us our device is the best in long-time measurement with the slightest
drift. The cross-sensitivity of our device is excellent. Together with
the self-powered novelty of triboelectricity, our device has successfully
implemented a TENG-based MEMS accelerometer in CMOS processes.

4.7. Discussion

A comparison of this work with different accelerometers in the
recent literature is presented in Table 5. Among various self-powered
accelerometers, our proposed accelerometer is demonstrated with com-
petitively small device dimensions, wide measurable input accelera-
tions, and high sensitivity. It is noticed that Teflon and PTFE are widely
used in fabricating previous triboelectric accelerometers. However,
the materials (Al-Polyimide) applied in our fabrication show excellent
CMOS compatibility and are supported by MEMS standards whenever
high-volume fabrication is desired, which Teflon [42] and PTFE [45,54]
do not readily provide. Because of its natural oxide layer, Aluminum is
more stable than copper [54] which changes with time and will affect
triboelectric performance for a long time. Our selection of materials
for the triboelectric effect also benefits from our previous research for
meso-scale TENG [52,55] where the Al/PDMS pair shows great stability
in voltage generation and the charges from triboelectricity can be hold
for hours. In this paper, we employed another substrate material, Poly-
imide, as the insulator layer in this paper to make the materials more
compatible with the standard MEMS fabrication technology. Our choice
of material, design of micro-surfaces and standard micro-fabrication
enabled us to achieve sensitivity per volume of 1897.22 mv T which
is an order of magnitude higher than what has been reportgld before.

In summary, both advantages in the sensing parameters and fabrication
techniques strongly illustrate our proposed self-powered accelerometer
as a novel and promising device with a very high performance.

5. Conclusion

In this paper, we presented a self-powered micro triboelectric ac-
celerometer. The working principle is based on the contact-separation
mode triboelectric generator with a triboelectric pair of aluminum and
polyimide. The device has 2 x 2 mm? square layers with a thickness of
100 nm aluminum and 1 pm thick amorphous silicon and 2 pm gap. The
device was made by CMOS-compatible processes in a clean room which
allows for production scalability. The device produces linear output
for input acceleration for 2-10 g with output going up to 0.7 V, and
the output was maximum at the natural frequency of the top electrode
at 700 Hz. The device testing for cross-axes sensitivity yielded very
low outputs and, hence, the device is mostly sensitive to only normal
excitation. The sensitivity ratio of normal to in-plane directions is 600
to 700.
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Table 5
Performance comparison of the presented accelerometer with the state-of-the-art designs from literature.
Type Device dimensions Input accelerations Operating Max output Sensitivity/ Self-powered
[mm] [g] frequency voltage/volume volume
[Hz) [V/mm’] [mV/g/mm’]

This work 2x2x0.009 0~10 300~1000 19.44 1897.22 v

(triboelectric)

Triboelectric 5%x3x0.015 0~10 1150 1.56 191.11 v

[42]

Triboelectric Each axis: 1.33~4.08 - 0.0019 0.0011 v

[45] 80x 18 x 18

Triboelectric (macro scale) 0.11~0.13 2~10 - - v

[56]

Triboelectric 90 X 68 X 3 0.10~0.46 30 0.0033 0.081 v

[54]

Piezoelectric 9Ix9x0.4 0~10 7200 0.0043 0.046 v

[57]

Piezoelectric 6500 x 4 % 0.525 0~10 200 0.000012 0.0012 v

[58]

Electrostatic [59] 5% 5x%0.06 0~0.25 730 0.11 240 X

Electrostatic [60] 3x3x%x042 0~1 1300 0.28 264.55 X
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