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ABSTRACT

Semiconductor devices are temperature sensitive and this results 

in undesirable effects when they are used in a varying ambient tempera

ture «

Several methods of stabilizing the effect of varying tempera
tures have been developed« One such method is to use transistors as 

sensors to detect a change in temperature and produce a corresponding 

signal voltage» This signal is then used to control another transistor 
which acts like a heater„ The entire configuration acts like a feedback

regulator to keep the chip temperature at a stable level, and one known

commercial device utilizes this techniqueo

It is the objective of this thesis to modify the circuit and

design of an existing commercial device and produce it in the Univer

sity of Arizona6s Solid State Engineering Laboratory» The resulting de
vice is to be used for application in another area of Electrical Engi
neering research at the University.

x



CHAPTER 1

INTRODUCTION

Statement of the Problem
The invention of the transistor at Bell Telephone Laboratories 

in 1948 created a new era in the field of electronic devices, and the 

full utilization of transistors and semiconductor devices has not yet 

been realized. However, semiconductor devices are not problem free.
In fact, the effects of varying ambient and operational temperatures 
which have long plagued conventional electronic devices are as dominant 
as ever. One of the major problems of transistors and semiconductor 
devices is that their characteristic properties are temperature sensi
tive. This is most undesirable in certain applications where a very 
high degree of accuracy is required and ambient temperature varies over 
a wide range. Therefore, some method of temperature control or stabili
zation for semiconductor devices is needed when they are to be used in 
these applications.

Selection of a Solution
Monolithic integrated circuits are able to provide excellent DC 

amplifier performance because of close component matching and thermal 
coupling inherent in manufacturing methods. Offset voltages of 1-2 mV 

and thermal drifts of 3 - 10 pV/°C are possible without adjustment or 
compensation. These limits result from the degree of match that can 
be obtained for an integrated transistor pair with reasonable yields.



However, to improve thermal voltage drift performance, some active 

method of temperature control or stabilization is required. [Giles 

1967, p. 89],
There are four commonly used methods for accomplishing tempera

ture control or stabilization. These four methods: temperature com

pensation adjustment, chopper stabilization, constant temperature ovens, 

and individual heaters, can all be rejected for use with integrated cir

cuits for various reasons. However, if components of an active tempera

ture sensing and heat dissipating temperature control circuit, could be 

integrated with the desired useable components, the disadvantages of the 

commonly used methods could be overcome.

Transistors are temperature sensitive, and they also dissipate 

heat when they conduct. Thus, by using each of these characteristics, 

transistors can be used as the active components in a temperature sens
ing and'stabilizing circuit. This technique is used In a commercial 

device that limits offset thermal voltage drifts to approximately

0.2 pV/°C over a temperature range of -55° to -M25°C.

It is the objective of this thesis to incorporate the tempera

ture stabilization circuit of this commercial device in the design 

and fabrication of a temperature stabilized integrated circuit and to 
assist in developing a processing schedule for the same in The Univer
sity of Arizona6s Solid State Engineering Laboratory.



CHAPTER 2

THEORY OF DEVICE OPERATION

Assumptions for Analyzing the Circuit Operation
The required device is a monolithic integrated circuit consist

ing of six collector-base shorted diodes connected as shown in Fig. 2.1 
and a temperature stabilizing circuit. The complete schematic diagram 
for a suitable device is shown in Fig. 2.2.

The temperature stabilizing circuit can be broken into three 
functional circuits, a sensor circuit, a level shifting circuit, and a 
heater circuit. The functional circuits can then be analyzed indepen

dently to determine their electrical characteristics. After the elec
trical analysis of each is completed, the entire circuit can be 
reconstructed as a feedback controlled regulator by using control 

theory notation and superposition for further analysis as a control 
system (Figi 2.9).

The following assumptions are made in analyzing the operation 
of the temperature stabilizing circuit of the device.

1. The chip is isothermal.
2. Neglect all base currents, i.e., <2=1.
3. Assume small variations of chip temperature.
4. Assume that the net thermal resistance to ambient 

temperature is equal to .5°C/mW = R™,.

3
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Fig. 2.1 Configurations of the six operational diodes as used 
in a particular University of Arizona application
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5. Assume that all dissipated heat comes from the heater 

circuit transistor.
6. Assume steady state conditions for analysis.
7. Assume that the operational temperature of the chip is the 

upper controlled limit, and in this particular case, it is +125°C.
Assumptions four and seven are not intuitively obvious but were 

obtained from Fig. 2.3. Figure 2.3 is a plot of power supply current 
and changes in chip temperature versus ambient temperature for a com
mercial device [Giles 1967, p. 91]. The upper controlled limit for the 
device using a +15 volt power supply and a Ra(]j 62 Kti is 125°C.

The supply current is zero for an ambient temperature of 
% +125°C which indicates that the heater transistor of the control 
circuit is at or near cutoff and will begin to conduct only when the 
chip temperature falls below +125°C. It will conduct just enough to 

supply the heat necessary to make up the difference between ambient 

temperature and the operational temperature of the chip (Eq. 2.18).
Thus, chip temperature is maintained at the upper controlled limit.
This is also what one would expect from physical reasoning.

Assuming that the chip operational temperature is +125°C and 
the ambient temperature is +20°C, the heater circuit would have to 
supply enough power to make up the difference in temperatures. The 
power supply voltage is +15 volts and from Fig. 2.3 the supply current 

at an ambient temperature of +20°C is 7 mA. Thus, for assumption 4

- (125°C - 20°C)/(30 V) (7 mA) = .5°C/mW (2.1)
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The Sensor Circuit
Qcj can be neglected from the analysis as it does not enter into 

the normal operation of the device. It is a current limiter which 
limits the initial turn-on current to approximately 60 mA. Thus, it 
allows the temperature to stabilize very rapidly as shown in Fig. 2.4.

"The base-emitter voltage, Vgg, of a silicon transistor typical

ly has a negative temperature coefficient of about 2.3 mV/°C. Then, for 
a common emitter or common base DC amplifier, a temperature change of 
1°C has about the same effect on the output as a 2.3 mV change in input 

voltage." (Lynn, Meyer, and Hamilton 1967, p. 400]. The sensor circuit 
employs this characteristic to detect changes in chip temperature, AT̂ ,, 
and converts them into a temperature dependent signal voltage that con
trols the power dissipation of the heater circuit.

The sensor circuit (Fig. 2.5a) can be considered as a common 
base amplifier. The base-emitter voltage for the circuit is a constant 

voltage, Vre£ > which is provided by the voltage divider network con
sisting of Ry and Qg, and a zener diode regulator, D^, (Fig. 2.2). 
Voltage variations due to chip temperature changes can be represented 
by a voltage source which will have a magnitude of (-2 mV/°C)(+ AT^) 

for each sensor transistor. Since there are two sensor transistors, 

and Q^, in the circuit, the total signal voltage will be (-4 mV/°C)
(+ AT^). This voltage can be defined as

VAT - - (4 mV/°C)(± ATC) (2.2)

with reference polarities assigned as shown in Fig. 2.5b. Thus, VAT^
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will either try to increase or decrease the constant value of for 

transistor depending upon the sign of AT^. Let us assume that 
is positive which corresponds to an increase in chip temperature. V

AIc
in this case would be negative and would attempt to force to de
crease (Eq. 2.3)

VBE = V K V -  V  + VATC <2'3>

However, since is constant, has to increase so that the decrease
in can be offset by an increased voltage drop across (Rg^+ R ).
Thus, Vgg remains constant; but a change in emitter current, AI£, is 
created which is temperature dependent. Since (X is assumed to be 1,

AIC will be equal to Alg. Now V^, the output signal of the sensor cir
cuit, can be defined as

vcc - rc R.dj = vi (2-4>

Thus, an increase in I„ and I will make V, become smaller, and AV. in 

turn is negative. (Eq. 2.4). This is what one would expect because an 
increase in ambient temperature would require less heat to keep the chip 
at its operational temperature. Qg could also be used as a sensor by 

making some simple changes in the circuit connections if larger varia
tions in signal voltage were required.

The circuit can be analyzed using a simple linear model of 
transistor for small signal variations. All of this information can 
be incorporated into the circuit model, and it can be redrawn as in 
Fig. 2.5b.
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The bias voltage and current for can be obtained from Fig.

2.5c and the application of Ohm's law. The voltage divider as shown in 
Fig. 2.5c produces a 7.2 voltage drop across  ̂a 62 K ohm resistor. 
Thus, the collector current for steady state conditions is ~ . 1 mA. 
Ig is also equal to . 1 mA since (X is assumed to be 1.

An increase in chip temperature, + AT^, is assumed in calculat
ing the following changes in AI^, and the temperature dependent
output signal of the sensor circuit, AV^.

AIE " VATc/RTotal - * (*-V/°C)(+ ATC>/(2K + RE6) (2.5)

where [Manesse, Kiss, and Gray 1967, p. 187)

Rg6 * kTg/qlg^ * kT/q(.1 mA) * 343 ohms, T^ * 125°C (2.6)

Alg ■ (X Alg * Alg , CL assumed to be 1. (2.7)

thus
AVj = AIC Radj = - [(4mV/°C)/(RE6 + 2K) ] [R^ .) [ATC)

- (- .106 V/°C)(+ ATC) (2.8)

It can be seen from this equation that AV^, is also dependent 
upon R ^ j . Thus, regulation can be controlled to an extent by varying 

the value of Racjj/ an external resistor.
The output of the sensor circuit, for an increase in chip 

temperature, is then a voltage, AV^, which is equal to [- .106 volts/0C] 
[+ ATg], and is the input signal to the level shifting circuit. For a
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decrease in chip temperature, the results would be the same except that 

AT^ would be negative, and AV^ would in turn be positive. This would 

result in an increase of instead of a decrease which is the case 

under consideration. Again, this is what one would expect by applying 

physical reasoning to the situation.

The Level Shifting Circuit

The power dissipated by a transistor that is connected in a

common base configuration is [Manasse jet ajl., 1967 ]

PD = XEVBE + ICVCB <2*9)

The dissipation in the base-emitter diode is usually very small and can 

be neglected. Hence, for the greatest change in the dissipated power, 

APq, it is desirable to have the collector base voltage and the change 

in collector current, AI^, as large as possible. The input signal to 

is applied to the base, and this results in a base-collector voltage 

of 22.8 volts if the signal is applied directly from the sensor circuit 

when the circuit is used with a + 15 volt power supply.

The level shifting circuit shifts the reference level of the 

input to from -7.2 volts at the output of the sensor circuit to 

approximately -14.2 volts. The base-collector voltage of now becomes

29.2 volts. This in turn allows the maximum power dissipation for any

The level shifting circuit is shown in Fig. 2.6a. The bias

is controlled by current through the 2 K ohm resistor, R^, which is
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connected in parallel with the base-emitter junction of Q^. Thus the 
current through is

Vp/2 K ohms = .4 mA, ~ .8 volts (2.10)

A linear model can again be used as the bias current is constant.
(Fig. 2.6b).

Changes in the base-emitter voltage of due to temperature 

variation can be neglected. They are (-2 mV/°C)(+ AT^) and this is 
very small compared to the input signal AV^, which is (-106 mV/°C)
(+ AT^). Rg for this circuit is calculated in the same manner as before 
and is equal to

RE3 ■ kTc/qlE3 * kTc/{q(.4 mA)] = 86 ohms, T^ = 125°C

(2.11)
However, since 86 ohms «  2 K ohms, the 86 ohms resistor can be

neglected, and for small signal variations

AV1 “ AV2 (2.12)

Thus, the level shifting circuit has a gain of one for small 
signals, and serves only to shift the reference level of AV^. The level 

is shifted down by approximately 7 volts which is the amount of voltage
dropped across the base-emitter junction of and the zener diode, .
The input signal, AV^, to is now one diode drop (base-emitter junc
tion of Q^) above the -15 volts power supply if the drop across Ry a 
ten ohm resistor, is neglected.
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The gain of one is not a surprise since the circuit is essential

ly an emitter follower which cannot have a voltage gain greater than one.

The Heater Circuit

The heater circuit (Fig. 2.7) dissipates the heat necessary to 

maintain the chip at its operating temperature for changes in ambient 

temperature. This is accomplished by using the temperature dependent 

signal voltage, AV^ ■ AV^, to control the conduction of the heater 

transistor, Q^.

Linear analysis can still be applied for small signal varia

tions, but model values will be allowed to vary with bias current. This 

has to be permitted since the base-emitter junction influences the gain

in a nonlinear manner. Thus, variation of h, with current must beie
taken into account.

The base-emitter voltage variations of due to temperature 

changes can be neglected for the same reasons as detailed for Q^.

Equation (2.9) can be rewritten as

AP = AIcVcb (2.13)

by neglecting the small term and assuming small changes in the

steady state conditions. Changes in collector current, AI^, of are 

controlled by AV^ the temperature dependent signal. Therefore, the 

task at hand is to find an expression that shows their relationship. 

Recalling that

AVBE ‘ (kT/qIE)AIC (2.14)
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Fig. 2.7 The heater circuit
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the signal voltage, AX^, which is applied to the base of can be 
written in terms of AV^g and AI^. This gives

AV2 = AVbe + (AIC)(10 fi) = (kT/qIE) ( M c) + (AIC)(10 0)

(2.15)
or

AIC = AV2 11/(10 O + (kX/qIE))l (2.16)

The change in power dissipation can now be written in terms of AV^ and 

the power supply voltages V+ and v” .

APd - AV2 I(V+ - V*)/(10 £2 + (kI/qIE))] (2.17)

This is the expression that was being sought. It provides a
relation between the temperature dependent signal voltage, AV^, and the 

resulting change in collector current, AI^, which controls AP^.
The output of the heater circuit is a controlled change in its 

dissipated power. The change is a function of chip temperature varia
tions, and is used to stabilize the temperature of the chip.

The Complete Temperature Control System

The three functional circuits can be represented by control 

theory notation now that their inputs, outputs, and functions are known. 
The representation for each functional circuit is shown in Fig. 2.8a, b, 
c, and d.

The three circuits can be put together to complete the control 
system by applying the following equation
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AT, AV.
- .106 V/ C

(a)
sensor circuit

AV1 , 1 AV,£ >

(b)
level shifting circuit
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(c)
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AT, AV AV AP
(100 + kT)/qI

(d)
The complete temperature stabilizng circuit less the thermal 

feedback path

Fig. 2.8 Control theory representation of the three 
functional circuits
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?C = + PoKTH (2*I*)
where represents the thermal feedback path for the complete control 
system.

The complete system as shown in Fig. 2.9a can now be analyzed 
as a simple control system as shown in Fig. 2.9b by applying control 
theory techniques.

Ve = V.n/(1 + KG) (2.19)

thus

AVe/AVin = 1/(1 + loop gain) (2.20)

Applying this to our system, the input signal, V^n, is the variation 

in ambient temperature, AT^; and the error signal, Ve, is the variation 
in chip temperature, ATg. Equation (2.20) now becomes

ATc/ATa = 1/(1 + loop gain) (2.21)

for our system the loop gain, LG, is:

LG = (G)(K) (2.22)

Substituting the proper values for G and K

LG - (-.106 V/°C](1 V/V]((V+ - V“)/(10 ohms + (kT/qIE))) (R^C/mW)

(2.23)
Note that this is a pure number as one would expect.

The only unknown quantity is 1̂ , the heater emitter current, but 
!„ can be related to ambient temperature. In this case since I_ = I

C i u  h
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AT, AV AV AP
-.106V/ (100 + kT)/qI,

(a)

in -G

(b)

Fig. 2.9 The complete temperature control system
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PD “ (V+- V')IE " (TC - TA)/RTH <2‘24>

or

IE - (125°C - Ta )/RTH(V+ ' V*) (2.25)

Equations (2.25, (2.23), and (2.21) can be used to determine 1^ (which 
is equal to Ig) and dT^/dT^ at any given ambient temperature. The same
three equations can then be combined to obtain Eq. (2.26). can then
be determined from Eq. (2.26) by substituting into the equation selected 
values for and the calculated values of dT^/dT^.

(Tc - TA)(dTc/dTA - .0063) = .324 (2.26)

A number of calculations were made, and the values obtained are 
tabulated in Table 2.1. The results are plotted as Fig. 2.10. This is 
the same set of curves as shown in Fig. 2.3 for a commercial device. 
Comparison of the two figures indicates that the derived model provides 
very good results.

Evaluation of Assumptions

The assumptions used in analyzing the temperature stabilizing 
circuit were based upon circuit and component parameters for a similar 
commercial device. Measured and calculated values of parameters for the 

produced device show that there are considerable differences. These are 
tabulated in Table 2.2. The derived control system model is based upon 
the published parameter values for a commercial device. Since there are 
large differences in parameter values, the model has to be corrected 
using the proper values obtained for the produced device.
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TABLE 2.1

VALUES OF CHIP TEMPERATURE VERSUS AMBIENT TEMPERATURE 
OBTAINED FROM ANALYTICAL MODEL
Assuming: V+ = +15 volts

V- = -15 volts 
“ •5°C/mW

P  =  00

ta ^4 LG dTc/dTA = 1/(1 + LG) Tc

-60°C .0123A 124 .00806 124°C
0°C .00834A 112.5 .0089 124.5°C

40°C .00566A 99 .0101 125°C
60°C .00434A 88.5 .0113 125°C
80°C .003A 74.5 .0134 125.5°C
100°C .00167A 52 .0189 126°C

TABLE 2.2
COMPARISON OF CIRCUIT AND COMPONENT PARAMETERS FOR THE 

PRODUCED DEVICE TO A SIMILAR COMMERCIAL DEVICE

Parameter
Commercial

Device
Produced
Device

Beta 600 40 - 150
Breakdown Voltage 58 volts 30 - 45 volts

Power Supply Voltage ±15 +12
Rni .5°C/mW .208°C/mW & .261°C/mW
Radj 62K ohms 50K ohms & 100K ohms
Tc ' 125°C 145°C & 170°C
W BE/0C 2 mV/°C 2 mV/°C
Chip size 45 mil sq. 75 mil sq.
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2.10 Chip temperature and power supply current versus ambient 
temperature curves using values obtained from analysis
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The three functional circuits cannot now be analyzed independent

ly. They will have a loading effect upon each other because of the low 
values of beta which had been assumed to be infinite. Thus, the 
approach is to find the Thevenin's equivalent for each functional cir

cuit. Then the Thevenin equivalents can be combined and the complete 
equivalents circuit analyzed in the same manner as before.

The Effect of Beta on Loop Gain

2.11. The change of collector current in the sensor circuit can be 

determined by writing a loop equation for loop #1 of Fig. 2.11 and 
neglecting vref, a constant.

The complete circuit for small signal analysis is shown in Fig.

I (3.92K) + 0+1) I (R_ + 2K) - (4 mV/°C)(ATr) = 0
6 6 6 C

(2.27)

9(4 mV/ C)(AT )/ (9+1)

* (4 mV/°C)(ATc)/(3.92K/9 + (R^+ 2K))

The Thevenin voltage can now be written as

(4 mV/ C)(ATC)

6

(2.28)

(2.29)

and the Thevenin equivalent resistance is equal to j•
sensor circuit can be drawn as shown in Fig. 2.12.

Thus, the



26

6.2V3.92 K

loop #2 loop #3 kT

2 KOref

loop #1
ion2 Kn

Fig. 2.11 Small signal model of temperature stabilization circuit
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Radj

(4mV/uC)(AI„)(R .,)
(RE + 2K) +

Fig. 2.12 Thevenin equivalent of the sensor circuit



28

The heater circuit equivalent shown in Fig. 2.13a has a loading 
effect on the level shifting circuit. The resistance of the base-emitter 
circuit of as seen by the signal output of the level shifting circuit 
is shown in Fig. 2.13b.

The complete circuit can now be drawn as Fig. 2.14. The change 
in base current of the heater transistor, Q^, can be written as a func

tion of AT^. This is accomplished by writing loop equations for Fig.
2.14 and solving for However, the collector current of is the
base current multiplied by beta thus

_____________ (Rad1)(4 mV/°C)(AT)______________________
aic4

(2.30)
recalling that

(R , )(4 mV/°C)(AT)(V+ - v")
- V„„AI - --------------------------------------------------

” c“ c ’X

(2.31)
now the loop gain becomes

Ir V d ( c-v/°c)(v+ - v~ > ___________

(2.32)
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0 +1)1

100

(b)

Fig. 2.13 Heater circuit equivalents
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(4raV/°C)(R .,)(AT)
3.92K(Rg + 2K) + kT,

2K

loop #1 loop #2

Fig. 2.14 Thevenin equivalent of the complete temperature 
stabilization circuit
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Equation (2.32) reduces to Eq. (2.23) as 0 becomes infinitely larger as 
was assumed in Chapter 2. Calculations using Eqns. (2.23) and (2.32) 
show that for the following value of variables

T. = 0°C T = 125°C R . = 62 KA C ad j

IC4 = IE4 - 8.5 mA = .5°C/mW (V+ - V*) - 30 V

the loop gain drops from 112 for an infinitely large beta to 19.4 for a 
beta of 40. Thus, a very large beta is desirable.

Equation (2.32, (2.25) and (2.21) comprise the proper model for 
the produced device.

Thus, by using the temperature sensitivity of the transistor as 

a sensor and elementary control theory, excellent chip temperature 
stabilization can be achieved. This provides a constant temperature 
environment for the six operational diodes and eliminates the effects 
of varying ambient temperatures.



CHAPTER 3

DESIGN AND PROCESSING OF THE DEVICE

Factors Influencing Design and Processing
The desired device is a monolithic integrated circuit consisting 

of six operational diodes, two zener diodes, six circuit transistors, 
two probe transistors, and six diffused resistors, and it is to be pro
cessed using the epitaxial-diffused system at The University of Arizona's 
Solid State Engineering Laboratory. Thus, the design of the device has 

to be within the processing capabilities of the stated laboratory.
The present processing schedule for the laboratory yields the 

following parameters and data which will be used in designing the device. 

Base diffusion process:
(1) Doping gas - Diborane.
(2) = 200 ohms per square base diffusion sheet

resistance.
(3) Xj = 3p. base diffusion depth.

18(4) 3 x 10 surface concentration of doping material.
(5) Base predeposition furnace temperature of 1050°C.

(6) Base drive in furnace temperature of 1160°C.

Emitter diffusion process:
(1) Doping gas - Phosphine.
(2) p̂, ° 6 ohms per square emitter diffusion sheet 

resistance.
32



(3) Xj * 2.3|i emitter diffusion depth.
21(4) 10 surface concentration of doping material.

(5) Emitter predeposition furnace temperature of 1050°C.
(6) Emitter drive in furnace temperature of 1100°C.

The operating frequency of the temperature stabilizing circuit 
corresponds to the rate at which the ambient temperature changes. This 
rate of change will be very low compared to even the lowest radio fre
quencies. Thus, the device is at most a very low frequency device.
This in turn allows the effects of parasitic capacitances to be neglect
ed, since at very low frequencies the small values will be negligible.

The normal operation of all transistors in the temperature 
stabilizing circuit is at low current levels, i.e., below 10 mA. The 
one possible exception is that Q^, the heater transistor, would operate 

above 10 mA should the ambient temperature be below -20°C, but then the 
maximum would only be % 13 mA. Thus, r ^  is not important in the design 
of the transistors for use with this low current application [Hauser 
1966, p. 252).

The geometrical layout for the temperature stabilizing circuit 
follows the layout of a known commercial circuit as closely as possible. 
This greatly reduces the problem of finding a suitable geometry since 

it is known to be adequate. However, the size of the components should 
be as small as possible. Size is limited by the photo capability of 
the processing facility, and in this case, the limit is a minimum line 
width of .001 inches.
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Resistor Design

Diffused resistors utilize the bulk resistance of a diffused 

volume of material (in this case silicon) to determine their values.

where p is the resistivity of the silicon. Equation (3.1) can be re

duced to [Warner and Fordemwalt 1965, p. 256)

where Rg is the sheet resistance in ohms per square, and C is the num
ber of correction factors to be added to the length as a result of con
figuration. Correction factors have been developed empirically for 

corners and end configurations, and for each a factor of 0.65 is added 
to the effective length, i. [Warner and Fordemwalt 1965, p. 261). Figure 
3.1 shows a typical diffused resistor, and how to determine the proper 
dimensions for making calculations. Recalling that Rg equals 200 ohms 
per square for the base diffusion process, and letting W, the width, be 

equal to one unit of length, Eq. (3.2) can be used to calculate the 
physical size of the resistors used in the circuit. Since R^, and R^ 
are connected together (see Fig. 2.2), a tapped resistor can be used.

R^ ■ (200 ohms/square)(i + 4(0.65)) ■ 2K ohms (3.3)

R = p W s ) (3.1)

R « R3(i/w) - Rs [(i + C (0.65))/W) (3.2)

I = 7.4 squares

R^ " (200 ohms/square)(I +  3(0.65)) - 4.8K ohms 
£ = 22.05 squares 

R^ " (200 ohms/square)(I + 8(0.65)) * 2IK ohms 
£ ■ 99.8 squares

(3.4)

(3.5)
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w = 1 unit of & (for this example)

3 (2 end pads and 1 corner)

Fig. 3.1 Example of a typical diffused resistor
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= (200 ohms/square)(I + 2(0.65) = IK ohms (3.6)
i = 3.6 squares

* (200 ohms/square)(X + 2(0.65)) = 2K ohms (3.7)
i = 8.7 squares

Resistor R^ is of such low value, 10 ohms, that it must be 
fabricated during the emitter diffusion process because of the low 
emitter sheet resistance.

R^ = (6 ohms/square)(i + 2(0.65)) = 10 ohms (3.8)
& = .367 squares 

However, a length of .367 squares is less than the width and 
is physically too small to be practical. Therefore, by increasing the 
width to three squares, R̂_ now becomes

R^ = (6 ohms/square)(^ + 2(0.65)) = W10 ohms (3.9)

 ̂= 3.7 squares
Resistors should be at least one and one half epitaxial thick

ness from any isolation diffusion boundary. This is to prevent the
lateral under diffusion process from destroying the electrical isolation.

The sheet resistance was checked for each diffusion process with a 

four point probe. The base sheet resistance varied from 207 to 250 ohms
per square, and the emitter sheet resistance varied from 7 to 10.8 ohms
per square. These results are analyzed and tabulated in Table 3.1.

Transistor Design
The transistors are to be used in a low current and a low fre

quency application, and as previously stated, distributed capacitances
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ANALYSIS OF THE DIFFUSED RESISTORS FOR THE DEVICE

VALUES
DESIRED

VALUES OBTAINED
RESISTOR Low

Value
High

Value
Average
Value

Average
Tolerance

Base Diffused Resistors

Ri 1000 1014 1225 1119 14.25%

R2 21000 21735 26250 23992 14.25%

R3 4800 4968 6000 5484 14.25%

R4 2000 2070 2500 2285 14.25%

R6 2000 2070 2500 2285 14.25%

Emitter Diffused Resistors

R5 10 11.67 18 14.83 48.3%

. _  . 1

can be neglected. However, a power supply voltage of + 15 volts is to 
be used, and the signal voltages generated by AT^ are very small. Thus, 

a breakdown voltage of approximately 50 volts and a high beta are 
required.

The fixed processing schedule of the laboratory and other fac

tors previously stated limit the variables in transistor fabrication to 
the following:

(1) Selecting the epi resistivity of the material used in 
making the device.
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(2) Control of the base width by controlling the emitter 
drive in time.

Beta and other transistor parameters that depend " ... upon 
minority carrier lifetime are best determined experimentally for a 
given transistor structure ..." and " ... cannot be adequately evaluated 
theoretically". [Hauser 1966, p. 291]. Therefore, the only control 
over beta is by controlling the base width which is determined by the 
emitter drive in time.

An emitter drive in time is determined based upon base sheet 
resistance, base junction depth, and experience. The devices are 

checked for electrical characteristics after the drive in time based 
upon the above factors has elapsed. This is accomplished by probing the 
before metallization probe transistor. The base width can also be 
checked by lapping and chemically staining the junction of a monitor de
vice. Then if needed, the devices can be placed back into the emitter 
drive in furnace for trimming. Care must be taken at this point to pre

vent the devices from punching through. However, this process can be 
continued until the desired base width is obtained.

Breakdown voltages can be calculated by using Eq. (3.10) and
information curves based upon empirical data.

n
bvceo ~ bvcbo ' <3-10)

A device was fabricated using an epi resistivity of .1 ohm per 
centimeter, and betas of 200 to 500 were obtained. This epi resistivity 

has a background concentration of 8.5 x 10 N/cm (from Irvin's Curves),
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and a of % 15 volts from data of Wilson and Parson as reported by
McKay and of Miller. [Warner and Fordemwalt 1965, p. 67). Using a value 
of M4" for the Miller "n" in Eq. (3.10) and the equation

BVCE0 * 15/ ^200 - 15/3.75 - 4 volts (3.11)

a breakdown voltage of 8.5 volts was actually obtained (Fig. 3.2). This 
material gives a very good beta but the breakdown voltage is unaccept
able .

Material with an epi resistivity of 1 ohm per centimeter was 
used for the next processing runs. This resulted in a calculated break
down voltage of

BVCE0 % 100/ ^  e 100/7.66 = 38.6 volts (3.12)

a breakdown voltage varying from 25-50 volts and betas ranging from 25 
to 150 were obtained. (Fig. 3.3).

Thus, for the present processing schedule a material with an 
epi resistivity of 1 ohm per centimeter has to be used in order to ob

tain the proper breakdown voltages. The low betas will have to be 
accepted and possibly circuit adjustments can be made to compensate for 
them.

All transistors are minimum size for .001 inch geometry except 
the heater transistor, Q^. It is purposely made large enough to extend 

across one entire end of the chip in an effort to minimize thermal 
gradients across the chip. The six operational diodes are collector- 
base shorted diodes that are metalized symmetrically with respect
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crco
Bu

— 4— 31
m

C9uco

scale 1 volt/cm (sq) 
with .002 mA/step

Fig. 3.2 Characteristic curves of a device transistor 
processed using .1 ohm per centimenter epi 
resistivity
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crV)
Eo

1
in

<duua

scale: 5 volts/cm (sq)
with .02 ma/step

Fig. 3.3 Characteristic curves of a device transistor 
processed using 1 ohm per centimeter epi 
resistivity beta * 37.5
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to circuit configuration (see Fig. 3.5a) in a further attempt to obtain 
thermal symmetry.

The zener diodes are base-emitter diodes in order to obtain the 
proper zener voltage of 6.2 volts which is a typical value for the 
breakdown voltage of this junction.

Selection of Geometry and Chip Size
The geometry was predetermined for the device by a commercial 

device that uses the same temperature stabilizing circuit. However, it 
had to be modified since the minimum line width of .001 inch dictated 
that a larger chip be used.

Transistor geometry is shown is Fig. 3.4a and b. The geometry 
of Fig. 3.4b is used for the six operational diodes in an effort to 

minimize the series resistance.
A chip size of .075 square inches was selected partly because 

of .001 inch geometry and partly because a larger chip is easier for 
inexperienced personnel to process.

The resulting chip geometry is shown in Fig. 3.5b.

Packaging
The device is mounted on a standard ten pin header. The chip 

is mounted using a technique developed by Mr. Paul Gray and associates 
in connection with their research work in the area of thermal circuits. 
Chip-to-ambient thermal resistances of approximately .208°C and 
.261°C/mW were obtained by using their mounting compound and two pieces 

of their insulating material.



43

r
n+

ai

ai

ai

n emitter
p base

n collector

(a)

ai

n emitter

base

n collector

(b)

Fig. 3.4 Transistor geometry used for the device
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(a) photomicrograph of the six operational diodes enlarged x50

UK-rr^---Hr- tsirm tri zt.-

(b) photomicrograph of complete circuit enlarged x30 
each division = .05 mm

Fig. 3.5 Photomicrograph of the device



The chip is connected using a wire bonder and capped with 

plastic protective cap. (Figure 3*6 shows the bonding diagram-)
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NC

3

K b '

(Top view)

Fig. 3.6 Bonding and connection diagram



CHAPTER 4 
TESTING OF THE DEVICE

Testing of Electrical Characteristics
All of the individual components of an integrated circuit cannot 

be tested and evaluated as they are not all accessible. However, the 
components that are accessible can be tested and evaluated, and it will 
have to be assumed that like components on the same chip will all have 

the same characteristics.
None of the resistors on the device are accessible; however, 

they were evaluated after the diffusion process in which they were made 
as part of the processing procedure. The results are tabulated in 

Table 3.1.
The six operational diodes and a probe transistor can be evalu

ated by using a transistor curve tracer. A Textronic type 575 transis*- 
tor curve tracer was used to obtain V-I characteristic curves for the 

diodes and transistors. These characteristic curves can now be analyzed 

to determine the particular information that is needed or desired. The 

results of some of the possible tests using the transistor curve tracer 

are:
(1) Figure 4.1 and 4.2 show the V-I characteristic curves 

for the six operational diodes.
(2) Figure 4.3 shows the V-I characteristics for the probe 

transistor’s base-emitter junction. These characteristics
are representative of the zener diodes.

47
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cr0)
Bu
1

(0u(0

scale: .5 volts/cm(sq)

(a) V-I characteristic curve for two diodes connected as shown 
in Fig. 2.la

-I i-

crto
6o

r+#='

scale: -.5 volts/cm(sq)

(b) V-I characteristic curve for four diodes connected as 
shown in Fig. 2.1b

Fig. 4.1 V-I characteristics curves for the six operational 
diodes made from .1 ohm-cm material
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scale: .5 volts/cm(sq)

(a) V-I characteristic curves for two diodes connected as 
shown in Fig. 2.1a

crto
g
I-

scale: .5 volt

2

s/cm(sq)

(b) V-I characteristic curves for four diodes connected as 
shown in Fig. 2.1b

Fig. 4.2 V-I characteristic curves for the six operational diodes made 
from 1 ohm-cm material.
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o*00
g
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m 4*rr

scale:
5 volts/cm(sq)

4++

scale:
.5 volts/cm(sq)

Fig. 4.3 V-I characteristic curves for the probe transistor 
emitter-base junction. This is representative of 
the zener diode characteristic.
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(3) Figure 4.4 shows a set of characteristic curves for the

probe transistor from which the breakdown voltage and 
beta can be obtained.

Testing of the Temperature Stabilization Circuit
The operation of the temperature stabilizing circuit can be 

tested and evaluated from data obtained with the device connected in the 
circuit as shown in Fig. 4.5. The Statham Development Corporation's 
model TC-2A temperature test chanter provides an ambient temperature 
ranging from +350°F to -65°F (+175°C to -55°C) with a + 2°F variation.

Thus, plots of diode voltages, V^, versus diode current, 1̂ , 

are obtained for various ambient temperatures. Plots obtained without 
the temperature stabilizing circuit in operation can be compared with 
corresponding plots when it is operating. This comparison will provide 
information as to the amount of stabilization produced by the device.

The results of this test are shown in Fig. 4.6 through 4.10. 
Power supply current which is the collector current of the heater 
transistor is measured directly with the milliampere meter shown in 

Fig. 4.5 at various ambient temperatures and is tabulated in Table 4.1.
The test data can be analyzed and the operation of the device 

evaluated.
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£3u
1

<ur-4<auCO

scale: 5 volts/cm(sq)
with .02 mA/step

Fig. 4.4 Characteristic curves of a device transistor processed 
using 1 ohm per centimeter epi resistivity
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Temperature
stabilizing
circuit

—  12V

/> r \ . .

—

chip

T -2A temperature test chamber

10KIGV + n
 A.7v/V vA/*t

8.62K ±  17.
-r— W >A/W^-

S 10V —

i x-input
y-input

x-y plotter

Fig. 4.5 Circuit for testing temperature dependence of 
voltage drop across diode package
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TABLE 4.1

POWER SUPPLY CURRENT (HEATER COLLECTOR CURRENT) USED 
BY THE TESTED DEVICES AT DIFFERENT AMBIENT TEMPERATURES

DEVICE #1

ta Measured 1^

30°C 23 mA 0 = 37.5
40°C 21 mA R ,. = 50K ohms ad j

Rth = .208°C/mW50°C 19 mA
60°C 17 mA Tc - 145°C
70°C 15 mA AIC » 2 mA/10°C
80°C 13 mA
90°c 11 mA
100°C 9 mA
110°C 7 mA
120°C 5 mA

DEVICE #2
ta Measured 1^

30°C 22.5 mA 0 - 150
40°C
50°C

21 mA 
19.4 mA

R^jj = 100K ohms 
R ^  - .261°C/mW

60°C 17.8 mA Tc « 170°C
70°C 16 mA AIC - 1.6 mA/10°C



CHAPTER 5
ANALYSIS OF TEST RESULTS AND CONCLUSIONS

Evaluation of Tested Devices
Data obtained by applying the model to the two devices that were 

tested is tabulated in Tables 5.1 and 5.2. This data and that from 

Table 4.1 are combined in the curves .shown in Figs. 5.1 and 5.2. These 
two figures correspond to Figs. 2.34 and 2.10 for a similar commercial 
device.

Device #1 represented by Fig, 5.1 has a total chip temperature 
change of 4°C over a 120°C ambient temperature change. This corresponds 
to a .0669 mV/°C variation over the temperature range for which calcula

tions were made. Figure 4.7 is the experimental diode voltage plot for 
this device over the 30°C to 120°C portion of the temperature range with 
the temperature stabilizing circuit in operation. The average width of 
the plot is ~ .7 of a small square which corresponds to .007 volts over 
a 90°C variation. This results in a voltage variation of .0777 mV/°C 
and is within experimental error of the model.

Similarly for device ■#2 which is represented by Fig. 5.2, the 

change is 3°C over a 120°C ambient temperature change. This corresponds 

to a .050 mV/°C variation. Figure 4.8 is the experimental diode voltage 
plot for this device over the 30°C to 120oC portion of the temperature 
range with the temperature stabilizing circuit in operation. The average

. 60
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TABLE 5.1

VALUES OF CHIP TEMPERATURE VERSUS AMBIENT TEMPERATURE OBTAINED 
FROM ANALYTICAL MODEL FOR TESTED DEVICE #1

ta
(°C)

IE LG dTc Tc
(°C)

«20 33 7.45 .134 149
0 29 7.4 .1350 148
20 25 7.35 .136 147
40 21 7.3 .137 146
60 17 7.22 .1385 146
80 13 7.08 .1415 145
100 9 6.85 .1465 145

TABLE 5.2
VALUES OF CHIP TEMPERATURE VERSUS AMBIENT TEMPERATURE OBTAINED 

FROM ANALYTICAL MODEL FOR TESTED DEVICE #2

ta
(°C)

XE
(mA)

LG dTC/dTA TC
(°C)

”20 30.4 53.6 .01865 168
0 27.2 53.1 .01885 168
20 24.0 52.4 .01905 169
40 20.8 51.6 .01940 169
60 17.6 50.5 .01985 170
80 14.4 49.0 .02040 170
100 11.2 46.8 .02140 171

1
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R , . = LOOKad j
V * + 12 
O = recorded data 
Tc= 170°C

» .261°C/mW
3 = 150 
'y = data from 
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Fig. 5.2 Chip temperature and power supply current versus ambient

temperature curves for tested device #2
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width of the plot is % one half of a small square which corresponds to 

«005 volts and results in a voltage variation of »055 mV/°G<,

Thus, the model and the experimental results agree very well 

within experimental error.

The amount of temperature stabilization achieved is not as 

great as that of a similar commercial device. However, if the degree 

of stabilization achieved would hold.over a larger temperature range 

the amount of stabilization would approach that of the commercial de
vice.

Problem Areas .

There are three distinct problem areas that need further atten
tion. They are:

1. Zener diode voltage

2. -Operational temperature of the chip

3. Irregularities of diode V-l curves with temperature 

control circuit in operation.

The zener diode voltage for the produced device was 8.4 volts as 

can be seen in Fig. 4.3. However, a voltage of 6.2 is required. The 

higher zener voltage-will keep the sensor circuit in saturation because 

of improper bias levels and the device will never turn on. It was 

' possible to test the device only because the integrated zeners could be 

shunted with discrete zeners of the proper.voltage. Thus, the process

ing schedule needs to be adjusted so as to obtain the proper zener 
voltage.
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The two devices that were tested have operating temperatures of 

145°C and 170°C which are too high for the intended application. It 
would be desirable to have the device operate at approximately 100°C.

The operational temperature can be written as

(TC - TA> §  - K1 - K2 (5 1)

where dT^/dT^ is a function of the loop gain (Eq. 2.21). Loop gain, 
and Kg are all functions of Tr itself, R̂ ,̂ , V, Radj# and P . Cal
culations using the model and varying only one parameter at a time to 
determine the effect upon loop gain were made, and are tabulated in 

Table 5.3.
The operational temperature increased in device #2, and beta

and R ., have both been increased over the values for device #1. This adj
is explained by the fact that R ^  increased also. From Eq. (2.5), it 
can be seen that if increases and remains constant at a given
Ta, then Tc has to increase.

Thus, more data is needed in this area to establish the proper 
values of the interrelated variables to obtain lower operational tempera
tures .

The irregularities in the diode V-I curves that are shown in 
Figs. 4.7 and 4.8 resulted with the temperature stabilizing circuit in 

operation.
Figures 4.7 and 4.8 show that the temperature stabilizing cir

cuit performs its designated function. However, when it is in operation 

the diode V-I curves become distorted and irregular. These are also
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TABLE 5.3
EXAMPLES OF HOW THE DIFFERENT VARIABLES INFLUENCE LOOP GAIN

V f
Radi LG . £ = 50

5 OK 10.01 R%Q = .206°C/mW
100K 12.1 Ig = 10 mA
200K 13.48 Tc = 145°C

(3:

£ LG. Radj " 50K
50 10.01 IE = 10 mA
100 18.5 Rth = .206°C/mW
200 25.1 Tc = 145°C

rt h :
LG P = 50

.206 10.01 Radj " 50K 
1^ « 10 mA.261 12.65

v

.300

.500
14.55
24.2

Tc = 145°C

h LG ' P = 50
5 mA 8.86 R ,. <= 5 OK

adj O10 mA 10.01 Tc » 145 C
15 mA 
20 mA

10.5
10.8

Rth » .208°C/mW
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shown in Figs. 4.7 and 4.8. It is believed that these irregularities 
result from poor isolation and/or substrate problems. This belief is 
prompted because when the negative voltage is removed from the substrate 
the irregularities disappear. However, time did not allow for the inves
tigation of this problem area.

Conelusions
The device was successfully processed and was shown to function 

as intended. Thus, the design of the device and the concept are proper. 
However, the three distinct problem areas that were discussed have to be 
eliminated before the device can be produced and used in its intended 

application.



APPENDIX A 
PHOTO COPIES OF PROCESSING MASKS
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(a)
Emitter Pattern 
[n & n+ Diffusion]

1 =
Ilb̂  I'l

(b)
Base Pattern 
[p - diffusion]

(c)
Isolation Pattern

Metallization
Pattern

(e)
Pre-ohmic Contact 

Pattern

A 5 x 6 array of these masks is used in processing the device.

Fig. A-1 Photomicrographs of processing masks for one chip
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