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PREFACE

Signetics has produced a silicon semiconductor transducer , based on
the proprietary (patent applied for) superl inear folded cantilever , beam
spring design j ointly developed by Signetics and Dir...~ Corporation , with
preliminary work performed for the Air Force as a sul. oontractor to Diax.

By use of anisotropic etching techniques , the silicon is sha ped
into the folded cantilever spring with a thick supporting structure of
silicon Surrounding the spring . The anisotropic etch technique is an
etching technique which is sensitive to the different crystal planes of
the silicon. Since the etching follows the crystal planes , very accurate
control of the size of the slots , and the thickness of the spring member
is possible.

Four piezoresisti.e elements are ion implanted at high stress regions
on the spring structure . Two are oriented so that their resistance increases
with acceleration , and two are oriented so that it decreases. When con-
nected in a bridge configuration, any acceleration unbalances the bridge
and creates a signa l tha t is propoaional to the acceleration force.

Advanced integrated circuit processing techniques are used to produce
these devices and many devices are simultaneously batch processed on
a single three inch diameter silicon wafer. Therefore , the fabrication of
this sensor will utilize the advantages of small size , mass production ,
and low production costs inherent in solid state devices to manufacture
this accelerometer.

The Department of Aeronuatice at Stanford University conducted the
dynamic evaluation of the accelerometer with regard to linearity , frequency
response, and range.
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INTRODUC TION
During the contract period four accelerometer designs were

evaluated .
1) Mk I. Double Ended , Orthogonal Resistors
2) Mk II, Double Ended Orthogonal Resistors with Dual

Temp Control Circuitry
3) Mk III, Prototype. Single Ended , Unidirectional Resistors
4) Mk III, Single Ended , Unidire ctional Resistors with Quad

Temp Control Circuitry
S

These designs differed in that the topographical locations of the
resistor bridge and electronic components with respect to the membrane ’s
physical geometry were altered in order to obtain opt imizeci accelerometer
performance . In the prototype designs no temp. control circu4t ry was
included because only the optimization of the resistor orientation and
location was to be determined .

This results in a batch processed microelectronic accelerometer
having the following advantages:

1) Small size/mass ,
2) Low cost ,
3) Zero hysteresis ,
4) High reliability.

The genera l description of the accelerometer structure is as follows:
Using anisotropic etching techniques , the silicon is shaped into the
folded cantilever spring with a thick supporting structure of silicon
surrounding the spring . The anisotropic etch technique is an etching
technique which is sensitive to the d ifferent crystal planes of the
silioon. Since the etching follows the crystal planes , very accurate
control of the size of the slots , and the thickness of the spring member
is possible.

Four piezoresistive elements are implanted at high stress regions on
the spring structure . Two are oriented so that their resistance Increases
with acceleration , and two are oriented so tha t it decreases. When
connected in a bridge configuration , any acceleration unbalances the
bridge and creates a signal that is proportiona l to the acceleration force .

Advanced Integrated circuit processing techniques are used to pro—
duce these devices and many devices are simultaneously batch processed
on a single three inch diameter silicon wafer.

The overall dimensions of the accelerometer chip for all four designs
are 0.174 in. wide , 0. 245 in. long by 0. 007 in. at the thickest point.
The piezora sisttv . membrane Is typically 0. 001 In. thick.
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These four accelerometer designs and associated technology are
presented in 8ections 2 - 7 together with illustrations and in—depth
dialogue.

The general format of the four accelerometer sections is as
follow s:

1) Photos of the Accelerometer.,
2) Design,
3) Accelerometer Layout ,

4) Testing Results ,
5) Critique and Recommendations .

:
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SECTION II

MK I ACCELEROM ETER

Th e Mk I transducer design evolved from a critical analysis of
the Mk 0 prototype . The basic problems with the Mk 0 were low
sen sitivity and a very large temperature coefficient. We felt that
the se problems were due to the large separation between piezoresistors
(nearly 50 mils on the Mk 0) and the fact that the piezoresistors were
not in a region of maximum stress.

Th e Mk I desig n changed the location of the piezoresistors to the
end s of the membrane , as shown in Figure 2 . Th ey were previously
located (in the Mk 0) in the four areas bounded by dotted lines in
Figure 2 . By bringing the resistors closer together ,we expected
better matching and lower d ifferentia l temperature coefficients . By
placing the re sistors where we did ,we expected greater sensitivity ,
since the end of the membrane had been theoretically show n to b’ the
region of maximum stress In the membrane structure .

Two additional feature s were incorporated into the Mk I . The
Mk 0 used a continuous resistor structure which reduced the sensitivity
due to the ~‘be nd s” of the resistor. To corre ct this , all resistor ele-
ment s were made parallel and metal was used in place of silicon to
connect the sub- pieces . Also , th e Mk 0 had metal runs going over
the piezoresistors which caused breakdown problems. In the Mk I
all metal was removed from the piezoresistor area , except for the
direct Interconne. . to the contacts.
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Fig . 1

Mk I Accelerometer
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connections
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~~~~Membrane Slots

Piez resistors .

~~~~ Mk I Accelerometer Layout
Fig. 2
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TEST RESULT S

The sensitivity of the Mk I was nearly double the sensitivity of
the Mk 0. In addition it showed a static non—linearity of . 1% of full
scale . The sinusoidal curve in Figure 3 show s rela t ive output as
the device was rotated throug h 3600 on an indexing head. The larger
noise curve represents the total non—linearity of the device when fixed
offsets and temperature drift were mathematically removed from the data .
Observe that it has a cos 29 dependence , indicating a second order
non—linearity is operating . The smaller noise curve represents the
residual noise of the device when all non-linear com ponents have been
removed .

The fundamental noise limit is due to excess noise (1/f frequency
spectrum) in the piezoresistors. This type of noise source is common
in solid state devices and is related to surface conditions in the
Si/Sj 02 interface . Generally , it can be reduced by improving the overall
cleanliness of the process and preventing ionic contaminants from
reaching the interface area. In addition there is some theoretica l
evidence tha t 1/f noise can be enhanced by local stress patterns in
the silicon membrane . This theory will have to be evaluated in future
tests with the accelerometer .

6 4
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CRITIQUE AND RECOMMENDA TION S

The Mk I accelerometer satisfied one of its design goals , to
increase sensitivity of the device to acceleration. However , it failed
to im prove the temperature sensitivity problem. Large mismatches
between bridge resistors still existed with associated large differe ntial
temperature coefficients .

An analysis of the probable causes of the temperature sensitivity
problem showed that It was most likely due to statistical matching
between the diffused piezoresistors , which have inherently large
temp.cos . We essentially felt that the matching was poor due to the
fact that our basic peizoresistor (a diffused com ponent) was highly
sensit ive to temperature and processing conditions. By making the
basic resistor less sensitive to temperature and processing , we felt
tha t we could then realize an improvement in matching over temperature.

To achieve our goal of a better basic plezoresistor we decided to
redesign the Mk I accelerometer to incorporate “ zero TO’ Ion implanted
resistors . The piezoresistor width was also doubled to reduce matching
errors due to photolithography . We felt that wider , ion im planted
resistors would solve the temperature problem since we could

a) reduce the basic tempco of the piezoresistor to zero around
a specific operating temperature ,

b) match the resistors better due to the increased size and
implantation method .
As an .additional safeguard we incorporated a temperature control loop
with dual heaters and sensors on the transduce r die , to control the
chip temperature . By this method we felt that we could control the die
temperature to 1 °C over the full military range. The temperature control
system would reduce the requirements for matching of the piezoresistors ,
and im prove the chances of success.

8
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SECTION III

ION IMPLANTED PIEZORESISTOR BRIDGE

Ion implanted piezoresistor bridges were used in the fabrication of
Mk II , Mk III prototype and Mk III accelerometers . We chose ion
implantation as an obvious alternative to the more conventional thermal
diffusion process because of dramatic superiorities in both temperature
coefficient and range of sheet resistivities.

To determine a suitable resistor process for solid state accelero-
meters a com parative evaluation of resistors made by the standard-
diffusion . and ion implantation processes was carried out. The experiment
was done with production processing , and a large number of devices were
processed so that statistical analysis could be performed on the data.

Figure 4 shows the superior temperature coefficent of ion
implanted resistors compared with thermally diffused resistors.

Since the ion dose can be controlled very accurately , excellent
definition of the absolute value of resistors , as well as good matching
between resistor pa irs , can be obta ined. Also , since the device , unlike
a thin film resistor , is formed within the semiconductor substrate , it is
passiva ted by sil1con.~dLox1de in the same manner as a diffused resistor.
In other word s the ion implanted resistor combines the advantages of
bulk diffused devices with the high sheet resistance of thin film devices .
The unique chara cteristics of ion Implantation have been combined with
standard bipolar process technology to achieve the high precision required
by this accelerometer . Thus , the accelerometer can be manufactured on
the same process line with ultrahigh volume circuits such as operationa l
amplifiers with only a minimum of extra handling .

9 
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I
~1 ION IMPLANTATION ANNEAL STUDY

The variation of ion implanted resistors with temperature is a strong
function of the ion dosage , the anneal temperature and the anneal time .
Annealing is required after implantation to activate the acceptor atom s in
the silicon lattice.

For this initial study, we fixed the dosage at i0 15 atoms/cm 2 and
the anneal temperature at 580°C. We varied the anneal time from 15
minutes to 120 minutes. The effect is clear from the graphs . The short
anneal times produce a good “ zero—TC ” resistor at elevated temperature s
(good for temperature control at 100°C) . The higher anneal times produce
a good “zero—TC” resistor at lower temperatures near 25°C (good for non —
temperature controlled applications). In general , the longer the anneal
time , more curvatu re is produced in the resistance vs. temperature curve
and it tends to be “rocked” counter-clockwise to produce a higher variation
at elevated temperatures.

in performing the experimental work for this study , two prob&am
areas were uncovered . Firs t , there is a substantial variation In the
resistance curves from die to die under the same anneal conditions.
Second , roughly 50% of the tested die showed a domina nt leakage current
(resistor to tub) which caused measurement problems at temperatures over
120° C. Both of these problems would cause serious limitations for a
piezoresistive sensor , since the firs t problem would destroy TC matching
and the second would rule out temperature controlled operation at a rea-
sonably high temperature. These will be studied in greater dept h in the
future.
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SECTION IV

A. Interface Chip Packaging

The packaging of the transducer must satisfy the following cond itions .

1. Insensitivity to thermal transfer
2 . As a navigation accelerometer the membrane must be critically

damped .

3. The transducer chip must be protected from corrosive or electrically
conductive environments .

V

The interface chips are manufactured using a metallurgy similar to
that incorporated on the accelerometer chip. The inner circle of pad s
are electroplated with successiv e layers of gold and tin . Wh en the
sensor chip is aligned and placed in contact wit h the interface chip and
heated above the gold—tin eutectlc (280°C) , the interface chip solders
itself to the gold bumps. These are the electrical leadouts on the
accelerometer chip.

The silicon interfa ce chip allows for a rugged transition from the
transducer to the package media in the following manner. The transduce r
is “flip chip ” bonded to the interfa ce chip. The structure of the solder
bumps is made so that a 12 ~ air gap remains between transducer and
interface chip after bonding . This provides damping when the transducer
is packaged as an inertial sensor . Also , this bonding technique assures
a minimum of thermal coupling between the transducer and the package .
The interface chip assembly is then tested for both mechanical and elec-
trical integrity. The assembly is solder attached to the package cavity
and then is wire bonded to the pa ckage pads. The hermetic sealing of
this bonded assembly completes the pQckaging .

16
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B. Damping Investigation

It was recogn ized early In the design program for our accelerometer
that some form of damping would be required to overcome the strong
na tural mechan ical resonance of the spring-mass system. The cantilever
spring element in our accelerometer is formed from single crystal silicon
and Is therefore nearly an ideal spring with no losses. Coupling such
an ideal spring to an unrestricted mass element yields a very high Q
resonator. Pra ctically speaking , our spring is not perfectly ideal and
thus it doe s have some small amount of los s which limits the resonance
to a finite Q. For example , a typical Mk II accelerometer housed in V

a conventional INB package , shows a resonant frequency of 700 Hz and
a Q of 750.

The method used to de term ine the resonan t frequency and Q of the
accelerometer involves applying an impulse force to its case and observing
a decaying sinusoidal sig na l at the output of the electronic amplifier with
an oscilloscope. The resonant frequency of the accelerometer is the
observed frequency of the sinusoid . The Q is calculated by counting
the number of cycles it takes for the waveform to decay to e ’ (3 7%)
and then using the relationship

Q = it N
where N = no. of complete cycles to decay to e~~

ii = 3 . 1416

The initia l method we chose to damp our transducer was a
“ squeeze film ” technique . This method is based on the principle that
two flat plates in close proximity (interface chip assembly) moving
together with some velocity , will exert a force on each otI~~r due to the
separating medium (a gas) “ squeezing ” out from between the plates. The
exerted force , between the interface chip and sensor membrane in our
case , is proportional to the closing velocity of the two surfaces and is
thus an ideal mechanical damping mechanism.

The following theoretica l deviation of “ squeeze film ” damping was
contrthuted by Prof. Dan DeBra of Stanford University . The damping
model is based on rather restrictive assumptions and is thus primarily
useful for first order calculations .

F = b hdamping

where F force between platesdam ping
b damping constant
h = closing velocity of plates

b is determined from

b 4/3 ~W L3/H3

21
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H where p = viscosity of gas
W length of membrane
L 1/2 wIdth of membrane

• H = separation

The damping performance of the system is chara cterized by its Q
or alternatively by 

6~~~ 
the damping coefficient .

6 b/m2w~
where m = total free mass

natural resonant frequency in rad/sec
since Q 1/2 = m we/b
Evaluating these expressions for typica l values encountered in our trans-
ducer system yields

6= 48
Q = 1.04

These num bers represent very acceptable performance for a damped system .

Experimentally , the performance of the “ squeeze film ” damping tech-
nique is not as good as expected . Tests show that In a one atmosphere
nitrogen environment , the resonant frequency is 900 Hz and the Q is 16.
To test the effect of the damping , the tests were repeated in an evac-
uated enclosure . The resonant frequency remained essentially the same ,
while the Q is Jumped to 90. Thus there is a damping mechanism using
the ‘ squeeze film ” technique , but presently the magnitude is too low for
an acceptable system. We hope to decrease the sepa ration between the
damp ing surfaces , to lower the system Q.
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Argon - 1 atmosphere

Horizontal = 2 m S/D i v.

Vertical = . 2 volts/Div.

• FIg. 14

Nitrogen - 1 atmos phere

Q = 16

Horizontal = 2 mS/Div.

Vertical = . 2 volts/D iv .

Fig . 15

I
Evacuated Chamber

Q 9 0

l i i i  
~~~~~~~~~~~~~~~~~~~~ Horizontal = 2 mS/Div.

Vertical . 2 Volts/D iv.

Fig. 16
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SEC’rION V

MK U ACCELEROMETER

The layout of the heaters and sensors , with respect to the piezo-
resistors , in the Mk II accelerometer was based on the following con-
s iderations:

1. It must be assumed that the heat sources Introduce no
thermal gradients that cause unbalance of the bridge.

2 . The most desirable situation is that the bridge and the temp .
sensor reside at the same temperature or at worst case , a temperature

• which differs by a constant. Thus if we insure that the temp. sensors ’
temperature is constant , the bridge temperature is constant.

3. The sensor and heater must be located as closely to one
another as possible . This will permit the use of large loop gain , and
will in turn result In pre cise sensor stabilization.

The heater transistors are located as shown on Figure 19 with
the temp. sensors adjacent. The following point s are stressed .

1. The heat flux along the membrane arm s is the power dissipated
in the bridge or approximately 5 mW. The net thermal resistance of this
path Is about 300°C/W. This 25 p thIck silicon membrane has a thermal
sheet resistivity of 200°C/W .

Thus the 4T will be only 1.5°C between- the-heate r region and the
piezoresistor areas . The important fact is that this difference is con-
stant and will not vary with AT ambient.

2 . The sensor and heater are adjacent which allows high loop
gain.

3. A critical factor is that the two heaters must dissipate equal
power. If this does not happen , there will be a AP which is proportiona l
to TA , and a AT will be produced across the membrane . Further , if the
accelerometer packaging is relatively non-uniform in therntal symmetry ,
a similar event will occur.

Therefore it is best to stabilize the opposing sides indepen-
dently. The difference in Tchj between them will be set by VBE mismatch
8 , and hold ing within 2 mV , &e 4T will be less than 1°C.

The piezoresistors in the Mk II were changed to a “zero TC ” Ion
im planted type , and increased In width to 40 p to improve statistical
matching . Each resistor was placed in an isolated tub , since an epi
process was now being used for the heat control elements , with an
individual tap for each isolated region. The piezoresistors were placed
orthogonal to each other (as in the Mk I), but a common centroid geometry
was used to minimize temperature gradients. Each re~ istor consisted of
4 subsections connected in series to form the whole 12 square piezoresistor .
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‘S The dual heat control elements consisted of a large npn transistor
for heating , four diodes for heat sensing , and a zener reference for
accurate control . The heat control elements were not placed on -the
membrane , but in the thick region on either side of the membrane .
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MK II ACCELEROMETER
DYNAM IC TEST RESULTS FROM STANFORD UNIV ERSITY

The first dynamic test results of the folded cantilever accelerometer were
genera ted by Stanford University 11/15/76. At our request , they performed
two dynamic tests:

1. Linearity Response at 100 Hz
2 . Frequ ency Response at 1 g
The results of these tests should be considered “ preliminary ” in nature ,
since the vibration table was not optimized for the large dynamic range
required , and the reference Bell accelerometer was not available for an
accurate measurement standard. In spite of these deficiencies, the results
are very promising , and show good progress toward contract goals .

FIg . 21 and FIg. 22 show the output of the accelerometer , as measured
on the wave analyzer , as a function of applied acceleration at 100 Hz .
The wave analyzer was set at 100 Hz to read only the fundamental vibration
frequency . The acceleration standard for these measurements was an
Internal velocity pickup in the vibration table. The abrupt discontinuity
at 10 g was due to a range change on the vibration table control panel.
The graph is quite linear up to 15 g despite the probable inaccuracies In
the measurement system.

Fig . 23 and Fig . 24 show the output of the accelerometer as a function
of an applied acceleration of 1 g at frequencies between 30 Hz and 2000 Hz .
The vertical axis is show n in dB to accommodate the large response at
the resonant frequency. The output values were obtained by tuning the
wave analyzer to the fundamental shake frequency at each measurement
point .

Fig . 24 shows several interesting feature s. First, it has the classic
shape of an underdamped second-order system . It appears to have a
resonant frequency of 1329 Hz and a Q of roughly 56. Alternate impulse
tests have shown the unit to have a natura l resonant frequency of 1000 Hz
and a Q of 16. There is a discrepancy here which will have to be
resolved . Second , the frequency response is quite flat with the exception
of a 2— 3 dB perturbation at around 100 Hz . This correlates well with
impulse tests which show a secondary natural mode at 100 Hz

1. 
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View of the electronic equipment showing the control
panel (left) for the vibration table.

Fig. 20
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SIG N ETICS No. 1 — 100 Hz Response

Acceleration Reading (volts) rms (from harmonic
analyzer)

0. 1 g 0.012
0. 3 0. 0335
0.5 0.056
0. 7 0. 079 V -

0. 9 0.100
11.0 0 . 1101 (scale changed on
[1.0 0. 115] shake table)
1.2 0.137
1.6 0.180
2.0 0.224
2.6 0.287
3.0 0.333
3.6 0.398
4.0 0.440
4. 5 0.49 2
5.0 0.552
5.5 0.610
6.0 0.670
6.5 0.720
7.0 0.773
7.5 0. 825
8.0 0.880
8. 5 0.930
9.0 0. 980
9.5 1.04 (scale changed on

110.0 1. 09 shake table)
L 10. 0 1.12j
11.0 1. 27
12 .0 1.38
13.0 1.49
14. 0 1.60
15.0 1. 73

FIg . 21
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SIG N ETICS No . 1 - Frequency Response at 1 g

(from harmonicFrequency Reading (volts)
____________ rms analyzer,

30 Hz 0.170
50 0.167
90 0.174

125 0 .145 
V

145 0 .145
160 0 .182
210 0.175
260 0.178
380 0 .190
470 0.213
590 0. 253
700 0. 310
800 0 .400
900 0. 600

1050 1. 10
1130 3. 25
1250 5. 80
1280 6.10
1320 8.00
1350 3.20
1450 0. 66
1550 0. 79
1700 0. 222
1800 0. 157
1900 0. 100
2000 0. 070
2200 0. 048

Fig . 23
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MK II ACCELEROMETERr
CRITIQUE AND RECOMMENDATIONS

Although the Mk II performed as expected in dynamic stress where
the ambient temperature conditions did not vary more than a few degrees ,
the temperature control features were disappointing because of the
following basic design flaws.

1. Poor thermal coupling between heat sensors and piezoresistors .
2. Breakdown and surface inversion in piezoresistor area of the

chip.

3 . Floating substrate (not able to be grounded) .
4. Low thermal resistance with interface chip packaging due to

large number of pads (52 as opposed to the 26 requIred).

5. Poor piezoresistor design for matching and minimum differ-
ential TCR .

6. Large sensitivity to oxid e prestress .

The reason for the poor coupling has been isolated as thermal con-
duction through the air medium and high thermal sheet resistance of the
silicon membrane . Using a simple transmission line analogy , It has
been possible to calculate the temperature on the membrane as a function
of position. The calculations agree closely with measured data , and
indicate a temperature loss of 25°C from the sensor to the resistor area.

Due to the large temperature gradients on the membrane , it was
necessary to redesig n the transducer to place fou r independent heater/
sensor pairs on the membrane , next to each piezoresistor . Many of
the lines are common , so that actually there will be a reduction in the
complexity of the leads to the membrane . However , even though the
new desig n will only use one end of the membrane for circuits , much
more metal will be added to the whole membrane than previously . We
hope that this will have a negligible eff ect on the linea!ity of the
spring , and provide a small amount of damping .

The acceleration and tempe rature sensitivity of the Mk II was com-
parable to the Mk I. The ion im planted resistors reta ined the same non—
linearities and stress sensitivity as the diffused units , but they dId not
improve the temperature matching , as we had hoped. A fu rt he r anaiysis
into the problem showed that we had overlooked a ‘built-in ” stress
phenomenon in the membrane , which was due to the unequal coefficients
of expansion of silicon and silicon dioxide. The membra nes were highly
curled in response to this stress , which became increasingly obvious
as we attempted to make units with thinner membranes . Further analysis
showed tha t it would not be possible to reduce the prestress to zero ,
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MK II ACCELEROMETER
CRITIQUE AND RECOMMENDATION S (continued)

thus the only alternative was to reduce the sensitivity of the resistors
to this mechanism. Our desig n approach to this problem Is discussed
in the next section under the Mk III Prot otype .

A membrane temperature analysis is presented in depth to explain
the inadequate thermal control performance of the Mk II accelerometer.
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SECTION VI

MK III PROTOTYPE
DOUBLE ENDED UNIDIRE CTIONAL PIEZORESISTORS

It was suspected tha t the consistently larg e differential TCR of
the bridge piezoresistors was due to a silicon/silicon dioxide (SI/SiO2)
prestress mecha nism in the Mk I and Mk II accelerometers . The
prestress is created in the fabrication of these devices since Sb 2 is
thermally grow n at elevated temperature s and has a lower coefficient of
thermal expansion than silicon . Thus as it cools , the silicon shrinks
faster than the oxide , creating a stress in the interface region. The
magnitude of the stress Is greater than ~~~ dyn/cm 2 and causes visible
bending of the membrane (bi—metal effe ct).

When piezoresistors are inserted into this prestress at right
angles to each other, the stress causes one resistor to increase and
the other to decrease ,i.e. poor resistor matching. The piezoresistor
bridge responds to prestress as it would to an acceleration induced
stress. It “thinks ” it is seeing an acceleration of 10—20 g ’s with no
externally applied signals. The bia s stress or prestress due to Si/S102Intera ction is fairly independent of temperature in the military range .
However , the piezo—coefficient ( ir ), which relates change in resistance
to stress is strongly temperature dependent and varie s roughly as i,ftr
(K °) .  Thus the piezoresistors see a change in resistance which is a
function of tempera ture and their orientation . This creates a differential
TCR over and above the basic statistical differential TCR of the bridge .

To try to overcome the problems created by prestress (poor
resistor matching and large differential TCR) the Mk III prototype accel-
erometer was designed . In the new desig n , plezoresistors were all
placed in the same direction to cancel the effe ct of the prestress. The
resistors that were originally at right angles to the long dimension of
the membrane , were moved from areas of tension to areas of compressAon ,
to preserv e the acceleration induced signal. See Fig. 28.
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Mk III Prototype Accelerometer
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1~Packaged Mk III Prototype Accelerometer
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Fig . 26
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Mk II Res~hstor-Membrane Geometry
Fig . 27
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TEST RESULTS/RECOMMENDATIONS

The Mk III Prototype was able to consistently reduce the differ-
ential temperature coefficient of the bridge by a factor of three to four
over typica l Mk I and Mk II performance. It was not completely success-
ful , however, since an additiona l fa ctor of five to ten improvement is
necessary for a truly wide dynamic range device . The fact that we were
able to reduce it at all is significant , because it indicates that our
theoretical analysis was basically correct. Any additional improvements
in the tempe rature sensitivity will have to incorporate a three dimensional
stress analysis of the membrane and a vastly superior photolithog ra phIc
technique such as electron beam.

The stress sensitivity , nonlinearities , and the excess noise of the
Mk III Prototy pe was basically the same as both the Mk II and Mk I
devices . However , the resistor placement scheme did have a drastic
effect on the misalignment angle of the accelerometer . Previously , this
angle was negligible (much less than a degree) and was thoug ht to be
due to misalignments in the packaging and test equipment. Now , in
the Mk III , this angle Is 10—20 degrees and introduce s a serious question
as to the orig in of the phase error. Additional experiments with static
and dynamic excitatio n will have to be used to evaluate the effect of
the misalignment. Figure 30 shows the phase shift in the relative
output signal that is typical of the Mk III design which incorporates
unidirection al resistors (compare with Mk I and Mk II) .

4
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SECTION VII

THE MK III ACCELEROMETER
SINGLE ENDED RESISTOR BRIDGE WITH
TEMPERATURE CONTROLLED CIRCUITRY

The deficiencies of the Mk II accelerometer design have resulted
in a piezoresistive sensor with the following problems~

1) a large sensitivity to temperature ,
2) a poor temperature control system ,
3) a large sensit ivity to environmental effects lik e voltage ,

charge , moisture , etc.

The Mk HI design attempts to solve the above problems as well
as add some badly needed feature s to improv e yield and facilitate
testing .

To solve problem (1) in the Mk II sensor , the Mk III design uses
an alterna te placemen t of resistors on the sensor membrane . Figure
33 shows two of four piezoresistors In the Mk II sensor layout , and
FIgure 34 show s all four piezoresistors in the improved Mk III design.
In the Mk II design , each piezoresistor was broken into four segments
(3 squares per segment) which were placed at right angles to each other
in a common centroid geometry . The entire pattern was located in an
area of tensile stress so that the segments parallel to the membrane
slots would increase in resistance , and the segments perpendicular to
the slots would decrease in resistance . A duplicate geometry was located
on the opposite end of the membrane to make a total of four bridge
resistors . The fact that the resistor segments were. oriented at right
angles to each other and that there was a large bias stress in the Si/
SiO2 interface , created both a differential temperature coefficient in
the bridge and excessive resistor mismatching. This was discussec~ 1~i
detail under “ Piezoresistor Technology” in 100 D . A. C. To alleviate the
problem in the Mk III design , the piezoresistors were all moved to one
end of the membrane , and those resistors that were previously perpen-
dicular to the slots were moved to areas of compressive stress to retain
the same decrease in resistance. In Figure 34 if the center two
piezoresistors are in tension , then the outer two will be in compression ,
and the full bridge signal is maintained . However , the Mk III design
hds the advantage of first order cancellation of the d ifferential tempera-
ture coefficient due to bia s stress , since the bia s stress now has an
identical effe ct on all piezoresistors and thus will be rejected by the
bridge . The differential TCR of the Mk III design should be dictated
entirely by statistical resistor matching , which can be controlled by
advan ced processing techniques.

To solve problem (2) the Mk III design uses four indepe ndent
heater/sensor control loops , each in close proximity to a piezoresistor ,
for temperature control. The heater/sensors were moved up onto the
membrane to overcome the problem encountered in the Mk U desig n of
larg e heat losses due to thermal conduction to ambient. The high
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thermal sheet resistance on the membrane and the thermal conduction
to the air medium resulted in a large temperature drop (25°C) from the
sensor to the piezoresistor area. Thus , It was impossible to regulate
the tempera tu re of the plezoresistors with any accura cy . A quad
regulator was incorporated into the Mk III design to prevent temperature
gradients from unbalancing the piezoresistive bridge. Each piezoresistor
Is closely coupled to a heater/sensor and will be accurately temperature
controlled .

The third problem with the Mk II design has been overcome by 
V

closer attention to process design rule s , the incorporation of process
monitors and the reduction in size of the sensor to fit a standard
hermetic IC package. As discussed previously , the Mk II sensor had
several desig n errors which made it difficuh to use because of Its large
sensitivity to environmental factors . It was also difficult to test in a
hermetic environment since a custom package had to be designed to
house the sensor/interfa ce chip assembly. The smaller size of the Mk
III for ease of packaging , and the increased attention to the problem
details in the Mk II makes Mk III a vastly improved design.

This design incorporates many novel design feature s which were not
on the Mk II accelerometer . These additions were made to facilitate
device fabrication and optimize performance. Figure 35 show s the
nine areas of improvement over the Mk II design.

A. Test Structures (2)13)(5)

Because the indiv idual components of the accelerometer
circuits are electrically interactive and physically small , it is impractical
to evaluate their individual electrical parameters . In order to provide
this “discreet” test capability , certain critical circuit components were
scaled up to a size where they can conveniently be electrically contacted
and evaluated . These test structures are as follows:

2 - d iffused resistor
3 - ion implanted piezoresistor

5 — transistor
This technique provides us with a relatively simple means of trouble
sh~v-t ing the electronic characteristics of the accelerometer.

B. Depth Gauges (i)

During the front side silicon membrane slot etch process , 6
- - rectilinear patterns are also defined . The dimensions of these patterns

are mathematical ly derived from the anlsotroplc etch predictions of <1 00>
orientation silicon and will yield precisely controlled apexed bottoms .
These patterns will etch to dept hi of 15 to 40 ~m in 5 ~im increments.
The final silicon etch done from the ba ck side of the membrane determines
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the eventual membrane thickness . The sensitivity of the sensor is a
direct function of the membrane thickness. Therefore it is imperative
that this silicon etching be under precise control. The function of the
depth gauges is to provide a visual depth reference for the control of
membrane thickness . As the membrane is gradually thinned , the depth
gauges will visually appear in order of their depth. Using this tech-
nique the etching operator can precisely control the final membrane
thickness and accelerometer sensitivity.

C. Corner Compensation (4)

The corner compensation square placed on all outsid e aniso—
tropically etched corners allows for final etched membrane having
improved lateral configurations.

D . Substrate Contact (6)

The Mk II design did not have a substrate contact and
because of this , testing was in some cases difficult due to charge
buildup and otI~~r fa ctors . This feature will alleviate this problem

E . Dual Bond/Probing Pad (7)

The Mk II devices had to be contacted directly onto the
bonding pillar during electrical testing. This deformed the soft gold
pillar to such an extent that in- many cases Interface chip soldering
could not be effected due to non—planarity . The Mk III design afford s
electrically continuous pads for both prdbe contacting and solder bonding .
This will greatly enhance assembly yield .

F. Piezoresj stor/Heater Location (8) (9)

The close correspondence of the piezoresistor and heater
assures optimized thermal control of the accelerometer.

Figs. 38 through 43 show in detail the Mk Ifl design
improvements . .
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Mk III Accelerometer/Interface Chip Assembly

Fig . 31

This is an overall view of the Mk III device which graphicai~y show s
the various features which make this design considerably different and
simplified when contrasted with the Mk II.
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V

Mk III Accelerometer/Interface Chip Assembly

Fig. 32

This is a fully tested pre—assembly (note probe mark s on the bonding pads) .
This pre— assernbly is now ready for final assembly into a 28 pin D. I. P .
The feature s on the membrane are the diffused collectors at the top and
the membrane thickness gauges at the bottom.
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Fig. 38
Plezoresistor/remp. Control Active Region

The geometric relationship of the pIezoresistors with the heater—sensor
circuitry Is shown in this photo. Note the exact symmetry of the
geometries as they relate to the membrane slots.

I
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Fig. 39

Resistor Test Stru ctures

These test resistors are used as “in process ” controls for monitoring
the exact values of the related active circuit resistors. The top
resistor is diffused and typically has a 130 ohm/square value . The
lower resistor is ion implanted to a 1000 ohm/square value .
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Fig . 40

Transistor Test Structure

This transistor is an enlarged structure which is easily accessed via
probes for the analysis of electrical parameters such as current gain ,
and junction thresholds. The electrical results of this structure are
representative of the much smaller active transistors and also provides
an “in process ” control.
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Fig . 41
Probing-Bonding Pad

The probing pad is made purposely large for easy probe access (note
probe mark) . The gold pillar Is the solder bond ing pad. This , as
shown , is electrically continuous with the probing pad . This con-
figuration is necessary because if the electrical probing were done
on the bonding pad , it would deform due to mechanical pressure and
make bonding difficult because of non-planarities.
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FIg. 42
Depth Gauges — Front Side

This row of slots represents an Incremental 5 p progression in depth of
15 pm to 40 pm. from top to bottom. These gauges are precisely formed
during the membrane slot etch operation.
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Fig . 43

Depth Gauges — Back Sit.~.e

The final membrane thickness can be precisely controlled to a variety
of desired thicknesses by observing the emergence of the depth gauge
progression and term inating the etching process when the desired
depth gauge appears . In this photo all but the 15 pm depth gauge
have appeared; therefore the membrane thickness Is between 15 and
20 pm. The actual thickness can be mathematically determined by
measuring the width of the smallest opening and applyi rig a trigono—
metric formula.
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MK III SENSOR EVALUATION

Five fabrication variations were manipulated in the latest run of Mk III
accelerometers , in order to gain some important comparative information.
The factors varied were the type of piezoresistor and the method of
sensor mounting . These are summarized in the table below :

Variation Description
A Ion—implanted piezoresistors with integral heater/ V

sensors , mounted on interface chip

B Same as A , except sensor was not mounted on
Interface Chip

C Ion—implanted piezoresistors only , no Interface
Chip mounting

D Same as C , except with Interf - mou nting

E Diffused piezoresistors only , no Interfa ce Chip
mounting

The above variations were subjected to a five part evaluation for:
1) Sensitivity

2) StatIc Non—linearity

3) NoIse

4) Temperature coefficient of bias

5) Damping

The measurement techniques used for all of these tests have been
previously described and will not be discus sed here . The test results
which consider only the sensor bridge with 10 volts excitation , no
amplifi cation , and no temperature control , appear in the follow ing table .
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Fig. 44
a

Sensitivity Static Noise Vpp Tempco Damping

and V/g. Non-linearity 1Hz NBW Q Factor -

A 124 ppm/g . 20% 8 ~sV 50 pV/C° 15
1. 24 mV/g

B 142 ppm/g .10% 10 pV 220 pV/C° 7250 V

1.42 mV/g

C 
148 ppm/g .10% 6 pV 120 pV/C° )~50
1.42 mV/g

D 133 ppm/g .15% 6 pV 150 pV/C0 15
1. 33 mV/g

E 190 ppm/g . 30% ~ pV 110 MV/Co 7250
1.98 mV/g

Some genera l conclusions can be drawn from the summary table. Firs t ,
the sensitivity of all the ion—Implanted units is much lower than the
diffused unit , and in addition , much lower than previous runs of the
Mk II tra~ sducer. It is believed that the sensitivity reduction is due
to attenuation of the implant dopant In the Si02 layer. Thinning the
oxide will reduce the attenuation effe ct and should increase the doping
and sensitivity factor. Second , the temperature coefficient of the
bridge (tempco matching) does not show any dramatic correlation with
either the piezoresistor type or the mounting teohnique. This is an
unexpected result and will have to be stud ied furthe r . In general ,
the tempco of the Mk III units are better than the Mk II’s; however ,
the tempco coefficient is still too larg e in relation to the bridge sensi-
tivity to acceleration, Third , the non-linearity of the ion-implanted
units is substantially less than the non—linearity of the diffused unit.
This is also a new and surprising result , whicrr does not correlate
with previous runs of diffused piezoresistor units. Fourt h , the noise
in the bridge output is slightly hig her for the A and B units over the
other variations. This is probably due to stress effects introduced by
the buried layer , and other processing steps required to make the
heaters and sensors . And last , the damping Q show s a normal
variation with mounting technique. The Q of the Interface mounted
units correlates well with previous measurements on Mk II devices.
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- Two other factors were observed in the evaluation of these Mk III units.
All the transducers tested suffered from a pa rasitic resistance problem
due to very thin metal on the chip. This was exceptionally bad for the
Interface mounted units which showed parasitic resistances of 1K or more .
It had a drastic effe ct on resistor matching , noise , and evaluation of
the thermal control loop. Additional runs are being tried to eliminate
this problem , which was not observable previously on the Mk II
Interface assemblies. The other factor that was observed was an
unusually hig h “misalignment ” error on the static linearity runs. This
error , which used to be less than a degree for Mk II units , Is running 

Vtypically 20 to 50 degrees on the Mk Ills . We have no logical explana-
tion for this observed phenomenon , but realize from the dynamic testing
at Stanford University , that we must find the origin of this problem .

The quad temperature control loop was evaluated with full Mk III units
mounted on interface chips. Although the individual temperature control
loops worked as expected , the overall system did not work prope rly due
to mismatched components In each control loop and cross coupling between
loops . We had transferred the problem of matching piezoresistors , to
matching of heaters and sensors , which turned out to be Just as diff icul t .
In addition , since the tempera ture control system stabilized the chip at
a temperature far above ambient , the bridge output became noisy and
ext~erienced large dri ft s due to the higher leakage currents at these
temperatures. The temperature performance was actually better with the
~x~ntrol loops disconnected.
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MK III TESTING
AT

STANFOR D UNIVERSITY

The conventional method for testing nonlinearities in an accelerometer

is to use a precision dividing head . In some unusual instances, centrifuge
measurements to enhance coefficients which are too small to evaluate accura~t.ly V

on th. dividing head may be used~ We Irad chosen to use a combination of

dividing head and sinusoidal excitation. The sinusoidal excitation , we felt ,
would give us two t ypes of information . The first would be an indication
of nonlinearities , and the second , a better understanding of the dynamic

characteristics of the instrument. It has developed that there are phenom-

ena we don ’t fully .indsrstand appearing in the data in the side of the way

of excitation . For complete understanding of the instrument , this is
fortuitous br~ause whatever these phenomena are, it is best - that they be
fully un~1e~stood before th. instrument is used in the field . Until this
is understood , it will not be possible to infer nonlinearities from the
vibration test and we must limit oursc lves to use of the dividing head
information. - - -

The divtding heau tests have been very encouraging to date . A difZeren.~ .
ce : sigr4al, as well as the output of the Signetics device and the reference

accel srometer , a Bell model 7, are each -available . Tests performed last

Tall and repeated this week indicate good si~ie wave characteristics for

each instrument . W . have therefore concentrated on the difference signal

in evaluating the performance of the Signetics instrument. The Bell model

7 should be linear at least to a part in lO~ in this en~ &ronxasnt and we

are discussing the following data on the basis that the Bell serves as a

fund amental standard . . - 

- 
S -

The t•s~ performed include an identification of the direction of

the sensitive axis for each instrument . After both instruments were mounted
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on the dividing head and a bias correction made for the Signetics instrument ,
zero readings were tak.n for each instrument • These occur in two locations
as long as th. bias is smaller than the peak reading of the inst rument .
The average of these two readings correspond to th. sensitive axis up or
down. By adding 90 degrees , the sensitive axis is horizontal . At that
orientation the output reading of the instrument is Its bias. This was
performed for -each instrument. The data are given in Fig. 45.

The difference in the sensitive axes of the two Instruments was 56’30”.

No attempts was made to zero this relative orientation . Rather , the fitting of

the difference signal was done. . Two runs were made—one with very accur-
ately determined angles which took up 15 mins.to complete , and then a repeat

was performed which was- done in less than 5 sins, The data and the plotted

values are shown in Figs. 46 and 47 . The thermal drift , due to the fact that
the temperature compensation that is being developed for the Signetic instru-

ment was not being used at thi s time is evident in the data . Allowing for

this and a bias , one can estimate the expected sinusoidal component which
should be a cosine function of the different signal assuming that the scale

factor was appropriately matched . The fit is within the accuracy of the

measurements, leaving residuals , which are on the order of 0.1 %.

We conc lude , on the basis of these data that the Signetic s inst rument

is probably linear to 0.1%. From th. sinusoidal test , however , we have

observed an apparent phase shift in the sine wave outputs which seems almos t

iad.p .ndent of fre qu ency. This amounts to between 1* deg to 2* deg in
the ra nge of 15 to 150 Hz , No normal phas e shifting circuitry can explain

this small change in phas e over a decade of frequ .ncies . We ther efore

assume that there is a mechanism for prod ucing an out—of—phas e compo nent

lxi the silicon material due to a perhaps misaligned sensitive axis of the - 
-

instrument . This mechanism is not understood at the present time. The

latest Mar k III exhibits a larger misalignment and therefore should provide

us with a more senaitivs way of determining what this mechanism is.

We are very .ncouraged by the dividing head tests performed to date .

We do not feel that the lack of understanding of the sinusoidal test is

unusual for this stag. of development for a new instrument t ype . We there—

for continue ~o fee l this is a promising instrument which deserves continued
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evaluation. It is our hop. that the added understanding the additional.
tests will provide us will indicate clearly whether or sot there is a
simple fix or relatively straightforward compensation possible, or whether
there are intri nsic difficulties in the approach .

We must next perform the moat likely tests to help us understand why

there appears to be a frequency independent relative phase in the diff.r— V

ence signal of the accelerometers when we shake them. Using identical

device, e.g., the Mark II, should clearly show whether this effect is due

to inst rumentation or not , the Mark III appears to have a larger phase

angle so two of these devices may provide the most insight . - 

-

64 
- 

-



p - 
. -

- 
- -

- 
- 

- 
— 

-

. Fig . 45 - 
- 

- 
- 

-

- 

- 

THRE E POINT ZERO PHASE AND BIAS DETERMINATW4
— 

C’ • dig ; ‘- — arcminute; “ a srca.cond ) - - .

Comment Bell 8ign.tics

zero read ings 60° l0’28” and 60° l’19” and
239 30’lO” 327’ 46’20”

expected maximum l4V 50’ .~9” 148 53’49”

reading at expected maximum —182.0 aV +233.8 mY

with respect to expected
maximum: -

+10 —l79 2 mV +229,8 mY
—10’ —179.2 mV +229 .7 mY

90° from expected maximum 59° 50’lø” 58° 53’49”
( u  bias) 1.074 mV mV

difference in sensitive (149’5O”19”) —56’30”——(148’53’49”)
axis directions - 

-
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CRITIQUE AND RECOMMENDATIONS

There are two bas ic problems with the current Mk III accelerometer.
One is the misalignment error that was introduced by going to the Mk Ill
resistor orientation . We have done additional experiments to show that
the parallel resistor arrangement can be made to give low alignment
errors , if opposite resistor pairs from both ends of the membrane are
used. We were able to reduce the error on any given device from 20
degrees to less than 2 degrees by this method . Additional work will
have to be done in fu ture work to verify if this method yields both
lower temperature coefficients and low alignment errors .

The last problem with the Mk III is the inability to achieve critical
damping with the interface/squeeze film technique . Fluid damping seems
like the next best method to try . but an extensive study on damping
material compatibility with silicon circuits will have to be made.

The stress sensitivity , non—linearity and the excess noise , of
the Mk III accelerometer is marginally usable , but really needs to be
improved . The sensitivity could be improved by accommodating larger
proof masses or by thinning the membrane of the device . The non-
linearity of our device is good , but it does deteriorate on certain fabri-
cation runs , and needs to be controlled more accurately. Finally , the
excess noise is slightly high for silicon resistors and could be improved
by cleaner processing techniques.

We have mad e numerous de sign innovations since the Mk I , to
attempt to reduce the temperature sensitivity of our piezoresistive sensor .
Other than the change made in the Mk III series (pa rallel vs . ort hogona l
resistors) , nothing has seemed to reduce the overall tempe rature problem
to any great extent. The remaining courses of action must take one of
three paths. The first path is to remain with the present folded cantilover
design wit h silicon piezoresistors and

a) do a complete three dimensional stress analysis on the
membrane structure , and

b) investigate improved methods of photolithography for resistor
matching .

The second path is to do all of the abov e , except try to find a
substitute material for the piezoresistors that will have better sensitivity
to stress and lower temperature coefficients. The third path is to abandon
the folded can tilever structure entirely and start a totally new desig n
based on a more conventiona l beam cantilever concept . For this third
path , silicon piezoresistors might be used since the unit could be
stressed more for a given acceleration (larger proof mass). Future work
on a silicon accelerometer must be guided along one or more of these
three paths 
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APPENDIX

A. Theory of the Piezoresistive Sensor

B. Tempera ture Analysis of Membrane
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• APPENDIX

Theory of the piezoresistance sensor

A . Mechanical Problem

y I  I
.

view ~~~~~~~ —I

~ith ~- i (f, ,  

A

Symmetry axes x and y allow the problem to be divided into

four identical problems.

Bound ary condition s

Point A: Because of symmetry the beam is horizontal at

Point A. The distributed external forces are reduced to an equivalent

force P = a where a acceleration , m = total mass.

Point B: We assume a stiff plate such that the beam enters

at zero angle .

Point C: The beam Is built in and there f ore enters at zero

angle.

The whole problem is statically indeterminate . But if we assume that

- ~
- the horizontal components of the force are zero, we can divide the problem

Into 2 determinate problems .
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A B

: 

b

2(t ,#6)

li+2 
~The result is M = 2 P1b 1 4( 1

~+~
)

lim Mb Pl l C
2 ii(-4 

Mb

In point C the resultants are P and

M = -M + P1c b 2

The resultant couple in point C Is therefore
11

M = P ( — --~- -4- 12) .

Using the first approximation , the maximum stress at the beam surface

becomes h M

m I

where h = 1/2 beam thickness

I = 2/3 bh3

b = beam width

The sheer stresses are zero at the beam surface. The maximum stress —

is a linear function of the applied force only if the chan ges in i i and — 
-

12 are Inf in itesimal. To approximate the error , we a ssume that the sum
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-
~~ y 1

2 + 1~
2 constant = 110

2

where 
~~~~~ i10

y 1 = L 12 EI X 2

is the vertical deflection of the beam (in first approximation) that

extend s from point A to B.

The change in stress is therefore caused by a nonlinear factor of

110 11 — ~ 
y~ 2

110 
— 

2

which has to be less than the required nonlinearity. This calculation

replaces the shape of the beam by a stra ight line and Is therefor e

optimi stic. A similar calculation Is obtained for the beam between

points B and C .

3 dyne -2Example: a = ig = 10 m = 10 gr
2 gr 3b 5 x 1 0  cm h 1 . 25 x 10 cm

E l . 6 6 x l O l 2 t h Y
~~ ~~~~0. 016 cm

110 0. 160 cm cm 120 = 0. 103 cm

The results e -
~~ P = 2 .5 dyne I = 6 .5 x 10 cm

M co = 2 .5 (-0. 080 + 0 . 103) = 5. 8 x io
_ 2 

erg

= 
1 . 25 x x 5.8 x io

_ 2 
= 1.12 x io 6 dyne

m —1 1 26 . 5 x 1 0  cm

y ~ 2 . 5 x (0 . l6)~ 
12 11 

= .79  x 10 4 cm
24 x 1 6 6  x 10 x 6 .5  x 10

2
1.. .~.L. — 1 6 , 3 x ~~~~ 

2 
= 

1.59 x io~ at ig
2 

— 

2 ~1.6 x i~ — 1) 1.59 x ~~ at lOg

- 
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With this arrangement a displacement that  results in breakage of the

crystal ( 
~ 

= 10~~ dy ne/cm 2 ) would still only result in a nonlinearity

of the order of (1 —1)/i < 10~~ . It can be shown that the distributed

forces do not chang e the linearity .

B . Piezoresistance Bridge

In order to measure the stress the piezoresistance effect is

used . The resistor s are diffused p—type layers with surface concentrations
18 —3 1of the order of 10 cm oriented parallel to the [ ii0 ~ direc t ion s .

Resistors are either pa rallel (longitudinal resistors) or orthogonal (trans-

versal resistors) to the direction of the stress. The resulting changes in

resistance become:

~~1 ~ l1 + 1112 + 11
44

2

~ + 1 1  - 7 1
= =1t €•

R
~ 

2 m t m.

Typical values for 111 and at 300°K would be

2-12 cm
IT = 72 x 101 dyne

2—1 2 cm
it = —6 6 x 10t dyne .

These resistors can be arranged in a bridge of which the sensitivity

AV /2V shall be determined .
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_____________________ - -

AR 1 ~~~v l -v 2 
= 

1 -

2V 2 V 2 

~ + 1 ( 1 + 
A R t

Using our example wit h 
~ 

= 1. 12 ~ io 6 dyne the sensit ivity for a

displacement of 1 pM becomes: cm

AV -4
2V = 0. 18 x 10

0
and the nonlinearity in the denominator

1 ( l~ ~ R t 
= ~~~~~ ~~ ~o 6 

-~~ 1.

Conclusion:

From the foregoing calculations It can be concluded that the linearity of

the transducer is not limited by the structure of the beam , but by the

accuracy of the bridge for stresses up to the breakstress . The ratio of

the nonlinearity of the bridge to the sensitivity of the bridge is a con-

stant given by (-n 1 + 71
t
),471i 

- Tr
~

) = 4 . 4 x io 2 in our example. Thus

a sensitivity of 2% would result in a nonlinearity of < 0. 1% . The

nonlinearity of the piezoeffect has not been considered since it cannot

be derived theoretically and has to be measured . From present evidence

the effect is linear as long as Hook e ’s law is obeyed and the crystal
is free of defects.
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TEMPERATURE ANALYSIS OF MEMBRANE

Find the thermal resistance of a plate with area A and thickness
t th at Is suspended in air above an infinite thermal sink .

A . Solution based on conductivity of air
A k

heat flow (watts) = 
m T

T = difference In temperature
km = conductivity constant
A area

= path length

km for air = x 4 .1868 = 2 . 3796 x iO~~
therefo re ,

T 
_ _thermal resistance = =heat f low A km

for a spacing of 10 mils . 1254 cm , and
Area = 8. 8689 x i o 6 ~~ = 0. 88689 cm 2

• 0254 cmthermal resistance = (. 088689 cm 2 )(2 . 3796 x iO ~~ )

G = 1203 oc/Wcond
This thermal resistance is significant with respect to the sheet
thermal resistance of the membrane (4000C/W/ rj).

Now model actual situation as a continuous loss transmission
line for temperature.

Resistor T IHeater . 2
TR J center of

membrane
_ _ _ _ _ _ _  4930~~~_

I
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This is a “linearized” ve rsion of the actua l gea - - t n - - - form , using
4 quadrant symmetry .

T~R~ 
- — -- 

~~~1 Heater
- 

— -,.• Resistor
- - - -

Rs R Rs
T 1 c— -/ ‘v\ - S - - - - - T~

~~~A ~~~~A~~~~~~~A
~
-

7

is the silicon sheet thermal resistance .

GA is the conduction loss from the membrane to ambient
thr ough air .

The above resistor circuit is easily modeled as a transmission
line with L = C C.

ReZ of t ransmission line = —
o - Ge
a loss coefficient of line = R Ge e

where R and G are resistance and conductance per unit path
‘ength .

The transmission line equations for this situation are

T 1 
= -

~~~~ [e~~ + e~~~~]

P 1 
= -

T 1 = temperature at the sensor

P 1 1/4 of total heater power injected into membrane

T 2 = temperature at center of membrane
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The transmission line equations assume an “ open circuit” at T 2 ,
1. e. no power transfer at the center of the membrane . This is
equivalent to ZLOAD = co in normal lines.

Determination of R and G , a and Zo

K = l . 2 C° cm

_ 1R~~
_

K ty

1C ° cm 1
— 

1. 2 w x (25 x l 0 — 4 ) ( 5 0 0  x i0~~ )

R~~~ 666 6 —u--
W c m

— 
K(y)G~~~~~s

~ W 500 x ~~~ cm
= 2 . 379 x 10 — ______________

C° cm . 0254 cm

G~~ 4 . 683 x i0~~ ~~~~~
—

C° cm

zo = x i~ -~ 
= 3772

a = = ‘~6666 (4. 683 x io )~~~ = 1.766

Evaluation of Transmission Line Equations

T 1 = a 
[e~~ + e~~~~~]

T 2 (
~~ -a,(P1 =~~— e - e

o

for = 4930 /.L

and a = 1.766 , Z 0 = 3772
= 1.403 T 2

P1 = 5. 222 x 1O~~ T 2

— for a temperature rise at T 1 of 100°C

T 2 = 71 . 2°C

P 1 = 37 . 2 mW
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A similar technique is used to find TR . the tempera ture at the
resistors . 

3100
T 1~ TR
100°C 71 2°C

4930 - — 

T R = i~~. ea (4930-3100) 
+ e (493 0_ 3b 00 )

1. 3815 + . 723~ 1
L I

T R = 1. 05 T 2

TR = 74 . 9°C

100°C 74 . 9°C at
-~~ -..~~~ ~~esistor

Temp. &~ 71. 2
Rise

1000 2000 3000 4000 5000
Distance from Heater (ii)

Additional Heat Losses from Radiation and Natural Convection
B. Thermal resistance based on radiation

heat rate = € 3 .68  [T o
4 _T

a4J x 10 h1 watts/ in 2

heat = (. 5)(3 .68) L40. 04 _3004] x 10—11

= . 322 watts/ in 2 x 
~~ cm 2

heat rate —.0499 watts/cm 2

g
rad = 

.0499 x (. 0886 cm 2 ) = 226 14 °C/W

_ _ _ _ _ _  -
~~~~~~~~~~~~

- - --~~~~~~
--,

~ ~~~~~~~~~
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C. Thermal resistance based on natura l convection

heat rate 11 . 70 ( T) 1
~~

25 x l0~~
= . 3699 watts/in 2 = .0573 2cm

100°C0conv. = .0573 ~~j 2 (. 0886 cm 2 ) = 19681 o c/w

• These are much higher than conduction~

Now find thermal resistance of membrane to Interface chip , assuming
25 ~z separation and conduction of heat through air .

G ~~~~~~~~cond. A km

—4
— 

25 x 10 cm
— 

(. 088689 cm Z) (2 . 379 x 1 o~ )
G = 118 oc/wcond .

This Is going to be troublesome , since there is also another
conduction path through the bump pads. It means that it will
be impossible to raise the temperature at the plezoresistors more
than a few degrees . Therefore , control loop is useless~
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