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ABSTRACT 

The characteristics of silicon pressure sensors wlth an ultra-small dia

phragm are described. The pressure sensors utilize rectangular diaphragms 

as small as 0.0127 x 0.U254 cm and a p-type Wheatstone bridge conslsting of 

diffused piezoresistlve elements, U.000254 cm by 0.002~4 cm. These sensors 

exhibit as hlgh as 0.5 MHz natural frequency and 1 mV/V/psi pressure sensi

tlvity. Fabricatlon techniques and high frequency results from shock tube 

testing and low frequency « 60 KHz) comparison with microphones are presented. 
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A MINIATURE HIGH FREQUENCY SILICON PRESSURE SENSOR 

INTRODUCTION 

Piezoresistive silicon pressure sensors have gained considerable recog

nition in the appllcation of dynamic pressure measurements in various areas 

such as aerodynamics, process control, and others. Recently, there has been 

an increased demand for a miniature pressure transducer which exhibits high 

sensitivity and high natural frequency. The primary investigative fields 

requiring this type of pressure sensor are boundary layer, jet nOlse, 

and n01se abatement research. With a transducer having near 1 MHz first 

mode natural frequency, a much needed harmonic analysis of the pressure can 

be accomplished. 

The purpose of this work was to exploit upper limit frequency of a 

miniature pressure sensor with an acceptable sensitivity. The upper limit 

frequency and sensitivity to achieve were set at ~ MHz and 1 mv/v/psi 

(1.4)1 x 10-4 mv/v-N/m2), respectively. 

Since Smith's [lJ studies of the piezoresistance effect in silicon, a 

number of different devices have incorporated this effect into their design 

for purposes of measurement of dynamic pressure. This is due not only to 

the large magnitude of this effect in silicon, but also because of the 

advanced state of silicon integrated circuits fabrication technology. The 

demand for a smaller and higher frequency pressure transducer necessitated 

the use of a thin diaphraqm which amp11fies the stresses due to applied 

pressure. 

Interests in biomedical applicatlons of a miniature solid state 

pressure transducer led to the development of a sillcon pressure sensor 

small and sensltive enough to be lmplanted in the human body for blood 

pressure analysis [2]. With some design modifications of a sensor of this 

type a ~ MHz first mode natural frequency pressure transducer can be 
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fabricated. 

ThQugh sensors can be made extremely small as VLSI technology becomes 

ava11able. it lS intended in this work to use conventional silicon device 

technology which is readily available to many industr1es and universit1es. 

The transducers were fabricated on n-type (100) orientation s11icon 

wafers using standard integrated circuit processing techn1ques. Testing of 

the transducers, some of which was done at NASA-Langley in Virginia. in

cluded evaluation of the sensor's first mode natural frequency and freauency 

response. 

The emphasis of the work done is toward the design and fabricatlon 

of a high frequency silicon pressure sensor. A sillcon pressure sensor 

with a nat~ral frequency at 625 KHz and sensltivity of O.8~ ~v/v-psi 

ll.2 x 10-4 mv/v-N/m3} has been accompllshed wlth a rectangular diaphraqm 

dimenslon~ of 1.27 x 10-2 em x 2.54 x 10-2 em x 1.06 ~~. 
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THEORETICAL AND DESIGN CONSIDERATIONS 

For an arbitrarily oriented dlffused resistive strip, the followinq 

equation relates the fractional change in resistivity to the applied 

stresses at a given pOint, 

~ = ~ ° + ~ ° + ~IOI 
Po t t t t t t 

where 

and 

In the expressions, 0t is the longitudinal component of stress applied 

to the sample, 0t one component of the transverse stress, t l , ml , nl the 

direction cosines between the longitudinal direction of the sample and the 

cubic axes, and t 2, m2, n2 the direction cosines between the direction of 

one component of the transverse stress and the cubic axes. The lonqitu

dinal direction is taken to be parallel to the applied electric field. 

The ~t and 0t refer to a possible second component of the transverse 

stress. For our purposes, this second component of transverse stress will 

act in a direction perpendicular to the surface of the diaphragm. This 

component will be neglected since it is several orders of magnitude 

smaller than the other two components of stress, 0t and at. 

Since ~q. ll) is a point relation, the stress must be averaged over 

the area of a finite dimension of resistor strip. Neglecting the second 

component of transverse stress, at' the diffused strip will have a piezo

resistance effect given by, 

(2 ) 
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Where at and at are the average stresses on the diaphragm along the 

longitudinal and transverse directions, of the strip, respectively. Equation 

(2) reduces to the following relation for a p-type diffused resistor. 

la t - at) denotes the averaged value for the difference in the longitudinal 

and transverse stress across the entire area of the resistor. 

The distribution of the stress-difference, (ox - ay )' on the diaphragm 

depends on its length and width, a and b, Fig. 1. 

x 
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Figure I. Olaphragm's Reference Coordinate System 

Figure (2) is the sketch of the entire pressure transducer after pro

cessing and dicing into single chips. The thickness of the diaphragm de

termines the magnitude of lox - Oy) at each point. Generally, the larqer 

and thinner the diaphragm is made, for a set ratio of alb, the higher the 

magnitude of the stresses will be for a qiven amount of pressure applied 

unlformly to the dfaDhragm's surface. 
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Figure 2. Boron Diffused Silicon Pressure Sensor (h = thickness) 

For a rectangular plate, Warburton [3] approximates the natural fre-

quency by applying the Rayleigh method lRay1eigh 1894, p. 109 et seq.) 

and by assuming that the waveforms of vibrating plates and beams are sim

ilar. The approximation farthe first mode natural frequency is 

where 

A = non-dimensional frequency factor 

h = diaphragm thickness 

E = Young's Modulus 

p = weight per unit volume 

(4) 
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9 = acceleration due to gravity 

v = Poisson's ratio 

a = length of diaphragm 

b = width of diaphragm 

The non-dimensional frequency factor, A, is derived from the relation, 

4 2 
A2 = G4 + G4 ~ + ~ [vH H + (1 - v)JxJy] 

x y b2 bL x Y 
(5) 

where the coefficients Gx' Gy' Hx' Hy ' Jx' and Jy depend on the nodal 

pattern and the boundary conditions. For a plate with all four edges 

clamped and 2 nodal lines, corresponding to the edges, in both the x and 

the y directions, these coefficients become, 

G = G = 1 506 x Y • H = H = J = J = 1.248 x y x Y 

substituting these values into Eq. (8) gives, 

(6 ) 

thus, 

A = 3.66 for alb = 1 

and 

A = 10.00 for alb = 2 

Using the following values, typical for silicon, and the appropriate con

version constants to substitute into Eq. (4), 

E = 1.5 x 1012 gm/cm sec2 

p = [2.328 gms/cm3]g 

v = .3 

gives the following relationship between the diaphragms first mode natural 

frequency and its length, width and thickness. 
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for alb = l7-a) 

and 

fn = 5.906 x 1U5 JL 
i 

for alb = 2 l7-b) 

where h and a are given in centimeters, and fn in Hz. 

In order to increase the first mode natural frequency of a d1aphragm, 

the diaphragm's dimensions can be reduced or the thickness of the diaphraqm 

can be increased. Both of these alternatives will lower the maqnitude 

of the stresses on the diaphragm which in turn lowers the sensitivity of 

the transducer. By choosing a desired first mode natural frequency it is 

possible to calculate the sensitivity for different dimensions of the dia

phragm. For sensitivity calculations, the diaphraqm thickness can be cal

culated given the diaphraqm dimenSions and the desired first mode frequency 

using Eq. (4). The thickness is then given by 

Eg ~ j
-~ 

l8) 

La1culations made by computer analyses of the stress distribut10n on 

a square diaphragm are given in Table I. The values given are the dif

ference between the x and y components of stress lOx - 0y} at Doints along a 

line from the center of the diaphragm (x = 0, y = 0) to the middle of the edge 

(x = b/2, Y = u) for d1fferent diaphragm sizes, see Flq. J. q 1S defined as 

pressure input in psi. The values of the stress d1fference a10nq the y axis 

from (U,O) to lO,a/2} will be the same values given in Table I with opposite 

signs. 

Tables II-a and II-b q1ve the values of (ox - 0y) for a rectanaular 

diaphragm, a/b2 = 2, at points along the x axis from (0,0) to lb/2,O} and 

at points along the y axis from (0,0) to (U,a/2), respectively. 

The data in these three tables indicate that for a given first mode 



~x <1 0> 

T 
b/2)' 

~ 
w 0 

, y <110> b= 

a=b 

Figure 3. ~quare Diaphragm Coordinate System. 

frequency, a reduction in diaphragm dimensions along with the correspond

ing decrease in the diaphragm's thickness will increase the magnitude of 

the stress difference lox - 0y} at each point. With proper positioninq 

of a resistor to areas of high stress, the change in resistance can be 

increased by decreasing the dimensions of the diaphragm. The amount by 

which the dimensions may be decreased will of course be limited due to 

alignment problems which might arise in the photolithographic process 

used in etching patterns on the diaphragm. 

The stress pattern on the diaphragm varies in shape as well as mag

nitude as the ratio of length to width increases from unity. On a square 

diaphragm, the value of lox - 0y} is zero at the center and along the 

lines x = 21, Fig. 4. The stress difference's magnitude is appreciable 

only in the vicinity of the middle of the edges. 

The stress distribution along the y axis for lax - ay } will be just the 

negative of the x axis distribution shown in Fig. 3. To locate a resis-

tor in an area of high stress, lt would have to be positioned very close 

to the edge of the diaphragm. This could cause problems in alignment 

due to the narrowness of the high stress region. 
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Table I for 1 MHz First Mode Natural Frequency • 

a=b . « 0 2b 4b 6b 8b b 
[mil] llm 20 20 20 20 2" 

5 1.16 0 -1.640 41.79 282.4 996.3 2608.0 

7 2.27 0 -0.835 21.32 144.1 508.3 1331 .0 

9 3.74 0 -0.504 12.90 087.2 307.5 0805.0 

11 5.59 0 -0.340 08.60 058.4 205.8 0539.0 

13 7.81 0 -0.240 06.20 041.8 147.4 0385.8 

15 10.40 0 -0.180 04.60 031.4 110.7 0290.0 

17 13.40 0 -0.140 03.60 024.4 086.2 0225.6 

19 16.70 0 -0.110 02.90 019.6 069.0 0181.0 

21 20.40 0 -0.090 02.40 016.0 056.5 0148.0 

23 24.50 0 -0.080 02.00 013.4 047.1 0123.3 

25 28.90 0 -0.070 01.70 011.3 039.9 0104.3 

a=2b A b 2b 3b 4b b bxa 0 10 10 10 10 2" mil 

5 x 10 1 .6911 -849. -748. -438. 99. 890. 1962. 
7 x 14 3.32 -433. -382. -224. 50. 454. 1001. 

9 x 18 5.49 -262. -231. -135. 3l. 275. 0606. 

11 x 22 8.20 -175. -155. -091. 20. 184. 0405. 

13 x 26 11.50 -126. -110. -065. 15. 132. 0290. 

15 x 30 15.25 -094. -083. -049. 11. 099. 0218. 
17 x 34 19.60 -073. -065. -038. 09. on. 0170. 

19 x 38 24.5 -059. -052. -030. 07. 062. 0136. 

21 x 42 29.9 -048. -042. -025. 06. 050. 0111. 

23 x 46 35.8 -040. -035. -021. 05. 042. 0093. 

25 x 50 42.4 -034. -030. -018. 04. 036. 0078. 

Table II-a. (ox - 0y}/q for 1 MHz First Mode Natural Frequency. 
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(ox - \~) 
q 

3200 

260B 
2400 

I y=O.O I 
1600 

Y 
BOO 

-2.0 -1.0 0 2.0 2.5 

Figure 4. Stress Distribution for 5 mil x 5 mil x 1.16 ~m 
ll.27 x 10-2 em x 1.27 x 10-2 em x 1.16 pm) Diaphragm 

lox - 0y) 
Table II-b. q - for 1 MHz First Mode Natural Frequency 

I b/a = 2 Y 2a 2a 3a 4a a h 0 TO TO TO TO bxa [mi 1 sJ [~m] 2 

5 x 10 1.69 -849. -788. -603. -344. -289. -1345. 

7 x 14 3.32 -433. -402. -308. -175 -14B. -0686. 

9 x 18 5.49 -262. -243. -186 -106. -Bn -0415. 

11 x 22 8.20 -175. -163. -125. -071. -060. -027B. 

13 x 26 11.50 -126. -117. -089. -OSlo -043. -01Y9. 

15 x 30 , 5. 25 -094. -088. -067. -U38. -032. -0149 

17 x 34 19.60 -073. -068. -052. -030. -025. -U116. 

19 x 38 24.50 -05Y. -055. -U42. -024. -u20. -U093. 

21 x 42 2Q.90 -048. -045. -034. -019. -016. -U076. 

23 x 46 35.80 -040. -037. -U29. -016. -014 -0064. 

I 25 x 50 42.40 -034. -032. -024. -014. -012. -0054. 
I 

x 
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However, as the ratio alb increases from unity, the magnitude of the 

stress difference, lox - 0yl, lncreases at the center of the diaphragm, 

Flg. 5. At alb = 2, this center region has a relatively high magnltude 

of lox - 0yl over a larger area than the narrower reqions toward the 

edge of the diaphragm. Fig. 6 shows the value of tox - 0y} along lines 

parallel to the x axis at different values of y. The stresses were cal

culated for a 5 x 10 mil diaphragm designed for 1 MHz first-mode natural 

frequency. 

0.5 1.0 

Figure 6. Stress Distribution For 
~2 5 mil x 10 mi12x 1.69 ~m 

(1.27 x 10 cm x 2.54 x 10 cm x 1.69 ~m) Diaphragm 

To calculate the change in resistance of a finite size resistor due 

to applied stress, an averaging technique must be applied to convert the 

point relation 6p to R6R for the complete resistor. For a p-type diffused 
Po 0 

resistor whose longitudlnal axis lies along the crystals <110> direction, 

the re1ation5h1p between the fractional change in resistance and the ap

plied stress can be approximated by Eq. (j), repeated here, 



flR _ 1T 44 (--
w- - -2- oR. - ° J 
1'\0 t 
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where (oR. - 0t) = the dlfference between longitudinal and transverse 

stress components average across the entire resistor. 

(9) 

A Wheatstone bridge configuration of resistors on the diaphragm was 

used instead of a single resistor to increase the output voltages. Making 

the four resistors of the same size and arranged in a square with the 

four corners connected facilitates contact to the four resistors and 

gives the desired orientation of resistors, Fig. 7. The bridge dimensions 

will then depend on the length of the resistors whose longitudinal axis 

lie in the x direction (Rx). 

5.0 mi 1 
y 

~-------lO.O mil 

Figure 7. Uiffusion Pattern for Piezoresistive Bridge. 

For all four resistors an aspect ratio of lu with a p-dlffusion of 

lOOnA] was chosen, giving a stress-free resistance of approximately lKn. 

The closer the resistors are located to the center, the higher the aver

age magnitude of stress difference, and thus the higher the bridge out

put. A resistor length of 1 mil was chosen which was about the smallest 

size considered to be practical for our investigatory studies. The 

bridge dimensions are shown in Fig. 7. 
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Once the dimensions and location of the bridge are known, the sensi

tivity of the bridge can be calculated using the average value of stress 

for each resistor, Eq. (3), and 

. I[~J. -[~U 
the equation for the output of a brldge is 

2 + [llRJ + [~RJ Ro x 0 Y 

assumlng that [~:Jx ls the same 

the same for both Ry resistors. 

2 + [~:J x + [~:L -2 

then (14) becomes 

Ir~J. -[~LI 
2 

for both R resistors and that-[~RJ 
x 0 y 

is 

It can also be assumed that, 

For a 1 MHz pressure sensor whose diaphragm dimensions are 5 mil x 

(10 ) 

t 11 ) 

(12 ) 

10 mll x 1.69 ~m with the brldge pattern shown in Fig. (7), the senSl

tivity can be calculated with the exact value of the piezoresistance 

coefficient, ff 44 . The relation between surface concentration and the 

piezoresistance coefficient has been measured by Tufte and Stelzer [4] for 

p-type diffused layers having an error function impurity distribution. 

The results are shown in Fig. {8}. 

Assuming a p-concentration of about 1020 /cm3, it gives a value for 

ff44 of 70 x 10-12[cm2/dyne] = 4.9 x lO-6/PSi • For calculations of the 

piezoresistance effect, the average stress was estimated from calculations 

of lax - 0y) at 121 equally spaced points covering the entlre area of the 

resistor(s}. The average of these values is then taken as ~ (0
1 

- at). the 

+ depending upon which axis, X{+) and y(-" is parallel to the resistor1s 

longitudinal axis. 
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If a resistor is positioned such that the magnitude of the stress 

difference is high in some parts, but low in the remaining area, averag

ing the stress will decrease the effectiveness of the high stress region. 

In order to obtain a high piezoresistance effect from the high stress 

region, the resistorls) should be confined to these areas and not over

lap into areas of low stress. Fig. 4 shows that for a square diaphragm, 

the resistor would have to be very narrow and positioned very close to 

the edge of the diaphragm. The magnitude drops from 2608 psi at the 

edge to 996 psi at 05 mil away from the edge. Small resistor and dia

phragm sizes and the need for exact positioning of the resistor(s) on 

the diaphragm necessitate the use of fairly accurate alignment methods 

and tight restrictions on the diaphragm's dimension to assure the proper 

location of the resistor in an area of high stress. 

As seen before, if the ratio alb is increased, a region of reason-

ably high stress difference is apparent in the center of the diaphragm. 

The stress distribution does not have as high of a slope in this area 

as it does toward the edges of the diaphragm. Thus even if the magni

tude of the stress difference in the center area is not as great as the 

edge area, its more uniform distribution over a larger area allows for 

easier positioning of the resistor(s) for a more predictable output 

for a given input. 

Using the prevlously described averaging technique, the average 

value of stress difference across the resistors was calculated as 

(0 - 0 ) 
x q y = -790.94 

and 

-720.92 



~ 
c 
GI .... 
UN ... E 
~ 0 
~ ......... 

~ GI 
c 

u >. 
0 cv >.-t 

.... r-
~I 
CI'I 0 .... r-
ei) 
cv )( 

s.. 
0 :;J: N 
cv 1= ... 

Q.. 

16 

140 

120 T = 270C 

100 

80 

60 
-12 ~ 

~44 x 10 dyne/cm-

40 

20 

0 
10 10 10 1021 

Figure 8: Piezoresistance vs. Surface Concentrati~n of 
Impurities in Silicon Diffused Layers /cm 

The above were calculated for a 5 mil x 10 mil x 1.69 ~m diaphragm with 

a pressure of 1 psi applied uniformly to the surface on which the bridge 

pattern is diffused. The estimated fractional change in resistance for 

the bridge's legs are, 

[
AR] = 11"44(0 _ Oy} 
Ro 2 x 

x 

= -1.94 x 10-3 x q (lJ-a) 

[
AR] -11"44 
~ Y = -2- (ox - 0y) 

-3 = 1.77 x 10 x q (13-b) 
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The calculated sensitivity for the bridge pattern then becomes 1.85 mV/vo1t 

input/psi (2.684 x 10-4 mv/v-N/m2). 
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FABRICATION AND EXPERIMENTAL WORKS 

A. Processing of Silicon Wafers 

The following is a brief outline of fabrication procedures. The 

starting material for the process is llOo)-oriented, n-type, 6-8 n-cm 

silicon wafers about 200 ~m thick. These wafers have one flat side 

corresponding to the IllO] dlrection of the silicon crystal. This 

direction corresponds to the direction of maximum piezoresistance for 

p-~pe resistors. 

The first step is cleaning of the wafers for 20 minutes in hot l600C) 

solvent baths lTCE-Trichloroethylene, then acetone) followed by methanol 

and 01-H20 rinses. After thorough drying with N2·gas, the wafer is given 

a hot acid bath (700C for 20 minutes s 2 parts H2S04 to 1 part HN03). Fol

lowing the acid bath, wafers should be rinsed with OI-H20 and dried with Hz 
gas. A I minute bath in concentrated HF l48%) will remove any oxide 

which may have formed on the wafer. Follow with a DI-H20 rinse and N2-gaS 

dry. 
o 

The wafers are then given a thermally grown oxide layer of 10~OOO A. 

This is done at flOOoC, 10 minutes dry O2, 180 minutes ooen tube steam, 

then to minutes dry O2 again. This thick oxide layer is required to mask 

the potassium hydroxide (KUH) anisotropic silicon etchant used in the 

diaphragm formation. 

After coating the wafers with positive photoresist and baking for 30 

minutes at 9Q
oC (pre-baking}, they are exposed to ultraviolet light through 

the desired mask patterns used for etching the wells for the diaphragm 

formation. The wafers are developed, rinsed with DIH20, dried with N2-gas 

and baked for 30 minutes at l200 C. Touch up paint is then used to cover all 

but two windows, used to form alignment holes. on opposite sides of the 

wafer. The reverse side is also completely painted to preserve the Si02. 
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After a bake at 7SoC for 30 minutes the wafers are set in a buffered HF 
o 

solution (etch rate - aOOA/min. at 20oC) for about 14 minutes to etch two 

windows in the 5i02 for formation of the alignment holes. 

The photoresist and paint are then stripped and the wafers are 

etched using an anisotropic etchant (300 m1 OI-H20, 300 m1 isopropyl-alco

hol, and 100 mg. KOH pellets) for 1~ hours at 60oC. This will give a well 

depth of about 20 ~m. The difference in depth between these two wells and 

the remaining wells will serve as an indicator of the thickness of the dia

phragms at the time the alignment holes extend completely through the wafers. 

The same photolithography steps are then followed using the same mask. 

The etched alignment wells should be aligned properly with the windows in 

the mask. After the buffered HF bath, photoresist and paint stripping, the 

wafers are etched in the same solution for about 10 hours. It was found that 

this slower etch rate resulted in smoother, more uniform diaphragm surfaces. 

The exact etching time is determined by frequently monitoring the diaphragm 

thickness after the alignment holes etch completely through. The thickness 

can be estimated with a microscope by finding the difference in the thicknes 

of the wafer measured through an alignment hole and the depth of a well close 

to the hole. 

After both etchings, the wafers are cleaned very thoroughly using the 

same procedure employed before the initial oxidation. After the hot acid 

bath and concentrated HF bath, the wafers are given two different peroxide 

baths. One bath using NH40H and H202 and the other using HCI and H202. A 

BO etchant dip for 10 seconds, OI-H20 rinse, and drying with N2-gas complete 
o 

the cleaning procedure. A layer of thermally grown oxide - 3000A thick is 

given to each wafer (10 mlnutes dry 02' 14 minutes steam, 10 minutes dry 02 

at 1100oC), followed by annealing with N2-gas for one hour at 1150oC. This 

oxide layer will be used as a mask during the diffusion step(s). 
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The standard photolithographic procedure is fo1 lowed using negative 

photoresist to open the diffusion pattern windows in the thermally grown 

Si02. The alignment holes are used to assure positioning of the bridge 

pattern in the center of all the diaphragms. The back side is painted to 

preserve the oxide layer. After the Si02 etchinq with buffered HF, the 

wafers are cleaned as before with hot solvents and hot acid lH2S04-HN03) 

baths. From this point they are given the two peroxide baths and dipped 

in BD etchant, rinsed in DI-H20 and dried with N2-gas. They are then 

diffused immediately to avoid contamination or oxidation from exposure to 

the atmosphere. Diffusion is done using d1borane gas at 10UOoC for p+ 

and gOOOe for p diffusion (15 minute deposition, 15 minute drive-in). The 

piezoresistors, after drive-in, have a surface resistivity of 100 /[J . 

If both p+ and p diffusion are necessary, the p+ is done first followed dir

ectly by photolithography, cleaning (including peroxide baths), and diffusion 

for the p-diffused pressure sensing wheatstone bridge. 

Following all the necessary diffusions, the wafers are qiven a chem

ically vapor deposited (CVD) phosphosi1icate q1ass lPSG) passivation layer 
o 

of 4000A. Cleaning with solvents (TCE, acetone, methanol) fOllows. Photo-

lithography is then done using negative photoresist to open windows in the 

si10x and oxide at the points at which metal contacts are desired. The back 

side is protected with paint and the wafer then put in siloxide etchant for 
o 

10 minutes (etch rate - 400A/minute at 250C). If contact to the n-type si1-

icon is desired, an additional photolithographic process must be done to make 

a wlndow through the thermally grown oxide beneath the passivation layer. 

Buffered HF, which has a higher etch rate for thermal oxide than si10xide 

etchant, should be used for this etch. 

Resistance measurements were done after the contact windows had been 

opened to check the previous processing steps. Before meta1ization, the 

wafers were dipped in BD etchant (10 seconds) to remove any oxide which 
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may have formed on the contact windows. The wafers were then coated with 

a 1 ~m layer of aluminum on the diffused side by a vacuum deposition pro-

cess. 

After the aluminum deposition, the usual photolithographic processes 

were applied to remove the unwanted aluminum with aluminum etchant. An 

additional step of dicing the wafers into individual chips must be done when 

a single chip must be mounted to perform certain tests, which will be 

described in the experimental section. 

B. Experimental Work 

The experimental work consists of four measurements, the first two 

measurements were made to verify pressure sensitivity of the sensors. The 

next experiment is conducted in a shock tube facility to obtain upper limit 

frequencies of the pressure sensors, and this experiment is followed by the 

measurement of frequency response in an anechoic chamber. 

1. Sensitivity Measurements 

The static pressure measurements were initially made to evaluate the 

pressure sensitivity of the sensors, the differential pressure applied in 

this measurement is 13.5 psi 19.31 x 104 N/m2). Also the sensitivity meas

urement was made with acoustic pressure between 110 and 150 dBs at 1000 Hz, 

110 dB acoustic level corresponds to approximately 0.001 psi (6.895) N/m2). 

A typical value of inherent noise levels of the sensors is approximately 

2 dBs above the Johnson noise of the silicon sensor and this noise corresponds 

to approximately 2.5 ~v rms output from the silicon sensor. For example 

the lowest pressure detectable by a 2.5 mv/v-psi (1.723 mv/v-N/m2) sensitiv

ity sensor is 6.895 N/m2 (0.001 psi = 110 dB) over JO KHZ bandwidth. 

2. Shock Tube Measurements 

The upper limit frequencies of the selected pressure sensors were 

measured in a Shock Tube Facility at NASA-Langley. The upper limit fre

quency of a sensor was determined from the sensor output voltage profile 



corresponding to the initial pressure impulse in the shock tube reaching 

the sensor. The pressure impulse is known to be 4 psi with a 4 nano-seconds 

rise-time. The sensor output is displayed on an oscilloscope through an 

automatic sample and hold equipment. 

3. Frequency Response Measurements 

The frequency measurements of the sensors were measured in an anechoic 

chamber, at NASA-Langley, with ~II 00 B & K microphone as a reference. The 

sensor was aligned at the same horizontal level as the source and positioned 

in a manner that the normal direction of the pressure sensing diaphragm sur-

face is perpendicular to the acoustic source. 

The ranges of frequencies used were from 1 to 16 KHz and from 1 to 40 

KHz. these ranges of frequencies were pre-determined by the source charac

teristics. 

c. Experimental Results and D1Scusslon 

Experimental results of the silicon pressure sensors fabricated are 

tabulated in Table III. 

Both square and rectangular d,aphragm sensors were tested to determine 

their sensitivities and the first mode natural frequencies. Two sensors 

with square diaphrcgns have their pressure sensing square bridge placed 

off the center of the diaphragm so as to make the sensors pressure sensitive. 

The sensors with rectangular diaphrsgms indicate that the same pres

sure sensitivity and the first mode natural frequency can be obtalned from 

two sensors with different diaphragm size. 

it is found that a sensitivity of approximately 1 mv/v-psi (1.45 x 10-4 

m/v-N/m2) can be obtained with sensor's natural frequency near ~ MHz. 

Sensors with the larger diaphragm l2.54 x 10-2 cm x 5.0~ x 10-2 cm} exhib-

lt lower natural frequencies, and the higher natural frequencies relate 

to the thicker diaphragm of the sensor. 



..., 
N 

Sensor 
No. 

063 

071 

035 

III 

131 

141 

151 

161 

TABLE III. SENSITIVITY AND NATURAL FREQUENCY 

axb(mils or x 10-2 em) h{llm) S(mv/v-psl -4 2) or x 10 mv/v-N/m f(KHZ) 

20x30, 7.62 x 7.62 6.25 I. 70 2.47 150 

25x50, 0.35 x 12.7 8 0.!:>2 0.76 188 

30x30, 7.62 x 7.62 5 1.80 2.61 120 

5x1O, 1.27 x 2.54 0.85 0.90 1.31 500 

5xl0, 1.27 x 2.54 1.06 0.82 1.20 62!:> 

10x20, 2.54 x 5.08 2.04 0.60 0.87 390 

10x20, 2.54 x 5.08 3.04 0.88 1.28 450 

1 Ox20, 2.54 x 5.08 3.26 0.60 0.87 482 
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The shock tube test results of sensors #1~1 and #036 are shown in 

Figure 9 and 10 respectively. Ihe natural frequencies of these sensors 

read from the figures indicate 450 KHz and 120 KHz. 

Figures 11 and 12 are the typical frequency responses of the silicon 

pressure sensors tested in an anechoic chamber. Figure 11 represents the 

frequency response of sensor #035, the deviation in the response is + 1.5 

dB over the range of 40 KHz. Figure 12 shows ~ 1.0 dB variation over the 

range of 1 to 16 KHz for sensor #063. 
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Figure 9. Shock Tube Resp~nse, Sensor #151 2 
f1 = 450 KHz, a x b = 2.54 x 10- em x 5.08 x 10- em. 

Flgure 1u. ShOck Tube Resp~nse, Sensor #1512 
f1 = 450 KHz, a x D = 2.54 x 10- em x 5.08 x 10 em. 

Time 

Time 
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Frequency (KHz) 

Figure 11. Frequency ~esponse of sensor #035. 
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-100 

10 

Frequency (KHZ) 

Figure 12. Frequency Response of Sensor #063. 
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CONCLUSION 

The design and fabrication of a small high frequency piezoresistive 

silicon pressure sensor are presented in this paper. Analysis of stress 

patterns and vibrational characteristics of the sensor diaphragm are pre

sented. A small transducer is designed with diaphragm dimensions of 1.27 x 

10-2 em x 2.54 x 10-2 cm x 1.06 ~m to have a 625 KHz first mode natural 

frequency~ the overall sensor dimensions are 2.54 x 10-1 cm x 3.81 x 10-1 cm 

x 2.03 x 10-2 cm. 

Measurements of the sensor's first mode natural frequency are made with 

a shock tube test apparatus. The natural frequency of the sensor is found to 

be 625 KHz, as predicted. 

Sensitivity measurements are also made on the transducer. The sensor's 

performance at both high (9.31 x 104 N/m2) and 10w~.895 N/m2) pressure levels 

indicates a sensitivity of approximately 0.8 mV/V/psi ll.2 x 10-4 mv/v-N/m2). 

Testing of the sensor's frequency response over a continuous range of 

frequencies is carried out in an anechoic chamber. The sensor's response 

remains flat within ~ 2.0 dB over the entire range of test frequencies (1-40 

KHz}. 

The tests results demonstrate a silicon piezoresistive pressure sensor 

can be fabricated to make measurements of high frequency low pressure pro

files. The achievable first mode natural frequency and the sensitivlty may 

be 1 MHz and 10-4 psi, respectively. 
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