Lecture 9/17/24

Resistance Sensing

1. A single resistance sensor

Consider a resistive sensor, R, where R, « measurand.:

. 5R,
° 1000 + R,

Notice the V, is a nonlinear function of R.
A plot of V,, vs. Ry is shown on the next page,

where 100 Q <R <1900 Q.
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Vo Vs. Rs, for Single Resistance Sensor
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Although the interface circuit is powered off of 5V, the output voltage
only ranges from about 0.4 V to 3.3V.

Although Rs might be linearly proportional to the measurand, V, is clearly
not linearly proportional to Rs. Is this a problem? It might be or it might
not be, depending on the application.

2. A differential resistance sensor

Here, the sensor consists of two resistors, R; and R,, similar to a
potentiometer, where the measurand causes one resistor to increase in
resistance while the other one decreases by the same amount.
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Let’s let: Ry = R, + AR and R, = R, — AR,

where R, 1s a constant and AR is a function of the measurand.

Therefore: V, = SRo8R) __ p5-252F
Ro+AR+R,—AR Ro

Observe that V, is now linear function of AR.
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Example: Let Ro=1 kQ and 0 Q < AR <900 Q

Vout Vs. Delta R for R1=Ro+dR, R2=Ro-dR
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V, is now linearly proportional to -AR, but it only goes from about
025Vto25V.

Similarly, let: Ry = R, — AR and R, = R, + AR, resulting in

__ 5(Ro+AR)
O " R,—AR+R,+AR

—25+4252%
Ro

yielding:
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Vout Vs. Delta R for R1=Ro-dR, R2=Ro+dR
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Which is still a linear response, but the slope is now positive, with V,
between about 2.5 Vand 4.75 V.
3. Dual differential resistance sensor

Some resistance sensors consist of 4 resistors, arranged as two differential
pairs:

R, =R, + AR
R, =R, — AR
R; =R, — AR

R, =R, + AR
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Let’s connect the 4 resistors as shown below:

\ ) i ) R \ ‘_J Xﬂ”ﬂf' oY < ) ‘: }?{) e
’ ;.:.-' 0 U{ V) 0 — (
P S oDk , (Jf ot R

Notice that the resistors are connected to realize two differential pairs
where one is inverted compared to the other one. The is called a
Wheatstone Bridge sensor configuration.

. V(R,—AR)  V(R, —AR)
' R,+AR+R,—AR 2R,
v V(R,+AR)  V(R, +AR)
2" R,+AR+R,—AR 2R,
Let’sdefine: V, =V, =V, = V(Ro*AR) _ V(Ro=AR) _ 1, AR
2R, 2R, R,

Example: Ro=1kQ, V=5V,0Q<AR <900 Q

yielding:
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Vout Vs. Delta R: Wheatstone Bridge Sensor
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V, 1s a linear function of AR.

Notice that this configuration has a larger V, range (0 V to 4.5 V) than
with the 2-resistor differential resistance sensor, i.e. this is a more
sensitive sensor.
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Resistive Sensors

1. Resistance of a section of conductor

Consider this section of a conductor:

) Y |
(}' DD =SfecTivmet | 0 Ve

: L
Resistance: R = PS5

where p = resistivity, a material property

[p] = Q2-cm

2. Temperature effects
p varies with temperature:
For metals: p[T]| = p,(1 + a;T + B;T?)

where p, = a resistivity at some reference temperature,
such as 0°C
ar and Bt — temperature coefficients
ar = linear temperature coefficent of resistivity
(TCR)
[ar] = 1/°C and [Br] = 1/(°C)?
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For metals: ar ~ 102 °C! and Br ~ 107 °C*2
Since ot >> B, an approximation is often used: p[T] = p, (1 + a;T)

Example: at 20°C for Al: p, = 2.65x10% Q-cm and ar = 4.3x1073 °C,
where T is relative to the reference temperature.

This property can be used to make a metal temperature sensor (more on
this later in the course).

3. Strain effects

Consider this section of a conductor:

For most materials, if you axially stretch along L, the cross-sectional area
(wt) will shrink.

Let S = wt = cross-sectional area of the conductor
Since R = p?, ifLtand S |,thenR 1

This leads to Poisson’s Ratio: a ratio of the tendancy of a material to get
thinner in a transverse direction when subjected to axial stretching.
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. . transverse StTain &
Poisson’s Ratio: v = — : , = _ “trans
axial strain Eaxial

[v] = dimensionless
Typical values for v: 0.1 to 0.4

Examining the effects of strain:

R=p— (1)

wt
dR = —dp + L dL — L dw — L dt
wt wt w4t wt

.(Zy_dR__dp+}H, dw dt
"W R p L w ot

L _ . .
— = axial strain = &

dw .

7 = transverse strain = g,, = —V&;

dt |

T = transverse strain = & = —V&;
dR dp

p
=—+¢& t+vegtve =—+ & + 2vg
R p p

Sstress

Note: Young’s Modulus: E = =

strain £

IS

[E] = Pa = N/m? = [6] = [P]

(2)
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Let’s define Gauge Factor = GF, where:

dr/ 4/ dR/ AR
GF = /R= p+(1+2v): /R:AL/R
&1 &1 dL/L /L
. . AR/
Note: in textbook on p. 86: it should be T/R
L
dp/p

— —a change in resistivity due to strain — Piezoresistive Effect (PE)
1

1 + 2v — a change in resistance due to a change in shape — Geometric
Effect (GE)

CF % change in resistance

= PE + GE
% change in length *

A sensor that makes use of the GE is called a strain gauge.

A sensor that makes use of the PE is called a piezoresistor.

For metals: GE > PE

For semiconductors: PE > GE

From Table 5.1 in testbook

Material GF

Metal foils 2-5

Thin film metals 2

Single crystal Si -125 to +200

Polysilicon +30

11
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a. Strain Guages

Example: A certain metal strain guage has a nominal resistance of 1 k€2,
and has a GF = 2. If it experiences a 1% axial strain, what does the
resistance become?

Solution

AL 0.01
&1 = T hy, = 7+ = 0.01

AR
GF = —IR _, AR = Re,GF = (1000)(0.01)(2) = 20 Q

&1

Ryew = R+ AR = 1000 + 20 = 1020 Q

b. Piezoresistors

Single Crystal Si
P-type: GF up to +200
N-type: GF down to -125

Note: a negative GF means that the resistance decreases with applied
strain (tensile strain)

ap
/e = PE : what causes the piezoresistive effect?

&

Answer: The applied strain affects the majority charge carriers in the
semiconductor material:

P-Type: strain 1 : mobility of the holes | : p 1
N-Type: strain 1 : mobility of the electrons 1 : p |

12
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Note: this effect is highly dependent on crystallographic orientation,
doping level, and temperature — pretty complicated

dp
? = ;07 + ;0

Where: m; = longitudinal piezoresistive coef ficient
T, = transverse piezoresistive coef ficient
o, = longitudinal stress
o = transverse stress

The longitudinal direction is defined as the direction parallel to the
current flow through the piezoresistor.

’ A ] I '
7/ ,{ / I_.* } (U] po { vt & ) i)" )

B i )

— il \i/ Trénjderse (0 ;.f(_’( “f’,’a
P)efgoresisﬁw |

m and m; are a function of crystal orientation, doping, and
temperature.

Polysilicon

Polysilicon is polycrystaline Si, therefore the piezoresistive effect
averages over all directions

GFlpoly < GFl single
Si crystal
Si

13
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P-type poly Si: GF ~+30
N-type poly Si: GF ~ -30

Polysilicon can be deposited as a thin film (up to a few um), such as
by LPCVD, and selectively doped to by N-type or P-type.

Both N-type and P-type polysilicon piezoresistors can be realized on
the same chip — useful for realizing a Wheatstone bridge type sensor.

The piezoresistor’s resistance changes with strain, such as on a spring
element:

14
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Consider this device:
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With the four piezoresistors above, externally or internally connect
them to realize a Wheatstone bridge confuguration.

|
i'
L

Example Microsensor: HMX2000

Hygrometrix HMX2000 MEMS Humidity Sensor

Glass
backing
Y inar over back
~2mm i
Polymer
P———— - coated
Front Side Back Side beams -
piezoresistive
bridge
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