
Integrated electronic thermometers

Item Type text; Thesis-Reproduction (electronic)

Authors O'Brien, Matthew William, 1951-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:54:03

Link to Item http://hdl.handle.net/10150/554967

http://hdl.handle.net/10150/554967


INTEGRATED ELECTRONIC THERMOMETERS

by
Matthew William O'Brien

A Thesis Submitted to the Faculty of the

DEPARTMENT OF ELECTRICAL ENGINEERING

In Partial Fulfillment of the Requirements 
For the Degree of

MASTER OF SCIENCE

In the Graduate College

THE UNIVERSITY OF ARIZONA

19 7 5



STATEMENT OF AUTHOR

This thesis has been submitted in partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library.

Brief quotations from this thesis are allowable without special 
permission5 provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head pf the 
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of scholar
ship o In all other instances, however, permission must be obtained 
from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below:

D^glas I. Hamilton 
Professor of Electrical Engineering

Date



ACKNOWLEDGMENTS

Appreciation and thanks are extended to Dr. Douglas J. Hamilton 

for his guidance and suggestions with respect to the theoretical analy

sis and laboratory investigation of this thesis.

The author would also like to thank Dr. Wynand J. Louw for his 

analytical and technical assistance which was given freely in many 

instances. Thanks are also extended to Miss Margarette R. Garcia for 

her special devotion and assistance throughout the period in which this 

thesis was formulated and completed. Finally, a grateful acknowledgment 

to Mrs. Freida H. Long for her technical aid in the typing of the final 

manuscript.



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS . . . . . . . . . . . . .  ............... v .

LIST OF TABLES  .......  . . . . . .  vi

ABSTRACT . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  vii

. CHAPTER

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .  1

2 PRESENT TEMPERATURE SENSING DEVICES '............   4

2.1 Thermometer Performance Characteristics and
Parameters . . . . . . . . . . . . . . . . . . . . .  4

2.2 Parametric Achievement of Present Thermometers . . .  7

3 BASE-EMITTER DIODE THERMOMETERS . . . . . . . . . . . . .  11

3.1 Differential Thermometer . . .  ................  12
3.2 Absolute Thermometer  ........ . 15
3.3 Base-Emitter Diode Thermometers . . . .  .......  19

4 » TEMPERATURE-STABILIZED SUBSTRATE THERMOMETERS . . . . .  . 26

4.1 Analysis of the Temperature-Stabilized Substrate
Thermometer .  .........   . . 28

4.2 Response Time . . . . . . . .    . . . . . .  43
4.3 Thermometer Power  ...........  45

5 CONCLUSIONS  ................. 49

LIST OF REFERENCES  ...........    51

iv



LIST OF ILLUSTRATIONS

Figure Page

3.1 Differential Thermometer . . . . . . . .  . . . . . . .  . 13

3.2 Absolute Thermometer . . . . . . . . . . . . . . . . . .  16

3.3 Differential Thermometer Output Voltage Versus
Temperature................................     17

3.4 Absolute Thermometer Output Voltage Versus Temperature . 21

3.5 Heater . . . . . .  .............    . . . . . .  24

3.6 Sensor .  ...................................     24

3.7 Distributed RC Analog  ................................ 25

3.8 Differential Thermometer (Sensor) . . .  j . . . . . . . .  . 25

4.1 Electronic Thermometer Chip . . . . . . . . . .  .......... 29

4.2 Electrothermal Model of TSS Thermometer.................  31

4.3 Circuit Model of Expanded Thermal Equation . . . . . . .  34

4.4 Thevenin Equivalent Circuit . . . . . . .  .........  . . 36

4.5 Integrated Thermometer Circuit Built in the
Solid State Engineering Laboratory  ............... 38

4.6 Temperature-Stabilized Substrate Thermometer
Linearity . . .  .........................      40r " ’

4.7 Thevenin Equivalent Thermal Model   . . . . . .  47

v



LIST OF TABLES
)

Table Page

3.1 Absolute Thermometer Output Voltage Versus
Temperature . . . . .  . ............. . . . . . . . . .  20

4.1 Temperature-Stabilized Substrate Thermometer Data . . . .  41

vi



ABSTRACT

The purpose of this work was to develop an electronic thermome

ter with as ideal as possible characteristics using an electrothermal 

circuit for realization.

Using both thermal and electrical signals in functioning, the 

thermometer converts measurements made by its probe into a linear 

voltage which is amenable for analog-to-digital conversion into a 

digital display.

Factors which are investigated include sensitivity and accuracy, 

frequency response, probe size, thermal interchange between the probe 

and its environment, power consumption of the thermometer and fragility 

of the probe.

Analysis is also made of the results which were experimentally 

obtained from a device which was fabricated in the Solid State Engineer

ing Laboratory.

vi.i



CHAPTER 1

INTRODUCTION

Within the variety of devices that are available for tempera-
• 1 ' - ' 

ture measurements there are primarily two types oS)instruments. One is

meant for use in making static temperature measurements and the other

is for making a dynamic reading. Due to the diversity of applications,

such temperature sensing devices are found to be equally diverse.

Within the realm of static (or near-static) devices, one can 

find the common mercury and alcohol bulb thermometer, the bimetallic 

strip indicator, the thermocouple and the liquid crystal indicator.

Everyone is familiar with the mercury bulb thermometer; its 

use ranges from the clinical thermometer to the standard air tempera

ture device found in most homes. It suffers liabilities of accuracy, 

size and fragility.

The bimetallic thermometer is also found in many uses, from 

the thermostat of a home heating system to the meter movement of an 

air temperature sensing device. While more durable than the mercury . 

bulb thermometer, it also suffers from problems of bulkiness and 

accuracy. It is advantageous in that it can be used as a temperature 

sensitive switch.

The thermocouple overcomes several of these problems, being 

durable, highly accurate, and of a very small size. It can also pre

sent its reading at a remote station, a distinct advantage in many

1



applicationsc However9 it does require an accurate voltmeter and a 

complicated conversion table or a very sophisticated, nonlinear 

digital-to-analog converter.

Liquid crystals can be highly accurate, small in size, and 

fairly durable. However, they suffer from the fact that they are highly 

specialized for certain applications and must be directly observed to 

detect the temperature reading.

Dynamic temperature measurements present additional problems 

which are lacking in.the static variety of thermometers. Due to the 

nature of their use, such questions as frequency response, linearity, 

resolution and reliability arise. While it is perfectly acceptable to 

measure the air temperature on a cold winter morning with a mercury bulb 

thermometer and find the temperature to within one degree Fahrenheit, 

the instrumentation and control system of a nuclear reactor demands a 

more sophisticated and reliable system. As such, one must seek a more 

sophisticated and reliable type of thermometer. In another dynamic 

application, the need to sense the chip temperature of an electrothermal 

circuit at some point within the geometry would be unfeasible by any of 

the listed static thermometers. In fact, this application calls for the 

development of some sort of thermometer which uses the very properties 

of the silicon chip and its electrical components to indicate tempera

ture. This is what has been explored in this thesis.

The following portions of the thesis investigate the character

istics of the thermometers that are now available, covering such 

questions as sensitivity, accuracy, linearity, dynamic range, frequency
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response and the "idealness" of each thermometer9 or how the instrument 

in itself affects the measurement being taken.

Following that, a thorough investigation is made into the two 

thermometer schemes that have just been mentioned, covering everything 

from basic principles to calculations of their performance and limita

tions, This entails a fairly comprehensive study into the functional 

characteristics of the two thermometer schemes.

The fabrication of the temperature-controlled substrate thermom

eter is covered with a presentation and analysis of the data obtained 

from a working model.

Comparison between the two circuits with respect to their 

applicational abilities and weaknesses is explored, using both theoret

ical calculations and analysis of the data obtained.

Finally, suggestions are made as to the future of the respective 

thermometer circuits and areas for possible future research are outlined.



CHAPTER 2

PRESENT TEMPERATURE SENSING DEVICES

2.1 Thermometer Performance Characteristics 
and Parameters

In attempting to investigate the relative merits and advantages 

of different types of thermometers, it is necessary to define some of 

the characteristics which lead to the individual degree of performance 

which each of the various types achieve. This section will define 

those parameters and discuss the degree in which each instrument has 

fulfilled the theoretically desirable characteristics.

Sensitivity and accuracy are necessarily two concepts which are 

closely related in discussing the operational performance of any quanti

tative instrument. Without a certain degree of accuracy, sensitivity 

becomes a moot point; while sensitivity necessarily does influence 

directly the accuracy of the instrument.

To say that a thermometer is accurate to within + 1.0°C is to 

say that the actual temperature value will be within 1.0°C of the value 

that is read from the instrument. However, the same thermometer might 

have a sensitivity of 0.1°C, as that is the finest gradation that can 

be read between any different measurements. In terms of desirability 

both of these terms should be small, approaching zero for the ideal 

thermometer.

4



5

Linearity is a concept which expresses the ability of the 

instrument to uniformly detect changes in temperature with a propor

tional change in the indicated reading that is available. Hence9 if a 

mercury bulb thermometer rises 3 cm for a change in temperature from 

32°F to 42°F? we would hope that for a. change from 42°F to 52°F it would 

similarly rise another 3 cm. If this is not the case, this nonlinearity 

must be taken into account in the manufacture of the thermometer so that 

the instrument remains accurate over its operational range.

This brings us to dynamic range, which is the capacity of the 

thermometer to accurately portray a reading over a given measure of the

possible range of temperature. Hence, the dynamic range of a mercury

thermometer is curtailed in that it cannot portray accurately tempera

tures below -38.9°C (freezing point of mercury) or above 4-356,6 (boiling

point of mercury). In addition, perhaps nonlinearities within this 

range would make the readings so inaccurate as to be valueless. As such, 

each instrument must be evaluated for its dynamic range, taking into 

account the other criteria which determine the merit of the thermometer.

Power output (or input) applies specifically to thermometer, but 

in general the concept is valid for all types of instrumentation. More 

specifically, a figure of merit in the operational use of a thermometer 

is how it affects the temperature of the system it is measuring, Should 

one want to measure the temperature of 1 cc of liquid at 33°F, it would 

be inadvisable to do so with a mercury bulb thermometer due to the fact 

that the ambient temperature of the thermometer before the measurement 

along with its large thermal mass will cause the temperature of the
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liquid to change9 hence changing the original thermal system.. The 

ability of the thermometer to make such a reading with no appreciable 

change in the system under observation would be ideal in this respect.

The rate at which a thermometer can indicate a change in 

temperature is also very important and may tie in with the previous 

parameter. Should it become necessary for the thermometer to come to 

thermal equilibrium with the system under observation, a certain amount 

of time will elapse until that is achieved and until that time has 

passed no accurate reading can be made. Or in another case, the delay 

in achieving an accurate reading may be due to some inherent character

istic of the instrument, such as the analog-to-digital conversion rate 

within the circuitry of a digital electronic instrument. In any case, 

the frequency response of the thermometer is of utmost importance in the 

use of the device as a dynamic instrument, while,no such consideration 

may be necessary is the case of its use as a static indicator.

Size of the thermometer probe is also worth mentioning. In 

many applications it is necessary to miniaturize the probe as much as 

possible, as in the biomedical case of probing body temperature through 

an intravenal exploration. Just such a technique is presently used.

Also there is the desirability at times of attempting to find the temper

ature at a point, which, although physically impossible, may be 

expressed as an ideal performance characteristic.

The fragility of the instrument is also of concern as many 

applications demand a thermometer which is rugged enough to take hard 

physical abuse and still maintain an accurate reading.



A final feature which may be desirable in a thermometer is its 

adaptability to presenting its readout at a remote location, a require

ment in some applications involving a human and extreme temperature«

This is also desirable in cases where the area in which the temperature 

to be measured is small. Control systems in large mechanisms such as 

nuclear reactors or airplanes also demand this feature.

2.2 Parametric Achievement of Present Thermometers

In this section the thermometers which are presently available 

are evaluated by examining their capabilities and weaknesses. Through 

this examination, a better understanding can be made of the qualities 

which one might hope to expect in the "ideal" thermometer.

The mercury bulb thermometer is perhaps one of the most common 

thermometers in use. It relies upon the thermal coefficient of expan

sion of mercury to force the liquid from a reservoir up through a 

narrow channel which is graduated to indicate the temperature for the 

given height.

Strong points of the mercury thermometer are that it is fairly 

accurate with a good sensitivity, its frequency response is only limited 

by the thermal mass consideration, consequently its power interchange 

can be nominal, its range is reasonable for most applications and it is 

fairly linear if well made. However, in none of these categories is the 

mercury thermometer exceptional. Its size is rather large and it does 

suffer highly from fragility. It also is easiest to use with liquids, 

although it performs fairly well in air and can be adapted to measuring 

solids o Another very unique problem is that, if broken, the mercury
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can be hazardous to humans if accidently ingested or released into the 

bloodstream.

Bimetallic thermometers are also available which use the 

thermal coefficient of expansion of two dissimilar metals to sweep a 

meter movement. Perhaps the only parameter in which the bimetallic 

thermometer can do well is in its dynamic range, falling into the poor 

category iii all of the other parameters. It does also have a distinct 

other advantage, in that it is easily adaptable as a switch or a relay.

Liquid crystals have now been developed which indicate by color 

the temperature of the surface with which they are in contact. Although 

ideal in some specialized applications, they do not lend themselves to 

a wide variety of uses. Most of the parameters do not apply or need . 

modification due to the special nature of the use of liquid crystal 

indicators.

Another specialized use thermal indicator is an optical or 

infrared scanner which determines the temperature of an emitting body 

by analysis of the wavelengths emitted. Once again it is very special

ized in use, and most of the parameters do not apply or must be 

modified.

Another type of thermometer which deserves consideration is the 

thermocouple, which in many ways is comparable to the electronic 

thermometers discussed in this thesis.

The thermocouple depends on the contact voltage which is pro

duced when two dissimilar metals are brought in physical contact. As
\

nature would have it, this voltage depends on the absolute temperature
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of the two metals. A small junction of the two dissimilar metals 

generates a small voltage which can be fed to a very accurate voltmeter 

for an exact determination of the voltage level. Conversion to tempera

ture is then made in either of two ways. The', easiest method to use is 

a nonlinear analog-to-digital converter which takes into the conversion 

the fact that the voltage change is nonlinear with temperature. The 

A/D converter can produce a digital readout. The other method presently 

used is to read out the voltage value and consult a table which lists 

the voltage versus temperature values for certain dissimilar metals. 

While cheaper than the automatic conversion, this is cumbersome and slow 

to use.

But the advantages of the thermocouple are many. It has 

exceptional accuracy and sensitivity, good frequency response, minimal 

power interchange, exceptionally wide range, and a small durable probe 

which lends itself easily to a remote readout. However, it is non

linear, and it is unable to probe a silicon wafer for a point 

temperature. This application is very important in electrothermal 

circuits and filtering applications.

The final type of temperature sensitive instrument discussed 

here is the hot-wire anemometer. '

Hot-wire anemometry is based on the convective heat loss from 

a sensor element to a surrounding fluid. The heat loss depends upon 

the temperature, shape, and dimensions of the sensor and the velocity, 

pressure, density and temperature of the fluid. If only the temperature
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of the fluid varies, the heat loss of the sensor can be interpreted as a 

direct measure of the temperature of the medium*

One type of hot-wire anemometer consists of a wire stretched 

through a fluid flow with a constant forcing current passing through it * 

By monitoring the.voltage needed to accomplish the constant current, a 

reading can be made of the resistance of the wire, and also indirectly, 

the heat loss of the wire probe to the medium. This heat loss in turn 

can indicate the temperature of the medium.

This device finds its greatest use in the field of aerodynamics 

for either fluid or gaseous flow [PISA Probe Manual, 1973] .

s



CHAPTER 3

BASE-EMITTER DIODE THERMOMETERS

In this section an analysis will be made on the thermometer cir

cuits that were described by Louw [1974a], Both the differential and 

absolute value thermometers depend on the temperature coefficient of 

the base-emitter diode as their means of tracking temperature, This 

temperature coefficient is fairly uniform among diodes and is approxi

mately -2 mv/°C« It is also linear over a very large portion of the 

absolute temperature ranges. This temperature dependency makes a logi

cal circuit element for a semiconductor based thermometer.

Of course the most simple thermometer circuit would involve 

sensing directly the voltage change across a forward-biased base- 

emitter junction. However, several problems present themselves with 

this scheme. The most obvious is that the temperature dependence of 

the junction has a negative thermal coefficient, so that for a rise in 

temperature one gets a drop in output voltage. The scaling and offset 

problems are also present, along with the need not to disturb the 

current level through the diode while making a measurement. In addi

tion, the frequency response of the junction to a temperature change 

would not be as good as that which is obtained using large negative 

feedback in a circuit configuration. Finally, the current through the 

diode would have to be held constant even while the junction voltage

11
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changed due to a change in temperature. This would necessitate some 

sort of current source circuitry.

3.1 Differential Thermometer 

The differential thermometer [Louw, 1974a] shown in Fig. 3.1 

uses as sensors two matched NPN transistors mounted on different 

headers. These two transistors are connected electrically as a differ

ential pair, with equal collector resistors. The collector voltages 

are fed through an operational amplifier which feeds back to the base 

of one of the differential transistors through a resistive voltage 

divider network. The other base of the differential pair is grounded.

Due to the large negative feedback, the collector voltages of the two 

differential transistors are forced to be equal; with collector resis

tors being equal, this in turn forces the collector currents to be equal. 

The difference in base-emitter voltages that is thermally generated is 

then developed across the lower resistor in the divider network, forc

ing the output of the operational amplifier to conform to the equation:

^2 * ^3
Vout - — T T ^  AVBE (3-D

where AV^ is the difference between the base-emitter voltages of the 

two transistors.

The purpose of the differential thermometer circuit is to mea

sure the temperature difference between two points by means of probes 

consisting of integrated transistors. Both transistors must be
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+Vcc

- v cc

Fig. 3.1 Differential Thermometer



identical so that any difference in their physical behavior is due to 

the thermal coefficient of the base-emitter diodes.

Consider the expression for the forward current through a 

junction diode [Pritchard, 1967]

I is the forward current 

V is the forward voltage 

D is a constant 

T is the absolute temperature 

n,m are constants 

B is the extrapolated energy gap 

q is the electronic charge 

k is Boltzmann's constant

For two identical diodes with the same current but at different tempera

tures :

n q vI = DT exp (-B/T)exp (3.2)

where:

I = DT" expC-B/Tpexp —

(3.3)

Equating the expressions for the current through the two junctions:
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From this equation it can be seen that the difference in volt

ages is almost linear and will deviate from the straight line only over 

a very large temperature range. With appropriate electronic networks, 

the output voltage can be scaled and offset so that the digital readout 

may be in any desired temperature scales.

This circuit was built and tested by Wynand J, Louw, and the 

results are shown in Fig, 3,2,

The deviation of the slope of the temperature versus output 

voltage line was found to be approximately 1% over the temperature range 

from 300°K to 400°K, This would, at most, cause a 1°C error in any 

reading made within that range, without any external circuitry to off

set the nonlinearities within that region [Louw, 1974a],

3,2 Absolute Thermometer 

The absolute thermometer [Louw, 1974a] circuit is shown in 

Fig, 3,3 and differs from the differential thermometer in that the 

collector resistors are unequal, and that the two transistors are 

arranged to operate at the same temperature. The principle of opera

tion is that the two identical transistors having identical temperatures 

and unequal collector currents exhibit a base-emitter voltage difference 

directly proportional to absolute temperature.

Consider the equation for the forward current in a diode:

1 ■ h ™  ̂  s  <3-5)
where:

I is the forward current
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+Vcc

-Vcc

-o Vout

Fig. 3.2 Absolute Thermometer
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Fig. 3.3 Differential Thermometer Output Voltage Versus Temperature
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V is the forward voltage 
T is the absolute temperature 

q is the electronic charge 

m is a constant 

k is Boltzmann’s constant

(T) is the reverse leakage current (a function of temperature)

For two identical diodes at the same temperature, the expression 

for their currents is then:

1 = 1  (T) exp qVi
1 s' ' r mkT 

and
qv2

I2 = h ™  exP i^f (3'6)

Dividing the first equation by the second and taking the natural log, 

we obtain:

V1 " V2 = I T  (3.7)

From this we can see that the difference in voltage between the 

two bases is directly proportional to the temperature with a constant 

which can be set by the ratio of the current through the two diodes. 

From this equaiton we are able to ascertain the fact that

R4 + r3 mkT \
Vout q R2 (3.8)

in the circuit shown in Fig. 3.3. With appropriate networks to scale
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and offset the output voltage5 we can obtain a range of values of voltage 

which directly correspond to the range of temperature, such as 1 mV 

equals 1°F or 1°C«

The circuit shown in Fig. 3.3 has been built and tested, with 

the data collected by both the author of the original paper [Louw,

1974a], and in this experiment, which shows good linearity and an 

extrapolation to within a few degrees of absolute zero. Due to the 

nature of the breadboarded circuit, noise problems were obtained which 

served in certain cases to interfere with the linearity of the. plot.

Built in integrated form, this would undoubtedly lessen the noise prob

lem. The average change in the output voltage was found to be 1.8 mV/°C 

and the extrapolated intersection with 0 v output was found to be at 

-14°K. Table 3.1 shows the data that were collected, while Fig. 3.4 

shows a plot of the data.

3.3 Base-Emitter Diode Thermometers 

The advantages of base-emitter diode thermometers are easily 

seen when they are reviewed under the criteria which was mentioned 

earlier in this thesis. Referring back to the parameters listed in 

Chapter 2, we can quickly evaluate the thermometer as follows.

One primary advantage is that the power exchanged by the circuit 

can be very minimal. Not only does the thermometer probe have the cap

ability of having a very low thermal mass, but it also can have an 

internal power generation on the order of 0.6 volts times 1.0 pA or a 

total of 0.6 pWatts. When measuring anything with even a moderate
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Table 3.1 Absolute Thermometer Output Voltage Versus Temperature

V VTemperature out Temperature out
(°c) (volts) (°C) (volts)

144 .7790 104 .7050
143 .7769 103 .7035
142 .7753 102 .7020
141 .7730 101 .6998
140 .7719 100 .6983
139 .7700 99 .6970
138 .7677 98 .6950
' 137 .7662 97 .6935
136 .7641 96 .6919
135 .7623 95 .6894
134 .7607 94 .6882
133 .7589 93 .6865
132 .7566 92 .6842
131 .7552 91 .6828
130 .7530 90 .6807
129 .7507 89 .6784
128 .7495 88 .6754
127 .7476 87 .6735
126 .7458 86 .6717
125 .7445 85 .6705
124 .7420 . 84 .6688
123 .7407 83 .6669
122 .7388 82 .6655
121 .7368 81 .6625
120 .7347 80 .6612
119 .7332 79 .6600
118 .7305 78 .6579
117 .7286 77 .6566
116 • .7263 76 .6550
115 .7249 75 .6528
114 .7231 74 .6510
113 .7209 73 .6495
112 .7195 72 .6479
111 .7177 71 .6462
110 .7158 70 .6448
109 .7145 69 .6425
108 . 7126 68 .6404
107 .7104 67 .6389
106 .7090 66 .6370
105 .7070 65 .6347



T,
Fig. 3.4 Absolute Thermometer Output Voltage Versus Temperature
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amount of thermal mass this internal power generation will be totally 
insignificanto

The sensitivity and accuracy of the circuits can be on the order 

of that of a thermocouple for the absolute device5 while that of the 

differential thermometer is slightly worse. With good component toler

ance, there will be no deviation from a straight line output with the 

absolute thermometer, while it has been calculated that the differential 

thermometer will only change the slope of its line approximately .1% over 

the range from 300°K to 400°K iLouw, 1974a]. Internal compensation 

could be made to overcome this effect or perhaps the analog-to-digital 

conversion could be made to take into account the nonlinearity effect in 

much the same way that is done with the thermocouple convertor circuitry.

The frequency response in both cases will be very high, as both 

the thermal and electrical circuits have a quick response time. While 

the response time of the electronic circuitry is faster than any con

ceivable mountings thermal response, a clever packaging scheme could 

make even this thermal response time minimal. Consequently, it can be 

said that the response time is abundantly adequate for nearly any appli

cation within instrumentation or control systems.

Following the analysis which is later developed in Eq. (4.12), 

and assuming that the limiting condition is the thermal response time, 

we see that a first order approximation of the frequency capability of 

such a thermometer scheme should be on the order of about 100 MHz.

This estimate is a fairly conservative one, assuming a minimal geometry
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2of the probe of 200 mil for a thermal capacitance of about 0.027 

mW~sec/°C for the silicon chip.

Not only have the electronic thermometer circuits been found 

to be useful sensing the temperature of physical objects5 but when 
combined with heating elements on a chip they are useful in filter 

applications. An electrothermal circuit (ETC) can be made by combining 

on the same chip two thermal circuit elements, the heater and the sensor 

(Figs, 3.5 and 3.6). Geometric manipulation of the position of the two 

elements can change the filtering function of the circuit. While the 

input and output of such an ETC are simply electrical signals, the 

intermediate thermal circuit accomplishes a filtering similar to that 

which has been achieved with electronic networks. Actual low-pass, 

band-pass, high-pass and notch filters have been made using only ETC 

as the filtering agent [Louw, 1974b].

An electrothermal circuit is analogous to a distributed RC net

work in that their partial differential equations are similar. Figure

3.7 illustrates the thermal model for an electrothermal circuit, with 

differential input power, differential output temperature, a thermal 

conductance, and a distributed thermal capacitance to ground. Its 

analog is a distributed RC network with differential input current, 

differential output voltage, a resistance and a distribued capacitance 

to ground.

As shown in Fig. 3.8, the sensor is nothing more than the differ

ential thermometer circuit.
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Vcc

Vin

Fig. 3.5 Heater

Vcc

X X X x w

Fig. 3.6 Sensor



25

Fig. 3.7 Distributed RC Analog

Vcc

-oV

-Vcc

Fig. 3.8 Differential Thermometer (Sensor)



CHAPTER 4

TEMPERATURE-STABILIZED SUBSTRATE THERMOMETERS

The purpose of constructing a temperature-stabilized substrate 

thermometer has been largely to eliminate the,drift which is caused 

within integrated circuitry by a variance of temperature. The integrated 

circuit chip is mounted on a thermal insulator to minimize the power 

needed to keep the chip at an elevated temperature. A sensor transistor 

and a heater transistor are then used in a feedback scheme to insure that 

the temperature on the chip remains constant at some point above ambient. 

Therefore9 to effectively eliminate the variance of component values and 

operation on the chip, the stabilized temperature must be sufficiently 

above any possible ambient temperature so that the chip receives power 

only from the heater transistor to remain at the same temperature. 

Although wasteful from the power consumption aspect, this method is often 

used in stabilizing critical integrated circuits in very much the same 

way that crystals are placed in ovens to regulate their behavior.

The method of controlling the chip temperature in a stabilized 

substrate is much the same as what has been used in the electronic 

temperature-stabilized substrate thermometer [Hamilton, 1974]. A diode 

senses the temperature present on the chip by means of its negative 

thermal coefficient and relays the voltage signal through some amplifi

cation to a heater. This heater transistor then adds power to the
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circuit until the diode sensor changes voltage to a preset point, at 

which time the chip reaches both an electrical and thermal equilibrium. 

Important within this concept is the amount of thermal resistance 

between the chip and a thermal ground, in this case, ambient. This 

is due to the fact that power times, thermal resistance equals tempera

ture. Were the thermal resistance to be too low (as when a heat sink 

is used), an excessive amount of power would be needed to raise the 

chip to the desired temperature. This is the way in which a heat 

sink works: it is a low thermal resistance which allows the excess 

power within the circuit to flow easily to ambient without raising the 

circuit temperature.

The temperature-stabilized substrate thermometer is really a 

temperature-stabilized substrate in which the power to the chip is 

monitored as an indication of the temperature of the chip. This can 

be done because of the fact that the power supplied to the chip varies 

linearly with the difference in temperature between the chip and ambient.

Another way in which to view the temperature-stabilized substrate 

is as an operational amplifier operating in the closed loop configura

tion with thermal feedback instead of electrical. However, the function 

of the circuit is to obtain the thermal output from the final amplifier 

stage rather than any current or voltage signal. In the case of the 

thermometer, however, we want to measure the supply current as an indi

cation of the power being supplied to the chip to stabilize the circuit 

at some elevated temperature. The elevated temperature then just serves 

as a reference temperature to ambient, which is the temperature we are
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interested in determining. In order to keep the supply of electrical 

energy to the chip positive, as we must, the chip must be elevated above 

ambient for all fluctuations of ambient which we want to measure. If 

the ambient were to rise above the set stablized temperature, the circuit 

would fail to function with the heater current becoming zero.

Another advantage of the thermometer circuitry is that the 

actual network with all its components is part of the temperature- 

stablized substrate, so that no thermal variation whatsoever is seen by 

these components. This eliminates any erroneous temperature indication 

that might originate from the thermometer circuitry; consequently, the 

circuit is immune to all thermal effects except the one desired.

4.1 Analysis of the Temperature-Stabilized 
Substrate Thermometer

The circuit configuration for the temperature-stabilized thermom

eter is found in Fig. 4.1.

Transistors - Qg form a differential input operational ampli

fier. The differential input signal is obtained at the base of by 

the voltage drop across three diodes while the input signal at the base 

of is set by a resistive voltage divider. At ambient temperature and 

some arbitrary current bias level through the three diodes, an input 

voltage is present at the base of . When is set to a value lower 

than this, the input imbalance causes a signal to be sent through the 

amplifier to Qg which serves to heat the thermally insulated chip. As 

the heat builds up within the chip, the diodes at the base of exhibit 

a negative thermal coefficient of about 2 mV/°C until such time as the
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base voltages balance. At this time equilibrium is reached with the 

chip at some elevated temperature above ambient. The amount of tempera

ture difference can be varied by making a judicious choice for the value 

of V1.

The first step in a DC analysis of the temperature-stabilized 

substrate thermometer is to form a thermal model of the circuit. This 

has been done in Fig. 4.2. In the figure the current source represents 

the electrical power being added to the chip, the resistance (or con

ductance) is the thermal resistance to ambient temperature which is 

represented by the temperature source, and the thermal capacitance of 

the circuit is shown as a capacitor. Each of the circuit quantities 

can be complex however, as the thermal resistance is a lumped model of 

the resistance afforded by the thermal insulator (H-film), the attached 

leads and the air dissipation. However, in this case it has been found 

that the thermal resistance of the H-film is the dominant factor. Like

wise, the thermal capacitance of the chip was found to be the dominant 

capacitance as it is in the order of twenty-five times that of the 

capacitance of the H-film.

£Thermal Resistance = = —

where a = .005 watts/°C (for H-film)

Rt = (.005)(60) (60) = 0,2777
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Fig. 4.2 Electrothermal Model of TSS Thermometer
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It is most difficult to find analytically the thermal resistance of the 

leads attached to the chip, as their effective length is indeterminant 

due to the dissipation over their true length. Not enough is known 

about the air dissipation either for an accurate analysis of its value 

to be made. However, it has been found by experiment that both of these 

quantities are rather insignificant in contributing to the total ther

mal resistance.

In the case of the thermal capacitance, both the capacitance of 

the chip and the H-film enter into the circuit model. However, as the 

capacitance of the H-film is distributed over the width of the H-film, 

a lumped model of the total capacitance produced by the H-film would 

show only half of the total capacitance, effective at the top of the 

H-film. As can be seen, the chip capacitance far outweighs the capaci

tance contributed by the H-film, as total capacitance equals the volume 

times the density of the material.

pC (silicon) = 27.7 x 10  ̂mW-sec/(deg-mil^)

pC (H-film) = 5.0 x 10  ̂mW-sec/(deg-mil^)

CT (silicon) - (60x60x10)(27.7 x 10"6) = 0.997

CT (H-film) = (60x60x5)(5.0 x 10"6) = 0.0425

but only half of the thermal capacitance of the H-film is effective, 

so

CT (total) ~ 1.0
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The values for the two thermal elements in Fig. 4.2 are therefore

cT ~  1.0

Rt - 0.2777

Analysis of the circuit of Fig. 4.2 is as follows:

T - T dT
P = V I = -S— r— - + Ccc R-, dt (4.1)

T - T dT
Vcc[Io + KTI(Tref ' V  1 = + C d f  (4'2)

as

1 = [Io + ^I^ref - Tc)] (4-3)

where is a bias current and is the sensor conversion gain. 

Therefore

dT
(Tc - Ta)GT + C d T + VCCKTITC = Vcc^o + VccKIITref (4.4)

This expansion is necessary as I in the original equation is a function 

of the difference between the chip and ambient temperatures. This 

equation is now thermally modeled in Fig. 4.3. From that model is
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developed the Thevenin equivalent circuit which is shown in Fig. 4.4.

The value of T is eq

(V K T . + V I + T G) (4.5)"eq G + cc TI ref cc o a

A calculation of the value of K̂,̂. (sensor conversion gain) for

the circuit of Fig. 4.1 yields

Kti = (4 mV/°C)(22.5 x 10™3 mA/mV) (100) (200) (200) 

= 3.6 x 103 mA/°C

= (temp, dep.) (ĝ ) (g-PNP) (6-NPN) (6-NPN) (4.6)

As can be seen, the value for is much larger than G, so that

Eq. (4.5) becomes

I T G
T _ + rr5- + a

eq ref KTI VccKTI (4'7)

From Eq. (4.1), we can see that after all transients in the circuit have 

died away

P = V I = (T , - T )G cc ref a (4.8)

Ta = Tref
Vc c 1

(4.9)

Differentiating, we obtain
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dT Va cc
dl

and

dl
dT V (4.10)cc

Using the values from the test hybrid circuit we find that 

dl G 1/.2777
dT V 20a cc

= 0.18 mA/°C

as compared to the actual value of 0.213 mA/°C that was obtained experi

mentally. However, from the extrapolated true chip temperature the 

total thermal resistance (including all effects) was found to be .234.

In Eq. (4.10), this yields

= = 0 , 2 1 3  m A / ° G

in exact accordance with the value found experimentally.

The temperature-stabilized substrate thermometer of Fig. 4.5 was 

build in the Solid State Engineering Laboratory as a means of gathering 

experimental data on the performance of the circuit. However, due to 

the failure of the lateral PNP structures, no working circuits were 

produced. As an alternate, the hybrid circuit of Fig. 4,5 was produced 

in which only transistors Qg, Q̂ , , and were put on the thermally

insulated chip. This hybrid circuit was near in performance to that 

which would be expected from the totally integrated circuit, except for
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the thermal nonvariance of the amplifier circuitry. This was minimized 

by keeping the discrete circuitry at room temperature throughout the 

temperature cycling of the thermal chip. The chip was mounted on 5 mils 

of H-film on a TO-5 header.

The data obtained from the thermal cycling of the chip is shown 

in Table 4.1 and Fig. 4.6. Used as a temperature reference throughout 

the process was a thermocouple with electronic analog-to-digital conver

sion.

During the experimental cycling9 the chip probe and the thermo
couple junction were put into close proximity in a very gradually cool

ing oven. Very good experimental results were obtained as can be seen 

in Fig. 4.6. In addition9 some of the variance from linearity that was 

found was probably due to both the nonidealness of the thermocouple 

standard and the lack of a complete temperature coupling between the 

two probes.

The extrapolated chip temperature was found to be 106.3°C while 

a calculation of the chip temperature indicates that

T = T 4- T = T  + PRmc a power a T

= 30°C 4- (326.1) (.2777)

= 120.6°C (4.11)

The discrepancy can easily be explained by the fact that 

actually has a value less than .2777 because additional parallel thermal 

resistance exists through lead and air dissipations of temperature. A
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Fig. 4.6 Temperature-Stabilized Substrate Thermometer Linearity
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Table 4.1 Temperature-Stabilized Substrate Thermometer Data

Temperature
(°c) (mA)

Temperature
(°C) (mA)

96 2.32 66 8.54
95 2.53 ' 65 8.77
94 2.69 64 9.04
93 2.91 63 9.20
92 3.15 62 9.42
91 3.32 61 9.69
90 3.53 60 9.85
89 3.83 59 10.06
88 3.99 58 10.34
87 4.25 57 10.54
86 4.44 56 10.75
85 4.62 55 11.00
84 4.76 54 11.17
83 4.97 53 11.40
82 5.12 52 11.63
81 5.34 51 11.80
80 5.58 50 12.00
79 5.74 49 12.27
78 5.95 48 12.44
77 6.15 47 12.65
76 6.32 46 12.89
75 6.52 45 13.07
74 6.76 44 13.26
73 6.93 43 • 13.53
72 ' 7.16 42 ; 13.69
71 7.42 41 13.90
70 7.73 40 14.14
69 7.88 39 14.43
68 8.13 38 14.56
67 8.37 37 14.76

36 14.99



calculation of the thermal resistance of these two paths can now be 

made9 with the value of the lead and air dissipation resistance being 
found to be 1.48. Discounting their effect led to a 15% error in 

the calculation of the thermal resistance. This is really of no 

consequence in the operation of the thermometer circuit; however5 as 

inaccuracies in the value of the thermal resistance only cause a 

change in the intercept of the temperature versus current line. The 

slope of the line and the functional aspect of the thermometer remain 

unchanged.

To find the true value of Rm5 we make use of the fact that 
Eq. (4.11) found the theoretical chip temperature to be 120.6° while 

an actual extrapolation on the graph showed it to be 106.3°C.

This means that

Tc (actual) =. T + P [R^ (actual)]

106.3°C = 30°C + (326.1) [R̂  (actual)]

From this 9 R^ (actual) was found to be 0.234.

One problem encountered is the fact that the thermal resistance 

of the H-film varies with a change in temperature. From Eq. (4.11)9 it 

can be seen that such a variance of thermal resistance will introduce a 

nonlinearity into the plot of output voltage versus temperature. This 

nonlinearity will lead to inaccuracies in the temperature readout unless 

it is offset by some mode of compensation5 probably most readily 
affected in the analog-to~digital converter.
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4.2 Response Time

Analysis of the response time of the temperature-stabilized

substrate thermometer involves many factors. The electrical performance 

of the chip, the thermal performance of the chip, the chip packaging and 

the ultimate use for the circuit all enter into the calculations.

A determination of the thermal response time of the circuit can 

be made from the Thevenin equivalent model in Fig. 4.4. It is

This is, of course, an idealized appraisal of the thermal performance, 

as the values for the 6 of the transistors are for discrete devices

probably both on the high side. However, this thermal speed is probably 

sufficient to insure that the maximum speed of the integrated device 

will be set by one of the other factors.

enters into the speed question in that there must be an interchange of 

thermal energy between the thermometer and the object being measured

C C
T (4.12)

Substituting in the values in the test circuit

1 mW-sec/°C = 0.14 ysecT
20v(3.6xl05mA/°C) (4.13)

and the values for g^ and the temperature dependence of the diodes are

The speed of the current mode operational amplifier will be

superior to that of the thermal circuit, obviating the need for a

comprehensive analysis.

The chip packaging versus the ultimate use of the thermometer
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before an accurate reading may be obtained. The larger the mass of the 

thermometer and the smaller the mass of the object being measured, the 

longer this interchange will last. With the very high speed of the 

other factors involved, this might very well become the determining 

factor. It must be noted that objects with a small thermal mass tend 

to be those objects whose temperature does change very rapidly, intensi

fying the factor of power interchange between the thermometer and the

object. No real specific analysis can be made without some idea of the 

thermometer packaging and application.

Another important consideration is the thermal slew rate under 

large signal conditions. Much like an operational amplifier, input 

conditions can force a complete signal cutoff, in this case the power 

supplied to the chip is interrupted. While a positive-going signal 

poses no such problem as the rate of heat supply to the chip can be 

very high, a negative-going pulse can cause a complete cutoff of power 

to the chip until such time as power can be lost through the thermal 

insulator to lower the chip temperature.

The equation for the slew rate yields the solution of

= ?_ = 5 =Tslew CT dt (4.14)

which in this case yields

T _ .326 watts _ 225 °c
slew 1 mW-sec/°C sec



45

An improvement in this rate cannot be achieved by lowering the 

chip size or capacitance, due to the fact that this causes an equal 

change in both the numerator and the denominator. Hence, the only 

solution to improving this factor is to raise the power supplied to the 

chip. To maintain the chip temperature at the same level, the thermal 

resistance must then be lowered proportionately. This causes a further 

problem in the amount of heat dissipation that the probe releases into 

the object being measured. Definitely an intermediate point must be 

selected, with a careful evaluation of the needs of a certain applica

tion.

4.3 Thermometer Power 

The most severe limiting factor in the use of the temperature- 

stabilized substrate thermometer is the fact that a large power dissipa

tion from the thermometer probe ends to raise the temperature of the 

object being measured, especially in the case where the object has a

small thermal mass. However, the excessively large hybrid circuit which
2was used as the probe in the thermometer had an area of 3600 mil for a

2total of four transistors. This can be lowered to about 80 mil by 

using minimal geometry (0.5 mil) which raises the thermal resistance
2of the H-film to the order of forty-five time's that with the 3600 mil

chip. This in turn lowers the power needed to keep the chip elevated at

the same temperature as in the experimental case (326 mW) to about 8 mW.

Even this figure can be lowered by using thicker H-film. However, this
4figure is still on the order of 10 times more power than is dissipated 

by the base-emitter diode thermometers.



2Again, a reduction in size of the chip geometry from 3600 mil 
2to 80 mil will increase the thermal speed of the chip by a factor of 

forty-five to about 0.0031 ysec. Most certainly in this case the 

thermal response of the chip is not the limiting.factor on the speed of 

operation.

However, the package will also be reduced by a factor of about 

forty-five; granted that a mechanical mounting can be found that closely 

follows the area of the thermometer chip. This can lead to a signifi

cant reduction in the speed due to the reduction of thermal mass on the 

part of the probe.

A useful means of analyzing the effect of the temperature- 

stabilized substrate thermometer upon the temperature of the system being 

measured is to construct a thermal Thevenin equivalent of the thermometer 

and the system upon which the temperature reading is being made. Figure

4.7 shows such a Thevenin model.

The source T^ represents the temperature that one desires to 

measure while the resistance represents the thermal resistance within 

the measured system. The value of this thermal resistance depends upon 

such factors as the thermal mass, heat dissipation, etc.

Likewise, T^ is the temperature at which the TSS operates while 

Rq is the thermal resistance inherent to the thermometer circuit, and to 

a good degree of accuracy, the thermal resistance of the H-film.

The value of Tq can be found from Eq. (4.1) to be
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Fig. 4.7 Thevenin Equivalent Thermal Model
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R is found to be the thermal resistance of the H-film: o

Ro = RT (H-fll,n) = &  (4.16)

The thermal resistance equals the width of the H-film divided 

by the product of its thermal conductivity times its area.



CHAPTER 5

CONCLUSIONS

An important part of the analysis of the data obtained from the 

experimental data and from theoretical calculation must be a comparison 

of the relative merits and weaknesses of the various thermometer 

schemes.

The first factor must be the relative power exchange with the 

object that is being measured by the thermometer probe. As it was 

shown9 a ratio of about 10  ̂exists between the power dissipation of the 

diode-dependent thermometer circuits versus the temperature-stabilized 

substrate thermometer with the latter having the higher dissipation. 

This might be critical in some applications; however, it should be 

pointed out that the figure is extremely low in either case when used 

for most applications.

The linearity of the absolute thermometer versus the TSS ther

mometer appears to be about equal, with any difference being in favor 

of the TSS. thermometer. Both were found experimentally to be very 

accurate over a fairly substantial temperature range. The differential 

thermometer, as previously discussed, does deviate over large tempera

ture ranges. However, as also discussed, this is not too critical 

within a 100°C temperature range.

The sensitivity and accuracy of the TSS thermometer proved to 

be better than that of the two other thermometer schemes. However,

49
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this was due largely to the fact that a higher relative reading was made 

in the TSS case than in the other (10.14 mA versus .6290 v). The 

recording instruments were much more sensitive to a change in current 

than to a change in voltage. It must also be remembered that reducing 

the power in the case of the TSS thermometer will also reduce the read

ing level of the current, necessarily making the readings less sensi

tive and less accurate to external sensing and conversion.

All the thermometer schemes are comparable in the matter of 

fragility, probe size, thermal range and the ability to adapt to a 

remote readout.
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