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FIG. 1A

(57) Abstract: The invention relates to microfabrication technology for producing sensing cells, for use, for example, in molecular
electronic transducer (MET) based seismometers devices. In some aspects, a method for fabricating a sensing element is provided.
The method includes providing a first wafer including a first substrate, a second substrate, and a first insulating layer between there -
between, etching a first fluid throughhole through the first substrate, the first insulating layer, and the second substrate, and coating
the first substrate and second substrate with a first and second conductive coating, respectively. The method also includes providing
a second wafer including a third substrate, a fourth substrate, and a second insulating layer therebetween, etching a second fluid
throughhole through the third substrate, the second insulating layer, and the fourth substrate, and coating the third substrate with a
third conductive coating from top and the fourth substrate with a fourth conductive coating from back.



10

15

20

25

WO 2015/077394 PCT/US2014/066504

MICROFABRICATION TECHNOLOGY FOR PRODUCING SENSING CELLS FOR
MOLECULAR ELECTRONIC TRANSDUCER BASED SEISMOMETER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is based on, claims priority to, and incorporates herein by
reference in its entirety U.S. Provisional Application Serial No. 61/906,459, filed on November
20, 2013.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under NNX10AL25G awarded
by National Aeronautics and Space Administration. The government has certain rights in the
invention.

FIELD OF THE INVENTION

[0003] The invention relates to microfabrication technology for producing sensing cells.
More particularly, the invention relates to microfabrication technology for producing sensing

cells, such as those used in molecular electronic transducer-based seismometers.

BACKGROUND OF THE INVENTION

[0004] Motion sensors, including accelerometers and gyroscopes, provide measurement
of movement in at least six degrees of freedom. The simplest way to do motion sensing is with a
solid-state mass-spring system, creating a damped simple harmonic oscillator. The movement of
the solid-state proof mass can be measured with respect to displacement, velocity, or acceleration
by suitable mechanical-electrical transducers. Efforts to miniaturize linear accelerometers and
gyroscopes for inertial systems are mostly concentrated around Micro-Electro-Mechanical
Systems (MEMS) technology. Similarly, in terms of design, fabrication, and readout,
accelerometers and gyroscopes are the current leaders in commercially successful MEMS
technology. Among a variety of transduction mechanisms underlying solid-state MEMS motion
sensors, the most successful types are based on capacitive transduction due to the simplicity of
the sensor element itself, no need for exotic materials, low power consumption, and good
stability with respect to temperature. Although capacitive transducers have a characteristic

nonlinear capacitance vs. displacement response, feedback is commonly used to convert the
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signal to a linear output. MEMS motion sensors in combination with other sensors, such as
compass, pressure sensor, and GPS, have created a consumer clectronics sensing package that
works as the intelligent interface for users to interact with their electronics and, further on, with
external environments, and have reasonable performance with low cost CMOS-compatible
silicon microfabrication technology. However, in addition to high-volume consumer electronics
markets requiring low-to-medium performance motion sensors, there are huge markets for high-
performance motion sensing devices, with applications designed for military inertial
navigation/guidance, high-resolution seismic sensing, and high-g sensors. The key requirements
for these high-performance applications include small size, wide bandwidth, low noise floor, low
cross-axis sensitivity, low drift, wide dynamic range, high shock survivability, and low power
consumption. There has been plenty of work done along the direction of scaling down the
device size while maintaining low noise, high sensitivity and high resolution using MEMS
techniques. However, the design and fabrication of these solid-state MEMS devices are
complicated, which can result in low reliability, low reproducibility, and high cost. More
importantly, they have yet to prove satisfactory for specific applications, especially in low
frequency seismic sensing, because of the inherent limitation of the working mechanism of the
solid-state mass-spring system. For some applications they also have limited successes due to

their fragility to high shocks.

[0005] In contrast to a device having a solid inertial mass, a molecular electronic
transducer (MET) utilizes a liquid electrolyte relative to fixed electrodes to sensitively measure
movement. METs are part of a third class of fundamental electronic devices, characterized by
charge transfer via ions in solution—hence the name —Solion. This is in contrast to solid-state
electronics (charge transfer by electron/hole pairs in a solid conductor or semiconductor) and
vacuum tubes (charge transfer by free electrons in an ionized gas or vacuum). Solion technology
was first developed in the 1950s by US-Navy sponsored research. Early applications of Solion
devices were for detection of low-frequency acoustic waves, either in the form of an infrasonic
microphone or limited-band seismometer. Significant work on Solion motion detectors was
continued in Russia, where the term Molecular Electronic Transducer (MET) was introduced to
describe such a device. Inspired by the exceptionally high rate of mechanical signal conversion
to electric current in MET involving mass and charge transport, pioneering MET studies provide

an alternative paradigm in the development of motion sensors in wide variety of applications
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including nuclear explosion monitoring and seismic sensing in planetary exploration. The
advantages of MET motion sensors include their small size, lack of fragile moving parts (thus
high shock tolerance), high sensitivity and low noise especially at low frequencies, and
independence of the response on installation angle. However, despite the rather high output
parameters obtained, conventional MET devices developed and produced at present have a
number of disadvantages that ultimately limit their application range. Some disadvantages
include high cost of transducer manufacturing and instrument self-noise.

[0006] What is needed, therefore, is a technology capable of producing effective sensing

cells at reduced cost and minimized self-noise.

SUMMARY OF THE INVENTION

[0007] The present invention overcomes aforementioned drawbacks of previous
technologies by providing an approach for producing sensing cells applicable to micro electric
transducer based seismometers, geophones, and accelerometers, and so on. In some aspects of
the disclosure, novel microfabrication processes are introduced, which afford many advantages,
including producing sensing cells at low cost, with high yield and reproducibility, as well as a
wide range adjustability. In some embodiments, microfabrication processes described herein can
produce miniaturized robust seismometers with high performance.

[0008] In one aspect of the present disclosure, a method for fabricating a sensing element
is provided. The method includes providing a first wafer including a first substrate, a second
substrate, and a first insulating layer between the first substrate and the second substrate, and
etching a first fluid throughhole through the first substrate, the first insulating layer, and the
second substrate. The method also includes coating the first substrate with a first conductive
coating from top and the second substrate with a second conductive coating from back, and
providing a second wafer including a third substrate, a fourth substrate, and a second insulating
layer between the third substrate and the fourth substrate. The method further includes etching a
second fluid throughhole through the third substrate, the second insulating layer, and the fourth
substrate, and coating the third substrate with a third conductive coating from top and the fourth
substrate with a fourth conductive coating from back.

[0009] In another aspects of the present disclosure, a method for fabricating a sensing

element is provided. The method includes providing a first wafer including a first substrate, a
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second substrate, a third substrate, a first insulating layer between the first substrate and the
second substrate, and a second insulating layer between the second substrate and the third
substrate, etching a first fluid throughhole through the first substrate, the first insulating layer,
the second substrate, the second insulating layer, and the third substrate, and coating the first
substrate with a first conductive coating from top, the second substrate and the third substrate
with a second conductive coating from back. The method also includes providing a second
wafer including a fourth substrate, a fifth substrate, a sixth substrate, a third insulating layer
between the fourth substrate and the fifth substrate, and a fourth insulating layer between the
fifth substrate and the sixth substrate, and etching a second fluid throughhole through the fourth
substrate, the third insulating layer, the fifth substrate, the fourth insulating layer, and the sixth
substrate. The method further includes coating the fourth substrate with a third conductive
coating from top, the fifth substrate and the sixth substrate with a fourth conductive coating from
back.

[0010] In yet another aspect of the present disclosure, a sensing element is provided. The
sensing element includes a housing defining a channel, a first electrochemical cell including a
first anode, a first cathode, and a first dielectric spacer between the first anode and the first
cathode, the first electrochemical cell being located in the channel, and a second electrochemical
cell including a second anode, a second cathode, and a second dielectric spacer between the
second anode and the second cathode, the second electrochemical cell being located in the
channel. The sensing element also includes a fluid throughhole extending through the first
electrochemical cell and the second electrochemical cell, and an electrolyte in the channel. The
sensing element further includes a circuit generating an output signal based on a comparison of
cathode currents in the first electrochemical cell and the second clectrochemical cell, wherein
the first dielectric spacer is dimensioned to create a recess at an inner surface of the fluid
throughhole between the first anode and the first cathode.

[0011] The foregoing and other advantages of the invention will appear from the
following description. In the description, reference is made to accompanying drawings which
form a part thereof, and in which there is shown by way of illustration a preferred embodiment of
the invention. Such embodiment does not necessarily represent the full scope of the invention,
however, and reference is made therefore to the claims and herein for interpreting the scope of

the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1A shows a schematic of an illustrative MET sensing element.

[0013] Figure 1B is a cross-sectional view of the MET sensing element of Figure 1A
taken along a plane parallel to line 1B-1B of Figure 1.

[0014] Figures 2A to 2G are cross-sectional views depicting steps in a microfabrication
process, in accordance with aspects of the disclosure.

[0015] Figure 3A to 3L are cross-sectional views depicting steps in another
microfabrication process, in accordance with aspects of the disclosure.

[0016] Figure 4 is a top view of an illustrative MET-based device, in accordance with

aspects of the present disclosure.

[0017] Figure 5 are steps of an example process in accordance with aspects of the present
disclosure.
[0018] Figure 6 are steps of another example process in accordance with aspects of the

present disclosure.
[0019] Like reference numerals will be used to refer to like parts from Figure to Figure in

the following detailed description.

DETAILED DESCRIPTION OF THE INVENTION

[0020] The present disclosure introduces novel microfabrication processes for producing
sensing elements that have a wide range of applicability and afford many advantages over
previous technologies. In some aspects, methods of the present disclosure may be utilized to
produce molecular electronic transducer (MET) sensors or devices for use in detecting motion
with high sensitivity for wuse, for example, in applications including seismometers,
accelerometers, gyroscopes, and so on. In particular, advantages of MET sensors, as compared
to other inertial sensors include, but are not limited to: (1) the inertial mass of the liquid therein
(i.e. an electrolyte solution) and lack of moving mechanics, which are subject to wear out and
possible damage, enhances performance, reliability and enables the inherent ability to withstand
high shock forces. (2) High sensitivity and low self-noise can be achieved at low and ultra-low
frequency ranges, or even DC with the liquid inertial mass, with properly selected parameters

and structural design. (3) Sensitivity does not depend on the orientation in space.
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[0021] In general, the sensing mechanism of a MET device can include multiple
electrochemical cells, where reversible chemical reactions transfer charge between respective
anodes and cathodes via electrolyte ions in solution therein. Typically, a MET sensor uses a
concentrated iodine-iodide electrolyte containing potassium iodide (KI) or lithium iodide (Lil)
and a small amount of elemental Iodine (I;). In the presence of iodide, iodine turns into a soluble

compound, tri-iodide, as follows
L+17 =13 (1)

[0022] When the electrodes are biased, measurable electrical current passes through the
clectrochemical cell, and reversible active electrochemical reactions occur on the clectrodes.

Specifically, on the cathodes, a reduction reaction of tri-iodide occurs as follows:
I3 +2e™ - 317 (2)
while the reverse reaction takes place on the anodes, namely:
37 —-2e” > I3 3)

[0023] The electrical current through the solid/liquid interface becomes possible because
of the presence of tri-iodide ions in the solution, also termed the active component of the
solution. According to Equation (2), the interface charge transfer is associated with generation
and absorption of the tri-iodide ions on the electrode surface. Thus, the electrical current through
any eclectrode can be related to the flux of active ions toward or backward of the electrode

according to the following:

I =Dq($ (Vc,n)ds) (4)

where D is the diffusion coefficient, ¢ is the concentration of the active charge carriers, q is the
charge transferred across the interface in single electrochemical reaction (two times absolute
values of the electron charge in our case), n is a unit vector normal to the surface of the
electrode, integration is done over S, electrode surface area. In Eqn. 4 only diffusion is
considered as the mechanism responsible for the active ions transport in the electrolyte volume.
Migration is not included due to the screening of the electrical field in the highly concentrated
electrolyte, while convection does not contribute to charge transfer through the electrode surface

due to zero-velocity condition on the solid surface.
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[0024] Referring now to Figures 1A and 1B, an illustrative MET sensing element 10, in
accordance with aspects of the present disclosure, is shown. Specifically, sensing element 10
includes a housing 14, opposed rubber end membranes 16, electrochemical cells 20 that include a
number of anode-cathode pairs. Sensing element 10 also includes an electrolyte-filled channel
29 that allows an electrolyte 25 solution to move inertially along the length of the channel 29.
Sensing element 10 also includes sensing circuit(s) 60, including appropriate hardware and
circuitry, and configured to provide a bias to electrodes of sensing clement 10 and detect

electrical currents therefrom, as described.

[0025] The sensing cells 20, as illustrated in Figure 1B, include four electrodes (first
anode 21, second anode 22, first cathode 23, second cathode 24) separated by dielectric layers 26
spanning the cross-sectional width of this channel 29. Throughholes 27 through the electrodes
allow the flow of the electrolyte 25. In addition, each anode-cathode pair in the electrochemical
cells 20 may be configured to allow charge transfer via ions in the electrolyte 25, thus generating
an electric current measurable using the sensing circuit(s) 60. As shown in Figure 1B, the
electrodes may be configured in an anode-cathode-cathode-anode (ACCA) configuration,
although it may be appreciated that other configurations of cathodes and anodes may also be

possible.

[0026] The operation principle of the MET sensing element 10 can be described as
follows. Specifically, when an electric bias voltage is applied between eclectrodes of the
electrochemical cells 20, electrochemical current is generated facilitated via the electrolyte 25.
In particular, a current is generated regardless of the presence of mechanical motion of the
electrolyte, also known as the background current. As the inter-electrode voltage is increased,
the reaction rates occurring at the electrodes increase. In the situation when any tri-iodide ion
arrives at a cathode, it immediately participates in the electrochemical reaction described
Equation (2), and further increase in the voltage does not change the current and the saturation
regime occurs. In this regime the cathode current is sensitive to variation of volumetric transport
of tri-iodide ions. Anode current variations follow cathode current variations, keeping the

electrolyte 25 uncharged.

[0027] In the presence of mechanical motion, the electrolyte 25 in the sensing element 10

undergoes motion due to inertia, and convective transport of ions modifies electrode currents

-7 -
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according to mechanisms described above. Although each electrode current may be non-linear
with respect to the velocity of the electrolyte 25, the combined output of both cathodes is linear
for a very wide range of velocities. Specifically, the difference between the cathode currents in
two anode-cathode pairs is linear, and may then employed as the output signal for the sensing
element 10 to provide an indication of motion. Mathematically, the sensor’s output current may

be given by:

Towt = Icz —Ic1 = DQ(SJSSCZ(VC: n) dSc, — 955C1(VC; n)dSc,) ()

where, I¢1, Iy are the currents through the surface of the corresponding cathodes, and Sci, Sc2

are the surface areas of the corresponding cathodes.

[0028] Traditionally, electrodes in electrochemical cells 20 may be produced using
machined conductive meshes, separated by dielectric spacers, such as plastic or ceramic grid
spacers. This design, although convenient in that sensors may be assembled quickly, has
significant limitations on the possible range of the geometrical parameters of an electrochemical
cell, and consequently the optimization possibilities of the cell. For instance, in some
applications, reduced cell dimensions are necessary in order to expand the frequency range of the
sensor and decrease convection produced noise. Such dimensions are not achievable using the

above mesh implementation.

[0029] Therefore, in accordance with aspects the present disclosure, an alternative
methodology is provided to produce sensing elements, as described with reference to Figures 1A
and 1B. Such approach can provide sensing elements with reduced internal dimensions, for
example in the micrometer range, with improved the sensitivity and reproducibility.
Specifically, electrochemical cells 20 of the sensing element 10 described with reference to
Figures 1A and 1B can be produced in accordance with the fabrication process described in
Figures 2A to 2G, or in accordance to the fabrication process described in Figures 3A to 3L.

[0030] Referring now to Figure 2, an example microfabrication process is shown in
accordance with one aspect of the disclosure. Specifically, the process may begin with a single
SOI (Silicon on Insulator) wafer, although it may be appreciated by a skilled artisan that other
wafer types may also be utilized. In some aspects, the wafer can include a first substrate 30 and
a second substrate 32, or device layers, separated by an insulating, or box, layer 34. The first

substrate 30 and second substrate 32 can include silicon, while the insulating layer 34 can

-8 -
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include silicon dioxide (Si0;), although other materials and compositions may also be possible.
By way of example, the first substrate 30 and second substrate 32 can have a thickness greater
than 100 um, while the insulating layer 34 can have a thickness between 3 and 5 um, although
other thicknesses may be possible.

[0031] As shown in the step of Figure 2A, a photoresist layer 36 may be deposited and
patterned on the first substrate 30, using photolithography techniques, wherein the photoresist
layer 36 is used as an etching mask for a deep reactive ion etch (DRIE) process. Specifically, a
DRIE may be performed to etch the first substrate 30 until the insulating later 34 is reached, as
shown in Figure 2B. Then the remaining photoresist layer 36 along with the first substrate 30
may then act as a mask for wet etching process of the insulating layer 34. As shown in Figure
2C, an undercut 39, or recess, may be formed in the insulating later 34 by control of the wet
etching process parameters. Such undercut 39 is desirable for the subsequent isolation between
electrodes.

[0032] The second substrate 32 may then etched via a second DRIE process, opening up
a set of fluid throughholes 37, as indicated in Figure 2D. Following removal of the photoresist
layer 36 in Figure 2E, a coating process is performed, indicated in Figure 2F, whereby the first
substrate 30 is coated with conductive layer 38 from the top and the second substrate 32 is coated
from the bottom of the wafer, forming a number of conductive electrodes. In some aspects, the
conductive layer can include platinum, although it may be appreciated that other conductive
materials may also be used. The coating process may include an electron-beam deposition,
whereby the top and bottom surfaces of the first substrate 30 and second substrate 32,
respectively, as well as the sidewalls forming the throughholes 37 are covered with the
conductive layer. By controlling the angle between the metal source in the electron-beam
deposition system and wafer surfaces, as well as the depth of the undercut 39, a short-circuiting
of the top and bottom electrodes can be avoided.

[0033] As indicated in Figure 2G, two of the above fabricated wafers can be aligned and
adhesively bonded to form a sensing element with four isolated electrodes, in accordance with
aspects of the present disclosure. For example, the wafers can be bonded using a Parylene-C
adhesive layer. The above-described microfabrication method allows significant increase in the

strength of supporting structure and the number of throughholes 37 compared with previous
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technologies. In addition, it does not include a focused ion beam processing step, thus greatly
reducing the fabrication cost.

[0034] Referring now to Figure 3, another example microfabrication process is shown in
accordance with another aspect of the disclosure. Specifically, the process may begin with a
double-SOI (Silicon on Insulator) wafer, although it may be appreciated by a skilled artisan that
other wafer types may also be utilized. The wafer includes a first substrate 40, a second
substrate 42, a third substrate 44, along with a first insulating layer 46 between the first substrate
40 and the second substrate 44, and a second insulating layer 48 between the second substrate 42
and the third substrate 44. In particular, a double-SOI wafer, in accordance with some aspects of
the present disclosure, provides a better symmetry for the configuration of anodes and cathodes.
[0035] The first substrate 40, second substrate 42, and third substrate 44 can include
silicon, while the first insulating layer 46 and the second insulating layer 48 can include silicon
dioxide (Si0,), although other materials and compositions may also be possible. By way of
example, the substrate layers can have thicknesses in the range of 1 to 10 um, while the
insulating layers can have thicknesses 1 to 3 um, although other thicknesses may be possible.
[0036] The fabrication process may begin with the step of Figure 3A, where a low
pressure chemical vapor deposition (LVCVD) process may be utilized to deposit a device
substrate layer 50 on both the top and bottom of the provided wafer. By way of example, the
device substrate layer 50 can include a silicon nitride (SiN) layer. At the next step, shown in
Figure 3B, the backside, or bottom, of the wafer may be patterned using photolithography
techniques, producing a patterned photoresist layer 52.

[0037] In the step of Figure 3C, a reactive ion etching (RIE) process may be applied to
the bottom of the wafer in order to etch the exposed device substrate layer 50. The patterned
device substrate layer 50 would then act as a hard mask for a tetramethylammonium hydroxide
(TMAH) etching process to remove the third substrate 44. As indicated by Figure 3D, the
etching process would be configured to stop at the second insulating layer 48, and provide a
desirable sidewall profile in the third substrate 44.

[0038] In the step of Figure 3E, the device substrate layer 50 may be then stripped, for
example, using a hot phosphoric acid treatment, followed by a RIE to remove the second
insulating layer 48, as indicated in Figure 3F. In the step of Figure 3G, a photoresist layer 52 is

deposited onto the etched structure of the bottom portion of the wafer, providing protection from
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subsequent etching processes. Then, a DRIE process, for removing portions of the first substrate
46 down to the first insulating layer 46 using the top patterned photoresist layer 52, may then
performed, as indicated by Figure 3G. At this step a DRIE process is desirable, instead of
TMAH etching, in order to form vertical profiles in the first substrate 46.

[0039] At the step of Figure 3H, a hydrofluoric acid isotropic etching of the first
insulating layer 46 may then be performed, generating an undercut 49, or recess in the insulating
layer 46, which is desired to isolate electrodes. As indicated by Figure 31, a DRIE process may
be continued to etch the exposed second substrate 42 until a fluid throughhole 47 opening is
etched.

[0040] At the step of Figure 3J, a coating process is performed, whereby the first
substrate 46 is coated with conductive layer 54 from the top, and the second substrate 42 and
third substrate 44 are coated from the bottom of the wafer, forming a number of conductive
electrodes, for example, using an electron-beam evaporation technique. In some aspects, the
conductive layer can include platinum, although it may be appreciated that other conductive
materials may also be used. As illustrated in Figure 3J, the conductive layer would desirably
cover the top and side portions first substrate 40, the bottom and side portions of the second
substrate 42 and the bottom and side portions of the third substrate 44, without electrical shorting
in the undercut 49 area.

[0041] At the step of Figure 3K, an adhesive layer 56, such as Parylene-C, may be
selectively deposited. Finally, two wafers, fabricated as described, may then be adhesively
bonded with alignment to complete the device, in accordance with the aspects of the present

disclosure, as indicated in Figure 3L.

[0042] One version of a sensing clement of the invention, using methods described,
includes a housing defining a channel; a first electrochemical cell including a first anode, a first
cathode, and a first diclectric spacer between the first anode and the first cathode, the first
electrochemical cell being located in the channel; a second electrochemical cell including a
second anode, a second cathode, and a second dielectric spacer between the second anode and
the second cathode, the second electrochemical cell being located in the channel; a fluid
throughhole extending through the first electrochemical cell and the second electrochemical cell;
an electrolyte in the channel; and a circuit generating an output signal based on a comparison of

cathode currents in the first electrochemical cell and the second electrochemical cell, wherein the
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first dielectric spacer is dimensioned to create a recess at an inner surface of the fluid

throughhole between the first anode and the first cathode.

[0043] In the sensing element, the second dielectric spacer may be recessed in relation to
the second anode and the second cathode at an inner surface of the fluid throughhole. In the
sensing element, the circuit may include a first voltage source in electrical communication with
the first anode and the first cathode, and the circuit may include a second voltage source in
electrical communication with the second anode and the second cathode. The first dielectric
spacer and the second dielectric spacer each may comprise silicon dioxide. The first anode, the
first cathode, the second anode, and the second cathode each may comprise silicon with a

platinum coating.

[0044] In the sensing element, the first anode may comprise a first platinum coating, the
first cathode may comprise a second platinum coating, and the first platinum coating and the
second platinum coating may extend into the recess. The fluid throughhole may have an inside
diameter greater at opposed ends of the fluid throughhole. The first electrochemical cell and the
second electrochemical cell are preferably attached by a polymeric layer. The housing may have
a first end comprising an elastic membrane and an opposed second end comprising an elastic

membrane. The electrolyte may comprise an iodine-iodide electrolyte.

[0045] Figure 4 shows an example device design with specific dimensional and number
of sensor cell implementations. It may be appreciated that other dimensions and number of
sensor cells may also be considered to be within the scope of the present disclosure.
Specifically, the size of the device can be 17.5 millimeters by 14.5 millimeters and 1.1
millimeters thick. In one of the bonding pairs, configured for contacting sensing circuit(s), as
described, the bottom KOH or TMAH patterns are 2 millimeter squares. The throughholes, as
viewed from topside in Figure 4, can have lateral diameters of 200 um and spacing of 50 pum.
For example, the number of throughholes in one square device can be 25. With a total of 21
devices, a total number of throughholes for the device is 525. In this case, the hydrodynamic
resistance R, = 1.16 X 108(N - s)/m®, which is 30,000 times lower than single-50 um-diameter
throughhole device. In addition, the self-noise is expected to be much lower. To adjust the

hydrodynamic resistance, the diameter of holes can be varied from 50 um to 400 um, and the
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number of throughholes can be changed accordingly. The pads are at the bottom of the device

for connections to external sensing circuitry.

[0046] Turning to Figure 5, steps of process 500, in accordance with aspects of the
present disclosure, as shown. Specifically, process 500 includes steps of (502) providing a first
wafer including a first substrate, a second substrate, and a first insulating layer between the first
substrate and the second substrate; (504) etching a first fluid throughhole through the first
substrate, the first insulating layer, and the second substrate; (506) coating the first conductive
coating on the first substrate and the second conductive coating from backside on the second
substrate; (508) providing a second wafer including a third substrate, a fourth substrate, and a
second insulating layer between the third substrate and the fourth substrate; (510) etching a
second fluid throughhole through the third substrate, the second insulating layer, and the fourth
substrate; and (512) coating the third conductive coating on the third substrate and the fourth
conductive on the back of fourth substrate. Step (504) may comprise etching the first insulating
layer to create a recess in the first fluid throughhole between the first substrate and the second
substrate. Step (510) may comprise etching the second insulating layer to create a recess in the
second fluid throughhole between the third substrate and the fourth substrate. The method may
further comprise: (514) combining the first wafer and the second wafer together so the first fluid
throughhole is aligned with the second fluid throughhole. In the method, the first insulating
layer and the second insulating layer may comprise silicon dioxide, and the first, second, third

and fourth conductive coating may comprise platinum.

[0047] Turning to Figure 6, steps of another process 600, in accordance with aspects of
the present disclosure, as shown. Specifically, process 600 includes steps of (602) providing a
first wafer including a first substrate, a second substrate, a third substrate, a first insulating layer
between the first substrate and the second substrate, and a second insulating layer between the
second substrate and the third substrate; (604) etching a first fluid throughhole through the first
substrate, the first insulating layer, the second substrate, the second insulating layer, and the third
substrate; (606) coating the first substrate, the second substrate, and the third substrate with
conductive coatings; (608) providing a second wafer including a fourth substrate, a fifth
substrate, a sixth substrate, a third insulating layer between the fourth substrate and the fifth
substrate, and a fourth insulating layer between the fifth substrate and the sixth substrate; (610)
etching a second fluid throughhole through the fourth substrate, the third insulating layer, the
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fifth substrate, the fourth insulating layer, and the sixth substrate; and (612) coating the fourth
substrate, the fifth substrate, and the sixth substrate with conductive coatings. Step (604) may
comprise etching the first insulating layer to create a recess in the first fluid throughhole between
the first substrate and the second substrate. Step (610) may comprise etching the third insulating
layer to create a recess in the second fluid throughhole between the fourth substrate and the fifth
substrate. The method may further comprise: (614) bonding the first wafer and the second wafer
together so the first fluid throughhole is aligned with the second fluid throughhole. In the
method, the first fluid throughhole may have a diameter at a first end greater than that of a
diameter at an opposed second end.

[0048] In summary, the present disclosure introduces novel microfabrication processes
for producing sensing elements that afford many advantages over previous technologies. For
instance, in comparison with traditional seismometers, devices based on the provided sensing
cells can deliver similar performance, but much lower cost, and higher dynamic range. For
instance, devices based on above-described sensing cells can have wide application in geological
and seismological science exploration, but may also will be useful for oil and gas detection in
energy industry and motion monitoring in national security. In addition, the robustness, shock
tolerance and independence on installation angle will increase the range of applicability and
reduce the cost dramatically on field installation. By way of example, applications where prior
technologies would be limited include installation in launching (penctrator) devices or systems.
[0049] Capabilities of the sensing elements, produced in accordance with the present
disclosure, include significant increases in the strength of supporting structures and the number
of throughholes in the electrochemical cells, resulting low hydraulic impedance. Therefore, the
self-noise of the device is greatly reduced. 3D microfabrication technologies including
photolithography, deep reactive ion etching (DRIE), rotated E-beam metal evaporation, and
alignment bonding offer better control of the device size, sharp vertical channels, good isolation
between electrodes, larger surface area of the electrodes, and well alignment of the throughholes.
The enlarged surface area of the electrodes exposed in the electrolyte significantly increases the
sensitivity of the device. The method of the invention uses silicon based microfabrication, which
has much better precision, lower cost, and higher performance than traditional technology.
Meanwhile, it does not have a focus ion beam process involved, thus greatly reducing the

fabrication cost.
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[0050] Although the present invention has been described in detail with reference to
certain embodiments, one skilled in the art will appreciate that the present invention can be
practiced by other than the described embodiments, which have been presented for purposes of
illustration and not of limitation. Therefore, the scope of the invention should not be limited to

the description of the embodiments contained herein.
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CLAIMS

What is claimed is:

1. A method for fabricating a sensing element, the method comprising:

(a) providing a first wafer including a first substrate, a second substrate, and a first
insulating layer between the first substrate and the second substrate;

(b) etching a first fluid throughhole through the first substrate, the first insulating
layer, and the second substrate;

(©) coating the first substrate with a first conductive coating from top and the second
substrate with a second conductive coating from back;

(d) providing a second wafer including a third substrate, a fourth substrate, and a
second insulating layer between the third substrate and the fourth substrate;

() etching a second fluid throughhole through the third substrate, the second
insulating layer, and the fourth substrate; and

H coating the third substrate with a third conductive coating from top and the fourth

substrate with a fourth conductive coating from back.

2. The method of claim 1 wherein:
step (b) comprises etching the first insulating layer to create a recess in the first fluid

throughhole between the first substrate and the second substrate.

3. The method of claim 2 wherein:
step (¢) comprises etching the second insulating layer to create a recess in the second

fluid throughhole between the third substrate and the fourth substrate.
4. The method of claim 3 further comprising:

(2) bonding the first wafer and the second wafer together so the first fluid
throughhole is aligned with the second fluid throughhole.
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5. The method of claim 1 wherein:

the first insulating layer and the second insulating layer comprise silicon dioxide or other
diclectric materials, and

the first conductive coating and the second conductive coating comprise platinum or

other metals.
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6. A method for fabricating a sensing element, the method comprising:

(a) providing a first wafer including a first substrate, a second substrate, a third
substrate, a first insulating layer between the first substrate and the second substrate, and a
second insulating layer between the second substrate and the third substrate;

(b) etching a first fluid throughhole through the first substrate, the first insulating
layer, the second substrate, the second insulating layer, and the third substrate;

(©) coating the first substrate with a first conductive coating from top, the second
substrate and the third substrate with a second conductive coating from back;

(d) providing a second wafer including a fourth substrate, a fifth substrate, a sixth
substrate, a third insulating layer between the fourth substrate and the fifth substrate, and a fourth
insulating layer between the fifth substrate and the sixth substrate;

() etching a second fluid throughhole through the fourth substrate, the third
insulating layer, the fifth substrate, the fourth insulating layer, and the sixth substrate; and

(H coating the fourth substrate with a third conductive coating from top, the fifth

substrate and the sixth substrate with a fourth conductive coating from back.

7. The method of claim 6 wherein:
step (b) comprises etching the first insulating layer to create a recess in the first fluid

throughhole between the first substrate and the second substrate.

8. The method of claim 7 wherein:
step (¢) comprises etching the third insulating layer to create a recess in the second fluid

throughhole between the fourth substrate and the fifth substrate.

9. The method of claim 8 further comprising:
(2) bonding the first wafer and the second wafer together so the first fluid
throughhole is aligned with the second fluid throughhole.

10.  The method of claim 6 wherein:
the first fluid throughhole has a diameter at a first end may be greater than that of a

diameter at an opposed second end.
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11. A sensing element comprising:

a housing defining a channel;

a first electrochemical cell including a first anode, a first cathode, and a first dielectric
spacer between the first anode and the first cathode, the first electrochemical cell being located in
the channel,

a second electrochemical cell including a second anode, a second cathode, and a second
dielectric spacer between the second anode and the second cathode, the second electrochemical
cell being located in the channel;

a fluid throughhole extending through the first electrochemical cell and the second
clectrochemical cell;

an electrolyte in the channel; and

a circuit generating an output signal based on a comparison of cathode currents in the
first electrochemical cell and the second electrochemical cell,

wherein the first dielectric spacer is dimensioned to create a recess at an inner surface of

the fluid throughhole between the first anode and the first cathode.

12.  The sensing element of claim 11 wherein:
the second dielectric spacer is recessed in relation to the second anode and the second

cathode at an inner surface of the fluid throughhole.

13. The sensing element of claim 11 wherein:

the circuit includes a first voltage source in electrical communication with the first anode
and the first cathode, and

the circuit includes a second voltage source in electrical communication with the second

anode and the second cathode.
14. The sensing element of claim 11 wherein:

the first dielectric spacer and the second dielectric spacer each comprise silicon dioxide

or other dielectric materials.
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15. The sensing element of claim 11 wherein:

the first anode, the first cathode, the second anode, and the second cathode each comprise

silicon with a platinum coating or other metals.

16. The sensing element of claim 15 wherein:
the first anode comprises a first platinum coating,
the first cathode comprises a second platinum coating, and

the first platinum coating and the second platinum coating may or may not extend into

the recess.

17.  The sensing element of claim 11 wherein:

the first electrochemical cell and the second electrochemical cell are attached by an

adhesion layer, such as but not limited polymeric layers.

18. The sensing element of claim 11 wherein:

the housing has a first end comprising an elastic membrane and an opposed second end

comprising an elastic membrane.

19. The sensing element of claim 11 wherein:

the electrolyte comprises an iodine-iodide electrolyte.
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\\ PROVIDE A FIRST WAFER INCLUDING A 187 AND 2ND SUBSTRATE, THE
SUBSTRATES SEPARATED BY AFIRST INSULATING LAYER

504 é

‘\‘_ ETCH AFIRST FLUID THROUGHHOLE FROM 187 TO 2ND SUBSTRATE,
AND INSULATING LAYER THEREBETWEEN

508 é

‘\“ COAT 18T SUBSTRATE WITH A FIRST CONDUCTIVE LAYER, AND 2ND
SUBSTRATE WIiTH A SECOND CONDUCTIVE LAYER

508 v
]

PROVIDE A SECOND WAFER INCLUDING A 3RD AND 4TH SUBSTRATE,
THE SUBSTRATES SEPARATED BY A SECOND INSULATING LAYER

st .

\_ ETCH A SECOND FLUID THROUGHHOLE FROM 3RD TO 4TH SUBSTRATE,
AND INSULATING LAYER THEREBETWEEN

512 $

\« COAT 3RD SUBSTRATE WitH A THIRD CONDUCTIVE LAYER, AND 4TH
SUBSTRATE WITH A FOURTH CONDUCTIVE LAYER

514 é

\\ COMBINE THE FIRST WAFER AND THE SECOND WAFER SUCH THAT THE
FIRST AND SECOND FLUID THROUGHHOLES ARE ALIGNED

FIG. 5
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600

602

PROVIDE FIRST WAFER WITH 18T, 2ND, AND 3RD SUBSTRATES, THE
SUBSTRATES SEPARATED BY RESPECTIVE INSULATING LAYERS

804 é

\ ETCH FIRST FLUID THROUGHHOLE FROM 18T SUBSTRATE TO 3RD
SUBSTRATE, AND INSULATING LAYERS THEREBETWEEN

606 é

\ COAT 15T SUBSTRATE WITH A FIRST CONDUCTIVE LAYER, AND ZND
AND 3RD SUBSTRATES WiTH A SECOND CONDUCTIVE LAYER

608 é’

\\N PROVIDE SECOND WAFER WITH 4TH, 5TH, AND 6TH SUBSTRATES, THE
SUBSTRATES SEPARATED BY RESPECTIVE INSULATING LAYERS

510 $

\\ ETCH SECOND FLUID THROUGHHOLE FROM 4TH SUBSTRATE TO8TH
SUBSTRATE, AND INSULATING LAYERS THEREBETWEEN

612 é

\\ COAT 4RD SUBSTRATE WITH A THIRD CONDUCTIVE LAYER, AND 5TH
AND 6TH SURSTRATES WITH A FOURTH CONDUCTIVE LAYER

614 é

\\_ COMBINE THE FIRST WAFER TO THE SECOND WAFER SUCH THAT THE
FIRST AND SECOND FLUID THROUGHHOLES ARE ALIGNED

FIG. 6
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