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The present invention is directed toward a              miniature silicon
condenser microphone which can be              integrated with CMOS
circuitry.              Background Prior Art 10                Miniature
silicon condenser microphones which              can be integrated with
CMOS circuitry require a              number of trade-of fs to achieve high
sensitivity              and low noise in the smallest volume. Typically a
condenser microphone consists of four elements; a 15           fixed,
perforated backplate, a highly compliant,              moveable diaphragm
(which together form the two              plates of a variable air-gap
capacitor), a voltage              bias source, and a buffer amplifier.
The diaphragm must be highly compliant and 20           precisely
positioned relative to the backplate,              while the backplate must
remain stationary and              WO 98/37388
PCT/US98/03144                present a minimum of resistance to the flow
of air              through it. Achieving all of these characteristics
in microphones below 1 mm in size using integrated.              circuit
materials has been challenging in three 5           respects. First,
silicon-based miniature condenser              microphones to date have
used a diaphragm held by a              surrounding frame, with maximum
deflection occur-              ring at the diaphragm center.  In this
configura-              tion, unrelieved stress in the diaphragm material
10           detracts from either diaphragm compliance (if the
stress is tensile which stiffens the diaphragm) or              positioning
accuracy (if the stress is compressive 



which buckles the diaphragm).   Typical stress              levels in
integrated circuit thin films, if not 15           relieved in the finished
diaphragm, are many times              greater than the levels at which the
diaphragm              becomes unusable due to over-stiffening or buck-
ling.                   A second problematic aspect of sub-mm-sized 20
diaphragms is that the compliance tends to decrease              very
rapidly with decreasing size for a given              diaphragm material
and thickness. If the units of              diaphragm compliance are taken
as linear deflection              per unit pressure, the compliance scales
as the 25           fourth power of the diaphragm size.  In a specific
example, cutting the diaphragm diameter in half is              expected
to  cut  the  diaphragm  compliance  to              one-sixteenth of its
former value if the diaphragm              material, thickness and
configuration are kept the 30           same.                   The third
challenge in miniaturization of              microphones below 1 mm in size
is that of maintain-              ing a low mechanical damping of the
diaphragm              displacement.  As the structure is made smaller, 35.
the air gap must be made smaller (scaling as the              inverse of
the square of the device size) to keep              the capacitor value in
a range which can drive the                                      -2-
input of the buffer amplifier effectively. 



Unfortunately as the air gap is reduced, the               damping effects
due to viscous flow of the air               trapped  between  diaphragm
and  backplate             5  increase rapidly, varying as the inverse of
the third power of the air gap size.  The net               result is that
mechanical damping tends to                increase extremely rapidly as
the inverse of               the sixth power of the device  size.  This  10
damping affects the frequency response and in               accordance
with  well  established  theory,               generates  pressure
fluctuations  in  the               microphone structure which contributes
noise                to the microphone output.  15                 Various
approaches have been developed to               avoid the problem of
excessive stress in               miniature condenser microphone
diaphragms.                The approaches can be categorized by whether
they focus on diaphragm material or diaphragm  2.0           construction.
On the material side, Bergquist               and Rudolf, Transducers 91,
Proceedings of the                International  Conference   on
Solid-State               Sensors and Actuators (IEEE, New York, 1991)
pp.266-269 discloses single crystal silicon as 25            the diaphragm
material to minimize differen-               tial stresses from developing
with respect to               the diaphragm support, which is also made of
single crystal silicon. 



Hoshino, U.S. Patent No. 4,571,661, 30            discloses a semiconductor
vibration detection                         device  having  a semiconductor
base  and  a                movable lever with one end fixed to the base
and a free end that is allowed to vibrate.                However, Hoshino
fails to teach or suggest a   5            thin-film cantilever structure
responsive                to  fluid-transmitted  acoustic pressure  and
extending  over  a  portion  of a  support                structure
opening.           Bernstein,  U.S.  Patent No.  5,146,435,  10
discloses an all-silicon structure consisting                of  a  single
crystal   silicon  diaphragm                supported at its periphery by
patterned                silicon springs.  



On the diaphragm construction side,  15            Loeppert, U.S. Patent
No. 5,490,220 discloses                a free-plate diaphragm configuration
wherein                the diaphragm is disconnected from its frame
and  captured  only  by  a  set  of  lateral                restraints.
According to Loeppert, material  20            stress is released
completely in the                                                       -
3A-     
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finished diaphragm regardless of material mis-               matches
between the diaphragm and its frame.           PCT International
Publication  WO  95/34917               discloses a piezoelectric
cantilever pressure  5           transducer.  Alternatively, the transducer
may be               magnetostrictive, piezoresistive or thermal.
However, none of the above-described approach-               es solves the
inherent film stress issues while               maintaining good
performance in a manufacturing 10           process.                    The
present invention is provided to solve             this and other problems.
Summary of the Invention                    It is an object of the present
invention to 15           provide  an alternative  diaphragm and backplate
construction in which the form of the diaphragm is               based on a
cantilever and in which alternate con-               figurations for
venting the backplate, appropriate               for sub-mm-size
microphones are used. Such micro- 20           phones are useful for
ultrasonic, as well as audio,              transduction of sound.
In the cantilever format, diaphragm material              stress is
relieved in the final diaphragm structure              to almost the same
degree as in the free-plate 25           construction, but without the need
for the captur-              ing restraints associated with the free-plate.
In              addition, the compliance of a cantilever structure
is over one hundred times greater than that of an              edge-clamped
diaphragm of the same material, span 30           and thickness, which
eases the design of smaller              scale devices in spite of the
aforementioned diffi-              culties with compliance in diaphragms
below 1 mm in 



size.                   This diaphragm, as well as the backplate and 35 .
integrated CMOS circuitry for backplate voltage              bias and
buffer amplifier can be fabricated on a
-4-                 WO 98/37388
PCT/US98/03144                   single silicon wafer.   Several
embodiments are                 given below. The method for venting of the
capaci- tor air gap to minimize mechanical damping depends
on the context of the particular embodiment and is    5            thus
given in context in each case. The net result                 is an
approach which offers advantages in micro-                 phone size and
sensitivity which are readily appa-                 rent to those skilled
in the art.                      Other features and advantages of the
invention   10           will be apparent from the following specification
taken in conjunction with the following drawings.                 Brief
Description of Drawings                      Figure 1 is a perspective view
of a first                 embodiment of a silicon condenser microphone
made   15           in accordance with the present invention;
Figure la is a perspective view of a second                 embodiment of a
silicon condenser microphone made                 in accordance with the
present invention;                      Figures 2-9 are sectional views
illustrating   20           sequential steps in the manufacture of the
micro-                 phone of Figure 1; 



Figures 6a, 6b, 7a, Sa, 9a and 9b are sec-                 tional views
illustrating sequential steps in the                 manufacture of the
microphone of Figure la;   25                Figure 10 is a perspective
view of a third                 embodiment of a silicon condenser
microphone made                 in accordance with the present invention;
Figures 11-12 are sectional views illustrating                 sequential
steps in the manufacture of the micro-   30           phone of Figure 10;
Figure 13 is a perspective view of a fourth                  embodiment of
a silicon condenser microphone made                 in accordance with the
present invention;              WO 98/37388
PCT/US98/03144                      Figure 13a is a plan view of the
microphone                without a diaphragm of Figure 13;
Figures 13b and 13c are sectional views of the.               microphone of
Figure 13a;  5                Figure 13d ia a plan view of the microphone
of                Figure 13a, including the diaphragm;
Figures 14-15 are sectional views illustrating                sequential
steps in the manufacture of the micro-               phone of Figure 13; 



10                Figure 16 is a plan view of the web structure
of a modification of the fourth embodiment of the              invention;
Figure 16a is a plan view of a modification of              the fourth
embodiment of the invention; 15                Figures 16b and 16c are
sectional views of the              microphone of Figure 16a;
Figure 17a is a plan view of an overpressure              stop structure
for use with the microphone of the              fourth embodiment; and 20
Figure 17b is a sectional view of the over-               pressure stop
structure of Figure 17a.                Detailed Description
While this invention is susceptible of embodi- 25           ments in many
different forms, there is shown in              the drawings and will
herein be described in de-              tail, preferred embodiments of the
invention with              the understanding that the present disclosure
is to              be considered as an exemplification of the princi- 30
ples of the invention and is not intended to limit              the broad
aspects of the invention to the embodi-              ments illustrated.
WO 98/37388                                      PCT/US98/03144
A cantilever design for a silicon condenser              microphone 10 is
shown in Figure 1. The microphone              10 includes a diaphragm 12
anchored to a support 



structure or frame 11 at a proximal or fixed edge  5           12a and
which is free on the other three edges,               including a distal
edge 12b.   In this way the               stiffness of the diaphragm 12 is
determined by the               thickness and material properties of the
diaphragm               12 and not by stresses induced in the diaphragm 12
10           by processing.  A capacitor 14 is disposed adjacent
the distal edge 12b of the diaphragm away from the               fixed edge
12a, where maximum deflection of the               diaphragm 12 due to
sound pressure occurs.                   Referring to Figure 2, in
accordance with the 15           invention, the microphone 10 is
manufactured on a               substrate 16, preferably a double side
polished               silicon wafer, during CMOS processing of other
components (not shown) on the substrate 16. During               CMOS
processing, an active area 18a surrounded by 20           field oxide 18 is
formed by a standard LOCOS pro-               cess where the diaphragm 12
will ultimately be               located.  As is well known, the LOCOS
process also               results in a nitride layer 18b on the back side
of               the substrate 16.  The nitride layer 18b is left on 25
the back side of the substrate 16 upon completion              of the LOCOS
process.                   Referring to Figure 3, a low temperature oxide
layer 20 is deposited over the entire surface of              the wafer 16.
In the CMOS process, the oxide layer 30           20 is usually left on
virtually the entire wafer              surface as a dielectric between
poly silicon gates              and aluminum interconnect (not shown). The
alumi-              num interconnect is used to connect circuits formed
elsewhere on the wafer 16. A portion of the oxide 35           layer 20 is
then removed to expose the bare silicon              substrate 16.
-7-    
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Similarly,  in the CMOS process,  a silicon               nitride
passivation layer 22 is usually left on               virtually the entire
surface of the wafer 16 to               protect the low temperature oxide
20 and the layer   5           of aluminum interconnect.  As shown in
Figure 4,                the silicon nitride passivation layer 22 is pat-
terned in such a way as to provide the usual pro-               tection in
CMOS circuit areas elsewhere on the               wafer 16, but once again
is locally removed to  10           expose the bare silicon substrate 16 in
the area               where the diaphragm 12 will be. The silicon ni-
tride passivation layer 22 thus forms a barrier to               protect
the CMOS area from an anisotropic etchant,               preferably
potassium hydroxide (KOH), in the final  15           micro-machining step,
discussed below.  The back               layer of nitride 18b is also
patterned to form an               etch mask for the final micromachining
step, dis-               cussed below.                    The capacitor 14
includes a fixed plate 14a,  20           or backplate, and a movable plate
14b.  Referring               to Figure 5, a metal layer, preferably chrome
in               the range of 0.1 -0.2 microns thick, is deposited
and patterned to form the fixed plate 14a.                    Referring to
Figure 6, a sacrificial layer 24, 25           preferably aluminum,
approximately 4 microns thick,               is deposited and patterned.
This sacrificial layer               24 will eventually be removed to form
the gap               between the fixed plate 14a and movable plate 14b
of the capacitor 14. 30                Referring to Figure 7,  a silicon
nitride 



diaphragm layer 26, typically 1 micron thick, is              deposited and
patterned. Referring to Figure 8, a metal layer, prefer-
ably chrome approximately 0.02 micron thick, is 35           deposited and
patterned on the silicon nitride               diaphragm layer 26 to form
the movable plate 14b.              WO 98/37388
PCT/US98/03144                 A thickness of 0.02 microns was utilized as
a               balance between stress and conductance conside-
rations.  A thinner layer would result in less               conductance,
but would also result in less stress. 5                 Although not
specifically shown, a layer of               titanium tungsten alloy
followed by a layer of gold               can be deposited and patterned to
protect aluminum               bond pads elsewhere on the wafer 16.
The final micromachining step is illustrated 10           in Figure 9.  In
this step, the entire wafer is                etched with an anisotropic
etchant, preferably               potassium hydroxide (KOH).  This step
forms both a               capacitor gap 28 between the movable and fixed
elements of the microphone 10 as well as forms a 15           hole 30 below
the diaphragm 12.                   The performance of the cantilevered
microphone               10 illustrated in Figure 1 tends to deviate from
the optimum in two respects. First, because of the
aforementioned compliance properties of cantilevers 



20           versus edge-clamped diaphragms,  this cantilever
structure as shown in Figure 1 is actually so              compliant that
it overloads at the highest sound              pressures encountered in
certain microphone appli-              cations.  Second,  the cantilevered
diaphragm of 25           Figure 1 fabricated from integrated circuit thin
film materials as described above tend to curl due              to three
sources of unrelieved stress: (1) stress              gradients through the
thickness of the thin film              remaining from deposition; (2)
differential stress- 30           es caused by the addition of thin chrome
or other              metallization to the surface of the diaphragm; and
(3) unrelieved film stresses at the fixed edge 12a,        where the
diaphragm 12 is anchored.                   Two types of constructions
described below 35           have been developed to match the diaphragm
compli-              ance to the desired pressure range as well as to
-9-               WO 98/37388
PCT/US98/03144                 counteract any curling tendency of the
diaphragm               12.                    A structure has a "bending
moment",  which,               relates its shape to its stiffness. A
thicker film  5           would increase the bending moment, but would also
increase the diaphragm mass undesirably and would               also simply
increase the forces and moments which               drive the curling
tendency.   Both types of con-               structions, described below,
work by increasing the 



10           bending moment of the diaphragm without changing
the thickness of the film.                   The first construction for
increasing the              bending moment is to corrugate a diaphragm
built              from a single film layer.   An initial approach 15
might consist of running corrugations from the root              of the
cantilever to the tip. The film, however,              has an equal
tendency to curl across the cantilever              as along it, so that a
structure having only              straight longitudinal corrugations could
still curl 20           in the transverse direction.  Thus a more sophisti-
cated corrugation pattern must be used which raises              the
bending moment about all possible cross sec-              tions  of the
diaphragm.   One such corrugation              pattern is shown in Figure
la. Many other patterns 25           are possible.  As disclosed in Figure
la, no matter              what section is taken, it will cross several
corru-              gations.                   The manufacture of the
diaphragm of Figure la              is similar to that of the diaphragm of
Figure 1, 30           but for the steps illustrated in Figures 6a, 6b,
7a, 8a, 9a and 9b.                   Referring to Figure 6a, the
sacrificial layer              24 has been additionally patterned to form
corruga-              tions 32.              WO 98/37388
PCT/US98/03144                     As illustrated in Figure 6b, a second
sacrifi-               cial layer 34, in the range of 1-2 microns, is 



deposited and patterned upon the first sacrificial              layer 24.
This second sacrificial layer 34 permits 5           one to separately
control the dimension of the              capacitor gap 28 and the height
of the corrugations              32.                   Referring to Figure
7a, the silicon nitride               diaphragm layer 26, typically 1
micron thick, is 10           deposited and patterned.  This step is
similar to              that illustrated in Figure 7, but for the presence
of the corrugations 32.                   Referring to Figure  8a,  the
metal  layer,               preferably chrome approximately 0.01 micron
thick, 15           is deposited and patterned on the silicon nitride
diaphragm layer 26 to form the movable plate l4b.              This step is
similar to that illustrated in Figure              8, but for the presence
of the corrugations 32.                    Although not specifically shown,
as with the 20           first embodiment,  a layer of titanium tungsten
alloy followed by a layer of gold can be deposited              and
patterned to protect aluminum bond pads else-              where on the
wafer 16.                   The final micromachining step is illustrated 25
in Figure 9a.  In this step, the entire wafer 16 is              etched
with an anisotropic etchant, preferably              potassium hydroxide
(KOH).  This step forms both              the capacitor gap 28 between the
movable and fixed              elements of the microphone 10 as well as
forms the 30           hole 30 below the diaphragm 12.   This step is
similar to that illustrated in Figure 9, but for              the presence
of the corrugations 32.                   If deeper corrugations are
required, the               silicon is trench etched before deposition and
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patterning of the sacrificial layers in order to               increase the
total corrugation amplitude.                    The  low frequency rolloff
point -of a micro-               phone is determined by the inverse of the
product  5          of the back volume compliance, in acoustic farads,
and the acoustic resistance of the pressure equal-               ization
path, in acoustic ohms. The equalization               path in this device
is around the edges of the               cantilever diaphragm and
continuing through the 10           hole in the silicon substrate.  For the
very small               microphones which are sought here, with back Vol-
umes on the order of 2 to 3 cubic mm, the acoustic               resistance
of this path must be quite high, on the               order of 1 million
acoustic ohms, to maintain flat 15           response down below 100 Hz.
Figure 9b is a section of Figure la, taken               along the line
9b-9b thereof. As illustrated in               Figure 9b, the high acoustic
resistance is obtained               by forming an overlap 12c of the
diaphragm 12 20           extending past the edge of the hole 30.   This
overlap 12c defines an equalization path 36 which               has a
length "1" on the order of 5 to 10 microns,               and has a gap
height "h" between the diaphragm 12               and the wafer 16 of 1 to
2 microns. 25                The various vertical dimensions needed for the
capacitor gap 28, the corrugations 32 and the pres-               sure
equalization path 36 can all be realized using               the two
independently patterned sacrificial layers.               As an example,
and referring to Figure 6b, a first 30            sacrificial layer 24 of 3
micron thickness can be             patterned to create the height
differences needed 



for diaphragm corrugations while the second sacri-               ficial
layer 34 of 1 micron thickness is used to               set up the height
"h" of the equalization path 36. 35           The second (1 micron)
sacrificial layer 34 is also              left covering the entire
corrugation relief pattern                                      -12-
WO 98/37388                                      PCT/US98/03144
so that the height of the corrugations 32 is un-                changed,
but together the sacrificial layers 24,                34, create a 4
micron capacitor gap 28.  If com-                plete independent control
of these three dimensions 5            (corrugation height, capacitor gap,
equalization               path height) is desired, then a third
sacrificial               layer (not shown) is required.
For all condenser microphones, there is a               combination of
sound level and bias voltage which  10           will result in a
irreversible collapse of the               diaphragm onto its backplate.
The position of a               diaphragm in a zero bias voltage/zero sound
pres-               sure condition will be referred to as the unloaded
position of the diaphragm. While in typical appli- 15           cations,
the bias voltage can be controlled, it is               often difficult to
control the maximum sound pres-               sure.  If movement of the
diaphragm from its un-               loaded position is limited, and the
proper bias               voltage is maintained, then this irreversible
col- 20           lapse can be prevented.                    In microphones
of the present invention, the               small height "h" of the
pressure equalization path 



36 (see Figure 9b) also serves, under high sound               pressures,
to limit diaphragm deflection to about 1 25           micron, so that the
electrostatic forces at the               capacitor 14 can not take over
and cause irrevers-               ible collapse of the diaphragm 12.
The great majority of the area under the               diaphragm 12 in the
previously described structures 30           is directly over the hole 30
in the substrate 16.               This means that air displaced by
movement of the               diaphragm 12 can move freely without
appreciable               resistance. However, in the area of the capacitor
14, the air is trapped in the 3 to 4 micron capaci- 35           tor gap 28
between diaphragm and backplate and              forced to flow laterally
until the air reaches an                                       -13-
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opening.  Due to the viscosity of air and the small
dimension of this flow path through the capacitor                gap,
considerable damping of the diaphragm response                can occur.
This damping can both affect the high  5            frequency response and
add noise to the microphone               output.  The common method to
overcome this is to               perforate the backplate, but since in
this case the               backplate is formed on solid silicon, the
damping               problem is solved by introducing perforations, or 10
holes,  38  extending through the  diaphragm  12,               including
the movable plate 14b, as shown in Figure 



1a.  The use of holes has provided satisfactory               response out
to 50 kHz.                    A second structure for increasing the bending
15           moment is to build the diaphragm 12 using a sand-
wich of two quilted films separated by a thin 2-3               micron
sacrificial  spacer.   The two films are               periodically
attached together, as shown in Figure               10, to form a quilted
structure.   The bending 20           moment  is now increased to virtually
the same               degree across all sections, except for a slight
deviation  for  those  cross  sections  which  cut               through
the rows of attachment points.  This devia-               tion can be
minimized by keeping the ratio of 25           attachment size to
attachment spacing small.                    The method of manufacture of
this diaphragm is               similar to that disclosed above with
respect to the               embodiment of Figure 1a, but is more
particularly                illustrated in Figures 11 and 12. 30
According to this method, after deposition and              patterning  of
the  first  sacrificial  layer 24,              having a thickness of 1
micron, a first silicon              nitride diaphragm layer 40, having a
thickness of              0.5 micron is deposited and patterned. Thereupon
a 35           second sacrificial layer 34 (corresponding to the
-14-               WO 98/37388
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layer 34 of the embodiment of Figure la, and having               a
thickness of 3 microns) is deposited and pat-               terned.
Subsequently,  a second silicon nitride               layer 26, having a
thickness of 0.5 micron, is  5            deposited and patterned.  The
layer 26 alone will               serve to support the moving plate 14b of
the capac-               itor 14.                    An alternate and
preferred diaphragm structure               is illustrated in Figure 13.
This structure com- 10           prises a circular diaphragm which is
anchored in               the center. The advantage of this form is that it
eliminates the two free side edges of the linear               cantilever
where lateral curling is most difficult               to suppress.  The
only free edge left is the circu- 15            lar periphery.   For a
given diaphragm size and               diaphragm material and thickness,
the compliance of               this structure, if the structure is kept
flat to               within a dimension equal to the corrugation ampli-
tude, is intermediate between that of the edge-sup- 20           ported
diaphragm and the linear cantilever, being               five times the
former and approximately one-twenti-               eth of the latter. The
curling tendencies of this               structure are also intermediate.
The compliance of               this structure can also be adjusted to the
desired 25           value by incorporating corrugations of the appro-
priate amplitude. These corrugations can be radi-               al,
circular (preferred) or tangential to an inner               radius like a
pinwheel. Circular corrugations are               preferred because they
can be put in without being 30            interrupted by the anchor area.
The process of constructing the embodiment of              'Figure 13 is
similar to that of forming the embodi-              ment of Figure la, but
for the step of forming the               anchor 60.  Figures 14 and 15
illustrate cross- 35            sections of this embodiment.   
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The anchor 60 for the center-supported circu-              lar diaphragm 12
falls at the center of the sub-              strate hole 30.  Thus some
means of diaphragm              support other than the surrounding
substrate sur-  5           face must be provided to connect the anchor to
the               surrounding substrate.                   The preferred
method is to pattern a deposited               combination of a LOCOS
nitride film 18c on the               front side of the wafer 16 (which in
the linear 10           cantilever design had been removed) and the passi-
vation nitride 22 in such a way as to form a ten-               sioned,
perforated thin film structure, or web, 62               across the
substrate hole 30, and to attach the               diaphragm 12 to the web
62 at the anchor 60.  As 15           described above in connection with
the cantilever               design of Figure 1, an active area is formed
during               CMOS processing where the diaphragm and substrate
hole will be.   However, in this case the LPCVD               silicon
nitride layer 18c, which is typically used 20           to define the
active areas in a LOCOS process by              blocking the growth of
field oxide, is left in              place over the area where the
diaphragm 12 and the              substrate hole 30 will be. In a
conventional LOCOS              process, this nitride layer is stripped
away en- 25           tirely after it masks the field oxidation step.
The silicon nitride typically is highly tensile,              which is of
use in tensioning the final structure.              Within the active area,
the CMOS low temperature              oxide 20 is removed as before to
expose silicon 30           nitride 18c.   Silicon nitride passivation 22
is 



deposited on the wafer 16 and patterned by etching.              In the
etch step however, the etch time is extended              so that the
underlying LOCOS nitride 18c is etched              as well, acquiring the
same pattern as the silicon 35           nitride passivation 22, thus
forming the web 62, as              shown in Figure 13a. When the wafer 16
is etched                WO 98/37388
PCT/US98/03144                 in KOH  at the end of the process, the bulk
silicon               etch acting on the front of the wafer 16 ultimately
forms 4 pockets 66.  The-pockets 66 begin at the 8               openings
66a in the web 62 and then expand later-  5            ally until a
limiting rectangular boundary 66b is               reached.  As expected
for an anisotropic etchant,               this boundary is the largest
rectangle which cir-               cumscribes the original etch openings
and which is               aligned with the (111) crystal planes of the
sub- 10            strate 16. In the present case, the extent of this
lateral etch undercuts the web 62 so that a large               area of the
web 62 becomes free-standing.   There               are, however, 4 thin
silicon ribs 68, one between               each of the pockets 66b, which
ribs 68 extend 15           between the anchor 60 and the substrate 16.
The               rigidity of this structure is then derived both
from the ribs 68 as well as from the tension in the               films
18c, 22 from which the structure is made.               The patterning of
the films 18c, 22 is done in such 20           a way as to include a
sufficient total area of web               62 attached on the surrounding
substrate to provide               stiff support but also so as to include
a suffi- 



cient number of openings-to minimize the resistance               of
displaced air flow into the hole 30. If the 25           silicon nitride
passivation layer 22 is available               in a tensile state as
deposited,  the preferred               embodiment is to leave out the
LOCOS nitride 18c               and use the silicon nitride passivation
layer 22               alone, thus making the process flow more like that
30           of a conventional CMOS process.   The hole 30 is
formed by the simultaneous pocket etching from the               front of
the wafer 16 and the back side etching               through the openings
in the LOCOS nitride l8b.                    In this center supported
circular diaphragm 35           design, the compliance in the capacitive
region is              a result of the sum of the compliances of the
diaphragm 12 and the backplate web 62.
-17-               WO 98/37388
PCT/US98/0314                      In order to achieve greater compliance,
the               ribs 68 can be eliminated by extending the etch
time of the final micromachining.  In fact, all of               the
compliance can be obtained from the backplate  5           web 62, and the
diaphragm 12 can be very stiff.                    An advantage of the
silicon center support for               a circular diaphragm is that it is
a very flat and               stable foundation for the diaphragm.  The
center               silicon support is also more isolated from package 10
generated stresses than the tensioned  thin film               support
structure. Also since the support is made 



of bulk silicon, its reaction to unrelieved film               stresses at
the diaphragm attachment are negligible               compared to the
tensioned thin film support struc- 15           ture.
The preferred method of substrate etching               (anisotropic etch)
creates a square hole.   The               periphery of the round diaphragm
must either over-               lap substantial areas of the surrounding
substrate 20           surface or leave the corners of the substrate hole
uncovered, depending on the relative sizes chosen               for
diaphragm and substrate hole.  In the former               case, a
substantial area of air is trapped between               diaphragm and
substrate, requiring diaphragm perfo- 25           rations, in the manner
described above, to avoid               viscous damping due to flow of
displaced air. In               the latter case, large leakage areas are
created at               the corners of the substrate hole, which can be
eliminated if the tensioned film used in connection .30           with the
aforementioned diaphragm support methods               (preferably silicon
nitride passivation) is extend-               ed to fill in the corners of
the hole.  A region of               narrow-gap overlap between diaphragm
and substrate               is thus  re-established as required to control
35           leakage through the barometric relief path.  Free
edges of the added tensioned film in the hole               corners tend to
curl somewhat, which detracts from              WO 98/37388
PCT/US98/03144               control of the narrow gap in the barometric
relief              path;  in the preferred design a few additional
strips 62a of the tensioned film are included which 



flatten the free edges of the corner film areas by  5           pulling
them toward the center of the device.                   The capacitor is
incorporated into the device              near the edge of the diaphragm
because the maximum              amplitude of pressure-driven motion occurs
there.              The diaphragm electrode is established by metalliz- 10
ing the capacitor area of the diaphragm.  The con-              struction
of the backplate depends on the size              chosen for the diaphragm.
For a large diaphragm              which overlaps the solid substrate
surfaces sur-              rounding the substrate hole, the backplate elec-
15           trode is established by metallizing the surface of
the passivation-coated substrate.                   For a smaller
diaphragm, as shown in Figure              13d, for which areas of
tensioned film must already              fill the corners of the substrate
hole as described 20           above,  the backplate  is  established by
simply              extending these areas of tensioned film further,
forming a free-standing backplate film structure              which
underlies the metallized peripheral area of              the diaphragm.
These additional tensioned film 25           areas  are  then  also
metallized  to  form  the              backplate electrode 14a. The stress
of the back-              plate metallization may be chosen to enhance the
net tension of the film structure; in any case the              net stress
of the metallized backplate film must be 30           tensile.  Once again
the air trapped between dia-      phragm and backplate must be properly
vented to              avoid viscous damping.  In this case the preferred
approach is to perforate the backplate film rather              than the
diaphragm since the backplate structure 35           has less of a tendency
to curl when perforated.              The backplate perforations 72 may be
shaped as      
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either holes or slots. Typical parameters of hole               perforation
are a hole diameter of 5 micrometers               and a hole spacing of
1.0 micrometers.  Typical               parameters of slot perforation are
14 micrometer  5           slot, 24 micrometer spacing. In the case of slot
venting the remaining backplate material takes on a               web-like
character;  the intersection angles and               widths of the linear
elements of such a backplate               structure must be  chosen such
that  tensioning 10           forces are balanced in the structure as it
was               first patterned and tensioning forces do not become
redistributed when the backplate structure is               released.
The electrical connection to the metallized 15           diaphragm 14a can
be routed through the center post               or preferably on a thin
nitride leader 70 to attach               to the edge of the diaphragm. As
shown in Figure               13, this results in a minimum of additional
para-               sitic capacitance. 20                A problem which
arises when a given diaphragm               corrugation design and a
backplate perforation               pattern are combined is that some low
areas of the               corrugation pattern fall over backplate film
mate-               rial. This generates regions in which the air gap 25
is on the order of one micrometer rather than the 4              micrometer
dimension found elsewhere.   Since, as              stated above, viscous
damping effects scale as the              inverse of the cube of the air
gap, mechanical              damping accumulates over fifty times more
rapidly 30           per unit area in these locations than in the rest
of the structure.              Two methods for avoiding this are included
here.  The first is to perforate the diaphragm at              such
locations, discussed above.  If these' loca- 



35           tions are not too numerous the corrugation of the
diaphragm is not upset enough to alter the compli-
-20-               WO 98/37388
PCT/US98/03144                ance or the curl suppression of the diaphragm
significantly.                    The second method for avoiding, this
damping               contribution is to avoid corrugation/backplate  5
crossings altogether. Figures 16, 16a. 16b and 16c               show such
a design.  This approach uses a generally               radial arrangement
of corrugations and a matching               radial arrangement of strips
62a of the web 62.               All of the web strips 62a fall underneath
high 10           areas of the diaphragm corrugation pattern except
for the equalization path 36 at the periphery,               where the
height "h" of the equalization path 36 is               reduced, and near
the central diaphragm anchor area               where there is very little
diaphragm deflection. 15           This design also illustrates the third
corrugation              scheme, mentioned above, which represents a
mixture              of the radial and the circular methods. As shown
in Figure 16a, the corrugations are placed tangen-              tial to an
inner radius, which makes them mostly 20           radial in character at
the edge of the diaphragm              but converging to a circular
corrugation near the              center. When this placement of diaphragm
corruga-              tions is matched with strips of tensioned film a
web is formed which constitutes the backplate 



25           structure and masks the silicon hole etch to form
the silicon ribs and an enlarged central diaphragm              support
area described above.   The silicon ribs              under the web provide
stiffness to the structure.              The converged diaphragm
corrugations anchor to this 30           central support area.
The rectangular and circular cantilevers both              have a natural
motion stop in one direction should              the structure experience
over-pressure (specifical-              ly, the narrow-gap barometric
relief path and small 35           intentional crossings of corrugation
troughs and              backplate film).  To provide stops in the other
-21-               WO 98/37388
PCT/US98/03144               direction, islands 73 of passivation nitride
22 are              created using CMOS metal 74 as a sacrficial layer.
One end 73a is attached to the edge of the dia-              phragm while
the other end 73b is trapped under an 5           overhang of diaphragm
nitride outside of the work-              ing area.    Figure 17 shows this
pressure stop              structure.                   Repeatability of
the gap is a concern in              silicon microphones.  One mode of
operation is to 10           provide a high enough bias voltage to cause
the              diaphragm to come in contact with the backplate at
the outer edge. This establishes a very repeatable              gap and
there is still enough compliance to provide              good sensitivity. 



15                It will be understood that the invention may
be embodied in other specific forms without depar-              ting from
the spirit or central characteristics              thereof.  The present
examples and embodiments,              therefore, are to be considered as
illustrative and 20           not restrictive, and the invention is not to
be              limited to the details given herein.
-22-        



CLAIMS                           1   A solid state condenser microphone
comprising:                           a semi-conductor substrate (16)
forming a         5            support structure (11) and having an opening
(30);                          a thin-film cantilever structure forming
a  diaphragm  (12)  responsive   to  fluid-
transmitted acoustic pressure extending over a       10            portion
of the opening, the structure having a proximal end (12a) and a distal end
(12b),                     wherein the proximal end is attached to the
support structure, and the distal end is                     detached from
and extends over a portion of        15            the support structure;
and                           a variable gap capacitor (14) having a
movable plate (14a) and a fixed plate (14b),                     wherein
the movable plate is disposed on the                      distal end of the
structure and the fixed        20            plate is disposed on the
support structure                     adjacent the movable plate, wherein
said                      condenser  microphone  produces  an  output
proportional to the position of the moveable  



plate relative to the fixed plate.        25                 2. The
microphone of claim 1 wherein said                      semi-conductor
substrate is silicon.                          3. The microphone of claim 1
wherein                      said proximal end of said cantilever structure
is along an edge of said opening.                                    4.
The microphone of claim 3 wherein                      said cantilever
structure is generally in the                      form of a rectangle.
5.  The microphone of claim l wherein         5            said diaphragm
is generally in the form of a                      circle.
6.  The microphone of claim 1 wherein                      said cantilever
structure is formed of multi-                      ple layers of
thin-films.       10                7.   The microphone of claim 6 wherein 



said  multiple  layers  of  thin-films  are                      quilted.
8.  The microphone of claim 1 wherein                      said diaphragm
includes means defining a        15           pressure equalization path
extending over a                      portion  of  said  support  structure
for                      restricting airflow between opposing sides of
the diaphragm.                           9.  The microphone of claim 1
including        20           means for limiting travel of said diaphragm
away from said support structure.                           10.  The
microphone of claim 9 wherein                      said travel limiting
means comprises means                      extending  over  said  distal
end  of  said        25            diaphragm.                           11.
The microphone of claim 1 wherein                      said diaphragm
distal end includes a vent.                           12.  The microphone
of claim 11 wherein                      said vent comprises a plurality of
holes 



30            extending through said distal end.
13.  The microphone of claim 1 wherein               said cantilever
structure is corrugated.                    14.  The microphone of claim 13
wherein               said corrugations form concentric circles.  5
1S.  The microphone of claim 13 wherein              said corrugations form
generally radial lines.                    16.  The microphone of claim 13
wherein               said corrugations  form generally tangential.
lines.           



-25-    


