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FLEXIBLE THIN FILM PRESSURE SENSOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of United States Provisional Patent Application
Serial No. 60/479,398, filed June 18, 2003, which is herein incorporated by

reference in its entirety.

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0002] This invention relates to the field of pressure sensors and, more particularly,

to thin-film pressure sensors adapted for low pressure sensing applications.

DESCRIPTION OF THE RELATED ART

[0003] Pressure sensors have wide applicability today from microphones, household
electronics, and simple vacuum sensing applications to biomedical instrumentation,
wind tunnel, and automotive performance applications. Many of these devices
depend on integrated sensor technology that utilizes the piezoresistive effect.
Simply put, the piezoresistive effect is one in which the resistance of an element
changes as a result of length changes for that element generally as a result of
stress. Resistance changes can behave anisotropically in directions parallei to and

perpendicular to the direction of the stress.

[0004] It is well known in sensor technology to employ a Wheatstone bridge
arrangement of piezorésistors to sense pressure and pressure changes. The
arrangement commonly chosen involves four piezoresistors located at four distinct
edges of a pressure sensing membrane that is supported on a substrate. Generally,
the position chosen for each resistor is one where the stress is greatest when
vertical pressure is applied to the membrane at its the center or uniformly across the
membrane surface. In these designs, orientation of the piezoresistors is also
important. Usually, two piezoresistors are oriented parallel to the direction of stress

so that their resistance increases with increasing pressure and the other two
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piezoresistors are oriented perpendicular to the direction of stress so that their
resistance decreases with increasing pressure. See, for example, C. Malhaire et al.,
“Design of a polysilicon-on-insulator pressure sensor with original polysilicon layout
for harsh environment,” Thin Solid Films, No. 427, pp. 362-366 (2003) and U.S.
Patent 6,700,174 issued to Miu et al. on March 2, 2004.

[0005] Most proposed designs known in the art include rigid substrates. This limits
the applicability of such pressure sensors to relatively high pressure environments.
Many of the rigid substrates commercially known utilize metallic membranes such as
stainless steel. These membranes are easily damaged in severe natural or

corrosive environments.

SUMMARY OF THE INVENTION

[0006] Operation at low pressure and imperviousness to corrosion and to the effects
of harsh environments are achieved in a pressure sensor that employs a flexible
membrane supporting piezoresistive elements. A plurality of piezoresistive elements
are aligned substantially collinearly across one surface of the flexible membrane.
Innermost piezoresistive elements are disposed in such a way that they experience
tension in response to an applied pressure, whereas outermost piezoresistive
elements are disposed in such a way that they experience compression in response
to the same applied pressure. Contact pads for each end of each piezoresistive
element allow the elements to be configured in any number of desirable

arrangements.

[0007] In one exemplary embodiment, four piezoresistive elements are disposed
along a main central axis such as the diameter of the membrane. The contacts are
connected in such a way that a Wheatstone bridge is formed by the elements.
Conventional Wheatstone bridge techniques are utilized to convert the applied
pressure into an output electrical signal. The membrane includes amorphous
semiconductor layers grown on a flexible substrate such as Kapton substance or
suitable plastic materials in order to achieve flexibility and the sensitivity to respond

to low pressure.
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BRIEF DESCRIPTION OF THE DRAWINGS

[ooos] A more complete understanding of the invention may be obtained by reading
the following description of specific illustrative embodiments of the invention in

conjunction with the appended drawings in which:

[0009] FIG. 1 shows a simplified diagram of a circular, thin film, pressure sensing

membrane realized in accordance with the present invention;

[0010] FIG. 2 shows a simplified cross-sectional view of the membrane in both an

unflexed state and a flexed state;

[0011] FIG. 3 shows a series of fabrication steps in realizing an exemplary

membrane;

[0012] FIG. 4 shows an operational electrical circuit realized by interconnection of

the piezoresistive elements of the membrane in FIG. 1; and

[0013] FIG. 5 shows the relationship between the applied pressure and the output

voltage of the membrane arranged as shown in FIG. 4.

[0014] It is to be noted that the appended drawings illustrate only typical
embodiments of this invention and are therefore not to be considered limiting of its
scope, for the invention may admit to other equally effective embodiments. Where
possible, identical reference numerals have been inserted in the figures to denote

identical elements.

DETAILED DESCRIPTION

[0015] A new flexible, thin-film, low-pressure sensor has been realized using a
pressure sensing membrane having n-doped hydrogenated amorphous silicon
piezoresistive elements and metal-on-amorphous silicon contacts all formed on a
flexible substrate using illustrative materials such as Kapton and plastics.
Piezoresistive elements are disposed substantially along a major axis of the
membrane so that innermost elements are subjected to tension and outermost
elements are subjected to compression when pressure is applied to the membrane.

Piezoresistive sensing elements are adapted to be connected together to form any
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desired circuit arrangement including a Wheatstone bridge. The structure of the

membrane and the elements reduces the effect of temperature on sensor accuracy.

[0016] From experimental results, it has been observed that a pressure sensor
incorporating the flexible membrane described herein is useful for sensing low
pressure variations, particularly, variations in the range from 0 — 2 psi. Due to
chemical and mechanical properties of the membrane, the sensor is capable of low
pressure sensing in severe natural environments and in the presence of corrosive

systems, all without the risk of contamination.

[0017] FIG. 1 shows a schematic top view of pressure sensing membrane 10.
Membrane 10 includes a flexible structure 30 having an outer perimeter region 21.
Flexible structure 30 comprises a plurality of layers that are patterned and even
doped to form the necessary piezoresistive elements and their interconnections and
contacts, if necessary. Perimeter region 21 is an outer portion of the membrane that
is generally secured by a retaining ring or other attachment means to the header of
a body or housing that, together with the membrane, is generally referred to as the -
pressure sensor. The body or housing of the pressure sensor is not shown in the
drawings, but is well understood in the art and is commercially available. Typically,
the membrane is affixed to a cylindrically shaped extension (the header assembly)

from the pressure sensor housing.

[0018] Piezoresistive elements 11, 12, 13, and 14 are spaced apart and disposed
substantially along a central axis or a major axis of the membrane. Alphanumeric
designations R1 through R4 shown in FIG. 1 are used for piezoresistive elements
12, 13, 11, and 14, respectively, for use in the description of FIGs. 2 and 4 below.

[0019] In the exemplary membrane shown in FIG. 1 for illustrative purposes,
predetermined ones of the piezoresistive elements are interconnected by leads 43
and 47. Lead 43 is shown connecting elements 11 and 12, whereas lead 47 is
shown connecting elements 13 and 14. Leads 41, 42, 44, 45, 46, and 48 are shown
in FIG. 1 providing electrical connectivity between the element terminals and the

various contact pads.
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[0020] Contact pads 15 through 20 are distributed about a surface of the membrane
to allow access to predetermined terminals of the piezoresistive elements. The
contact pads are also labeled alphabetically, A through F, for use in the description
of FIG. 4. Contact pad 15 connects to a first terminal of element 11 via lead 41;
contact 16 connects to the second terminal of element 11 and the first terminal of
element 12 via leads 42 and 43; contact pad 17 connects to the second terminal of
element 13 and the first terminal of element 14 via leads 46 and 47; contact pad 18
connects to the second terminal of element 14 via lead 48; contact pad 19 connects
to the second terminal of element 12 via lead 44; and contact pad 20 connects to the
first terminal of element 13 via lead 45. Details about the fabrication of contact
pads, leads, piezoresistive elements and flexible structure of membrane 10 are

presented below primarily in reference to FIG. 3.

[0021] Although the exemplary embodiment for membrane 10 shown in FIG. 1 is
circular in shape, it is contemplated that a membrane can be made in a rectangular
shape, a square shape and another desirable shape while still employing the
principles of the current invention. The shape of a membrane is determined
primarily by the shape of the header assembly in the pressure sensor. The header
assembly is that portion of the pressure sensor housing onto which the membrane is
fitted and attached. As the shape of the membrane is changed, the axis along which
the piezoresistive elements are disposed also changes. But that axis is anticipated
to be a central axis or a major axis since the major axis generally intersects a central
region of the membrane. The terms “central axis” and “major axis” are used

interchangeably herein without any limitation or loss of generality.

[0022] In general, the elements are disposed substantially collinearly along a
substantially central axis of the membrane. In the preferred embodiment, that axis
coincides with or is in the vicinity of the diameter of the circular shaped membrane
shown in FIG. 1. For a square or rectangular shape, the axis can be a diagonal or
any other line that crosses through or in the vicinity of the center of the membrane

shape:
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[0023] Perimeter region 21 is an outer region of the membrane that is secured to the
header of the pressure sensor. While the procedures used to secure the membrane
to the pressure sensor should preferably cause the membrane and the
piezoresistive elements to be substantially centered over the header opening, it
should be understood that the pressure sensing membrane will operate as intended
provided that all the piezoresistive elements are located within the opening of the
header when the membrane is attached to the header of the pressure sensor
housing. Typically, the pressure sensing membrane is attached to the header

assembly by using an epoxy or other appropriate adhesive.

[0024] It should be noted that the membrane shown in FIG. 1 is not drawn to scale.
Moreover, the size and location of the elements, the width and length of the leads,
and the size and location of the contact pads are merely illustrative and not drawn to
scale. It is contemplated that the contact pads distributed about the membrane
surface in any of a number of desired locations or they can be located within the
membrane perimeter region. In the latter case, it may be desirable to reduce the
exposure of the contacts to vibrations of the membrane by locating the contacts

outside the header opening.

[0025] When the contact pads are located near the edge of or outside the header
opening for the sensor, the contact pads are subjected to less movement and force

and therefore are less likely to experience fatigue or other types of failure.

[0026] Judicious external connection of contacts 15 through 20 can result in various
circuit configurations for the piezoresistive elements. For the arrangement shown in
FIG. 1, it is possible to connect the contacts in circuit to form a Wheatstone bridge
as depicted in FIG. 4. The Wheatstone bridge arrangement is realized by
connecting contact pad C to contact pad F and by connecting contact pad A to
contact pad D. The supply voltage Vdc is placed across combined contact pads
A/D and C/F, while the output voltage, Vm, is observed between contact pads B and

E. Standard wire connection techniques including soldering or thermal or pressure
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bonding or the like are contemplated for making external connection to the contact

pads.

[0027] Although external connection of the contact pads has been described above
for achieving a particular circuit configuration for the piezoresistive elements, it will
be apparent to persons skilled in the art that conductive leads can be patterned into
the pressure sensing membrane in order to achieve the same result. In a similar
vein, it is contemplated that the substantially collinear individual elements are
separated having no leads connecting their respective terminals together on the
membrane itself. Instead, connection would be made solely by external connection
of the respective contact pads and, thereby, the respective terminal ends of each
piezoresistive element. Of course, separated individual elements could also be

connected via a conductive lead pattern on the membrane.

[0028] The functionality of the pressure sensing membrane is based on a resistance
change of each piezoresistive element in the thin film structure when pressure is
applied to the flexible membrane. Resistance of any element such a piezoresistive

element is given by,

R=pL/ 4 (1)

where R is the resistance in ohms (Q), p is the resistivity of the material expressed in
Q m, A is the cross-sectional area of an element in m?, and L is the length of the
element in m. In an example from experimental practice, each piezoresistive
element is realized with n-doped hydrogenated amorphous silicon and exhibits the
following characteristics: the length is 1.0 mm, the average cross-sectional area is
0.5 mm?, the resistivity is 1.28 Q-m, and the resistance in the neutral or unflexed
state is 2.56 kQ.

[0029] As shown in the FIG. 2, a cross-section of the membrane taken through the
piezoresistive elements is depicted in an unflexed or neutral state on the left and ina
flexed state on the right. Elements 11-14 are shown on flexible structure 30 to
exaggerate the response to deformation forces acting on each piezoresistive

element when pressure is applied to the membrane. The membrane is shown with a
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retaining ring 22 attached to the membrane in order to pin the applied force at the
membrane perimeter. When pressure is applied to the pressure sensing membrane,
the substrate flexes as shown on the right in FIG. 2. This results in a change of the
geometric properties for the piezoresistive elements from the neutral or unflexed
state. Elements 11 and 14 experience compressive force thereby decreasing their
respective lengths. Elements 12 and 13 experience tension causing an increase in
their respective lengths. As seen from Equation 1, length changes directly affect the

resistance of a piezoresistive element.

[0030] Although the leads have a finite resistance associated therewith, it is
desirable to fabricate each lead to minimize its contribution to the overall resistance
of the piezoresistive elements. That is, the resistance of the leads should be as

small as possible in comparison to the resistance of the piezoresistive elements.

[0031] The pressure sensing membrane is fabricated using standard thin fim
processing technology on a flexible substrate. Polyimide is one material that is
preferred for use as the substrate. Kapton E® by Dupont is a commercially available
polyimide film. This material is chosen for use in realizing the present invention
because it exhibits low shrinkage, high elastic modulus, and inertness to chemical
etchants used in processing of the membrane layers. Other flexible films suitable for
use in the present invention include organic plastics, polyamides and the like. Other
commercially available forms of Kapton that are useful for realizing the present
invention include Kapton HV, Kapton HN, and Kapton PDMS. Choice of a suitable
flexible film substrate material is also dependent upon the type of semiconductor
system employed for the membrane layers and the individual piezoresistive
elements. Exemplary semiconductor systems contemplated for use in realizing the
present invention include, but are not limited to, Group IlI-V, Group 1I-VI, and Si/Ge.
Binary, ternary and quaternary compounds from the Group lII-V and Group II-VI

systems are contemplated for use herein.

[0032] Fabrication of the exemplary membrane shown in FIG. 1 through cross-
section Z-Z' is depicted in Steps A through E in FIG. 3. In step A of FIG. 3, layer 32
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is deposited over substrate 31. Layer 32 is grown to a thickness of 380 nm using
SiNx. Substrate 31 is formed from a polyimide film such as Kapton E at a thickness
of 51 um. In Step B of FIG. 3, an hydrogenated amorphous silicon (a-Si:H) layer
included in layer 33 is grown over layer 32 to a thickness of 200 nm. In Step C of
FIG. 3, an n* doped o-Si:H layer also included in layer 32 is grown over the a-Si:H
layer to a thickness of 65 nm. Growth of these layers is accomplished by plasma
enhanced chemical vapor deposition (PECVD). The growth environment was
maintained substantially at 250°C and 500 mTorr. In order to assure reproducible,
high-quality film layers, the SiNx, a-Si:H and n* doped layers have been deposited
sequentially in-situ in a multiple chamber PECVD system. Also as shown in Step C,
a contact pad layer 34 is deposited to a thickness of 100nm using Cr. The contact
pads are patterned to the desired size and shape via standard photolithographic
techniques. As shown in Step D of FIG. 3, layer 33 including both the n+ type and
a-Si:H layers is etched away using reactive ion etching (RIE) to eliminate any
leakage current. Although not shown in Step D, it is understood by persons skilled
in the art that the piezoelectric elements and the various leads are also defined
using standard photolithography and RIE techniques. In Step E of the process
shown in FIG. 3, a passivation layer 35 is grown to a thickness of 350 nm using SiNx
in order to passivate and protect the underlying layers of the membrane from the
environmental effects. Layer 35 encapsulates the layers of the membrane before
subjecting the membrane to standard annealing at 350°C for approximately 30 min.
It should be noted that windows are exposed in layer 35 using standard
photolithography and RIE in order to gain access to each contact pad.

[0033] When processing is complete, an exemplary device will resemble the
membrane shown in FIG. 1. The exemplary circular pressure sensing membrane
has a 7.0 mm diameter and is comprised of semiconductor layers having a total

thickness of 645 nm. The Cr contact pads are 1.0 mm square as shown in FIG. 1.

[0034] In order to interconnect the piezoelectric elements into a circuit configuration
such as a Wheatstone bridge as shown in FIG. 4, externally conductive leads such

as wires are attached to the contact pads as described above. In one example from
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experimental practice, gold wires are connected to contact pads using 99.9999%
pure Indium solder to arrange the piezoelectric pressure sensing elements into the

Wheatstone bridge configuration.

[0035] The Wheatstone bridge arrangement is powered by a constant current power
supply depicted as Vdc (1.0 mA at 5.0 Vdc) having low thermal drift. The

Wheatstone bridge output root-mean-square voltage (Vm) was observed and plotted

in FIG. 5 as a function of applied pressure (/psi ).

[0036] Wheatstone bridge measurement is a differential technique. This makes it
more sensitive than measurement using a single resistor. Bending of the flexible
piezoresistive elements changes the resistance values and creates a commensurate
imbalance in the Wheatstone bridge thereby causing an output current to flow
between contacts B and E. The output current (voltage drop) is proportional to the
resistance imbalance created. This configuration is substantially insensitive to

temperature variations.

[0037] The Wheatstone bridge output for the circuit shown in FIG. 4 can be

analytically expressed as follows,

Vm=Vdcx[( R3 j—( R2 ﬂ (2)
RI+R3) \R2+R4

where R1, R2, R3, and R4 are resistances of piezoresistive elements 12, 13, 11,

and 14, respectively, Vm is the bridge output voltage, and Vdc is the supply voltage.
The output Vm is positive if R4 (tension) > R3 (compression).

[003g] Typically, the piezoresistive elements are designed to be substantially
identical. In this way, the Wheatstone bridge would be éubstantially balanced with
no output Vm in the inflexed state for the membrane. It is contemplated that one
could design the elements such that the innermost elements are substantially
identical yet different in resistance from substantially identical outermost elements.
Other such combinations are also contemplated. But it should be noted that the

preferred embodiment of the membrane using elements in a Wheatstone bridge
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arrangement would provide a zero output signal when no pressure is applied to the

membrane.

[0039] A typical pressure sensor response to applied pressure is as shown in FIG. 5
for a pressure sensor employing the membrane described herein. In the range
of 0 psi — 0.1 psi, the measured output voltage exhibits an initial transient response
due to internal thin film stresses. After this range, a nearly linear relationship is
observed between the pressure and the output voltage. The exact form of the
solution discussed below shows that the device output voltage varies linearly with

the square root of the applied pressure.

[0040] Simulation of the membrane operation using two-dimensional finite element
analysis for homogeneous and isotropic material has been developed to calculate
the deflection and corresponding sensor voltage output for comparison with the
observed data. For the model, a 10 X 10 grid of four node rectangular shape
function elements was modeled using a finite element modeling (FEM) program
known as Mathematica v4.1. The analytical solution for the FEM program and the

exact solution given by the observed data are given as,

Ve, =142829% £ x / Px4 (3)
Yo,

Ve, =140496x Ex |24 (4)
"\ p

where P is the applied pressure, A is the cross-sectional area of membrane under

pressure, p = 1.42x10° Kg/m? is the density of thin film membrane system, a
calibration constant & = 0.05244 converts thin film membrane deflection into a
corresponding output voltage. The exact solution is plotted in FIG. 5 as a solid line

and the FEM solution is plotted in FIG. 5 as a dashed line.

[0041] The numerical constants in Equations 3 and 4 above are derived from Mindlin
theory. Mindlin theory accounts for the substrate and thin film Young's modulus (Y =
30Gpa), Poisson’s ratio (v = 0.3), and thickness components under the material

matrix, D,,. Mindlin theory is described in the following references which are



WO 2004/113858 PCT/US2004/019509
12

incorporated by reference herein in their entirety: R. D. Cook et al., Concepts and
Applications of Finite Element Analysis, 3rd ed., (John Wiley, N.Y, 1989), and T. J.
R. Hughes, The Finite Element Method, (Prentice Hall, Englewood Cliffs, N.J.,
1987).

[0042] Experimental tests were repeated on the pressure sensing membrane with
reproducible results. The results are plotted for three tests labeled “mV1” (circular
data points), “mV2” (square data points), and “mV3” (triangular data points). In
addition, an average of the test data is shown in FIG. 5 labeled “mVavg” using the x
data point symbols. The raw experimental data agrees with FEM modeling solution
to within 8.51% at 12 digits of machine precision, whereas the FEM modeling
solution and the analytical solutions described above agree to within approximately

2%. The pressure sensor sensitivity in the 0 - 2.0 psi range is determined to be
1.953 + 0.020 mV//psi, with an observed linear correlation of 0.9892 as determined
by a linear regression fit. The percentage of sensitivity error is 0.1023% when
compared to the exact analytical solution of 1.955 mV/ \/bg computed from

Equation 4.

[0043] The pressure sensor will measure low (<2PSI) pressures over an area of

~1cm? (for a single sensor) or over larger areas (4" by 4") for an array of sensors.

[0044] In order to convert the output voltage from the membrane to a pressure
reading for recording or other use, it is preferred that one or both of equations 3 and
4 be used since these equations calibrate and characterize the operation of the
pressure sensing membrane. For example, output voltage Vi can be supplied to a
processing device such as a personal computer, a digital signal processor, or the
like. The processing device then uses the equation or equations above to determine
the sensed pressure corresponding to the supplied output voltage. Alternatively,
solutions to the actual or FEM equations could be stored as a look up table in
memory. A supplied output voltage can then be sent to the look up table thereby

causing the memory to read and output the corresponding pressure from the table.
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[0045] While the foregoing is directed to embodiments of the present invention, other
and further embodiments of the invention may be devised without departing from the
basic scope thereof, and the scope thereof is determined by the claims that follow.
In particular, it is contemplated that a plurality of piezoresistive elements can be
disposed in the membrane either collinearly or as multiple arrays of substantially
collinear elements. In the case of multiple arrays of plural collinear elements, the
groups of elements can still be centrally located on or near a major axis of the
membrane. For example, it is contemplated that two groups of four elements each,
wherein each group is adapted for connection in a Wheatstone bridge configuration,
can be distributed symmetrically about one or more major axes of the membrane.
Each set of collinear elements can be interconnected into a desired circuit

arrangement and calibrated prior to operation as described hereinabove.

[0046] lt is also contemplated that other impedance devices such as capacitors and
the like can be substituted for the piezoresistive elements. While the illustrative
embodiments described herein have been realized using a particular n+ dopant, it is
contemplated that p dopants such as boron and the like and other n dopants such
as phosphorus and the like can be used to realize the electrical leads and
components in the membrane. It is also contemplated that nanocrystalline layers of
silicon, germanium, and carbon can be utilized in place of the doped hydrogenated
amorphous silicon layers. It is also contemplated that contact pads can be realized
from conductive metals such as Cr, Al, Ta, Ti, and the like. In addition, multilayer

contact pad structures are also contemplated.
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Claims:
1. A pressure sensing membrane for use in a pressure sensor, the membrane
comprising:

a flexible substrate;
a plurality of piezoresistive elements formed over said substrate, said plurality
of piezoresistive elements being disposed substantially collinearly and adapted to be

connected in a predetermined circuit configuration.

2, The pressure sensing membrane as defined in claim 1 wherein the plurality of

piezoresistive elements is located in a substantially central region of the membrane.

3. The pressure sensing membrane as defined in claim 2 wherein the plurality of
piezoresistive elements is substantially coincident with a major axis of said

membrane.

4, The pressure sensing membrane as defined in claim 3 wherein the plurality of
piezoresistive elements includes first, second, third and fourth piezoresistive
elements arranged in order in the membrane, said first piezoresistive element
connected at one end to said second piezoresistive element and at another end to
said third piezoresistive element, said fourth piezoresistive element also being
connected at one end to said second piezoresistive element and at another end to
said third piezoresistive element, said fourth piezoresistive element being connected
to each of said second and third piezoresistive elements at a different end from said
first piezoresistive element, so that said predetermined circuit configuration for the

four piezoresistive elements forms a Wheatstone bridge.

5. The pressure sensing membrane as defined in claim 4 wherein the first
through fourth piezoresistive elements exhibit substantially identical resistances and,
in said Wheatstone bridge, an input port is defined by two terminal wherein one

terminal of the input port is connected between said first and third piezoresistive
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elements and another terminal of the input port is connected between said second
and fourth piezoresistive elements, and an output port is also defined by two
terminals wherein one terminal of the output port is connected between said first and
second piezoresistive elements and another terminal of the output port is connected

between said third and fourth piezoresistive elements.

6. The pressure sensing membrane as defined in claim 1 wherein said substrate
comprises a polyimide thin film and said piezoresistive elements each comprise a

patterned layer of doped hydrogenated amorphous silicon.

7. The pressure sensing membrane as defined in claim 6 wherein dopants
included in said patterned layer are selected from the group consisting of n type

dopants and p type dopants.

8. The pressure sensing membrane as defined in claim 1 wherein said substrate
comprises a polyimide thin film and said piezoresistive elements each comprise a

patterned layer of doped nanocrystalline semiconductor material.

9. The pressure sensing membrane as defined in claim 8 wherein dopants
included in said patterned layer are selected from the group consisting of n type

dopants and p type dopants.
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