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CMOS COMPATIBLE INTEGRATED PRESSURE SENSOR 

FIELD OF THE INVENTION 

The present invention relates to a process for fabricating 

integrated circuit sensors and, more particularly, to a process 

for fabricating silicon micromachined pressure sensors compatible 

with a complementary.metal oxide semiconductor process. 

BACKGROUND OF THE INYENTION 

Microsystems technology is a rapidly developing field. One 

range of microsystems applications is the combination of 

actuators or sensors and electronic circuits onto a single 

integrated circuit device. Currently, integrated circuit (IC) 

sensors and actuators, such as piezoresistive pressure sensors, 

are manufactured using a surface micromachining process. Surface 

micromachining has advantages over the previous bulk 

micromachining process of fabricating sensors and actuators 

because it permits smaller devices and may by integrated with 

other circuits on an IC. 

One IC technology is-complementary metal oxide semiconductor 

(CMOS) technology. This well-known IC fabrication process 

provides a very high cell-~ensity (e.g., many circuits per unit 

area), is relatively inexpensive, and yields reliable circuits. 

It would be desirable to fabricate· piezoresistive pressure 

sensors, for example, using CMOS technology. 

Several techniques for integrating sensors and signal 

conditioning circuits onto a single IC are known. Figs. lA and 
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'1a are a cross-sectional view and top view, respectively, of a 

conventional IC piezoresistive pressure sensor. As seen in Figs. 

lA and lB, a piezoresistive pressure sensor 100 includes a 

silicon membrane (or diaphragm) 102 micromachined onto a silicon 

substrate 104. Resistors 106 are diffused into the membrane 102 

at certain locations. A cavity 108 is provided on the underside 

of the substrate 104 from which pressure is applied to the 

membrane 1O2 . Pressure on th~ silicon membrane stresses the 

membrane, which affects the resistance of the resistors 106. The 

change in resistance 106 is detected by external circuitry 110, 

and the cha~ge of resistance is used to determine the pressure 

applied to the membrane 102. 

In order for a piezoresisti ve sensor described above to 

operate, membranes having different thicknesses are used for 

sensing different pressure ranges. Thicknesses typically range 

from 10 microns to 30 microns. For example, it may be preferable 

to use a 15 micron thick membrane to sense 15 psi pressure. 

Thus, in order to provide an accurate piezoresistive pressure 

sensor for a particular press~re range, the membrane must be 

fabricated to a precise thickness. 

Two techniques typically used for fabricating a 

micromachined piezoresistive sensor are (1) surface micromachined 

silicon etching and wafer bonding; and (2) using epitaxial wafers 

for electrochemical etch stopping. Neither technique is 

compatible with CMOS fabrication technology. For example, the 

second technique achieves a precise membrane thickness using an 

electrochemical etch stop method. Figs. 2A and 2B illustrate the 

fabrication of a conventional IC piezoresistive pressure sensor 
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using this second technique. As seen in Fig. 2A, a p-type 

silicon substrate 202 has an n-type epitaxial layer 204 grown on 

it. As seen in Fig. 2B, the substrate is etched through etch 

windows 206 using alkaline.etchants (such as KOH) in an etch 

bath. At the same time, a positive bias 208 is applied to the 

epitaxial layer 204. The positive bias does not affect the p­

type substrate due to the n-p reverse bias condition. The n-type 

~ epitaxial layer (which forms the membrane) is prevented from 

being etched due to the passivating positive bias. This allows 

a precise membrane thickness to be obtained. CMOS processes, 

however, do not allow for n-type epitaxial layers on the 

substrate. Resistors may then be formed in the membrane using 

p-type diffusion doping. 

Therefore it is an object of the present invention to 

provide a process for mantif acturing IC sensors that is compatible 

with conventional IC processes, such as CMOS. 

SUMMARY OF THE :INVENTION 

This and other objects of the present invention are provided 

by a novel process for fabricating an integrated circuit sensor. 

In a preferred embodiment of the present invention, a pressure 

sensor is fabricated onto a substrate using conventional IC 

fabrication processes, such as CMOS processes. 

A preferred embodiment of the present invention includes a 

pressure sensor integrated onto an IC using CMOS processes. The 

pressure sensor is preferably built on a substrate having a first 

conductivity type (such as p-type) and has defined in it a well 

of an opposite conductivity type (such as n-type). This well 
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defines a membrane.· Resistors are diffused into the well. In 

a preferred embodiment, four resistors are provided. Two of 

these resistors are oriented parallel to the principal stress of 

the membrane and two resistors are oriented perpendicularly to 

the principal stress of the membrane. Source/drain doping in the 

CMOS process are also used for providing leadouts for the 

resistors. A cap (such as an n-cap} is provided for the 

resistors to bury the resistors and shield them from oxide or 

outside charges, thus increasing their electrical stability. 

Metalization contacts may be provided to connect the membrane to 

a positive bias during a membrane etching process. A cavity is 

provided on the underside of the substrate through which pressure 

is applied to the membrane. Signal conditioning circuitry, such 

as an operational amplifier, may also be fabricated on the same 

substrate and, preferably, using the same IC processes. The cap 

may preferably be implanted during implantation _of a lightly 

doped drain region of the signal conditioning circuitry. 

A pressure sensor according to the present invention may be 

fabricated using the following preferred process: 

1. in a substrate having a first conductivity type, forming a 

well region having a second, opposite conductivity type; 

2. forming in the well one or more resistors; 

3. forming source and drain regions in portions of the 

well and resistors; 

4. implanting impurities having. the second conductivity 

type over a surface of the well, resistors, and source 

and drain regions·; 
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5. forming metal contacts connected to the well; and 

6. forming a cavity on the underside of the sensor by 

applying an electrical bias of the first conductivity 

type on the well via the contacts while etching the 

substrate, thus defining in the well a membrane having 

precise thickness. 

In a preferred embodiment of the present invention, steps 2 - 5 

may be performed ducing conventionai IC processing (such as CMOS 

processing) . Step 1 constitutes a pre-processing stage and step 

6 constitutes a post-proce·ssing stage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is described with reference to the 

following figures: 

Fig. 1A is a cross-sectional view of a conventional IC 

piezoresistive pressure sensor; 

Fig. 1B is a top view of the conventional IC piezoresisti ve 

pressure sensor of Fig. 1A; 

Figs. 2A and 2B are cross-sectional views illustrating a 

conventional fabrication technique for a conventional IC 

piezoresistive pressure sensor; 

Fig. 3 is a cross-sectional view of an IC pressure sensor 

according to a preferred embodiment of .the present invention; 

Figs. 4A - 4F are cross-sectional views illustrating a preferred 

fabrication technique according to a preferred embodiment of the 

present invention; 

Fig. s is a schematic diagram illustra~ing the operation of a 

preferred embodiment of the present invention; and 
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Fig. 6 is a graph illustrating the pressure exerted on th~ sensor 

versus the voltage output by a pressure sensor according to the 

present invention and the voltage output by an amplifier 

connected to the sensor. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The present invention is described .in three sections. An 

overview of the invention is provided with reference to Fig. 3. 

A pref erred technique for fabricating the invention is described 

with referenc~ to Figs. 4A - 4F. Operation of the invention is 

described with reference to Figs. 5 and 6. 

1. overview of the :Invention 

Fig. 3 is a cross-sectional view of a preferred embodiment 

of the present invention. Fig. 3 shows a pressure sensor 300 

integrated onto an IC using CMOS processes. The pressure sensor 

300 is built on a substrate 302, such as a p-type silicon 

substrate, and has an n-well 304 which.defines a membrane. A 

person skilled in the art readily appreciates, however, that an 

n-type substrate having a p-well may also be used. 

Piezoresistive resistors 306 are formed in the n-well. In a 

preferred embodiment, four resistors are provided. Two of· these 

resistors are oriented parallel to the principal stress of the 

membrane and two resistors are oriented perpendicularly to the 

principal stress of the· membrane. Source/drain regions 308 are 

provided for leadouts for the resistors 306. An n-cap 310 is 

provided for the resistors 306. Metalization contacts 312 
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' 
(aluminum, for example) connect the n-well membrane to a large 

pad (not shown) . This pad may be used during membrane etching 

to apply a positive bias to all of the n-well membranes. As 

further appreciated by a person skilled in the art, if in an 

alternate embodiment an n-type substrate having a p-well is used, 

then the cap 310 may be implanted asp-type (e.g., a p-cap). A 

cavity 314 is provided on the underside of the substrate 302 

through which pressure is applied to tl!i.e membrane 304. Signal 

conditioning circuitry 316, such as an operational amplifier or 

other CMOS circuitry, may also be fabricated on the same 

substrate 302. 

2. A Preferred Tecbnigy.e for Fabricating the Invention 

A pref erred technique for fabricating the pressure sensor 

300 of Fig. 3 is described with reference to Figs. -4A - 4F, which 

are cross-sectional views. The·preferred fabrication process 

uses a double polysilicon, double metal CMOS fabrication process. 
···""' 

The pressure sensor 300 fabrication process may be incorporated 

into a 0.8 µm standard CMOS fabrication process preceded by a 

pre-processing stage and followed by a post-processing stage. 

In the preferred fabrication process, the CMOS fabrication 

process is performed without any interruption or modification of 

a standard CMOS fabrication flow with the exception of a 

fabrication process for forming piezo resistors as discussed in 

more detail below. 

As seen in Fig. 4A, during the pre-processing stage, a p­

type substrate jo2 is masked with photoresist 402, such as an 

oxide layer, and an n-type impurity, such as phosphorous, is 



8 

implanted onto the unmasked areas of the substrate. The impurity 

is implanted at a dosage of O. 5 - 5 x 1015 /cm2 and diffused 

illustratively to an impurity concentration in the range of 

1018 /cm3
• The resultant n-well 304 creates an n-p junction 404. 

In a preferred embodiment, the · n-well is between 10 and 30 

microns deep, de·pending on the pressure to be sensed. The above 

described diffusion scheme is designed not to place thermal 

stress on the .substrate 302. 

silicon warpage is minimized. 

Thus, thermal stress induced . 

After the n-well is formed, the oxide layer is stripped and 

conventional CMOS processing may begin. This may be done, for 

example, to fabricate CMOS circuitry 316 on ·the substrate 302. 

Prior to the well-known LOCOS field oxidation step of the CMOS 

process, the standard CMOS fabrication flow is interrupted to 

form piezoresistive resistors 306 which may be implanted as shown 

in Fig. 4B. To form the piezoresistive resistors 306, .the 

substrate and n-well are masked, preferably using a 

photolithography step (not shown), leaving selected portions of 

then-well exposed. A boron implant is.made at a dosage of 1 x 

1014/cm2 to s x i014/cm2 into the exposed portions of the n­

well/membrane 304. The boron implant may illustratively be a 

doubly ionized B11++ ion.implantation. Thereafter, the mask is 

stripped away. Preferably, each resister has SkO resistance and 

has a depth between 0.5 µm and l.Sµm. Of course, the resistors 

306 are preferably not deeper than the n-well 304. In a 

preferred embodiment, four resistors are provided. Two of these 

resistors are oriented parallel to the principal stress of the 

membrane and two resistors are oriented perpendicularly to the 
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' principal stress of the membrane. As seen in Fig. 4C, a selected 

portion of the n-well 304 and resistors 306 are doped with boron 

at a dopant concentration of 1 - 10 x 1020cm-3 to create positive 

MOS ( PMOS) source and drain regions 3 O 8 . In a pref erred 

fabrication process, if CMOS circuitry is being integrated onto 

the same subst·rate, the source and drain regions 308 may be 

formed during the CMOS source and drain fabrication process. The 

source and drain regions 308 may be used as heavily doped 

leadouts for the resistors 306. 

As seen in Fig. 4D, an n-cap 310 may be implanted on top of 

the n-well 304, resistors 306, and source/drain regions 308 with 

phosphorous at a dosage of 0.1 to 1 x 1014 /cm2 and having a depth 

of O .1 µ.m to O. 5 µ.m. The n-cap 310 for the resistors 306 is 

preferably implanted as part· of the CMOS fabrication process 

during implantation of an N-type lightly doped drain (LDD) region 

for the signal conditioning circuitry 316. The n-cap · 310 

achieves highly electrically stable resistors by "burying" the 

piezoresistors 306. This increases the. e~_ectrical stability of 

the piezoresistors by shielding the p-type resistors from oxide 

or outside charges. Without the n-cap 310, the piezoresistor 306 

is likely to drift in value due to the depletion of the resistor 

by the electric field induced by varying surface or oxide 

charges. Burying the piezoresistor under an n-type capping layer 

eliminates the depletion effects and results in a time invariant 

resistor. The result is a very stable pressure sensor output. 

As seen in Fig. 4E, metalization of the IC is performed. 

Metal (such as aluminum or other suitable metal) contacts. 312 are 

formed on the n-well 304. The metal contacts 312 connect the n-
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well/membrane areas of pressure sensors on the IC·' to a pad (not 

shown} . The pad is used to apply positive bias to the n-well 

during the post CMOS processing stage when the membrane etching 

step, described below, is performed. 

After metalization is completed, the remaining step is to 

form the cavity 314 during the post-processing stage. In Fig. 4F, 

a mask/etch window 406 is shown formed on the underside of the 

substrate 302>. The mask/etch wiridow 406 may be formed by 

depositing a layer of PECVD oxide and nitride (not shown) on a 

backside portion of the substrate 302. Thereafter, selected 

portions of the PECVD oxide and nitride layer may be exposed 

through a photo mask and etched to form the mask/etch window 406. 

To. form the cavity 314 using the preferred fabrication 

process, the substrate is mounted in a chuck and an 

electrochemical etching process is performed. A bias having the 

same conductivity type as the substrate, illustratively shown as 

a positive bias 408, is applied to the membrane 304 via metal 

contacts 312. (The bias may be applied to a conductive pad, 

which pad is connected to the. metal cont.acts 312.) The positive 

bias does not affect the p-type substrate 302 due to the n-p 

reverse bias condition. The substrate is etched through the 

mask/etch window · 406 using an etchant such as an alkaline 

etchant. The alkaline etchant may illustratively be KOH. The 

n-well which forms the membrane is prevented from being etched 

due to the passivating positive bias. This allows a precise 

membrane thickness to be obtained. This biasing scheme, which 

uses an n-p junction at every membrane, isolates the membrane 

from edge leakage after finishing fabrication. 
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The ion implanted silicon membrane 304 has' a flat profile 

as seen in Figs. 3 and 4A - 4F. The process described above 

allows the membrane thickness to be precisely controlled to 

within 1015 cm-3
, thus providing precise resistor control. This 

results in a sensor having excellent precision. 

All of the steps described above may be performed during 

conventional CMOS processes except for the initial n-well implant 

and diffusion (the pre-processing stage, see Fig. 4A), the 

formatioµ of the piezoresistive resistors 306 (see FIG. 4B), and 

the backside etching (the post-processing stage, see Fig. 4F). 

The additional fabrication of the pressure sensor does not alter 

the CMOS thermal budget. As a result, the process ·for making an 

IC pressure sensor and associated CMOS signal conditioning 

circuitry (such as an analog CMOS operational amplifier) 316 may 

be achieved at substantial cost and time savings over 

conventional methods. 

3. Qperation of the :Invention 

Fig. 5 is a schematic diagram illustrating the operation of 

a pressure sensor according to a pref erred embodiment of the 

present invention. Fig. 5 shows a Wheatstone bridge 500 having 

four resistors. In the present invention, two of these resistors 

306A are oriented parallel to the principal stress of the 

membrane and two resistors 306B are oriented perpendicularly to 

the principal stress of the membrane. A signal conditioning 

circuit 316, such as an operational amplifier, preferably an 

analog CMOS operational amplifier integrated on the same 
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substrate as the sensor, has its terminals connected between 

resistors of opposite orientation. 

When pressure is applied to the membrane 304 at cavity 314 

(see Fig. 3), the resistors 306A (having an orientation parallel 

to the stress) experience a positive relative change in 

resistance and· the resistors 306B (having an orientation 

perpendicular to the stress) experience a negative relative 

change in resistance. If the xesistors experience the same 

amount of stress for an applied pressure, the sensitivity of the 

pressure sensor device may be determined as: 

where: 

vout 1 
--s-n a v. 2 44 

in 

n 44 = piezoresistive coefficient; and 

a = principal stress. 

Preferably, the resistors are SkC and the full scale output at 

lOV and lS psi = 4SmV. 

Fig. 6 is a graph 600 illustrating the voltage change 

exhibited by a pressure sensor according.to the present invention 

having a 14 micron thick membrane 304 and Vcc=lOV. The 

voltageoutput by the sensor before being amplified by an 

operational amplifier is shown in the dashed line. The voltage 

output by the operational amplifier (VouT of Fig. 5) is shown in 

the solid line. The above described embodiments of the 

invention are intended to be illustrative only. Numerous 

alternative embodiments may be devised by those skilled in the 

art without departing from the spirit and scope of the following 

claims. 
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We claim: 

1. A method for fabricating a pressure sensor, comprising the 

steps of: 

2. 

a. in a substrate having a first conductivity type, 

forming a well region having a second, opposite 

conductivity type; 

b. forming in the well at least one resistor; 

c. forming source and drain regions in portions of the 

well and resistors; 

d. implanting impurities having the second conductivity 
.../ 

type over a surface of the well, resistors, and source 

and drain regions; 

e. forming metal contacts connected to the well; and 

f. forming a cavity on the underside of the sensor by 

applying an electrical bias of the- first conductivity 

type on the well while etching the substrate. 

The method of claim 1, further comprising using 

complementary metal oxide semiconductor processes to perform 

steps c - e. 

3. The method of claim 1, further comprising the steps of 

fabricating a signal conditioning circuit on the same substrate 

as the pressure sensor. 

4. The method of claim 3, using conventional integrated circuit 

processes during-steps b - e and during the signal conditioning 

circuit fabrication. 
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5. The method of claim 4, further comprising selecting the 

conventional integrated circuit process steps c e to be 

complementary metal oxide semiconductor process steps. 

6 . The method of claim 5, .wherein step d is performed during 

implantation of· a lightly doped drain structure for the signal 

conditioning circuit. 

7. The method of claim 1, wherein the step of forming a well 

further includes the step of implanting impurities into the 

substrate. 

8. The method of claim 1, wherein the step of forming in the 

well at least one resistor includes forming four resistors. 

9. The method of claim 8, wherein the step of forming four · . 

resistors further includes the steps of: 

a. formi~g two resistors oriented parallel to a principal 

stress; and 

b. forming two resistors ,oriented perpendicularly to the 

principal stress. 

10. The method of claim 1, wherein the step of implanting 

impurities further comprises the step of forming a lightly doped 

drain structure of a signal conditioning circuit also fabricated 

on the substrate. 
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11. The method of claim 10, wherein the signal conditioning 

circuit is selected to be an analog complementary metal oxide 

semiconductor amplifier. 

12. The method of claim 11, wherein steps c - e are selected 

to be performed· during a complementary metal oxide semiconductor 

process that also forms the amplifier. 

13. The method of claim 1, wherein the step of forming a 

cavity further includes etching the substrate with an alkaline 

etchant. 

14. The method of claim 13, wherein the alkaline etchant is 

selected to by KOH. 

15. A micromachined pressure sensor, comprising: 

a. a substrate having a first conductivity type and 

defining a cavity on a first side; 

b. a well having a second, opposite conductivity type· 

formed in a second side of the substrate and in 

contact with th~ cavity, the well defining a membrane; 

c. at least one resistor defined in the membrane; 

d. a source and a drain region connected to the at least 

one resistor; and 

e. a cap having the.second conductivity type on a surface 

of the at least one resistor. 
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16. The sensor of claim 15, further comprising metal contacts 

connected to the membrane. 

1 7. The sensor · of claim 16, wherein the metal contacts are 

configured to connect to a bias during a membrane etch process. 

18. The sensor of claim 15, further including a signal 

conditioning circuit connected to the at least one resistor. 

19. The sensor of claim 18, wherein the signal conditioning 

circuit is.integrated on the substrate. 

20. The sensor of claim 18, wherein the signal conditioning 

circuit is an operational amplifier. 

21. The sensor of claim 18, wherein the signal conditioning 

circuit is an analog operational amplifier. 

22 . The sensor of claim 15, wherein the at least one re.sister 

is one of four resistors. 

23. The sensor of claim 22, wherein two resistors are oriented 

parallel to a principal stress of the membrane and two resistors 

are oriented perpendicularly to the principal stress of the 

membrane. 

24. The sensor of claim 15, wherein the source and drain regions 

are leadouts for the at least one resistor. 
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25. The' sensor of claim 15, wherein the cap is configured to 

shield the at least one resistor from outside charges. 

26. The sensor of claim 15, wherein the cap is configured to 

eliminate depletion effects. 

27. The sensor of claim 15, wherein the at least one resistor 

is one of four resistors arranged· as a;. Wheatstone bridge and 

having a signal conditioning circuit connected thereto. 

28. The sensor of claim 27, wherein pressure may be detected 

according to: 

where: 

v 1 
~s-n o v. 2 44 

in 

n44 = piezoresistive coefficient; 

o = principal stress; 

V1N = a voltage applied to the Wheatstone bridge; and 

VouT = a voltage output by the signal conditioning circuit. 


