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ABSTRACT
The basic elements of the general electro-thermal circuit are
characterized in a manner similar to the two-port representation for
electrical circuits. These basic elements are the sensor, heater, and
the thermal structure which consists of the silicon chip mounted on a
thermal insulator. These characterisations are utilized in the analysis
of the temperature-stabilized substrate and the low-pass thermal filter.
Small-signal models which include the effects of temperature
variations are obtained and experimentally verified for the common
integrated devices. These models are used together with the character
izations of the sensor and heater elements in the analysis and evalua
tion of selected sensor and heater circuits. A method is also developed
for the analysis of electro-thermal circuits consisting of symmetrically
arranged sensor and heater pairs operating in the differential mode.
The thermal behavior of this arrangement is analogous to the electrical
behavior of a short-circuited distributed RC structure.

x

CHAPTER 1
INTRODUCTION
It is well known that the electrical parameters of solid state
devices are temperature dependent. A great deal of work has been done
to determine the exact nature of this dependence, especially with re
gard to the solid state transistor [Gartner, 1957J. The information
contained in the literature on temperature effects in solid state de
vices has been and is being used by circuit designers to facilitate the
realization of electric circuits In which the effects of temperature are
minimized or eliminated.
In integrated circuits the temperature environments of the in
dividual devices are not independent, since thermal energy applied at
any region of the silicon chip gives rise to a temperature distribution
throughout the entire chip.

Although the temperature variations caused

by the flow of thermal energy are in many cases detrimental, they can
often be used to advantage. The two basic areas for advantageous use of
electro-thermal interactions are temperature control and signal process
ing. Electronic blocks which realize either of these functions by means
of electro-thermal interactions require three basic components: a sensor
circuit which senses temperature variations, a heater circuit which
supplies thermal energy, and a thermal structure through which the ther
mal energy flows. It is the primary goal of this research to character
ize the heater and sensor circuits, and the thermal structure in a
1
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manner directly applicable to integrated circuits utilizing electro-thermal interactions. The secondary goal is to obtain linear models, which
include the effects of temperature variations, for the most common
integrated circuit elements. These models will be useful not only in
the consideration of circuits utilizing electro-thermal interactions,
but also in the design and evaluation of any circuit in which the
effects of temperature variations are important.
The term electro-thermal circuit (ETC) is used in this paper to
mean an integrated circuit which depends for its operation upon the
interaction between electrical and thermal properties of its materials
and morphology. The term electro-thermal model (ETM) denotes a linear,
small-signal circuit model for an integrated device, which includes the
effects of temperature variations.
A useful application of an ETC in the area of temperature con
trol is the temperature-stabilized substrate (TSS). In this ETC, the
sensor and heater circuits are located in the same thermal structure,
and are so connected electrically such that an increase or decrease in
the temperature of the substrate causes a corresponding decrease or
increase in the thermal power supplied. Integrated TSS's utilizing the
negative feedback principle described above have been fabricated, with
substrate temperature variations of less than 2°C for variations of the
ambient temperature from -20°C to 100°C [Emmons and Spence, 1966]. The
TSS has been employed in the fabrication of temperature-stabilized
monolithic direct coupled amplifiers [Emmons and Spence, 1966], and in
temperature-stabilized current and voltage sources^ [Prosser, 1966].
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In the area of signal processing, the ETC can be used to obtain
a low-frequency filter. This circuit is quite useful since the con
straints on integrated circuit component values imposed by geometrical
and processing considerations limit simple RC low-pass filters to cutoff
frequencies above a few KHz. Low frequency filters with cutoff fre
quencies from 0.1 Hz to 100 Hz can be realized by an ETC. In this ETC,
an applied thermal power which varies sinusoidally causes a sinusoidally
varying temperature throughout the chip. The magnitude and phase of the
temperature variation at a given point on the chip are functions of the
magnitude, phase, geometrical location, and frequency of the applied
power. The dependence of temperature on the frequency of the source
arises from the thermal capacity and resistance of the thermal structure.
This frequency dependence is a function of the geometry and physical
properties of the thermal structure, as well as the geometrical relation
ship between the heater and sensor circuits.
Other applications in which this low-pass property is useful are
low-frequency oscillators and the stabilization of direct coupled video
amplifiers [Matsen, et al., 1964].
In the analysis and design of general ETC's, the TSS and low-pass
thermal filter being specific examples, characterisations of heaters,
sensors, and the thermal structure, along with ETM's for integrated de
vices, are needed. The development of these characterizations and ETM's
proceeds as described below.
In Chapter 2 the temperature and power relationships for the
thermal structure composed of a silicon chip completely supported by a

thermal insulator, with lumped line heaters and sensors are obtained.
Two-port parameters for this structure with an arbitrary placement of
the heater and sensor elements are derived. The geometrical location
of heater and sensor elements which simulates a thermal short-circuit
is also discussed. Thermal transfer functions resulting from distri
buted heater and sensor elements are considered.
In Chapter 3 heater and sensor circuits are characterized in
terms of two-port parameters. Applications of the two-port character
ization to the design of ETC'8 are discussed.

A figure of merit for

the general ETC is defined, and other parameters useful in the design
and evaluation of ETC's are considered.
In Chapter 4 thermal effects on integrated circuits are con
sidered and ETM's for the following IC devices are obtained: junction
capacitor, diffused resistor, forward biased diode,zener diode, n-p-n
transistor, p-n-p lateral transistor, and junction field-effect transis
tor. Experimental results, which verify the ETM's obtained, are given
for all the devices listed above except the junction capacitor.
In Chapter 5 some basic sensor and heater circuits are con
sidered in terms of the characterizations given in Chapter 3. A method
is developed for the electro-thermal analysis of a differential sensor
operating in a simulated thermal short-circuit configuration. Relative
advantages and disadvantages of the circuits considered are discussed.

CHAPTER 2
THERMAL STRUCTURE OF THE ETC
In this chapter a one-dimensional model for the thermal struc
ture consisting of a silicon chip completely supported by a thermal
insulator is developed. This model is used to obtain a two-port repre
sentation for the structure with arbitrary placement of heater and
sensor elements. Geometrical constraints on heater and sensor place
ment for the simulated thermal short-circuit structure are discussed,
as are thermal transfer functions resulting from distributed heater and
sensor elements.
2.1 ETC Morphology
In order to obtain useful thermal behavior on a silicon chip,
the chip must in some manner be thermally insulated from its package.
Matzen, jst al. [1964] have considered various thermally insulated struc
tures and have determined that a structure of the type shown in Fig. 2.1
is most compatible with fabrication and strength requirements of inte
grated circuits. This structure is composed of a silicon chip mounted
directly on top of a slab of insulating material which is mounted to a
mechanical package. Typical dimensions for this structure are given in
Table 2.1.
A second method of obtaining thermal isolation is realized by
utilizing a multiphase monolithic integrated circuit [Warner and Fordemwalt, 1965, pp. 166-172]. This structure consists of dielectrically
5
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Silicon
Insulator

Isothermal Mounting Surface

Fig. 2.1

Thermal Structure of the ETC

TABLE 2.1
TYPICAL DIMENSIONS AND THERMAL PARAMETERS
FOR ETC STRUCTURE

Typical Value

Parameter

10 mils

D1

15 mils

D2

W

50 mils

L

50 mils
„

kB

P8CS

ki

PiCi

milliwatt
deg mil

27.7 x to"6 ™11Uw*"-""
deg (mil)
0.005 "J"'"*"
deg mil
.»-6 milliwatt-sec
5 x 10
.
deg (mil)
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isolated islands of silicon within the substrate, the dielectric being
the thermal insulator. To fabricate this structure, channels are
etched in the silicon to produce a number of protruding islands, an
oxide layer several mils thick is then sputtered over the chip, and the
back of the chip is lapped until islands of silicon surrounded by oxide
are obtained. These islands of silicon are then thermally insulated^/
regions on the substrate. For a more detailed discussion of this struc
ture, the reader is referred to Gray [1969].
2.2 Assumptions for the One-Dimensional Model
In this section the assumptions needed to derive the one-dimensional model for the ETC of Fig. 2.1 are discussed. The characteristics
and properties of the ETC which are considered are:
1. Geometrical shape and location of the heater and
sensor element
2. Heat flow in the vertical or z-direction
3. Thermal properties of silicon and -the insulating material
4. Boundary conditions for the ETC.
For the general ETC, we denote the temperature variation by
T(x,y,z,t) where x, y and z are space variables and t represents time.
If it is assumed that the heating elements are line sources extending
the width of the silicon chip, and the sensor elements are either line
or point sensors, with the line sensor parallel to the line heater, .
spatial variation in one direction, either x or y, is eliminated. Onedimensional spatial variation is obtained if the further assumption
that temperature variation in the z-direction is negligible is made.

9

Gray [1969] has considered heat flow In the z-direction In some detail,
and has concluded that for the practical case of a thin silicon chip
mounted on an Insulator of high thermal resistance this assumption is
valid.
In order to derive the heat flow equation for the structure of
Fig. 2.1, some assumptions about the thermal properties of silicon and
the insulating material must be made. It is assumed that with respect
to its thermal properties silicon is an isotropic and homogeneous
medium. It is further assumed that the thermal conductivity and the
specific heat of silicon are constant with respect to temperature
variations. This is a valid assumption, although the thermal conduc
tivity of silicon in the 300°K - 500°K range exhibits a 1/T dependence
with absolute temperature, and the specific heat varies slightly in
this same temperature range, since in practical applications of the ETC
the temperature variations are only a few degrees or less. With regard
to the insulating material the following assumptions are made: the
thermal capacity of the Insulator can be neglected, and appreciable
thermal power flows only in the z-direction.
If the assumption Is made that heat flow from the surface of the
chip due to radiation and convection is negligible, then the boundary
condition for the ETC is that the heat flow at the edges of the chip
parallel to the line heater is zero.
2.3 The One-Dimensional Model for the ETC
Under the assumptions given in the previous section, the heat
flow in the silicon chip is one-dimensional. The well-known heat

conduction equation for this case with heat flow in the x-direction is
[Sagan, 1961, p. 69]

ks

+

S

"

pc

^dt't?

(2,1)

where
T(x,t) is the temperature at point x and time t
ks is the thermal conductivity of silicon
p is the density of silicon
c is the specific heat of silicon
S is the rate of heat generation or absorption due to sources
or sinks within the volume
The equation for power or flux of heat is [Sagan, 1961, p. 67)
AQ - k

AS

(2.2)

where AQ is the flux of heat penetrating the surface element AS in
the negative normal direction, and k is the thermal conductivity qf
the material. The component of heat flux in the silicon chip shown in
Fig. 2.1 is

V'0 " ka

D1M

<2'3>

and that in the insulator shown in Fig. 2.1 is
AQ (x,z,t) - k.

WAx

(2.4)

Since the thermal capacity of the insulator is negligible, Q^(x,z,t) is
constant w.r.t.z. Integrating (2.4) across the insulator in the
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z-direction yields
lT(x,t) - TaJ ~ As

where

(2.5)

represents the temperature at the bottom face of the insulator.

It is assumed that this is an isothermal surface whose temperature is
the ambient temperature. The heat flux which flows into the insulator
from the silicon per unit volume is
A3i(x,t)

^
k.lW)- TA]/DlD2

(2.6)

Since this term represents a sink to the silicon, the governing equation
for the temperature in the silicon is

d

»
dx

k±

[f(x,t) - T ]+ ££

(2.7)

k DlD2
s

The two cases of practical interest in which (2.7) is applied
are the following: the employment of the ETC to obtain either a T3S or
to perforin some signal processing function. For the TSS only steadystate operation is considered so that temperature is independent of time
For signal processing it is assumed that the signals are sinusoidal with
radian frequency o>, and that ambient temperature is a constant.
The temperature in either case has the functional form

T(x,t) - T1(x)ejCOt + T2(X)

(2.8)

where Tj(x)• 0 for the TSS. For signal processing applications the
important temperature is T^(x) as in this case T2(x) is only the d i e .
level of the temperature signal.

Substituting (2.8) into (2.7) and

equating the time and non-time varying terms we have

d

- y2T(x)

(2.9)

dx
where for the signal processing case
72 = kj/kgDjJ^ + pcja)/kg

(2.10)

T(x)• TL(x)

(2.11)

7* - k1/k8DlD2

(2.12)

T(x) - T2(X) - Ta

(2.13)

and for the TSS

where y is defined as the thermal propagation constant. The general
solution for (2.9) is
T(x)• A cosh yx + B sinh yx

(2.14)

and the power in the silicon is from (2.3)
P(x) «= ~ [A sinh yx + B cosh 7x1
xo
where xQ is the thermal characteristic impedance of the ETC and is

13

*o " (ks*®!?)"1

(2'l6>

The one-dimensional model Is then composed of (2.13), (2.14) and the
boundary condition discussed in Section 2.2.
2.4 Two-port Characterization of the One-dimensionl Thermal Structure
Consider an ETC of the type shown in Fig. 2.1 which has a line
heater and sensor located as shown in Fig. 2.2. Let the temperature at
x • i. be T„ and at x'• I., be T . The power input to the heater loIn
z
o
cated at x » i, is F„ and the power input to the sensor located at
1
It
x'• ^2 *s

p *
s

Since the governing differential equation is linear,

the principle of super position may be employed. Let

be the tempera

ture at the heater for P„ « 0 and T„_ the temperature at the heater for
b
Hb
•» 0. Similarly Tgg is the sensor temperature for PH ® 0 and T^ the
sensor temperature with Pg

a

0. The heater and sensor temperatures are

then
TH " IHH + THS

<2.17)

T S- T SH + T

< 2 - l8)

SS

The equations for the temperature and power in the chip at the
right and left sides of the structure of Fig. 2.2 follow directly from
(2.14) and (2.15) and are
right side:
T(x')•

cosh 7*' + Br sinh 7x'

(2.19)

14

|*—h.

Sensor

Heater

->

*

Fig. 2.2

x«

Heater and Sensor Location for
Two-port Characterization
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P(x')
*o

sinh 73c1 + — cosh 7X1
*o

(2.20)

left side:
T(x)•

cosh

+ Bl sinh jx.

(2.21)

AT
BT
P(x) <= — sinh 7X + — cosh 7*
*o
*o

(2.22)

Application of the boundary condition discussed in Section 2.2 yields
the following:
BR

" BL " 0

(2.23)

Consider the case in which Pg » 0. Since the heater input power flows
both to the right and left, the following holds
P - — sinh 70--M +— sinh ri.
1
xo
" *o

(2.24)

The temperature is continuous at the heater so from (2.19) and (2.21)
Tgjj* AJJJ cosh 7^l • Ajm cosh /(L-^)

(2.25)

TSH

(2,26)

and
" ARH

Cosh yl2

Similarly for Pfl•0

5»

TSS

XQ

" ^Sis

sinh JK +~S sinh 7(L-f>)
*
*0
*•

(2.27)

Cosh 7*2

(2.28)

* 'S.s

COsh 7^L"i2i

THS •\S COSH 7H

(2-29)

Algebraic manipulation of (2.24) through (2.29) and using (2.17) and
(2.18) we obtain the desired two-port representation
i \
H

*11

*12
(2.30)

TS

*21

*22 / \ PS

where
XJJ • xo/Itanh

+ tanh 7(L-^)J

(2.31)

and x^ is defined as the thermal input impedance at the heater
x22 •xQ/Itanh

+ tanh 7(L-I2)]

(2.32)

and x22 *-8 defined as the thermal input impedance at the sensor
cosh
11
x91 « x..
21
11 cosh Y(L-JSJ)

(2.33)

and x2^ is defined as the thermal transfer impedance from heater to
sensor

*12

-

x99 cosh 7^1
cosh 7(L-42)

(2'34)

and x^2 is defined as the thermal transfer impedance from sensor to
heater.

The most important of the set of x's Is of course the thermal
transfer impedance from heater to sensor, X21*

Gray

(1969) has computed

this function for various locations of the heater and sensor elements,
and has shown that the cutoff frequency varies only slightly as the dis
tance between heater and sensor is varied greatly. Thus, for this struc
ture, the cutoff frequency is a much stronger function of the dimensions
and thermal parameters of the silicon chip and insulator than of the
geometrical location of the heater and sensor elements.
The two-port characterisation of the thermal structure given in
Eq. (2.30) when combined with the two-port characterizations of the
heater and sensor circuit given in Chapter 3, yields a complete mathemat
ical model for the one-dimensional ETC.
2.5 Simulated Thermal Short-Circuit Structure
Consider an ETC in which the steady-state temperature is
constant, and which has two line heaters, placed symmetrically about
the center of the chip. If these heaters are electrically excited so
that their output powers have the same magnitude but are 180° out-ofphase, then the temperature variation at the center of the chip is zero.
Further, if two sensors are placed symmetrically about the center of the
chip, the temperature variations at these sensors are equal in magnitude
and 180° out-of-phase. Thus, in this structure the very powerful tech
nique of differential amplification can be employed.
Friedman [1969] has utilized this thermal structure in the
realization of a band-pass thermal filter, and has considered the ther
mal transfer characteristics of this structure in some detail.

In

18

Chapter 5 a generalised method for the analysis of sensor circuits
compatible with this thermal structure is developed.
2.6 Distributed Heater and Sensor Elements
In this paper the thermal structure is restricted to lumped
heaters and sensors of such a shape that one-dimensional flow results.
These restrictions were imposed in order to obtain a solution to the
heat conduction equation which is easily amenable to analysis. Even
with these restrictions, the large time constant characteristic of the
thermal transfer function is easily realised. The removal of these
restrictions complicates the analysis of heat flow in the ETC. This
problem has been considered in some detail by Gray [1969]. Among his
more important contributions in this area are a computer program for
evaluating the frequency response of an ETC with an arbitrary array of
uniform rectangular heaters and sensors, and a method of approximating
a desired transfer function using an array of uniform rectangular sen
sors. In both instances, uniform rectangular heaters and sensors are
considered as an approximation for distributed elements.
2.7 Summary
In this chapter the thermal structure of Fig. 2.1, with onedimensional heat flow in the silicon, was characterized in terms of twoport parameters. In order to characterize the complete ETC, heater and
sensor elements must also be considered. In Chapter 3 heater and sensor
elements are characterized £n terms of thermal two-port parameters.
These characterizations are utilized with the results of this chapter in
the analysis of the TSS and low-pass thermal filter.

CHAPTER 3
CHARACTERIZATION OF HEATER AND SENSOR ELEMENTS
In order to analyze and design ETC's the heater and sensor
elements must be characterized. In Section 2.4 the thermal structure
was characterized in terms of two-port parameters. In this chapter
the generalized thermal small-signal two-port parameters for heater
and sensor circuits are defined. The electro-thermal behavior of an
ETC can then be found by using the two-port parameters for the heater,
sensor, and thermal structure. The electro-thermal performance of the
TSS and thermal low-pass filter is characterized using these two-port
characterizations. Additional performance criteria for ETC's are also
considered.
3.1 Two-Port Characterization of Sensor Elements
The purpose of the sensor element is to act as a transducer from
temperature to some electrical parameter such as voltage or current.
Consideration of the sensor as a temperature-voltage transducer results
in the most convenient two-port representation. Thus, the input signal
is taken as the temperature variation at the physical location on the
chip of the sensor circuit, and the output is taken as the voltage
variation at the output of the sensor,circuit. The other two variables
are the electrical power variation in the sensor circuit and the cur
rent variation at the output.
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The BTM's obtained in Chapter 4 all exhibit a linear relation
ship between voltage, current, and temperature variations. Thus, in
any linear circuit employing these devices, the relationships between
voltage, current, and temperature variations are linear. That the
electrical power variation in the sensor circuit is also related in a
linear fashion to these variations is not as obvious. The general
expression for the variation in sensor power is
APS " AlISvs

+ ^Vs

+ A3lSV8

(3.1)

where AP<, Is the power variation in the sensor circuit, Ig and Vg are
d.c. current and voltage levels in the sensor circuit, v8 and is are
the small signal output voltage and current of the sensor and A^, Aj,
and A^ are circuit dependent constants. Since all the A's are of the
same order of magnitude, the expression for the power variation becomes,
* Ws + Ws

(3.2)

Thus, the relationships between the four variables AP^, vg, ig, and the
sensor temperature variation AT_, are linear. Hence, the sensor cir-

s

cult can be characterized by a small-signal two-port representation.
Figure 3.1 defines the two-port variables for the sensor circuit,
and relationship

3.3 is the two-port characterization of the sensor

circuit in terms of the thermal g parameters.

(3.3)

The definitions of the g parameters in relationship 3.3, with their
units, are given by

21

Fig. 3.1 Sensor Two-port Model and Its Variables

Pig. 3.2 Heater Two-port Model and Its Variables

^ electro-thermal input conductance (watts/°C)
812 ^ "heater" gain of the sensor (volts)
g2i ^ sensor gain (volts/°C)
§22 " electrical output impedance (ohms)
The definition of gj^ will become clear after heater circuits are dis
cussed in the next section.
This set is chosen as it is the most easily calculated for
sensor circuits. The sign convention on power is that an increase of
power into the sensor circuit is positive. It must be noted that the
power-temperature terminal in Fig. 3.1 is conceptual only, and does not
exist in a physical sense.
3.2 Two-Port Characterization of Heater Elements
%

The heater element is also a transducer, and may be considered
as either a voltage-power or a current-power transducer.

As is shown

in Chapter 5, the grounded-emitter transistor is the most common heater
circuit, so the heater element is most conveniently considered as a
current-power transducer. The other variables for a two-port charac
terization are then the voltage at the input, and the temperature
variation of the chip at the physical location of the heater circuit.
As was the case for the sensor circuit the heater input voltage,
v^, is a linear function of the heater temperature AT^, and the heater
input current i^. The variation of electrical power in the heater cir
cuit is considered exactly as was the power variation in the sensor
circuit, with the results that AP^ is a linear function of AT^ and i^.

23

Figure 3.2 defines the two-port variables and relationship 3.4 is the
two-port characterization in terms of the thermal h parameter set.

(3.4)

The thermal h parameters are defined below.
^11 ^ electrical input impedance (ohms)
h|2 ™ "sensor" gain of the heater (volts/°C)
^21 " heater gain (watts/amp)
h22 ^ electro-thermal output conductance (watts/°C)
The sign convention on power in Fig..3.2 is the same as in the sensor
case and the

- AT^ terminal is again only conceptual.

The definitions of g12 and h12 as "heater" gain of the sensor
and "sensor" gain of the heater are obvious if one compares g^ with
and h12 with g21«

That is, since g12 » ^Pg/ig tor

•0 and h2l »

APR/ih for AER - 0, and h21 is the heater gain of the heater, gJ2 is
defined as the "heater" gain of the sensor, similarly for h^.
3.3 Two-Port Characterization of the TSS
In the consideration of a temperature-stabilized substrate (TSS)
the most important performance indicator is the stability factor 5
[Matzen et al.. 1964] defined as
(3.5)
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where ATg is the variation of sensor temperature and AT^ the variation
of ambient temperature. To obtain 6, the two-port characterizations of
the heater, sensor, and thermal structure are combined with the con
straints imposed by the interconnection of the heater and sensor. If
there is no additional element between the heater and sensor, these
interconnection constraints are
v8 « vh

(3.6)

is - - ih

(3.7)

and

If gain is employed between the sensor and heater circuits, the inter
connection constraints may be modified, or the amplifier circuit can be
included in either the sensor circuit or the heater circuit. For either
case in which (3.6) and (3.7) hold, algebraic manipulation of the twoport equations for sensor and heater circuits yields

/ yll

y12\

^ y21

y22'

/ ATS

(3.8)

*

where
812821

T

"I

yll

"[811 " g22 + hj

y2l

o

r

s2ih2i

L8 2
2

i

+ hn J

g\
(3,9)

(3.11)
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h,„hfl
'

'» "["a *5^]

The two-port equation for the chip was given in Section 2.4, and for
small variations with ambient temperature variation included is

ATA

ATS -

]= ( *11
\x2i

Xl2)( ^ j

(3.13)

*22

where the coefficients x^j are given in Section 2.4. The solution for 6
obtained from(3.8)and(3.13)is
l + fly] Dlx)

- (*uy12 + xuyu + *12y21 +

1'*21y12

" X22y22

+

*lly12

+

-1

*12y22
(3.14)

where D[y] and D[x] are the determinants of the y matrix and the x
matrix respectively. Because of the complexity of (3.14), the depen
dence of 6 on the x parameters and the g and h parameters of the sensor
and heater circuits, is not recognizable by inspection. A consideration
of the

magnitude of these parameter must be made in order to simplify

the equation for 5.
The general case of a grounded-emitter transistor used as the
heater is used as an example in order to obtain relative magnitudes of
the y parameter set. For a grounded-emitter transistor with supply
voltage Vc and gain £
h21 - (3VC

(3.15)

hj^ " 2 mv/°C

(3.16)
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For practical values h2^ is at least four orders of magnitude greater
than hj2«

For typical sensors and heaters g2j » hj2 and h,,^ » gj2-

That is, the sensor gain of the sensor is much greater than the "sensor"
gain of the heater, and similarly for the heater gains. Therefore,

Ih21®211

>:>

'«X2h12*

(3'17)

or
|y,J » [ytJ
21'
"12

(3.18)

This inequality may also be obtained by realizing that g^2 is generally
only one to two orders of magnitude greater than 821" Further, it can
be shovn that if g2^• n(2mv/°C) then a reasonable approximation is
|y2i| > |nh22l«

Since n is in general 10 or greater,

ls 21 l » l h i 2 l

< 3 ' 19 >

|y2il » I*22\

(3*20)

and

Using these inequalities one obtains the following relation between
y22 and y21

|y2ll » ly22l

C3.21)

For practical thermal structures the x parameters are nearly
equal. Thus, the approximation x^ = x is made in determining relative
magnitudes of the terms in 5. Further, in the general case of ETC's,
the following inequalities hold

and

|xy12| « 1

(3.22)

1^22^

(3.23)

*
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Using these inequalities and those of (3.17) through (3.21) the follow
ing approximations are valid
D[y]D[x] - <xuy12 +

+ x^ + x^)- - x^ - xnyu
(3.24)

1

" X21y12 " *22y22

+

*lly12

+

*12y22 " 1

(3.25)

The equation for 6 is then
6 - (1 - *12y21 -

(3.26)

g21h21
- ~ /.
\"1
l
*( * *12 g22 + hu " *11*11)

(3"27>

or
6

where the

term is due to power in the sensor circuit, and may in

general be neglected. Thus,
B -

1
.

——
21 21

(3.28)

l2*22+hll

This approximate relationship for 5 is obtained by Emmons and
Spence [1966] by neglecting the effects of power in the sensor and
temperature variation in the heater. The system then becomes a simple
feedback network with the thermal transfer function as the feedback
element.
The factor §21^21^^®22+ **11^

can

be considered to be an

electrical figure of merit for the combined heater-sensor circuit of the
TSS when comparing TSS's which have similar thermal properties. Opti
mum performance with respect to temperature sensitivity is obtained

when both the electrical figure of merit and the thermal transfer func
tion x^2

are

maximized.

In order to obtain relativity orders of magnitudes for 5 and
for ^21^21^^22

+

**11^

cons^er

the following set of typical values:

xQ - .35 deg/mw

®21 " ~

e22

h21

" hll

- 20K

,3v^°c

" 25>000

v

For these values
82ll>21

- - 187 raw/°C

(3.29)

822 + hll

and
5 - 0.015

(3.30)

Thus, for these typical values, the sensor temperature varies 0.15°C
for a 10°C change In ambient temperature.
3.4 Two-Port Characterization of the Thermal Filter
For the thermal filter, the transfer function from input to
output is the most important performance factor. Since the heater
voltage is the input, and the sensor voltage the output, the desired
transfer function is
F £ v8/vh

(3.31)

To obtain F, the following assumptions are made: ambient temperature
is a constant, and the sensor is loaded by impedance z, so that
i8 » -. v8/z . Use of the two-port representations for the heater,
sensor, and thermal structure, combined with the relationship

between sensor voltage and current yields the following equation
for F
F - h21g21*12z ^Dlhj[D(x](g11J!+g11g22 - 812821)" *22<Z

+ 822^

-1

"hll[ *11*811Z

+ 811822

" 812821*"*Z

+ 822)]}

(3.32)
where D[h] and DlxJ are respectively the determinants of the h and x
matrices. As was the case for the TSS, the complexity of the exact
equation requires that simplifying approximations be made. If a
grounded-emitter transistor is used as the heater, the following
approximations are valid

and

DlhJ - - h12h21

(3.33)

|h12h2jx| « Ihj^l

(3.34)

With use of these relationships, the denominator of (3.32) becomes
hjj[(z + 822^^ ~ ®11*H^

*11812821^

(3.35)

and the transfer function is
- ~ h21s21X12
hll

The terms

1 -

+ 822 .

^ " 811*U)

and xn®i2®21 resu^t

+ *11812821

^rotn temperature variations

at the sensor causing a variation in the electrical power in the sensor
circuit. For practical sensors, the following approximations are
generally valid,

'M^FATTTWUF-WFILT""'
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"1

I-

(3.37)

and
l*ll®12®21^ ^ I®22^

(3.38)

Thus, Che approximate transfer function is

hu

'
> + g22

(3.39)

It is noted that, as in the case of the TSS, the approximate expression
is readily obtained by assuming the effects of variations in sensor
power and heater temperature to be negligible.

The factor

^21®21
/
can
nll

be considered to be an electrical figure of merit for the thermal filter,
and is useful in comparing several thermal filters which have similar
impedance levels and thermal transfer functions.
3.5 Other Performance Criteria
Performance criteria other than & for the TSS and F for the
thermal filter are required in order to design or to select proper
heater circuits, sensor circuits, and thermal geometry of the chip.
In integrated circuits the area required for the various electrical
elements and the power consumed by the circuit are critical in any
engineering application of BTC's. A figure of merit based on the elec
tro-thermal performance, the area required, and the power consumed Is
then useful in comparing ETC's, and is now defined as

FM ^ AxP

(3,40)

where ETP represents the electro-thermal performance factor, A is the
area required, and P the power consumed. For the TSS

ETp

®21^21
- *12 « ;h
22
11

<3-4l)

and for the thermal filter
ETP « F

(3.42)

Other important performance criteria are, for the TSS, the
variation In sensor temperature due to variations in supply voltage
and the variation in temperature, at a location other than the sensor,
with ambient temperature variations. For the filter, the dynamic
ranges of the input and output signals are Important.
The sensor temperature variation due to variations in supply
voltage is obtained from a consideration of the effects of supply varia
tion on the power consumed by the ETC. In considering the temperature
stabilization at a geometrical location other than the sensor, the sta
bility factor 5X is very useful. 6X is defined as

6x

A ATX
" AiT
A

<3*43>

where ATX represents the temperature variation at a distance x from the
sensor. Expressions for 6X are obtained for the sensor located at the
end of the chip, and for the sensor located at the interior of the chip
for small values of x.
For the sensor located at the end of the chip, the general
solution for power and temperature given in Section 2.4 yields the
following equation for the temperature variation at x

32

x2a2
AT(x) - ATa - (ATg - ATa)(1 + ~~)

(3.44)

where
(3.45)

D2
and the condition on x is that stft « 1 . Then

sx

"

8

x^a2
" 2

<3,46)

Thus, it is possible in this configuration to obtain a smaller tempera
ture sensitivity at a small distance from the sensor, than at the sensor
itself.
Consider now the sensor located at a distance a from the edge
of the chip. If the component to be stabilized is located a distance x
from the sensor, the equation for the temperature at this point is
AT(8 + x) - AIA +

AT - AT
COSH G G

CO8H A(«

± *)

(3.47)

where x is positive in the direction from the sensor toward the heater.
For practical chip and insulator geometries, and sensor location, the
factor CKs is a few tenths or less. Thus

(3.W
and
6X - 6 -

YA2SX

where the condition that 6 « 1 for a TSS has been used.

(3.49)

The first two terms on the right hand side of (3.49) represent the
stability factor for the case of the sensor located at the edge of the
chip, and the last term on the right represents the correction due to
locating the sensor in the interior of the chip.
Thus, when the thermal characteristics of the insulator are
known, along with the geometric constraints on both chip and insulator,
the factors 5 and 5x are useful in determining the sensor location, and
the location of the components to be stabilized.
Gray [1969] has considered the problem of temperature stabiliza
tion at a location other than the sensor using a different approach than
was taken here, the results being very similar for either approach.
3*6 Summary
In this chapter general sensor and heater elements are charac
terized in terms of thermal two-port parameters. These characteriza
tions are utilized, along with the two-port representation of the
thermal structure, to characterize the TSS and thermal filter. Other
performance factors .useful in the design and analysis of ETC's are
discussed.
In order to utilize the results of this chapter in the con
sideration of specific ETC's, the electro-thermal behavior of the
circuit elements comprising the heater and sensor circuits must be
known. In the next chapter ETM's for the common Integrated circuit
devices are obtained.

CHAPTER 4
THERMAL EFFECTS IN SEMICONDUCTOR MATERIAL AND
INTEGRATED CIRCUIT COMPONENTS
Basic physical parameters of a semiconductor material, such as
mobility, diffusion coefficient, intrinsic density, lifetime, and energy
gap are strongly dependent on temperature. The thermal dependence of
these physical parameters leads to a variation with temperature of the
electrical characteristics of semiconductor devices. The analysis of
heater and sensor circuits is quite Involved mathematically if the exact
temperature dependence of all the electrical parameters is included.
But, if the temperature effects are included as some type of temperature
dependent electrical component, the analysis is a great deal easier.
Thus, it is desirable to have ETM's for the common integrated circuit
devices used in ETC's.
In this chapter the variations with temperature of the previous
ly mentioned semiconductor parameters are discussed. From these results
the effects of small-signal temperature variations on integrated circuit
devices are determined. Electro-thermal models are derived and experi
mentally verified for the following devices: diffused resistor, forward
biased and zener diode, n-p-n transistor, p-n-p lateral transistor, and
the FET. An ETM is also obtained for the junction capacitor.
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4.1 Thermal Dependence of Basic Semiconductor Parameters
4.1.1 Mobility and Diffusion Coefficient
Mobility is an involved function of both temperature and impur
ity concentration. Pritchard [1969, pp. 585] has shown for impurity
concentrations normally found in integrated components, and for a nor
mal temperature range, T > 100°K, that to a first approximation the
mobility n as a function of absolute temperature T Is
HOT"11
where T) is between

and

(4.1)

3/2 depending upon the impurity concentra

tion and the temperature range. Measurements for silicon give the
following results for TJ (Haynes and Westphal, 1952]
For n-type silicon: TJl •2.5 + 0.1 (160 - 400°K)

(4.2)

For p-type silicon:

(4.3)

• 2.7 + 0.1 (150 - 400°K)

The value of i) to be used for a given temperature range and impurity
concentration can be obtained from a graphical approximation of the
curves given in Figs. 4.1 and 4.2. [Garntner, 1957] These figures give
the mobility of silicon as a function of temperature for various impur
ity concentrations. . Xn this paper for temperatures greater than room
temperature and impurity concentrations of less than or equal to 10^
-3
^
cm f the approximation T| •> 7)^ is made. For all other cases, an
approximation to TJ IS determined from the curves given in Figs. 4.1 and
4.2.
Once the temperature dependence of the mobility is known, that
of the diffusion coefficient D is easily determined by utilizing the
Einstein relationship,
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0 kT
— •——
n
q

// /\
(4.4)

Thus, using 4.1 we obtain the following relationship between the diffu
sion coefficient and the absolute temperature
DaT"^'15

(4.5)

Then, for normal values of TJ, the mobility is much more aeaaitive to
temperature variations than is the diffusion coefficient.
4.1.2 Intrinsic-Carrier Concentration and Energy Gap
It is shown in the fundamental theory of semiconductors that the
2
intrinsic-carrier concentration, denoted by n^, can be given as [Jonscher, 1960]
ni

" V3

exp I"Eg/kTl

(4*6>

where
is a temperature independent constant,
T is the absolute temperature,
k is Boltsmann's constant, and
Eg is the energy gap.
The energy gap is not constant with temperature, but for silicon is given
in electron volts as [Lin, 1967, pp. 331]
Eg « 1.205 - 0.28 x 10"3T(°K)

(4.7)

Thus, the intrinsic-carrier concentration as a function of temperature
is
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2 .. _3
T 0.28 x 10"3
Bt - K£T exp[
j

1.205 1
q-^J

..
(4.8)

where q is the electronic charge in electron volts. The temperature
2

behavior of n^ is dominated by the exponential term containing tempera
ture.
4.1.3 Lifetime
Pritchard [1967, pp. 591] has shown that in the normal temper
ature range the lifetime of minority carriers for most transistor base
regions is given as
T » T« exp(-E /kT)
1
T
where

is a constant independent of temperature and

(4.9)
is the recom

bination level energy difference. Typical values for E^ range from about
0.03 to 0.12 ev for non-gold doped material. In this paper a value of
E^ >0.1 ev is assumed as a typical value for common integrated circuit
transistors.
It is noted that for most of the parameters discussed previously,
only approximate results are obtained. In the following sections of
this chapter it is shown that in most cases the values of such variables
as T) and Et are not critical. One exception occurs in the calculation
for the temperature dependence of a diffused resistor, as in these cases,
the results can only be as accurate as the value of T) which is used.
4.2 Temperature Dependence of Integrated Devices and ETM's
In this section, the results of Section 4.1 are used to determine
the temperature dependence of some common integrated circuit devices.

Once these effects are known, small-signal behavior of the device is
considered. It is shown that for the devices considered, the effects
of small-signal temperature variations can be represented by dependent
electrical sources. These temperature dependent sources are then
utilized in the realization of ETM's. Experimental results are ob
tained for most devices considered, in order to verify the derived ETM's.
4.2.1 Resistors
Ohm's law at a point is
J-aE

(4.10)

where J is the current density vector, E the electric field vector, and
o* the conductivity. Ohm's law applied to the macroscopic circuit is
V - IR

(4.11)

where V is the voltage drop, I the current, and R the resistance. Con
sider a rectangular bar of cross-section A and length L in which the
current flow is uniform. For this case

and

I - JA

(4.12)

V - EL

(4.13)

_
R-ij

(4.14)

For a conductor of arbitrary shape, the determination of R is in general
much more complicated, but can be obtained through the applications of
(4.10) and (4.11) [Plonsey and Collins, 1961, pp. 171-75].
In a semiconductor the conductivity is given as
<r » qOlUn + p|ip)

(4.15)

where
q Is the electronic charge,
n the number of free electron per unit volume,
p the number of free holes per unit volume, and
Un and Up are respectively the electron and hole mobilities.
For doping levels normally encountered in integrated resistors, and for
normal operating temperatures, both n and p are independent of tempera
ture. Furthermore, for material in which the net impurity concentration
15 -3
is 10 cm or higher, the conductivity may be approximated as
for n-type:

<r•<Wn

(4.16)

for p-type:

or • qpup

(4.17)

Thus, for most integrated resistors the conductivity varies with tempera
ture in the same way as does the mobility. In Section 4.1, it was shown
that the mobility is given as
\i - KT-''

(4.18)

where K is a temperature independent parameter determined by the type
and level of impurity doping. For a p-type resistor of rectangular
cross-section and with uniform doping
<4-w>

and
R DT * T>/T

<V°C)

<4-20)

Thus, for a uniformly doped integrated resistor, the temperature sensi
tivity is determined by q and the operating temperature.
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The situation becomes much more complicated for diffused resis
tors, since the impurity concentration is not constant. The variations
with temperature of the conductivity for n-type and p-type material with
the doping level as a parameter are shown in Figs. 4.3 and 4.4 [Gartner,
1957]. Lin [1967, pp. 209-13] has developed a graphical technique, which
utilizes these curves, to determine the temperature dependence of dif
fused resistors. This technique is quite involved, and is useful only
when a fairly accurate value for the temperature dependence is required.
For most practical purposes, Table 4.1 is used to obtain an approximate
value for the temperature sensitivity of a diffused resistor. For this
table a Gaussian distribution with base-collector junction depth of 3n
is assumed. The approximate results in the table may also be used for
junction depths near 3m and for complementary error function distribu
tions. The notation

is used for the temperature sensitivity evaluated at the operating temper
ature Tq. It is noted from Table 4.1 that the collector and pinch resis
tor have the largest £, while £ for the emitter and base resistor are
smaller. Then, considering only £, the collector and pinch resistors
appear to be the best types of temperature sensing resistors.
BTM for the Resistor:
Expanding R(T) in a Taylor's series about the operating tempera
ture T0 yields
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TABLE 4.1
TEMPERATURE SENSITIVITY OP TYPICAL DIFFUSED RESISTORS

Region and
Type of Material

Sheet Resistivity in
ohms per square, or
concentration (cm~3)

^300°K

x 10

5

1.5

15

2.5

Emitter, n

Base, p

Collector, n

Base-pinch, p

100

1

200

2.5

300

4

1015

8

1016

4

io17

3.5
8

*
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af)| «•(i^)| ^+...]

X Q . R d 0 ) [ i•

t

t

(4.22)
where AT is defined as T - T0. Using (4.19), (4.22) becomes

R<T> - R(T0) [l + j^ST

+ (n-1)

•••]

(4.23)

If we now assume that To » AT. we have for R(T),
R(T) » R(Te)[1 + £ AT]
*o

(4.24)

Letting v and 1 represent small-signal variations in voltage and current,
Ohm's law as given in (4.11) is,
V(TE) + v - R(TQ)C 1

+ £_A J [I(T0) + i]

(4.25)

o

where V(TC) and I(T0) are respectively the bias voltage and current at
the operating temperature. Then, since V(T0)• R(T0)I(T0), (4.25) be
comes
v - R(TQ) I + R(T0)KT^FIJ AT

(4.26)

where the term containing both AT and i in (4.25) is neglected. The
second term on the right hand side of (4.26) may be considered as a
temperature dependent voltage source. The ETM for the resistor is given
in Fig. 4.5, where the coefficient of the dependent source is the steady
state voltage across the resistor multiplied by the temperature sensitiv
ity of the resistor. Equation (4.26) can be rewritten in the form

o
A
R (To)
•f
v
) v (T0)

AX

a
5 ETM for Resistor with Temperature
Dependent Voltage Source

O-

t+
V

o (To)

(T0) £»

Io
6 ETM for Resistor with Temperature
Dependent Current Source

i - G(T0)v - G(T0)V(T0)^AT

(4.27)

where G(T0) « 1/R(T0). This equation leads to the ETM shown in Fig. 4.6,
where the dependent source is now a current source instead of a voltage
source.
It should be noted, that if the term containing AT^ in (4.22)
is not dropped, the ETM of Fig. 4.5 will contain a second dependent
voltage source of magnitude (tj-l)&j V(T0)AT^/2T0. For very large
changes in AT, this term could become important in calculating the
resulting bias conditions. This term is not important for an ETC near
its operating point, since in this case AT is only a few degrees or
less.
Experimental Results;
Figures 4.7 and 4.8 give the normalized £ as a function of
temperature for four different types of resistors. In Fig. 4.7, curves
A and C represent the experimentally obtained variation of £ for an
emitter and base resistor respectively. Curve B represents the theoret
ical variation for a base resistor as determined from Lin [1967, pg. 212].
The important parameter for the curves are:
Curve A: ps - 4.4 A/Q , £ 30°C » 1.8 x 10"3/°C
Curve B: p8 » 100 A/Q , £ 30°C • 1.2 x 10"3/°C
Curve C: p8 » 100 fl/Q , £ 30°C - 1.05 x 10"3/°C
Curve A conforms in general to the expected variation of £ determined
from a consideration of the temperature dependence of electron mobility
for very high impurity levels.
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In Fig. 4.8, curve A and B represent experimentally determined
variations of £ for respectively a collector and base pinch resistor.
Curve C is the expected variation if a constant value for T{ is assumed
in (4.1). The important parameters for the curves are:
Curve A:

pB - 2Kfl/n , £ 30°C - 7 x 10"3/°C

Curve B: P8 - 20K0fa , £ 30°C - 6.25 x 10"3/°C
From Figs. 4.3 and 4.4, it is noted that for Impurity densities corres
ponding to the resistivity of the resistors tested, T) decreases with
increasing temperature. Thus, the curve for the theoretical variation
of the normalized £ would be lower than curve C, corresponding closely
to curves A and B.
The maximum slope for the normalized £ is less than or equal to
1%/°C for all four resistors tested in the temperature range considered.
Thus, the operating temperature need not be known to a high degree of
accuracy in order to obtain a useful value for £. From Figs. 4.7 and
4.8, it is also evident that if an exact value of £ for any resistor in
an ETC is required, an experimental determination of £ must be made at
the expected operating temperature of the ETC.
4.2.2 Junction Capacitors
The functional dependence of capacitance on voltage, where the
depletion capacitance is defined as the differential change of charge
supplied to one side of the depletion region in response to a differ
ential change of applied junction voltage, is [Meyer, Lynn and Hamilton,
1967, pg. 41]
C 3 K(V + Vc)"r

(4.28)

50

where K is a temperature independent constant, V is the applied voltage,
and Vc the contact voltage. For a step junction r

D

1/2 and for a

linearly graded junction r • 1/3. For a step junction Vc is
Vcs-~in(^f)
ni

(4.29)

where Na and N<j are the impurity concentrations on the two sides of the
junction. Substituting the expression for 2 given in (4.8) and differ
entiating w.r.t. temperature yields
dVcs
ir T
1
^-NJ T
o
•j—^ - - 3 * 1 + /nT - /n
J - 0.28 mv/°C

(4.30)

In most cases the term containing NaN^ may be neglected, so that at
T - 300°K
ft

-ft— - - 2 mv/ C

(4.31)

For a linearly graded junction, the magnitude of the variation of the
contact voltage with temperature is also approximately -2mv/°C.
ETM for the Capacitor:
Expanding the capacitance in a Taylor's series about T0 we
obtain
C(T) - C(T„) + -JJ

T

o

dT

AT2/2 + ...
To

(4.32)

where AT is defined as T - TQ. Using the results of the first part of
this section, it can be shown that the capacitance is to a good approxi«
mation for AI a few degrees or less and AT/TQ « 1 ,
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C(T) - C(T0) +~

AT

(4.33)

To

Rewriting (4.33) we have
C(T) - C(T0)[1 + x|To AT]

(4.34)

where

X,T

* v~+!£

<2 BIv/0c)

<4,35)

Now, since
tCt) - c^,
we have
i(t) - C(T0)

AT JJTTL

+ C(To) X

(4.36)

To
Thus, the ETM for the junction capacitance is given in Fig. 4.9, where
the temperature dependent capacitance represents the last term in (4.36).
Since x|^ has a maximum value of approximately 0.2%/°C, and in ETC's
AT is only a few degrees or less, for ETC applications the junction
capacitor is considered temperature independent. The model of Fig. 4.9
is useful in applications in which there are large variations in the
operating temperature or in the temperature at which the junction capaci
tance was originally determined.
4.2.3 Step Junction Diode
The well-known current-voltage relationship for a step junction
diode is
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C(Tq)\j, AT

Fig. U.9 ETM for Junction Capacitance
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Fig. U.10 ETM for Intrinsic Step Junction Diode

I - I8 exp (qV/kT)

(4.37)

where I8 is the saturation current of the diode, and I and V are respectively the diode current and junction voltage. For the base-emitter
junction of a transistor, Is is given as

IS » QAEDBNI/WNB

(4.38)

where Ag is the cross-sectional area of the emitter, W the basewidth,
and 0|j and N5 are respectively the diffusion coefficient and Impurity
concentration in the base. Using (4.5) and (4.8), and differentiating
w.r.t. temperature, we obtain the following expression for the tempera
ture sensitivity of the saturation current in silicon

»•»>

where T) is measured in the base. At room temperature, l/IsdI8/dT is
approximately 10%/°C.
ETM for the Diode:
Expanding the diode current 1 about (V0,T0), where V0 is the di
ode bias voltage and T0 the operating temperature, and neglecting all
second or higher order terms, we obtain
. _ dl
1 • v ss

(4.40)
<w

(W

where i - I(V>T)- 1(V0,T0), v - V - Vc, and AT - T - Tc. Using (4.37),
(4.40) becomes

AT
I(V0,T0) + I(V0,T0)[i- §j® - ^j]
(V0,T0)
(4.41)
which can be rewritten as

v

Ha f±" qi(v0,T0) 1 " q
LI8

bl*

- qV1
" kpj

AT

(4.42)

(v0,V

The expression multiplying i in (4.42) is the usual small-signal diode
resistance, r^. The expression multiplying AT is 7(V0,T0), where y is
the temperature coefficient of the junction voltage, and for the abrupt
diode is
(4.43)

The ETM for the intrinsic step junction diode, i.e. the ETM for the
diodes with bulk resistance not included, is shown in Fig. 4.10. This
model is composed of

and a dependent voltage source of magnitude

7(VC,T0)AT. The Norton equivalent of the circuit of Fig. 4.10 is an ETM
for the diode which has a dependent current source instead of a depen
dent voltage source. Bulk resistance effects are easily included in the
model by replacing the bulk resistance by its ETM.
From (4.43) it is evident that 7 is a function of both the bias
condition and the operating temperature. For the typical case of
^
o
VQ « 6v and TQ • room temperature, 7• 2m v/ C. This typical value of 7
is useful in obtaining approximate results in many ETC's.
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If the diode is driven by a constant current or a very high
impedance voltage source, it is easily shown using (4.42) and (4.43)
that 7 is nearly independent of temperature. Therefore, in order to
measure 7(VQ,T0) the diode is driven by a constant current I » I(V0,T0)
and the variation in V for a variation in T is observed. If V at I•
is

then 7(V0,T0) = (Vo-V^/^-T,,).
4.2.4 Integrated Circuit Diodes
The integrated circuit diode is normally obtained by connecting

an integrated circuit transistor in a diode configuration. The tempera*
ture dependence of the incegrated diode is much more involved than that
of the step junction diode discussed in the previous section, since more
than one junction may be involved, and the junctions are now diffused
rather than abrupt. Also, since integrated circuit transistors may have
appreciable bulk resistance, the effects of these resistances must be
included in the analysis.
The six basic diode configurations of the integrated transistor
are shown in Fig. 4.11. The effects of temperature on these diodes and
small-signal ETM's for each configuration are considered in Appendix A.
The ETM's for the various connections are all of the general form shown
in Fig. 4.12. The resistance r is composed of bulk and small-signal
active resistance, and the temperature dependent generator Vr(TQ)£j AT
o
results from temperature variations of the bulk resistances. In
Appendix A it is shown that for non-gold doped material, the junction
voltage temperature coefficient y is approximately the same in all cases,
and is given by (4.43). In most practical cases, more approximate
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Fig. U.12 General ETM for the Integrated Circuit Diode
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models than Che ones given in Che Appendix are desirable. Depending upon
bias conditions, Che cransiscor 0, and Che magnitude of Che bulk resis
tors the term Vr(T0)(^ is usually much less than y and can be neglected.
If this is not the case, an effective y, given by
7eff

" 7 " Vr<To>£xo

<4'44>

is used. It is in this case that geometry and processing are important
since the bulk resistances are directly related to the physical dimen
sions and Che doping levels in Che base and collecCor regions.
Experimental Results;
Figure 4.13 is a photograph of the thermal test chip fabricated
in Che Solid SCaCe Engineering LaboraCory of The UniversiCy of Arizona.
The four CransisCors along Che lower edge were used Co verify Che ETM's
for incegraced diodes given in Che Appendix. The CesC chip had Che
following characceriscics:
an epi Chickness of 12.5|i with
a resistivity of 1720 ohms per square.
The base resistivity obtained was approximately 200 ohms per square, and
the base-width and base-collecCor juncCions were 0.6n and 3.In respective
ly.
. Table 4.2 gives the effective y'a for the four test transistors
connected in diode configurations (a) through (e), for a constanC
currenC of 1 ma. The resulCs obCained are in general agreemenc with
Chose predicted by the ETM's given in the Appendix.
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TABLE 4.2
DIODE VOLTAGE TEMPERATURE SENSITIVITY AT Ip - 1 ma

7eff

Diode
Configuration

(mv/°C)

Transistor 1
rb small
rc large

Transistor 2
rb small
r very large
c

(a)

1.85

1.83

1.70

1.66

(b)

1.87

1.45

1.32

1.68

(d)

1.86

1.45

1.34

1.74

(e)

1.66

1.83

1.68

1.37

(f)

1.95

1.89

1.76

1.78

Transistor 3
rb large
r very large
c

Transistor geometries shown in Fig. 4.13
Diode configurations shown in Fig. 4.11
rb and rc are respectively bulk base and collector resistances

Transistor 4
rb large
rc large

4.2.5 Zener Diodes
To determine the effect of temperature on zener diodes, the
variation with temperature of the breakdown voltage of the junction must
be known. For historical reasons these diodes are known as Zener diodes
although for available breakdown voltages, roughly 3 to 200 volts, the
dominant mechanism is avalanche breakdown. Thus, temperature effects
on avalanche breakdown dominate thermal behavior. Emperical results
have indicated that the junction breakdown voltage, for both step and
linearly graded junctions, as a function of temperature follows a
relationship of the form [McKay, 1954]
<T> - Vb(Tc)u + P(T-T0)]

VB

(4.45)

where 0 ia the temperature coefficient of the breakdown voltage and is
determined experimentally. It is noted that (4.45) is mathematically
equivalent to the Taylor's series expansion of Vg(T) about T0, with all
second and higher order terms neglected. Differentiating (4.45) w.r.t.
temperature and multiplying by AT we obtain
dV«(T)
dT

AT - 0Vb(To)AT

(4.46)

If we now define pVg(TQ) as 7z> we have
dVB(T)
*T AT - 7zAT

(4.47)

Noting that the left hand side of (4.47) is the small-signal variation
of the breakdown voltage due to temperature variations, and comparing
this equation with the similar one for the forward diode (4.42), the ETM

shown in Fig. 4.14 results. This is the ETM for the zener diode with
bulk resistance neglected. The coefficient 7z of the dependent voltage
source used in the model is a function of the breakdown voltage.
Figure 4.5 is based on data given in the Semiconductor Data Book [1968,
pp. 2-39-41] and gives 7Z as a function of the zener breakdown voltage.
For example, the ETM for a zener diode with a' breakdown voltage of lOv
has a dependent voltage source of magnitude 7.5 mv/°C (AT).
Experimental Results;
Figure 4.16 gives the functional dependence of the breakdown
voltage on temperature for a base-emitter and base-collector diode. For
the base-emitter diode, 7Z • 2.3 mv/°C and for the collector-base diode,
yz - 35 mv/°C. The experimental results are in close agreement with

those predicted from Fig. 4.15.
4.2.6 N-P-N Transistors
Since the basic parameters of semiconductor material are depen
dent on temperature, the electrical parameters of integrated circuit
transistors are also temperature dependent. Thus, a small-signal electro-thermal model for the transistor is required for the analysis of
ETC's and in the analysis of any other circuit in which temperature
effects are important.
The temperature dependence of the parameters in the hybrid TT
model are given by Lin [1967, pg. 335] and Gartner [1957] has derived
the temperature dependence of the h parameter set. The temperature
dependent models obtained from either set of these parameters are quite
involved and difficult to work with. In this paper the ETM for the
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integrated transistor is derived from the nonlinear model given by
Meyer etal. 11967, p. 68]. The following assumptions are made in the
derivation of the ETM:
1. The collector-substrate junction is reversed biased and has
negligible effect on the operation of the transistor
2. The transistor is operating in the forward active region
so that the collector-base junction is reversed biased
3. operation is at d.c. or very low-frequency.
The nonlinear model is then

-*„)(•»«)
\-A21

A22J \-l

/

where Ig and IQ are respectively the emitter and collector currents, VQ
is the applied voltage across the base-emitter junction and the
factors are temperature dependent.
ETM for the transistor;
The equation for emitter current obtained from (4.48) is
approximately
^ - Au

qVE/kT

e

(4.49)

which is identical to (4.37) if we replace Aj^ by ls. In Appendix A
it is shown that
1

dAll

T Am

1.205 1
+
*!!«--L -r '"isrJ

„ cnN
(4
-50)

Comparing (4.50) with (4.39) we see that
1 dAll 1_ iis
Au dT " Ia dT

(4.51)

Thus, the model for the base-emitter junction of the transistor is the
same as the model for the step junction diode, which is given in Fig.
4.10.
The equation for the collector current from 4.48 is
r
~A21 t
.
*C " A u\" 22

(4.52)

or with respect to base current, (4.52) is
a21

Ir » - A r"T~" IB " A22
All
21

(4.53)

where the factor A2l/All *8 t^ie ^orvar^ common base short-circuit
current gain a, and A2]/(An ~ ^21^

is t*ie

^orvard common emitter short-

circuit current gain 0. Expanding (4.53) in a Taylor's series about Tq
and neglecting second and higher order terms, we obtain

vr> - w - -(si)
- A,

.<v( 1A

22

dIB
P(T0)IB(T0)AT - P(T0)~

dA22j

«

AT

AT

(4.54)

where AT •> T-TQ. Noting that the left hand side is the small-signal
collector current ic, and the factor (dlg/dT)|AT is the small-signal
bade current, (4.54) becomes
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'c "

•(?§) j

T

«WTo>AI - P<VH -

A22<Io)(felF2)j A:t
Ii)

(4.55)
Thus, the ETM for the collector-base junction of the transistor consists
of two temperature dependent current sources and the usual pi^ current
source. The ETM for the intrinsic transistor is shown in Fig. 4.17.
The effects of bulk resistances are easily included in the model by re
placing any important bulk resistance by its ETM. In order for this ETM
to be useful, the coefficients of the temperature dependent current
sources must be known.
Saturation Current:
The factor AgjCO is the reverse d.c. collector current which
flows at temperature T when the emitter is open-circuited, and is denoted
by ICB0(T). In Appendix A it is shown that

1 dA22 ~ f 4-n ,
A22 dT
[1

1.205 1
kT2

J

(4.56)

which is of the order of 10%/°C in silicon devices operating near room
temperature. Thus, the last term in (4.55) is

WTo)K(V4T
where K(T) is given by (4.56) and is of the order of 10%/°C. Now, since
in silicon devices ICB0 is so small that it is usually neglected, and
since for ETC's AT is on the order of a few degrees or less, the tempera
ture dependent current source I^g^(T0)K(T0)AT can usually be neglected.
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Fig. 4.17 ETM for Intrinsic n-p-n Transistor
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In a specific case, by comparing ICB0(To)K(To) to the term

T,o
one can easily determine if the source I^g^(T0)K(T0)AT must be included
in the ETM.
Current Gain;
In the model of Fig. 4.17 the collector current is represented
as dependent on the base current. For this representation the factor

must be known to complete the ETM. If one desires to have the collector
current dependent on the emitter current, then the factor

must be known. The approach to determining these factors which is
suggested by the previous section, is to take the derivative w.r.t.
temperature of the terms

- A^) and

This approach

yields results which are very complicated and difficult -to interpret.
Pritchard (1967, pp. 599-605] has considered in some detail the effects
of temperature on current gains. The treatment in this paper of the
temperature sensitivities of the current gains follows that of Pritchard.
The common base short-circuit current gain a, for negligible
avalanche multiplication, is given by
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a - TBA*

(4.57)

where

P

a

emitter injection efficiency

B • base transport factor
A* » collector-body multiplication ratio
The common emitter short-circuit current gain $ is given by
0 •a/(l-a) and for (X very near unity, the approximation 0 £ (l-a)"* is
valid. Using this approximation, the factor ^^ becomes
-(1-0!) ^d(l-CK)/dT

.

Thus, in order to determine the temperature sensitivities of the current
gains, the temperature dependence of P, B, and A* must be known.
Collector-Body Multiplication Ratio:
For an n-p-n transistor, the collector multiplication factor is
given by [Pritchard, 1967, p. 106]
|ju n.2
A* » 1 -

hC 1

(4.58)

(i Nc
ec c
where n, and u are mobilities for holes and electrons in the collecntic
ec
tor, Nc the doping level in the collector, and n^ the intrinsic carrier
concentration. In general, for doping levels

> 1014 and temperatures

less than 100°C, A* is to a very good approximation unity. In the
special case of A*

1, the temperature dependence of A* is easily

determined by using the temperature dependent expressions for mobility
and intrinsic carrier density. For most practical cases, A* = 1 is a
good assumption, and the temperature sensitivities of (X and (3 are
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determined from the base transport factor B, and the emitter injection
efficiency

P.

Base Transport Factor and Emitter Injection Efficiency:
The base transport factor is given by
|
B - 1 - (W2/D|jTb)
where W is the basewidth,

(4.59)

the diffusion coefficient in the base, and

Tb the lifetime in the base. Substitution of the temperature dependent
expressions for Dj, and

TJ, yields

1 - B - (1-B0)(T/T0)'1"1 exp [(f^)d2 - l)]

(4.60)

vhere BQ is the base transport factor evaluated at the reference tempera
ture T0.
Pritchard [1967, p. 603] has shown that the emitter injection
efficiency for a practical device is approximately given by
r » 1 - (qVlbW)*[

]ij*

(4.61)

where
Ag is the emitter area,
Nj, and Dj, are respectively the doping level and diffusion
coefficient in the base,
W the basewidth,
Ax,,, the width of the depletion layer,
Tm the minority carrier lifetime in depletion layer, and
Ic is the collector current.
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Substitution of the temperature dependent expressions for Tm and Db in
(4.61) yields

i-r - u-rywv^e*

P

- i)]

w.62)

where PQ is p at the reference temperature TQ.
Now, since P =» 1 and B » 1, the following approximation for
1 - a is valid
<1 - a) - <1 -P) + (1 - B)

(4.63)

Thus, using (4.60) and (4.62), we have

« - O): [d -

f (1 - ry<|-)2

Ic4 feKl2

-l)]

(4.64)
Then, if the parameters of the device and the operating current are
known, the temperature dependence of Ot and of 0 can be determined by
using (4.64).
Consider the case in which the base transport factor dominates
the expression for a. This is the case if
1 - Bc » (1 - p0) ij*

(4.65)

Under this condition the temperature sensitivity of P is
1 dB ~

which for

• 2.6,

n-1 eT
T +^2

,, ,,•>
(4"66)

~ 0.1 ev, and T • 300°K is approximately

0.8%/°C. If the emitter injection efficiency dominates, that is if,
(1-Bq) « (1 - ro) Ic"*

(4.67)

the temperature sensitivity of 0 is
1

0 dT

a.Jti + Jh_
2T
2kT2

(4 68%

which for the values given above is approximately 0.4%/°C.
Thus, we expect the temperature sensitivity of 3 at room
temperature for a practical device to be between the limits 0.8%/°C and
0.4%/°C. Then, for a first approximation, the value 0.6%/°C is used for
the temperature sensitivity of 0 near room temperature.

If an accurate

value for ^^ is required, it is best determined experimentally.
Experimental Results;
Figure 4.18 gives the temperature sensitivity of p as a function
of temperature for two typidal integrated circuit transistors. The col
lector current at which the data was taken was 1 ma.
In the previous discussion only the temperature sensitivity of 0
was considered. It is easily shown that
I
~ 1/i
a dT 0
0 \6
\ 0 dT J
so that once 3 and

(4.69)

are known, the temperature sensitivity of a is

easily determined.
Example;
To demonstrate the utilization of the ETM's for the resistor,
diode, and transistor, the bias circuit shown in Fig. 4.19 is analyzed.
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Fig. U.20 Small-signal Electro-thermal Circuit
for the Transistor Bias Circuit

For this circuit, the following parameter values at T0 » 300°K are used:
V » 4v

7JJ °

I « 1 ma

0 » 50

a

2 rav/°C

Substituting the ETM's into the circuit of Fig. 4.19 and neglecting bulk
resistance effects, we obtain the circuit shown in Fig. 4.20. Solving
for the small-signal current i, we obtain
(4.70)
If the diode and transistor are perfectly matched, that is if 7Q = 7T,
then the bias current I varies approximately 0.4%/°C. On the other hand,
if 7j) - 7<r •- 0.1 mv/°C, then the bias current varies

approximately

0.8%/°C. Thus, for closely matched transistors, this bias circuit is
relatively insensitive to temperature.variations.
4.2.7 P-N-P Lateral Transistor
In order to obtain an isolated p-n-p transistor, a lateral struc
ture may be used, or a p-n-p transistor may be formed in the same geo
metrical configuration as the usual n-p-n by employing more diffusion
steps. The p-n-p transistors formed by multiple junction techniques or
added diffusions are identical in electro-thermal performance to the
n-p-n transistor if the temperature dependent parameters such as
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TJ (p-type) in the n-p-n structure are replaced by T] (n-type) in the p-n-p
structure.
The electro-thermal parameters of the lateral p-n-p transistor
cannot be related to those of the normal n-p-n in such a straight-for
ward manner. Lin [1967, pp. 274-289] has performed an electrical analy
sis for the lateral structure using circular geometry. The results of
this analysis are quite complicated, and the electro-thermal results
obtained from this analysis are too involved to be useful. But, Lin's
analysis can be used to obtain approximate results which give useable
electro-thermal properties.
Using the equations obtained by Lin, and typical values for the
geometric and semiconductor parameters involved, it can be shown that
the base-emitter junction has a current-voltage relationship of the
form
I - K DpnJ exp (qV/kT)

(4.71)

where K is temperature independent.
Comparing this equation with (4.37) and (4.38), it is readily
apparent that the ETM for the base-emitter junction of the p-n-p
lateral transistor is the same as that for the n-p-n transistor. The
only difference is that in the equation for y, (4.43),

TJ

is now

measured in the n-type base. Since the value of T) is second order in
determining y, the approximation 7n_p_n •'p-n-p *S

va^^*

Similarly,

it is easily shown that the temperature sensitivity of the saturation
current of a p-n-p lateral transistor is approximately the same as that
of a n-p-n transistor.

As was the case for the n-p-n transistor, the temperature
dependence of the current gains Ct and (3 of the p-n-p lateral transistor
is very complicated. But, if typical values for the geometric and
semiconductor parameters involved are used, the analysis of Lin may be
applied to obtain approximate results. It can be shown that in most
practical cases, P for the p-n-p lateral transistor is approximately
P * KI^

(4.72)

where K is a temperature independent constant, and LQ the diffusion
length for electrons in the p-type emitter. Comparing (4.72) with (4.59)
2

and noting that Lq • DQTn , we obtain for the temperature sensitivity
of P,
J: iML ft ET. .Jfcli
P dT 2kT2 2T
For the typical values of ET • 0.1 ev and

(4

J2)

« 2.5, at T •» 300°K, the

temperature sensitivity of P is approximately 0.4%/°C. As was noted for
the n-p-n transistor, if an accurate value is required, it must be
determined experimentally.
Bulk resistances of the p-n-p lateral transistor are included in
the ETM in the same fashion as they were in the n-p-n transistor. It
must be noted that because of its geometrical shape, the p-n-p lateral
transistor will have a much larger bulk base resistance and a lower f*
than the n-p-n transistor. Thus, if substantial current flows in the
p-n-p lateral transistor, a lower value of y is observed than is
expected. Hence, the ETM for this device must include the bulk base
resistance.

Thus, the ETM for the p-n-p lateral transistor is obtained from
the ETM of the n-p-n transistor, by replacing the parameters of the n-p-n
device with those of the p-n-p device, and adding the bulk base resis
tance of the p-n-p device.
Experimental Results:
Figure 4.21 gives the temperature sensitivity of 0 as a function
of temperature for the two lateral p-n-p transistors shown in Fig. 4.13.
Transistor A, which has a basewidth of 0.8 mil, was operated at VCg <*
10 v and Ij• 1 ma, at which point &25<>C

a

0*46. Transistor B, which

has a basewidth of 0.6 mil, was operated at VCE • lOv and IQ • 0.5 ma,
at which point 025° "

For the

base-emitter junction of transistor

A, at Ig • 1 ma, y • 1.2 mv/°C, and for transistor B, y ® 1.25 mv/°C.
These values for y are depressed from the normal y of 2 mv/°C by the
large base resistance of the transistors.
4.2.8 Field Effect Transistor
A temperature variation effects the field effect transistor in
two ways: through the gate potential and channel resistance. The vari
ation with temperature of these parameters leads to a variation with
temperature of the pinch-off voltage, pinch-off drain current, transconductance, and dynamic drain resistance. To obtain an ETM for the
field effect transistor, the variation with temperature of these quanti
ties must be known.
The temperature dependence of the pinch-off voltage
given by [Sevin, 1965, p. 35]

is

79

i i w°o
O.UO"

0.30i

0.20"

20

H

H

UO

60

H
80

100

•i

-H—»

120

1U0

T (°c)
Fig. 4.21 Temperature Sensitivity of {3 vs. Temperature

Typical p-n-p Lateral Transistors

where

is the junction contact voltage. In integrated circuit FET's,

dVg/dT. is very nearly *2 rav/°C, depending on the channel type.
Sevin [1965, p. 37) has shown that the temperature sensitivity
p of the pinch-off drain current at a constant gate to source voltage
is given by
.2_ /
omJL £!be
p
iBp dT
VpV

loss ' £c _ a
lOp
dT
T

(

where 1^ is the pinch-off drain current at a given gate to source
voltage VGS, IDSS the pinch-off drain current at VGS => 0, and i) the
temperature coefficient for the mobility of carriers in the channel.
The value of Vp and

are characteristics of the device determined

by geometry and processing, IDp is determined by the bias value of VGS,
and to a good approximation rj»2,

for integrated devices. As a typical

.value for p, if VQS • 0, Vp •4v, and at T • 300°K, p is approximately
-0.65%/°C. On the other hand, if the FET is biased such that
r

n2

*

^-6b v
—2
l°r>22 _
2/°C
16x10"
DSS
v 2
Vp

(. _fi.
(4.76)

then p is approximately zero and the pinch-off current is considered
as temperature independent.
The transconductance gm of an FET is given by [Sevin, 1965, p.
P. 37]
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DSS

(£M

The temperature coefficient 6 for

(4.77)

with Vgg independent of tempera

ture, is then
„

1

d8m

e*?;sB =

1 dIDSS 1 dvP
(1 * 2"CS/Vp \
+
x ^ i ~ ^ d T I vGS/»p-1 /

«-7s>

where
J.
rDSS

dlDSS

_

dT

i
|VGS = 0

(4.79)

If the device is operated such that |Vp| » |VQQ| , then
6 « p I

l

(4.80)
VGS- 0

This temperature variation of gm gives rise to a variation of drain cur
rent of magnitude g^V^g Q , where

is the transconductance at the

operating temperature TQ.
To completely specify the temperature behavior of the FET, the
temperature variation of the dynamic drain resistance r^ must be con
sidered. For most applications r<j can be neglected compared to the
other circuit impedances. For the special case of an FET driving a
load comparable to r^, the temperature variation of r^ must be included
in the model. In the literature to date, an expression for r^ has been
given only for the special case of the symmetrical FET structure with
heavily doped gate and uniformity doped channel having abrupt

gate-channel junctions. Grebene and Ghandhl [1968] have obtained the
and IQ^

following relations for

ID rd
p

" EoL

[ • •&:)]

%
(4.81)

and

ll(IDpr<i) " ^ mV/°C

<4'82)

where E0 Is the value of the electric field for which the limiting of
the carrier velocity becomes dominant (E0 * 25 KV/cm in Si), L la the
length of the channel, 2a the channel width, and % the drain-gate
voltage in excess of Vp. Expanding the equation above and dividing by
iQ^r^, we obtain
>2V*
i_*2£ + 2_£s_ 'MSf")]
J
i r - s r* 3
T- - .
a
°P
aE,
o
or

,a, d

r

/vn„

m'°c

<4-83>

c

<4-M>

-h

F [ l + (3fc)J
73Q

™/

For a • In and VDP ° lOv, the last term above is approximately .5%/°C.
Since a typical value for p is - .5%/°C, a practical value of
l_ ^d
rd 3T

is of the order of 1%/°C.
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ETM for the FET;
The ETM is now easily obtained from the small-signal electrical
model shown in Fig. 4.22 by including the effects of temperature varia
tions of the electrical parameters. The temperature variation of
and gg, gives rise to two temperature dependent current sources. These
sources are represented by In pAT and gmovGS ®AT in the ETM given in
1 drd
Fig. 4.23. In the model the quantities p, 9 and —
are evaluated
at the bias condition and operating temperature. For the special case
of source and gate shorted, the ETM is given by Fig. 4.24. In the models
of Figs. 4.23 and 4.24 the directions of the current generators
correspond to a p-channel FET, and are reversed for the case of an
n-channel.
Experimental Results:
Figure 4.25 gives experimental and theoretical curves for an
FET operated as a current source (Vgg •0). The small difference be
tween the curves is caused by T) being less in the experimental devices
than the assumed value of 2 used in plotting the theoretical curve. The
maximum slope of

p

is approximately 2%/°C, and thus the approximation

that p is a constant for small temperature changes is valid. The struc
ture of the FET used to obtain the experimental curve is shown in Fig.
4.13.
Example:
Consider an FET with gate and source shorted used as a current
source to drive a circuit in which the impedance is much less than the
dynamic drain resistance of the FET. The small-signal model for the
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FET is then simply a current source of magnitude
Inp|
AT
* IVGS-O
If the FET has a p-channel, and the operating temperature is 300°K, the
current output of the FET will have a temperature coefficient of approx
imately, p • -0.7%/°C. Thus, the FET will perform as a current source
with a temperature coefficient of almost -1%/°C. If a wide range of
temperature variations occur in the integrated circuit, an FET in this
configuration is not satisfactory as a constant-current source.
U.3 Summary
In this chapter the temperature dependence of the basic semi
conductor parameters are discussed. A knowledge of the temperature
dependence of these parameters allows us to derive ETM's for the common
integrated circuit devices. Experimental results which verify these
models are obtained. The ETM's obtained in this chapter are very useful
in the analysis and design of ETC's and any other circuit in which
temperature effects are important.
With the characterizations of Chapters 2 and 3, and the ETM's
of this chapter, we are now able to effectively analyze and evaluate
ETC's. In the next chapter selected heater and sensor circuits are
analyzed and compared using the results of Chapters 2, 3 and 4.

CHAPTER 5
SENSOR AND HEATER CIRCUITS
In this chapter the results obtained in Chapters 3 and 4 are
applied to the analysis and evaluation of selected sensor and heater
circuits. The three types of sensor circuits considered are: general
sensor circuits, resistance bridge sensor, and differential sensor
circuits utilized In the simulated thermal short-circuit structure.
Conclusions are drawn as to which sensor circuits perform best in the
TSS, thermal filter, and thermal oscillator. Heater circuits are con
sidered and conclusions are drawn as to which yield the most satisfac
tory performance.
5.1 General Sensor Circuits
In this section two general sensor circuits employing transis
tors as both temperature sensing and amplifying devices are discussed.
The first circuit utilizes a multiple diode input to a transistor and
the second employs a constant base voltage as the input to a sensing
and amplifying transistor. These two circuits are considered since
they appear to be the most useful type of general sensor circuit.
5.1.1 Multiple Diode Sensor
The multiple diode circuit [Emmons and Spence, 1966] is shown
in Fig. 5.1. The zener diode is used to eliminate the effects of supply
variations in the intermediate sensor voltage v<j.
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The multiple diode
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configuration is employed to yield a temperature dependent voltage input
to the Darlington pair. N, the number of diodes used, is determined by
the zener voltage and bias conditions. Although the voltage gain of the
Darlington pair is half that of a single transistor, the Darlington pair
gives better performance because of its high input impedance. It should
be noted that the circuit without the Darlington pair amplifier is a
sensor. The complete circuit is considered so that a meaningful com
parison can be made with other circuits, in which the basic sensor cir
cuit and first stage of amplification cannot be separated.
To obtain the two port characterisation of the circuit, the ETM's
given in Chapter 4 are employed in the circuit. The ETM used for the
transistor does not include the variations of 0 and leakage current with
temperature, since these are second order effects. Straight forward
circuit analysis yields the following two port parameters for the circuit
of Pig. 5.1.

[%VD + 2'T
_ *Dz

+

^ <>b« + "n>I + 2*T> ]

+

**RSVRS
(5.1)

8 12

" "

V

(5.2)
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V

Fig. 5.1

Multiple Diode Sensor
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821 ° 1 PRVR

+

r N*d
2^ RB+Nrd

r
j/V0

+ 27t +

%.
•
N^(^+

11
[

NyDl +

(5.3)
822 -

R

(5.4)

The terms rd and re are the small-signal resistances of a diode and of
the second transistor respectively. The term VD represents the baseemitter bias voltage of the Darlington pair, the terms

V and

Vj^ the

bias voltages across the corresponding resistors. The subscripts on the
p's and 7*8 denote the device to which they refer where /p ?D1 " yDN*
The most important g parameter is, of course, the sensor gain
g^2«

For practical circuit values, the term

may be neglected in

the expression for &21' -^lus

g21

" * 2^(RB

+DNRD)[^V

+ 2?T

(yDa + NyDl + 2?T>]

The term R/2re represents the amplification of the Darlington pair. It
must be noted that while increasing R increases the sensor gain, it
also increases the output impedance. Thus, to determine the optimum
value of R, a knowledge of the sensor loading is needed. Consider now
the other factor of the sensor gain. If the 7's are assumed equal, rd
is written as VT/IB, where Vj is the thermal voltage and Ig the diode
bias current, the sensor gain g^ without the amplification of the
Darlington pair is

91

S21

NVt
r
" VD + NVX [

vDY
+ 7+

NVT

i
(N+3)

J .

Since VT is determined by the operating temperature,

(5.6)
is limited to

approximately 2 x 10"^/°C, and the Darlington voltage VD cannot be
varied greatly, to optimize g2j,

N

should be maximized. There is little

freedom of choice for a value of N, since the zener voltage available
limits N to a small range of values. For a zener voltage of 6.2 volts,
typical integrated diodes, and a bias current range of 1/2 to 2 ma, the
value of N is restricted from about 8 to 6. Thus, the only important
design degree of freedom in the sensor gain is the ratio of output re
sistance R to small-signal emitter resistance re.
To a very good approximation, the electro-thermal input conduc
tance gj^ is
811

" " R 82l

*5,7*

This expression permits an estimate of gj^ which is useful in system
considerations.
Typical values for the multiple diode sensor circuit are as
follow8:
V

0

10v

R

SB

20K

Rs

m

4K

RB

0 2K

Vz - 6.2v
VS

m

2v
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VD - 1.2v

^Diode^B ~ 1^2

" 600 ^

N •8
The two-port parameters for this set of circuit values at T = 100°C
are
glt "1.1 mw/°C

g21 » -2.2 v/°C

8 12

8 22

" " 10

v

80

20

K

where it is assumed that 7Dz - 7^ • 7^ « 2 mv/°C and pR •

• p^ »

2 x 10"3/°C.
The figure of merit defined in Chapter 3 is also needed in
order to compare sensor circuits. To obtain the figure of merit for
this circuit and the others to follow, restrictions on the processing
and geometry must be made. The following conditions are assumed to hold
throughout this chapter: resistors iare base resistors with a sheet
resistance of 200 ohms per square, and the geometry is 0.5 mil.
The area required by the multiple diode circuit under the re
strictions above and with the typical values given previously is
approximately
Area » 15 Aj.

(5.8)

where A|. is the area required for one transistor with a single base
stripe geometry and is given by
Aj• 7.5 mil x 5.5 mil •41 mil^

(5.9)

It was assumed in computing Ay that the minimum isolation clearance is
1.5 mil. The d.c. power consumed by this circuit is

Kg

K

(5.10)

which for the typical values given previously is
P » 13.5 mw

(5.11)

The figure of merit for this circuit it

™-A^RH

<5-L2)

and for the typical values given previously, it is
Mil(amps . corl

AT

(5.13)

The figure of merit and two port parameters for this circuit provide a
fairly complete characterization of the performance of the circuit.
5.1.2 Constant Base Voltage Sensor
The other general sensor circuit considered is the constant base
voltage circuit. This is the type of circuit employed in the Fairchild
|iA726 temperature-stabilized pair. The constant base voltage sensor
circuit which is discussed in this paper is shown in Fig. 5.2. The pur
pose of the circuit composed of Rg, R^, Rj,, and the diodes 01 and Dz is
to realize a voltage at the transistor base which is independent of
temperature and supply variations. In the ideal case, the temperature
variation of the junction voltage of the zener diode 7qz is chosen to
equal that of the diode 7DJ. If R} and R2 are fabricated of the same
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Ov,

Fig. 5.2 Constant Base Voltage Sensor

material, the voltage applied to the base of the transistor will be in
dependent of temperature. In a practical case 7Ds and 7QI will only
differ by about 0.2 mv/°C, causing the voltage applied to the base of
the transistor to vary 0.1 mv/°C for R^ » Rj. This variation may in
general be neglected compared to the variation with temperature of the
base-emitter voltage of the transistor 7? and of the diode 7d2* ^he
voltage variations 7y and 7^ are then amplified by the transistor to
yield the output voltage v8.
It should be noted that the gain of the circuit can be increased
by using more diodes in series in the emitter circuit. This requires
that the ratio of R^ to R2 be altered, and it also consumes more area.
Thus, a compromise between gain and area is required. The maximum num
ber of diodes which can be used is determined by the zener voltage and
the bias voltages of the forward diodes.
In deriving the two-port parameters for the circuit of Fig. 5.2,
the following assumptions are made:
1. 0' and leakage current variations with temperature
are second order
2. R^ and R^ are fabricated of the same material
3. N is the number of diodes used in the emitter
circuit.
The two-port parameters for this circuit are then
T "821 * PRVR
*11- L
R

812 - -V

702'TDll ..
%"^J V

...
<5-l4>

(5.15)
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821

V re+Nrd
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d

+_J5Sz[*
X
1
2

+ Hr

D2" "Ve

(R +R )P

Ro
*1 + ®2 ^7dz "

(5.16)

(5.17)

R

s22

The subscripts on the

7di)

p's and

y'a denote the device to which they refer.

The terms VR and VRq are respectively the bias voltages across the
resistors R and Rg. The resistance re is the small-signal emitter
resistance of the transistor while rd is the small'-signal resistance of
one of the diodes in the emitter circuit of the transistor.
The sensor gain
g

21

given by (5.16) is to a first approximation

-R
(7
+ r„
+ wr
Nrj
re ^
d T

+ N7D2>

(5.18)

Thus, the sensor gain is determined primarily by the ratio of the load
resistance R to the emitter resistance Rg, and the number of diodes N.
As was the case in the multiple diode circuit, increasing R increases
gain but also causes an increase in the output resistance of the sensor.
Thus, the loading of the sensor must also be considered in the selection
of the value of R.
A first approximation for gj^ useful in system calculations is
g
11

~

V

R 821

(5.19)
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Typical circuit values for the circuit of Fig. 5.2 are now
given and the resulting figure of merit calculated. The case N • 1 is
considered. It is noted that if the maximum number of diodes is em
ployed in the emitter circuit of the transistor, then the constant base
voltage circuit becomes basically the same as the previously discussed
multiple diode circuit. The following typical values are used:
V - lOv

R • 20K

Va - 6.2v

Rg - 100

Vg - 2v

Rs - 3K

V„i • Vj)2

V]JE = 600 mv

R^ = 5.2K
R2 » l.SK

The two-port parameters for this set of circuit values at T » 100°C
are
gH » 0.15 mw/°C

g2i • - 0.3 v/°C

8^2 " ~10v

®22 "

where it is assumed that 7Dz »

» 7^ = 7T = 2 mv/°C and all p's =

2 x 10"3/°C.
To compute the figure of merit for this circuit, the area
required and power consumed must be known. Under the processing and
geometrical restrictions stated previously, the area required by this
circuit is
A » 9Aj,
The power consumed is

(5.20)
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r

(v - va>
R

T

, (v • v» + VD) v
Rg

(5.21)

and for typical values, the power is
P = 18.7 raw

(5.22)

The figure of merit for these values of area, power, and gain, is
then
1
FM •-^7^ (amps °C)
AT

(5.23)

Comparing (5.23) to (5.13) we note that for the typical values
considered the figure of merit for the multiple diode circuit is
approximately five times that-of the constant base voltage circuit.
But, since sensor gain, area, and power required do not have equal
weighting in all applications, we cannot simply state that the multiple
diode circuit is superior. Which of these two circuits gives the
better overall performance depends upon the specific application and
the restrictions on area and power in that application.
5.2 Resistance Bridge Sensor
The two sensor circuits discussed in the previous section both
utilize zener diodes to eliminate the effects of supply voltage varia
tions at the sensor input. In a thermal oscillator, the inherent noise
of a zener diode would probably be unacceptable.

A sensor circuit

which is unaffected by reference voltage variations and does not have
a high level of inherent noise is the resistance bridge near balance
[Matzen, et al., 1964). The resistance bridge sensor is considered

in this section both with and without a first stage of amplification.
The resistance bridge sensor is shown in Pig. 5.3 where the
output is taken between points a and b.

Resistors

fabricated from different material than resistors

R^ and R3 are
Rj and R4, so that

the voltage between points a and b is temperature dependent. The types
of resistors available for this application are the base, emitter, and
collector type resistors. For common processing resistivities, the
sensor gain is maximum when emitter and collector resistors are used.
A balanced resistance bridge consisting of emitter and collector resis
tors will in general require a large amount of area due to the large
difference in collector and emitter resistivities. Then, for practical
considerations, the two types of resistors used are the base and collec
tor resistors.
Since the resistance bridge will require a means of adjustment
because of mismatches which occur in resistor values, in the fabrica
tion of a bridge sensor small resistors which may be connected in series
with the bridge resistors are included. These resistors may be added
when needed by breaking evaporated leads on the chip.
If the bridge is balanced, the two-port parameters are

811

V2 ,
.. ,
" " 2R (pl,3 + P2,4>

812 " 0

(5.24)

(5.25)

(5.26)

Fig. 5.3 Resistance Bridge Sensor

Fig. 5.U

Resistance Bridge Sensor With Gain
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822 "

R

<5*27>

It is noted that the sensor gain depends upon the value of the bridge
supply voltage, giving this circuit the property of having an adjust
able sensor gain.
Typical values for the bridge circuit are
V - lOv
R - 2K
fi2t4(collector) » 5 x 10"^/°C
PJ 3<base)• 2 X1CT3/°C
The two-port parameters are then
GJ^ • .175 MW/°C
gl2 - 0
g21 n 15 mv/°C
g22 " 2K
As the sensor gain

f°r this circuit is relatively low,

additional gain must be included to raise gj^ to a practical value.
Additional gain may be realized by various circuit configurations. The
circuit discussed in this paper was used by Matzen et .al. [1964] to rea
lize a thermal oscillator and it is shown in Fig. 5.4. In this circuit
transistors T1 and T2 are employed to amplify the output of the sensor
bridge. The circuit composed of Dl, D2, T3, and Rg supplies the bias
current for the differential pair and the resistance bridge.

The following assumptions are made in the analysis of the cir
cuit shown in Fig. 5.4:
1. the bridge is balanced
2. 0 and leakage current variations with temperature
are second order
3. the transistor pair is balanced
4. the variation with temperature of the bias current
of the differential pair Is negligible.
The two-port parameters for this circuit are then
gn » " VD

«12 * *

821

"

VB

9
Zre

(5.28)

%
-rJ <Pi

715
+
p

+

P2>

Vr1(P2

+V

VR (p - p )
2r^ + \xb

" pj

l

+ VRPR

g22 - R

(5*29>

(5.30)

(5.31)

where rg is the small-signal emitter resistance of transistor Tl, {3
the common emitter current gain of transistor Tl, and VJJ and

the

bias voltages across R^ and R respectively.
As was the case in the two general sensor circuits discussed,
the sensor gain depends linearly on the output resistance R, and' on
the bridge supply voltage Vg. Increasing sensor gain by increasing
R also increases the output resistance and increasing the gain by
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Increasing Vg Increases the power consumed. Therefore, appropriate com
promises must be made in the design of g2i«
Typical values and characteristics for the bridge sensor with
gain are as follows:
Vg » lOv

VD1 = VJJJ = 600 mv

Rg « 700fi

Rj «= R2

V « lOv

Ij^ • 1 ma

R - 5K

P « 100

m

R3

m

R4

a

2K

The two-port parameters for this set of circuit values at
T » 100°C are
gj^ • 0.67 nw/°C

g21 • 0.42 v/°C

g12 » -10v

g22 - 5K

where it is assumed that p2 « 5 x 10"^/°C and

« pR • 2 x 10"^/°C.

The figure of merit is needed for this sensor in order to com
pare it to the two general sensor circuits which were discussed. The
restrictions on processing and geometry are the same as previously
discussed, with the additional condition that the collector sheet re
sistance is about 4K ohms per square. The area needed by this circuit
is then approximately
A - 12 ^

(5.32)

where trimming resistances have been included. The power consumed by
this circuit is
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/VB - 2V P \
P - V iRg + VB I 2Rr
J

(5.33)

which for typical values is
P • 32 raw

(5.34)

The figure of merit for this circuit is then
FM •

AT

(amps °C) *

(5.35)

Comparing the performance indicators of this circuit, gj^,
(5.32), (5.34), and (5.35) with the corresponding ones for the multiple
diode and constant base voltage circuit, we note that the bridge sensor
does not perform as well as the other two sensors. But, since the
bridge sensor does not contain any zener diodes, it is probably superior
to the other two in any application, such as the thermal oscillator, in
which noise is important.
5.3 Differential Sensor Circuits
The next type of sensor circuit discussed is the differential
sensor for use in the simulated thermal short-circuit structure. The
simulated thermal short-circuit structure is very useful because it
allows the use of differential amplification and is insensitive to
and>lent temperature variations. This is the type of ETC which is
utilized by Friedman [1969] in realizing a band-pass thermal filter.
The operation of this type of sensor is best described by considering
the ETC of Fig. 5.5.
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In Fig. 5.5 the two elements denoted by

and

are sensing

transistors which are placed symmetrically about the center line of the
chip. The elements denoted by

and

are heaters which are also

placed symmetrically about the center of the chip and are operated such
that their a.c. output powers are equal in magnitude and 180° out-ofphase. Let the temperature variation at

be ATj^ due to the heater

and ATj^ due to the heater Hg. Correspondingly, AT2^
temperature variations at

due to heaters

an<* ^22 are t*ie

and H2 respectively. If

the sensing transistors are connected as a differential pair and replaced
by their ETM's, the circuit of Fig. 5.6 results. The models do not
include the temperature variations of P and leakage current for simplic
ity. The resistances, r^ and rare small-signal emitter resistances
of the transistors, and for the balanced case are equal to 2V^,/I, where
is the thermal voltage. For

** 1, the collector current i^

is approximately
4

7(ATX1 + W12 - AT21 - AT22)
vi

(5.36)

el

where it is assumed that 7^ » 7T2 *° V' Since the devices are symmetric
about the center line and the heater powers are equal in magnitude but
opposite in phase,
AT22 » - ATU

(5.37)

AT21 « - AT12

(5.38)

and
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. 5.5 Simulated Thermal Short-circuit Configuration
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Fig. 5.6 Small-signal Electro-thermal Model for
Differential Transistor Fair Sensor
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Thus, the current 1^ is
icl = 7(AT11 + ATl2)/rel

(5.39)

Since the thermal signal is attenuated as it flows down the chip, the
temperature variation AT^ is in general much greater than AT^* Thus,
to a first approximation
lCl

* *Vrel

(5.40)

For an operating temperature of 100°C and a bias current I of 2 ma, the
collector current i^ is approximately 0.06 ma/°C. For output resis
tances of 5K, the differential gain of the sensor is approximately
0.6v/°C.
Thus, a relatively high gain is obtained from this configuration
even when the sensor circuit is only a simple differential pair. This
property of easily obtaining high sensor gain makes the simulated ther
mal short-circuit structure very useful in ETC's which employ a.c.
signals.
5.3.1 Analysis of the Differential Sensor
Because of the differential nature of both the heater and sensor
circuits in this type of ETC, the electro-thermal analysis is best
performed in a manner similar to that employed by Middlebrook [1963] in
the electrical analysis of differential amplifiers. First, the electro
thermal analysis of the simple circuit sl^own in Fig. 5.7 is performed;
from this analysis the generalizations needed to analyze other ETC's
of this type are obtained.

lb

-V.

Pig. 5.7 Simple Differential Sensor
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Middlebrook [1967, pp. 21-34] has performed the electrical
analysis for this circuit by extending the Bisection Theorem Method. In
this method of analysis, the circuit is separated into common-mode (CM)
and differential-mode (DM) half-circuits. Since unbalances in the cir
cuit will cause a cross-coupling effect, for example a CM input signal
giving rise to a DM output, the CM and DM half-circuits are not indepen
dent. However, if the unbalances are small, cross-coupling effects may
be included in the half-circuits by interaction generators. Although
these interaction generators are controlled, each is dependent only on
currents in the other half-circuit. Thus, they are independent genera
tors as far as a separate analysis of each half-circuit is concerned.
For small unbalances the interaction generators can be expressed in
terms of the currents which would be present in the absence of un
balances. This approximation eliminates the necessity for simultaneous
solution of both half-circuits, since the analysis may be completed in
independent stages. The method of including independent interaction
generators in the CM and DM half-circuit is also very useful in the
electro-thermal analysis of this type of circuit.
In the electrical analysis of this circuit, the output properties are described by two equations, one for the CM component v and
lc
one for the DM component v^ of the output voltage:

ci

A'i

1

A2

(5.41)

(5.42)

where v •(v + v, )/2 and v, = (v - v, )/2. The following definitions
c
a
b
a
a
b
are given by Middlebrook [1964, p. 22]
Afic • CM gain
«* DM gain
« DM rejection factor
Hc

™ CM rejection factor
and

are respectively the CM and DM equivalent input

voltages due to the internal independent sources
and

are power supply rejection factors.

Consider now the modifications

necessary in (5.41) and (5.42)

when the circuit is operated as an ETC; for this case the CM and DM in
put voltages vfi and

become functions of the common-mode and differen-

tial-mode temperature signals

and AT^.

Referring to the definitions

of temperature variations made in Suction 5.4, we find ATc and AT^ at
the transistors given by
AT, - (ATn + AT12 + AT21 + AT22)/2

(5.43)

ATd - (ATX1 + AT12 - AT21 - AT22)/2

(5.44)

Temperature variations do not effect the basic electrical operation of
the circuit; therefore all other parameter in (5.41) and (5.42) remain
unchanged from the electrical analysis. Thus, once v£ and v^ are
determined as functions of ATc and AT.,
d the following electro-thermal
parameters are easily determined:

Ill

Afc & CM electro-thermal gain
cc
Add*

DM electro-thermal gain

H^j ^ DM electro-thermal rejection factor
H* ^ CM electro-thermal rejection factor
The input voltages v and v are now determined as functions of
c
a
the temperature signals ATc and AT^. The circuit of Fig. 5.8 represents
the CM electro-thermal half-circuit for the circuit of Fig. 5.7. In
Fig. 5.8 the current Ijco and I^0 are CM and DM bias currents respec
tively and are given by

Xlco

V2 " vi
c
" 2R3 + Rj,

R1 + re + 3+1

where

- <VU + V^J/2, Vu - (Vla - V^J/2, and vu and

(5.45)

(5*46)

are the

bdse-emitter voltages of transistors a and b respectively. The p's
represent the temperature sensitivities of the resistors. In the tran
sistor model used, t is the temperature sensitivity of P, rfa the bulk
base resistance, the saturation current is neglected, and it is assumed
that 7 «• y, • 7. All temperature dependent factors such as
8
D
p's, and

7, i,

the

are evaluated at the operating temperature. The letter

subscripts on the temperature variations denote CM or DM signals, the
number subscripts the device. That is, AT^ is the CM temperature
variation at the transistor, and AT2<J the DM temperature signal at

V1

o

^^ico^c

+ IldoAT2d)

*2
-o vlc
P^(IlcoATlc+ hdo^lA

Pi

? Or-

—\AA
rb

r. a
r—dP+L
lcoAX-lc+ I..
ldo/ST..)
Id

,

,
T
+

lc

Rlpl(IlcoAT4c+

lc

WW

•2R

2R3p3IlcoAT3c

Fig. 5.8 Common-mode Electro-thermal Equivalent Half.
Circuit of Fig. 5.7
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resistance R^«

The CM and DM mode temperature signals at the various

devices are equal only if the devices are all in the same temperature
region.
The CM input voltage v is composed of the voltage sources in
c
the base-emitter circuit, and the temperature dependent voltages sources
in the output translated to the input. The voltage in the input circuit
v' is
c
v'
c - AX

+ aIld [-"uoliw

+RlPlS^)]

(5 47)

The temperature dependent voltage in the output circuit v^' Is

K'" "

+ fJ+T

where

<R1

"jco^lc

+ 2R3>[ °2(IXCO4T2C +

+ T'ldoATld^

WW

(5.48)

+ 2R^)is the CM gain A£c. Thus, the voltage vfi in (5.41)

is replaced by the sum of v^ and v^1 referred to the input, and is
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/rlA

T
"1*1* "

Ilco\P+l

AT4c

*

Rlpl

t(Rx+ 2R3))
•)

P+l

(R!+ 2V P2

+ AIld

AT,2d
ATld

ATlc

AT3C
+ 2R3P3

AT,.
lc "

(R1+ 2R3)p2

AT,2c
AT
lc

rbPb , AT4C
["'ido
( 3+1 Rlpl AXlc

51 (R1
P+l

+ 2R3>)

(5.49)

in the electro"thermal equation.
The electro-thermal DM half-circuit is shown in Fig. 5.9 where
R/./2
R4

The voltage

R2 + R4/2

in (5.42) is replaced by the following in the electro

thermal equation:
AT.
.
4d
, , AT-,
2d
T
lpl ATW " 1 4P2 ATU " P+l Kl)

.[•

AT.
RB^»
T
"*4c
XN
I.
.
1
TTTT+
R.p.
—
H
ldo Vp+l
1 1 AT
lc

AT2C._T_ ,\ ]
—
r
R•R.„
14 2 ARlc P+l Rlj J

(5.50)
where Rj « R^ + rg + r^/P+1, and

aR2R4
R,

is the DM gain A^. Substi

tution of (5.49) and (5.50) into (5.41) and (5.42) yield the following
two output equations for the electro-thermal circuit of Fig. 5.7:
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Equations (5.51) and(5.52) are very involved; to illustrate the
results, the following typical values are considered:
Rx - O.IK
10K
"2
R3 - 10K ,
R. • 100K
4
V. •0.3v
lc
Vw - 0.03v
I. « 0.25 ma
lco
ItJ •0.025 ma
ldo
P • 50
V1

p

" V2 "

20v

l"p2"p3"pb"2*

7• 2 mv/°C
T - 10"2/°C
rfa » 50 ft
and
A - 0.488
cc
Add - 81.5
~ - 1/0.47
Hd
1 S
_ 1
H2 Hc

9.15 x 103

1_ _
1_
A1 " .487

l0"3/°c
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V . = -0.264 v
ci
• -30 rav
Consider the factor which multiplies ATjc in the equation for
v^c«

The CM temperature signals arise because of imbalances in the

heater powers, and geometrical variations in the symmetrical placement
of the components. For example, if the heater powers arc identical and
the transistors are placed exactly symmetrically about the geometrical
center line, AT^C is zero. If it is assumed that all components are

symmetrically

placed, then to a first approximation
AT
- 1

for i - 2, 3, 4.

(5.53)

lc
For this case, the factor multiplying AT^c in (5.51) is approximately
t(R. + 2R )
'+Ilco

<5-54>

p+1

and for the typical values given, this is about 3 mv/°C.

The factor
m

multiplying AT^ in the expression for v^ is approximately 3 x 10"2mv/°C.
Consider the factors involving DM temperature variations. If it
is assumed that all components are in the same temperature region as
their respective transistors

AT<H
7=— « 1
ATld

for i - 2,4

The the factor multiplying ATj^ in the expression for v^ is

(5.55)
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approximately y or 2 mv/°C. The factor multiplying

in the expres

sion for v^c is approximately 5 mv/°C. If the temperature signals
AT^c and AT^J are the inputs, the electro-thermal parameters are related
to the electrical parameters as follows:
t **
A » 1.5 7 A
cc
cc
Add

"

7Add

JL ~

7

JL ~ 1-5 y

<

Hc

where y » 2rav/°C.
If we normalize these parameters by dividing by the DM gain, we
find that the CM gain increases by a factor 1.5, the inverse DM rejection
factor increases by 1.17 and the inverse CM rejection factor increases
by a factor of 1.5. This shows, as one would expect, that in comparison
to the electrical circuit, the performance of the electro-thermal circuit
is degraded, for a given DM gain.
Some further comments-on the relative placement of components
are in order. Suppose resistors

and

are placed in the same

temperature region instead of symmetrically about the geometrical
center line. If

is placed on the geometrical center line, and the

transistors are located very nearly symmetrically, such that AT^c is
small, it is not unreasonable to expect ^2c^Tlc ~

For thi8 order
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of magnitude, and for V£ • 5 volts, the CM gain and inverse CM rejection
factor will increase by a factor on the order of SO. Thus, the physical
placement of the components is very important. As one would intuitively
guess, optimum performance w.r.t. the placement of the resistors &2a'
R^, and R^ is obtained for R2fl and R^ placed symmetrically about the
geometrical center line, and R^ placed along the geometrical center line.
The locations of the R^ resistors and the output resistance R^ are not
as critical as the placement of the resistors R2a' R2b, and Rj.

Again

R^a and R^ should be placed symmetrically about the geometrical center
line for the best performance, and similarly for R^.

The transistors

are, of course, placed symmetrically about the geometrical center line,
and their spacing from the heaters determined from the desired thermal
transfer function.
From the analysis of this simple circuit, the generalized method
of analysis is readily apparent. Once the electrical analysis of the
circuit is complete, the CM and DM input voltage are determined as func
tions of the CM and DM mode temperature signals. This is done by con
sideration of the electro-thermal CM and DM half-circuits. The
t
t
t
t
electro-thermal performance parameters, A£c, A^, H^, and H^, are then
available as functions of both the electrical components and the physi
cal placement of these components. Thus, the designer has an additional
degree of freedom in the design of circuits of this type: that of
geometrical placement of the circuit elements.

5.3.2 Modifications to the Differential Sensor Circuit
The DM gain of the circuit of Fig. 5.7 for the typical values
given is approximately 0.16 v/°C. If greater gain is required, the
following circuit modifications can be used:
1) A second stage of amplification can be employed by connect
ing another differential pair to the output of the first stage. This
configuration can easily yield an increase in DM gain by a factor of
from 10 to 50, while increasing the area and d.c. power required by a
factor of approximately 2.
2) Instead of grounding the inputs of the transistors in
Fig. 5.7, a diode circuit as shown in Fig. 5.10 may be used. If the
diodes are placed in the same temperature region as the opposite
transistor, the DM gain will increase by a factor of N+l, where N is
the number of diode connected to one transistor. This circuit does not
require as large an increase in power and area as the circuit discussed
in (1).
Other circuit modifications are limited only by the designers
T
ingenuity and the restrictions on power and area peculiar to a given
application.
Comparing the differential sensor as discussed in the preceding
section to the general sensor circuits and resistance bridge sensor it
is evident that this type of ETC is the most useful in most signal
processing applications. One disadvantage of the simulated thermal
short-circuit structure and differential sensor ETC is that it requires
heater output powers which are balanced in magnitude but 180° out-ofphase.
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Fig. 5.10 Multiple Diode Differential Sensor Circuit

Fig. 5.11 Simple Resistance Heater
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5.4 Heater Circuits
The previous sections of this chapter have dealt with ETC sen
sors. In this section the heater is considered. There are many ways in
which thermal power can be applied to an ETC, since any element in which
electrical power is dissipated can be employed as an electro-thermal
heater. For example, a resistor can be used as a heater. Consider the
circuit of Fig* 5.11 in which.a resistor is used as a heater. If the
d.c. voltage across R is VR, then the heater gain, as defined in Section
4.2, of the resistor heater is V_. For practical values of Vn (a few
K
K
volts), the heater gain is not large enough to be useful. This problem
is best corrected by employing a heater circuit which has a much larger
gain. A careful consideration of practical heating elements leads one
to the conclusion that the simple transistor amplifier, with the base
used as the input, is the most useful. The only heater circuits con
sidered in this paper are those which utilize this type of transistor
amplifier.
A typical heater circuit is shown in Fig. 5.12. The collector
resistor is Rfi and the emitter resistor is Rg. Biasing is not shown,
as it is assumed that the sensor circuit supplies the base bias voltage,
as is the case in the TSS and thermal oscillator circuits. For the
thermal filter the heater circuit must be self-biased. Such a circuit
is shown in Fig. 5.13, where it is assumed that R^ is much larger than
the input impedance of the transistor. In either circuit the transistor
amplifies the input current by a factor of 0, and the heater gain is
approximately (3V. This is an improvement by a factor of at least 0
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?
o

Fig. 5.12 Typical Heater Circuit
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Fig. 5.13 Typical Self-biased Heater Circuit
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over the simple resistance heater. The emitter resistance Rg is used to
obtain a high input impedance, and the collector resistance R_ is inc
eluded so that heating may be accomplished in either the transistor or
the collector resistance. In general R^ is not used in a heater circuit
in which a.c. signals are employed, since in this case the power dissipatni in Rg contains unwanted frequency components.
In the circuit of Fig. 5.13, if R^ is comparable to the input
impedance of the transistor, then a.c. heating occurs in both the biasing circuit and in the heater transistor circuit. Thus, to surpress
unwanted frequency components, we require that most of the heating
occurs in the transistor heater circuit, or that Rj» h^@ + PRg. For
this condition the thermal two-port parameters for the circuits of Figs.
5.12 and 5.13 are approximately equal and are

hll

" P(re

h12

"

+

(5,56)

V

*

7)

<5-57)

h21 m 0V

h22

~%

"»
®E

(5.58)

<V»-0i»RC *C

+ VR»PR*

-

<5*59>

where re is the small-signal emitter resistance of the transistor, Vgg
and

the bias voltages across the resistors

and

and

respectively.

and R^ respectively,

the temperature sensitivities of the resistors Rg and R^
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The heater gain h^^ as defined in Section 2.4 is referenced to
a current input. With voltage as the input, the heater gain is approxi
mately ^21^11* ^us> from (5.56) and (5.58) we see that the gain is
dependent on the supply voltage and emitter resistance Rg. Thus, gain
is increased by increasing the supply voltage or decreasing the emitter
resistance Rg. Other factors such as d.c. power requirements, voltage
requirements of other circuitry on the chip, and impedance levels must
also be considered in the determination of values for the supply voltage
and Rg.
Typical values for the circuit of Fig. 5.12 used in a TSS operat
ing at 100°C are
{J » 50
7=2 mv/°C
lg • 1 ma
V - lOv
Vg • 1 v
Rg » 300 fl
Rc - 5 K
Pj•2 x 10"3/°C
These values yield the following two-port parameters:
hu - 16.7 K
h^

a

mv/°C

h21 = 500 v
•

1»22 ™

x 10"3 mw/°C
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Performance criteria for the heater such as the power consumed
and the electro-thermal performance factor (ETP) depends upon the appli
cation. For example, in the TSS the power required in the heater cir
cuit is determined by the temperature at which the circuit is to be
stabilized, the ambient temperature range in which the circuit is to
operate, and the thermal properties of the thermal structure. Thus, the
power consumed by the heater circuit in a TSS is determined by factors
other than the type of circuit employed.
As a second example, in the thermal filter the ETP is h21^11
but in a TSS this factor is simply h2j, provided the input impedance of
the heater is much less than the output impedance of the sensor. From
these two examples it is evident that a figure of merit based on the
power consumed and the ETP cannot be given for the general ETC heater.
Therefore, comparisons must be based on gain, input Impedance, area, the
power required, and the application of the heater circuit.
5.4.1 Other Heater Circuits
In this section other practical heater circuits are considered
and compared in general terms to the circuits of the preceding section.
The first circuit is simply a modification of the circuit of Fig. 5.12.
In this circuit a Darlington pair is used instead of a single transistor.
As compared to the circuit of Fig. 5.12, this circuit has approximately
the same value for

giving a much larger input impedance.

Thus, this modification is useful when a large input impedance is needed,
as in a filter application in which the output impedance of the circuit
supplying the signal to be filtered is large.
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A second circuit is obtained by employing an additional stage
of gain with the circuit of Fig. 5.12. This circuit is shown in Fig.
5.14 and is useful in applications in which a larger value of heater
gain than is obtainable from the circuit of Fig. 5.12 is required.
Another circuit is obtained from the parallel combination of
amplifiers of the type shown in Fig. 5.12, and is shown in Fig. 5.15.
Comparing this circuit to that of Fig. 5.12, we note that for N tran
sistors the heater gain remains constant, the area required increases
by a factor of N, for the same bias conditions the power increases by
a factor of N, and the input impedance decreases by a factor of 1/N.
Thus, in a filter application the factor ETF/area X power decreases by
a factor of 1/N compared to the circuit of Fig. 5.12. The advantage
of this circuit is that it allows an increase in the total power output
of the heater. The same remarks hold for the TSS application.
A factor which is important in a.c. applications but which
has not been previously considered is the dynamic range of the heater.
In the circuits considered so far, the dynamic range is directly re
lated to the bias power. To overcome this problem, one can employ the
simulated thermal short-circuit structure and utilize heater circuits
biased so as to operate as class B amplifiers. Gray [1969] has demon
strated that for this configuration the thermal input power depends
in a linear fashion upon the input signal. Thus, we obtain a much
larger dynamic range and reduce the d.c. power required when this
configuration is used.

Fig. 5.14 Circuit of Fig. 5.12 With Additional Gain
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Fig. 5*15 Multiple Transistor Heater Circuit
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Fig. 5.16 Temperature Compensated Voltage Source
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5.4.2 Other Performance Factors in Heaters
Other factors which must be considered in the design of heater
circuits are geometrical placement of elements and sensitivity to power
supply variations. In a heater circuit in which the power dissipated in
the collector resistor is comparable to that dissipated in the transis
tor, in!order to obtain one-dimensional heat flow, the collector resistor
must be located relative to the transistor such that the transistor and
resistor together approximate a line heater. If, on the other hand, the
transistor dissipates most of the power, the placement of the collector
resistor is non-critical. This would be the case for filter or oscilla
tor applications in which small collector resistors are used in order to
obtain a larger dynamic range for the heater.
In both a.c. and TSS application of the ETC, variations in the
heater supply voltage create unwanted components in the output power.
In either case variations of 5% or less can be considered negligible
but larger variations may degrade circuit performance.

A circuit in

which the output voltage is nearly independent of supply voltage
variations and temperature variations in the circuit is shown in Fig.
5.16. In this circuit the zener diode is a base-emitter zener, and the
resistances

and

are fabricated of the same material. The voltage

can be used as a stable supply voltage for ETC's.
5.5 Summary
In this chapter the results of Chapters 3 and 4 are utilized
in the analysis of selected heater and sensor circuits. The multiplediode sensor and the constant base voltage sensor are analyzed and
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characterized in such a way as to facilitate the engineer in the design
of general ETC sensors. The bridge sensor, which is useful in thermal
oscillator applications, is treated similarly.

A generalized method for

the analysis of the differential sensor, applicable in the simulated
thermal short-circuit structure, is developed. This configuration is
very useful in signal processing applications.
(

Heater circuits are also considered in a manner similar to that
used for sensor circuits. Modifications in the characterizations of
heater circuits with regard to the application are also discussed.

CHAPTER 6
CONCLUSIONS
In the previous chapters of this dissertation the thermal
structure, general sensor, and general heater circuits are characterized
in terms of thermal two-port parameters. These characterizations are
utilized in the characterization of the TSS and thermal filter. Electro*
thermal models are derived for the common integrated circuit devices.
These characterizations and models are employed in the analysis and comparison of selected sensor and heater circuits.
The specific objectives of this research may be summarized as
follows:
1. To develop characterizations for the one-dimensional ther
mal structure, heater circuit, and sensor circuit which are readily
employed in the analysis and design of general ETC's.
2. To apply this method of characterization to the analysis
of the temperature-stabilized substrate and the low-pass thermal filter,
as well as to selected heater and sensor circuits.
3. To develop and experimentally verify linear electro-thermal
models for the common integrated circuit devices.
In achieving these objectives, the original contributions of
this dissertation are:

133

1. Characterization of electro-thermal circuits
a. A two-port representation for the one-dimensional
thermal structure with arbitrary placement of heating and
sensing elements was derived.
b. Two-port representations for both general heater and
sensor circuits were derived.
c. The general TSS and low-pass thermal filter were
characterized in terms of the two-port parameters of the three
basic elements of the general ETC.
2. The temperature dependence of the p-n-p lateral transistor
and the integrated circuit diode are obtained.
3. Electro-Thermal Models
a. The concept of the ETM for integrated devices utilizing
temperature dependent sources is introduced.
b. Electro-thermal models are derived for the following
devices; diffused resistor, junction capacitor, abrupt diode,
zener diode, n-p-n transistor, p-n-p lateral transistor, and
the field effect transistor. Experimental verification is
obtained for all models except that of the junction capacitor.
c. Electro-thermal models, including the effects of
geometry and processing, were derived and

experimentally

verified for the six common integrated diodes.
4. A general method of analysis for the electro-thermal dif
ferential sensor employed in the simulated thermal short-circuit con
figuration was developed.
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6.1 Suggested Areas for Further Study
This work provides a basis for further research in the area of
ETC's. One such area is the optimization of the general ETC. The
stability factor for the TSS, the transfer function for the thermal
filter and the additional performance criteria discussed in Chapter 3,
and the heater and sensor circuits considered in Chapter 5, provide a
starting point for this problem. Optimization criteria should be based
on the area and power required as well as the electro-*thermal performance of the circuit.
In the area of circuit design of heaters and sensors, additional
consideration of other circuit designs utilizing the transistor, resis
tor, forward diode, and base-emitter zener diode, as well as the design
of circuits employing other devices such as the FET and collector-base
zener diode is needed. The ETM's given in this paper provide an excel
lent tool for use in the design of additional heater and sensor circuits.
Another area in which further work is needed is in the noise
performance of sensor circuits. Since the ETC is operated at relatively
low-frequencies, low-frequency of "l/f noise" may be quite important.
The ETM's given in this paper provide valuable material for the inves
tigation of this problem.

APPENDIX A
ETM'S FOR INTEGRATED CIRCUIT DIODES
The ETM's for the various integrated circuit diode configura
tions, with bulk resistance effects included, are obtained in this
appendix by utilizing the nonlinear transistor model given by Meyer,
et al. [1967, p. 68]. In addition to the assumptions made by Meyer, et
al.. the assumptions that the collector-substrate junction is reversed
biased and has negligible leakage current, and that the structure is
non-gold doped, are made in this paper. The model ia then
qVE/kT
(A-1)
qVc/kT

where Ig and IQ are respectively the emitter and collector currents and
V_ and V_ are respectively the base-emitter and base-collector junction
voltages. The expressions for the coefficients A^ are quite involved
and are not give here.
The important temperature relationship
i - 1,2
±z 1

A.^ dX

for

T

(A-2)
where T is temperature in degrees Kelvin and tj is the exponential co
efficient for the temperature dependence of electron mobility in the
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base of the transistor, is easily obtained by a consideration of the
coefficients A^. Relationship (A-2) is used to obtain the desired
» "V". » • .
ETM's for integrated diodes.
A,1 Integrated Diode Configurations and ETM's
The configurations for the six integrated circuit diodes are
shown in Fig. A.1. The operating voltages for the diodes of Fig. A,1
are given in Meyer, et al. [1968, p. 250], but are not discussed here,
as this section is concerned only with small-signal temperature be
havior of the diodes.
For configuration (a) of Fig. A.1, the condition IQ •0 applied
to (A-l) yields for Ig

<A-3>

Utilizing (A-2), it is easily shown that

^2*2A
A11 " -A^-J

1

d /
*12*2^
dT [hi " T^-j

m

1 I".
. 1.205)
+
T [*"* —J
(A-4)

Expanding (A-3) in a Taylor's series about the operating point
(V_ ,T )and neglecting second and higher order terms, we obtain
£0

O

kT
v«

" WJ

le' ?(vho't<»>at

(a"5)

where ve - VE - VEO, te - IE - IE(VEO'TO>' at " T"To> and y corresponds
to the definition given in (4.43). Since (A-5) is identical to the

, $ y,,

^ „**•><& fk ,
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corresponding equation for the step junction diode, (4.42), the ETM for
this configuration with no bulk resistance is identical to that of the
intrinsic step junction diode, given in Fig. 4.9.
Including the effects of the bulk resistance yields the follow*
ing
VD - Vb + VE
where

<A*6>

is the total diode voltage and rj, the bulk base resistance of

the transistor. Using (A-3), (A-4), expanding (A-6) in a Taylor's
series about the operating point (IgQ,To) and neglecting second and
higher order terms yields

"d - <re

+ rbo>

*e " ^Eo'V*1 +

(A"7)

where vd •\ - VD^IEo'To^ le " *E " IEo' re " kIo'qIEo' rbo " rb^To^
and ftp is the temperature sensitivity of the bulk base resistance of
bo
the transistor at the operating temperature. Then, the ETM contains a
resistance of value r^

-I- r^ and two temperature dependent voltage

sources. The ETM for this configuration with bulk resistance included
is shown in Fig. A.2. It should be noted that the diode current is Ig.
For configuration (b), proceeding as for configuration (a)
yields
VD

" V'c

+ rb> + VC

<A'8>

where r and r. are the collector and base bulk resistances for the
C

D

collector-base diode, and are less than corresponding bulk resistances
for the transistor. Treating (A-8) exactly a6 (A-6) we obtain
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+ XCo

CrboPrbo

+ ^o^co] AT

(A-9)

vhere
*1 •

"V^Co

and pc la the temperature sensitivity of the bulk collector resistance
co
at the operating temperature. The ETM for diode configuration (b) is
shown in Fig. A.3, vhere the diode current la Ig.
The ETM model for configuration (c) ia Identical to that for
configuration (b), except that for identical geometry rb for configura
tion (c) is less than rfa for configuration (b), since there ia no
emitter diffusion in structure (c).
For configuration (d) the device operates as an inverted tran
sistor with Vg negative or aero. The equation for the collector or
diode current is then approximately
(A-10)
and the base current Ig la given by
X, - (1 - Vic

(A-11)

where (X^ is the inverse common base short-circuit current gain. To a
first approximation dCE^/dT = 0, so that
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The equation for the total diode voltage
VD

" VC

is

+ rcrc + IBrb

where the bulk resistances are for the collector-base diode since
Ig * Ic for integrated transistors operated in this configuration. Pro
ceeding exactly as in the treatment of (A-6) we obtain

<rco +

"d -

+

""V'bo

"e.

+ rcU
e

- ?<VCo'To,AI

+ ""VVkJ ^

<A-">

and the resulting ETM is shown in Fig. A.4.
For configuration (e) the magnitude of the collector current and
the collector bulk resistance of the transistor are very important in
the determination of the model. ETM's for configuration (e) are obtained
I
for the following cases:
(1) r very small such that I„r * v * 0
c
cc
(<
(2) rQ very large such that Ig is very small
(3) the product Icrc is on the order of Vg
For case (1) the emitter current which is the diode current is
approximately
I, = An

(A-14)

and the diode voltage is approximately
Vd-Ve

(A-15)

The ETM for this case is shown in Fig. A.5 and conaiats of the
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temperature dependent generator 7(Vgo,TQ)AX and the small-signal emitter
resistance r'.
e
For case (2), since Ig Is very small, the diode behaves very
much like configuration (a). The ETM for this case is shown in Fig.
A.6 and consists of two dependent generators of magnitudes 7(Vgo,To)AI
and ^B0rj,0Plr AT and two resistances r^ and r^I^. The current Ig0 is
the base current at the operating temperature, 1^ <= I^/Ig^ and r^o is
the bulk base resistance for the transistor at T ® T . To a first
o
approximation 1^* IgQ so that 1^=1.
Case (3) is more Involved since the diode current depends on
both Vg and Vg. Making the approximations
(l)Vc2lcrc

(A-17)

qVo/kT
qVc/kT
(2) Ajj e B
> Al2 e C

(A-18)

and

we obtain theETM shown in Fig. A.7. This model consists of two dependent
sources of. magnitudes 7'AT and Zg^bo^r^
tudes

and rbo*Ik/*Eo"

an(* two resi8tances

of magni

current 1^ is the base current and rbo is

the bulk base resistance of the transistor at T « T , The factor y % is
o
given by
' .„

[\Al2dT

v
T

+Ir ^
^ cPrc

.islc\fi2
T / Au

M /VVE\1
estp\ V
/
T

J

(A-19)
where the brackets are positive and on the order of a few mv's/°C, so
the j * < y .

r
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If the ETM's for these three cases are considered as a resis
tance and an effective y, denoted as 7*, then the general model consists
of the dependent generator y* AT and the resistance r. The various 7*
are related as follows
7(1) *

(2) * 70)

(A-20)

so that maximum temperature sensitivity occurs for the case of a very
small collector resistance, and minimum temperature sensitivity occurs
for case (3).
Configuration (f) is similar to (e) in that the magnitude of the
collector current and collector bulk resistance of the transistor de
termine the ETM. The following two case are considered:
(1) rQ very small, so that Ig * 0
(2) r very large, so that I_
6
C

85

0.

For case (1) the ETM Is approximately the same as the model for
configuration (b) which has the emitter open. For case (2) the model is
approximately the same as the ETM for configuration (a) which has the
collector open. It is noted that for this case since I„r will increase
W C

slightly with temperature, the effective 7. la slightly larger than that
of configuration (a).
A.2 Integrated Diodes as Sensors
Table A-l gives the temperature sensitivity of the six inte
grated diodes relative to each other for various values of collector
bulk resistance. From this table we note that for very small collector

TABLE A.l
RELATIVE DIODE VOLTAGE TEMPERATURE SENSITIVITY
FOR THE SIX DIODE CONFIGURATIONS

Diode
Configuration

Relative Diode V<>ltage
Te operature Sens] tivity
rc < ~ 500
rc - 100-2K rc > ~ 4R

(•)

2

2

2

(b)

3

3

4

(c)

3

3

4

(d)

4

4

4

<e)

1

5

3

(f)

3

I

1

I denotes most sensitive; 5 denotes least sensitive.
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bulk resistance diode (e) has the maximum temperature sensitivity, while
for intermediate and large values of rc, diode (f) has the
temperature sensitivity. The relationships given in Table A-l are in
agreement with the experimental results given in Table 4-2.
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