
CMOS COMPATIBLE SURFACE MACHINED PRESSURE                  SENSOR AND
METHOD OF FABRICATING THE SAME                             BACKGROUND OF
THE INVENTION            (1) FIELD OF THE INVENTION    5               This
invention relates to pressure sensors and        more particularly to
pressure sensors formed by etching        trenches in a substrate,
undercutting the sidewalls of the        trenches, filling the gaps between
the trenches with        dielectric, and forming piezoresistors in the
region of the  10    trenches and filled gaps.             (2) DESCRIPTION
OF THE RELATED ART                     Pressure sensors are widely used in
a number of         applications. Pressure sensors have been formed by
depositing a layer of polysilicon on a sacrificial layer.  15
Piezoresistors art then formed in the layer of polysilicon         layer
and the sacrificial layer is etched away leaving the 



layer of polysilicon as a flexible diaphragm. The         resistance of the
piezoresistors changes as the diaphragm is
-2-        deflected by pressure changes. Pressure senors have also
been formed by depositing piezoresistors on single crystal        silicon
and etching away the silicon from the back side of        the wafer to form
a flexible diaphragm.    5               U.S. Pat. No. 5,531,121 to Sparks
et al. describes        a method of forming a pressure sensor by forming an
N[err]        region in the surface of a silicon substrate. A silicon
layer, such as epitaxial silicon, is then grown from the        surface.
One or more trenches are then formed into the N[err]  10     region and the
N[er] region is selectively etched away forming         a cavity beneath
the surface the surface of the silicon         layer. The flexible surface
over the cavity is then used to         form a pressure sensor.
U.S. Pat. No. 5,242,863 to Xiang-Zheng et al.  15     describes a method of
forming a pressure sensor by forming a         buried low resistance N type
layer under a predetermined         diaphragm region of the substrate. One
or more trenches         which extend to the low resistance N type region
are then  



formed at the edges of the diaphragm region. The low  20     resistance N
type material is then converted to porous         silicon by anodization of
silicon in a concentrated         hydrofluoric acid solution. The porous
silicon is then         etched away leaving the diaphragm region over a
cavity. The         diaphragm is then flexible and can be used to form a
-3-        pressure sensor.                    U.S. Pat. No. 4,766,666 to
Sugiyama et al.        describes a method of forming a pressure sensor
which uses        an insulating diaphragm film formed of an etch resistant
5    material on the surface of a substrate.  The diaphragm film        has
at least one etching hole. A cavity is then etched in        the substrate
under the diaphragm film using the etching        holes in the diaphragm
film. The diaphragm film over the        cavity then becomes a flexible
diaphragm and can be used as  10     a pressure sensor.
U.S. Pat. No. 4,853,348 to Tsubouchi et al.         describes the formation
of a cavity in a substrate in order         to form a capacitor having
increased capacitance.                     This invention describes a
method of forming a 



15     flexible diaphragm using different methods which can be used
as a pressure sensor. The pressure sensor formed is         protected from
damage due to overpressure and is formed         using processes which are
compatible with processing of CMOS         or other integrated circuit
chips.                                              -4-
SUMMARY OF THE INVENTION                    Many applications require
pressure sensors to        measure gas pressure, liquid pressure, or the
touching        pressure in specific direction of a solid. It is highly  5
desirable that pressure sensors have low manufacturing cost,        good
sensitivity, a highly linear response, good stability,        and
protection from damage due to overpressure. Since these        pressure
sensors are frequently used in conjunction with        semiconductor
integrated circuits, particularly CMOS  10     circuits, it is advantageous
if the processes for         fabricating pressure sensors are compatible
with processes         used to fabricate CMOS or other semiconductor
integrated         circuits.                     Pressure sensors have been
fabricated using  15     piezoelectric resistors formed on a polysilicon
thin film  



deposited on a sacrificial layer. The sacrificial layer is         then
removed and the polysilicon film becomes a suspended         diaphragm
which can deform under pressure changing the         resistance of the
piezoelectric resistor. Pressure sensors  20    have also been fabricated
on single crystal silicon         substrates. After a piezoelectric
resistor has been formed         on the substrate surface the backside of
the silicon         substrate is etched away, using electrochemical etching
or         other chemical wet etching, leaving the piezoelectric
-5-        resistor on a thin flexible membrane of silicon. While
these methods of forming pressure sensors are compatible        with
silicon integrated circuit wafer processing they        require expensive
processing steps, such as etching the back  5    side of the wafer.  The
pressure sensors fabricated in this        manner do not have overpressure
protection and can be easily        damaged by higher than expected
pressure.                     It is a primary objective of this invention
to        provide a method of forming a low cost pressure sensor  10
having good overpressure protection using methods which are
compatible with integrated circuit processing.                     It is
another primary objective of this invention  



to provide a low cost pressure sensor having good         overpressure
protection which can be located on the same  15     substrate as integrated
circuits.                     These objectives are achieved by forming a
layer         of first dielectric having a number of openings on a
substrate, such as a silicon integrated circuit substrate.         A number
of trenches are then formed in the substrate using  20     the dielectric
layer with openings as a mask.  Second         dielectric spacers are then
formed on the sidewalls of the         trenches. Isotropic etching is then
used to etch the bottom         of the trenches thereby undercutting the
sidewalls of the                                               -6--
trenches and releasing them from the bulk substrate. A        third
dielectric is then deposited filling the gaps between        the sidewalls
of the trenches thereby forming a flexible        membrane. Piezoresistors
are formed on or in the flexible   5    membrane to measure the deflection
of the membrane due to        pressure on the membrane. The piezoresistors
can be        implanted or diffused resistors formed in the silicon
substrate prior to forming the layer of first dielectric.
Alternatively piezoelectric material can be deposited on the  10
flexible membrane and patterned after the deposition of the         third
dielectric. The distance between the flexible         membrane and the bulk
substrate can be carefully controlled 



and provides overpressure protection. The methods used to         form the
pressure sensor are low cost and compatible with  15     semiconductor
integrated circuit processing.  The pressure         sensor and method of
forming the pressure sensor will now be         described in detail with
reference to the following         drawings.
-7-                      BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 shows a cross section view of a substrate        having a layer of
first dielectric formed thereon and a        patterned layer of photoresist
formed on the layer of first  5     dielectric.                     Fig. 2
shows a cross section view of a substrate        after openings have been
formed in the layer of first        dielectric.                     Fig. 3
shows a cross section view of a substrate  10     after trenches have been
formed in the substrate.  Fig. 3 is         a cross section view of the
substrate shown in Fig. 4A along         line 3-3' in Fig. 4A.    



Fig. 4A shows a top view of a substrate after         openings have been
formed in the layer of first dielectric  15     and trenches have been
formed in the substrate.                     Fig. 4B shows a cross section
view of the         substrate of Fig. 4A, along line 4B-4B' of Fig. 4A,
showing         the location of diffused or implanted resistors.
-8-                 Fig. 5 shows a cross section view of a substrate
after a conformal layer of second dielectric has been        deposited.
Fig. 6 shows a cross section view of a substrate  5     after the conformal
layer of second dielectric has been        etched back to form spacers on
the sidewalls of the        trenches.                     Fig. 7 shows a
cross section view of a substrate        after the bottom of the trenches
has been isotropically  10     etched releasing the trench sidewalls from
the bulk         substrate.                     Fig. 8 shows a top view of
a substrate after the         bottom of the trenches has been isotropically
etched  



releasing the trench sidewalls from the bulk substrate  15     showing the
location of piezoresistors formed in the silicon         substrate.
Fig. 9 shows a cross section view of the substrate         of Fig. 8, along
line 9-9' of Fig. 8, showing resistors         formed in the silicon
substrate.                                               -9-
Fig. 10 shows a cross section view of a substrate       after the spaces
between the sidewalls of the trenches has       been filled with a third
dielectric, thereby forming a       flexible membrane.    5
Fig. 11 shows a cross section view of a substrate        after
piezoelectric material has been formed on the third        dielectric and
patterned forming piezoelectric resistors on        the flexible membrane.
-10-                  DESCRIPTION OF THE PREFERRED EMBODIMENTS   



Fig. 1 shows a cross section view of a silicon        substrate 10 having a
sensor region with a layer of first        dielectric 12 formed thereon.
The layer of first dielectric  5    will serve as a mask layer in forming
trenches in the        substrate and is a material such as silicon oxide,
SiO[err], or        the like. Piezoelectric resistors are used as sensors
in        the sensor region. Resistors formed in the silicon
substrate 10 prior to the deposition of the layer of first  10
dielectric 12 using diffusion or ion implantation can be        used as the
piezoelectric resistors. The substrate may also        have other devices
formed therein, which are not shown. A        layer of photoresist 14 is
formed on the layer of first        dielectric and patterned using standard
photoprocessing  15     techniques.  The pattern in the photoresist 14
defines a         number of openings which are over the sensor region of
the         substrate and at the locations where the trenches will be
formed in the substrate.                     As shown in Fig. 2 the
openings are etched in the  20     layer of first dielectric 12 using the
patterned layer of         photoresist as a mask and either wet or dry
etching methods.         The photoresist is then removed. As shown in Fig.
3         trenches 16 are then formed in the substrate 10 using the
patterned layer of first dielectric material 12 as a mask         



and dry anisotropic etching using an etchant such as SF6 or        Cl[err].
The trenches 16 are etched to a depth 44 of between        about 1.5 and 15
micrometers. The thickness of the first        dielectric layer 42 is
between about 1000 and 30,000  5    Angstroms.                    Fig. 4A
shows a top view of the sensor region of        the substrate at this stage
of fabrication. The perimeter        of the sensor region is indicated by a
dashed line,        reference number 17. Possible locations of the diffused
or  10     implanted resistors 21 are shown by a resistor schematic in
Fig. 4A. Fig. 4B shows a cross section of the substrate         along line
4B-4B' of Fig. 4A showing the diffusion or         implant profile of one
of the resistors 21. The resistors         are located near the edge of the
sensor region, as will be  15     explained layer, and other locations than
those shown can be         used. Fig. 3 is a cross section of the substrate
taken         along line 3-3' of Fig. 4A. The trenches 16 are located in
the sensor region of the substrate and in this example are         all
parallel to each other.    20               Next, as shown in Fig. 5, a
conformal layer of         second dielectric 19 is formed on the substrate
covering the         sidewalls and bottoms of the trenches. In this example
the         conformal layer of second dielectric is silicon oxide,
SiO[err],         deposited using chemical vapor deposition and having a  



-12-        thickness of between about 2000 and 10,000 Angstroms. The
conformal layer of second dielectric 18 is then etched back        using
dry anisotropic etching and an etchant such as CF4        leaving second
dielectric spacers 18 on the sidewalls of the  5    trenches but removing
second dielectric material from the        bottom of the trenches, see Fig.
6.                    Next, as shown in Fig. 7, the bottom of the
trenches are etched using wet isotropic etching with an        etchant such
as tetramethylammonium hydroxide, TMAH, or dry  10     isotropic etching
using SF6 as an etchant.  The isotropic         etching undercuts the
sidewalls of the trenches and all of         the substrate material greater
than a first distance 32 from         the first surface 9 of the substrate,
less than a second         distance 34 from the first surface 9 of the
substrate, and  15     in the sensor region of the substrate is etched
away.  The         isotropic etching forms a number of silicon bridges 11.
There is a gap 36 of between about 2 and 70 micrometers         between the
silicon bridges 11 and the bulk substrate.                     Fig. 8 shows
a top view of the substrate after the  20     silicon bridges 11 have been
formed showing that the         diffused or implanted resistors 21 are
located in the 



silicon bridges 11 and near the edge of the sensor region.         Fig. 9
shows a cross section, taken along line 9-9' of Fig.         8, of the
substrate 10 after the silicon bridges 11 have
-13-        been formed showing the diffused or implanted resistors
located in the silicon bridges near the edge of the sensor        region.
Next, as shown in Fig. 10, a third dielectric 22  5     such as silicon
oxide, SiO[err], is deposited on the substrate,        using means such as
chemical vapor deposition, and fills the        gaps between the sidewalls
of the trenches. The silicon        bridges 11 and the third dielectric 22
filling the gaps        between the sidewalls of the trenches form a
flexible  10    membrane which will be deflected when subjected to
pressure.         The deflection of the flexible membrane is limited by the
gap 36 between the silicon bridges and the bulk of the         substrate
and this limit provides overpressure protection         for the sensor.
15               As shown in Figs. 8 and 9 the diffused or
implanted resistors 21 are located at the edge of the sensor
region. Deflection of the flexible membrane will cause         distortion
of the resistors 21 which will cause resistance 



changes. These resistance changes can be used to detect  20     pressure.
The location of the resistors 21 at the edge of         the sensor region
causes maximum distortion of the         resistors 21, thereby providing
maximum resistance change         and maximum sensitivity for pressure
detection.   Changes in         pressure cause a deflection of the flexible
membrane which                                               -14-
changes the resistance of the piezoresistors 21. The         resistance of
the piezoresistors can be measured directly or         can be connected in
an arrangement such as a wheatstone         bridge to provide a voltage
output as an indicator of   5    pressure.  The deflection of the membrane
is limited by the        gap 36 between the silicon bridges and the bulk
substrate        and prevents permanent damage to the pressure sensor in an
overpressure situation.                     An alternative embodiment of
piezoresistor sensor  10     formation is shown in Fig. 11.  In this
embodiment the         diffused or implanted resistors are not formed.
After the         third dielectric has been formed, completing the
formation         of the flexible membrane, piezoelectric material can be
deposited and patterned forming piezoelectric resistors 50  15    on the
top of the flexible membrane, as shown in Fig. 11.        As in the case of
diffused or implanted resistors, changes 



in pressure cause a deflection of the flexible membrane        which
changes the resistance of the piezoresistors 50. As        in the case of
diffused or implanted resistors these  20     resistors are also located at
the edge of the sensor region.                     The processes used to
fabricate the pressure        sensor are compatible with processes for
forming integrated        circuit chips so that the pressure sensor can be
incorporated in a substrate with other devices or circuits.
-15-                 While the invention has been particularly shown
and described with reference to the preferred embodiments       thereof, it
will be understood by those skilled in the art       that various changes
in form and details may be made without  5    departing from the spirit and
scope of the invention.                                              -16-
What is claimed is         1. A method of forming a pressure sensor,
comprising the  



steps of:             providing a silicon substrate having a sensor region
and a first surface;  5          forming a number of piezoresistor sensors
in said        sensor region of said silicon substrate;
forming a layer of first dielectric on said first        surface of said
silicon substrate;              patterning said layer of first dielectric
thereby  10     forming a number of openings in said layer of first
dielectric wherein said openings are over said sensor region         of
said silicon substrate;              etching a number of trenches in said
sensor region of         said silicon substrate using said patterned layer
of first  15    dielectric as a mask wherein each of said trenches are over
said sensor region of said silicon substrate and have         sidewalls, a
bottom, and a depth;              forming a layer of second dielectric on
said silicon         substrate thereby forming a conformal coating of
second  20     dielectric on said patterned layer of first dielectric, said
sidewalls of each of said trenches, and said bottom of each         of said
trenches;              etching back said layer of second dielectric thereby
forming second dielectric spacers on said sidewalls of each  25     of said
trenches and removing said second dielectric from         said bottom of
each of said trenches;        



-17-              isotropically etching said bottoms of each of said
trenches using said patterned layer of first dielectric and        said
second dielectric spacers as a mask thereby removing  30     that part of
said silicon substrate greater than a first         distance from said
first surface of said silicon substrate,         less than a second
distance from said first surface of said         silicon substrate, and
within said sensor region of said         silicon substrate, wherein said
second distance is greater  35     than said first distance; and
filling the spaces between said sidewalls of said         trenches with a
third dielectric material thereby forming a         flexible membrane
within said sensor region of said silicon         substrate.           2.
The method of claim 1 wherein said piezoresistor sensors         are doped
silicon resistors formed in said silicon substrate         by means of
diffusion.           3. The method of claim 1 wherein said piezoresistor
sensors         are doped silicon resistors formed in said silicon
substrate         by means of ion implantation.           4. The method of
claim 1 wherein said silicon substrate has         devices formed therein.



-18-  5. The method of claim 1 wherein said first dielectric is  SiO[err].
6. The method of claim 1 wherein said depth of each of said  trenches is
between about 1.5 and 15 micrometers.    7. The method of claim 1 wherein
said second dielectric is  SiO[err].    8. The method of claim 1 wherein
said third dielectric  material is SiO[err] formed using chemical vapor
deposition.    9. The method of claim 1 wherein said piezoresistor sensors
comprise patterned piezoresistor material formed on said  flexible
membrane.    10. The method of claim 1 wherein said first distance
subtracted from said second distance is between about 2 and  20
micrometers.    11. The method of claim 1 wherein deflection of said
flexible membrane causes resistance changes in said  piezoresistor sensors.



-19-        12. A pressure sensor, comprising:             a silicon
substrate having a sensor region and a first        surface;             a
number of piezoresistor sensors formed in said sensor  5     region of said
silicon substrate;             a number of silicon bridges formed in said
sensor        region of said silicon substrate wherein that part of said
silicon substrate within said sensor region greater than a        first
distance from said first surface of said silicon  10     substrate and less
than a second distance from said first         surface of said silicon
substrate has been removed, said         second distance being greater than
said first distance, and         that part of said silicon substrate within
said sensor         region and between any two adjacent said silicon
bridges has  15    been removed; and              a dielectric filling the
spaces between said silicon         bridges thereby forming a flexible
membrane within said         sensor region of said silicon substrate.
13. The pressure sensor of claim 12 wherein said silicon         substrate
has devices formed therein.           14. The pressure sensor of claim 12
wherein said         piezoresistor sensors are resistors formed from doped
silicon within said silicon bridges.  



-20-  15. The pressure sensor of claim 12 wherein said  piezoresistor
sensors are resistors formed of patterned  piezoelectric material on said
flexible membrane.    16. The pressure sensor of claim 12 wherein said
dielectric  filling the spaces between said silicon bridges is SiO[err].
17. The pressure sensor of claim 12 wherein said first  distance subtracted
from said second distance is between  about 2 and 20 micrometers.    18.
The pressure sensor of claim 12 wherein deflection of  said flexible
membrane causes resistance changes in said  piezoresistor sensors.    


