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Semiconductor devices are easily damaged by voltage or current 

transients. Because of their small physical size1 they have short 

thermal time constants and a short duration overload can overheat 

and thus damage the device. The thermal time constants of transis- 

tors vary from about one millisecond to about one second depending 

upon the size and the construction. 

Many techniques have been devised for the protection of semi- 

conductor devices from various types of transients. A summary of 

the sources and the nature of these transients and the protection 

techniques is given in this thesis. 

The main cause of damage to semiconductor devices is over- 

heating due to excessive power dissipation. To determine if protec- 

tion from a transient is needed, it is necessary to know how much 

energy will be dissipated in the device and how much energy the 



device can absorb without overheating. The transient energy dissi-. 

pated in the device can be approximated (worst case) by using the 

maximum power transfer theorem. The maximum allowable energy 

dissipation in a transistor can be approximated by using the theore- 

tical temperature rise equation if the thermal time constant is known. 

The thermal time constant is not generally given in transistor speci- 

fications, so it must be measured. A fairly simple method of doing 

this is to use the variation of the forward voltage drop across the 

collector junction as the device cools. 

Pulse tests performed using several types of transistors indicate 

that the theoretically predicted maximum allowable power dissipation 

at pulse widths from one second to one microsecond are realistic if 

second breakdown does not occur. Second breakdown is a sudden 

reduction of the collector-emitter voltage at high collector currents 

and is caused by localized spot heating. When second breakdown 

occurs, the transistor might be damaged and thus second breakdown 

should be avoided. The operating conditions under which second 

breakdown occurs can only be determined by tests on the transistor 

type in question. 

Another way in which damage can be done is by overheating or 

melting of the internal leads, which are often small gold wires about 

one mil in diameter. Generally this will not happen if the transient 

energy limits determined from the theoretical temperature rise 

equation are not exceeded. However, if the transistor is saturated 



or if the transient is in the forward direction of the junction, the 

current can rise to a high level without the semiconductor material 

being overheated. The maximum allowable current pulse can be 

determined from the equation for the temperature rise in a short 

uniform wire and the dc maximum current rating of the transistor. 



PROTECTION OF SEMICONDUCTOR DEVICES 
FROM ELECTRICAL TRANSIENTS 

by 

ROY JOHN SMITH 

A THESIS 

submitted to 

OREGON STATE UNIVERSITY 

in partial fulfillment of 
the requirements for the 

degree of 

MASTER OF SCIENCE 

June 1963 



Redacted for Privacy 

Associate Professor1ectrica1 Engineering 

In Charge of Major 

Redacted for Privacy 
Department o E1tricaiEnjineeï 

Redacted for Privacy 
Dean of Graduate School 

Date thesis is presented /1-/O 

Typed by Carol Baker and Jolene Wuest 



ACKNOWLEDGMENT 

The author would like to express his gratitude to Associate 

Professor L. J. Weber for his helpful assistance and guidance during 

the preparation of this thesis. 



TABLE OF CONTENTS 

Page 

1. 0 INTRODUCTION i 

2. 0 BREAKDOWN PHENOMENA IN TRANSISTORS 4 

2. 1 Collector-Base Breakdown, Emitter Open (BVCBQ) 

2. 2 Collector-Emitter Breakdown 6 

2. 3 Emitter-Base Breakdown 8 

2. 4 Negative Resistance Region of the Collector 
Characteristics 8 

2. 5 Transistor Voltage Ratings 9 

2. 6 Second Breakdown 10 

3. 0 SOURCES OF TRANSIENTS AND METHODS OF 
PROTECTION 15 

3. 1 Transients on Communication Lines and Prcitection 15 

3. 1. 1 Characteristics of transients on 
communication lines 1 6 

3. 1. 2 Conventional protection 17 

3. 1. 3 Carbon-block air gap 18 

3.1.4 Heat coil 18 

3. 1.5 Reference diode 19 

3. 1. 6 Transformers 20 

3. 1. 7 A protection system 21 

3. 1. 8 Ordinary diode protection 21 

3. 1. 9 High frequency considerations 22 

3. 2 Transients on Power Lines 23 



Page 

3. 3 Transients in Rectifiers 25 

3. 3. 1 Sources and nature of transients 25 

3. 3. 2 Protection by reference diode 26 

3. 3. 3 Protection by ordinary diode 26 

3. 3. 4 Protection by capacitors 27 

3. 3. 5 Series connection of rectifier diodes 27 

3. 4 Inductive Surges in Transistor Circuits 27 

3. 4. 1 Energy dissipated in the transistor 27 

3. 4. 2 Negative resistance oscillation 30 

3. 4. 3 Approximation of rectangular pulse 32 

3. 4. 4 Effect of breakdown voltage 32 

3. 5 Power Supply Switching Transients in High Frequency 
Circuits 33 

3. 6 Loss of Power Supply Voltage 35 

3. 7 Short Circuit Protection 36 

3. 7. 1 Current limiter 36 

3. 7. 2 Shunt switch 37 

3. 7. 3 Series switch 38 

3. 7. 4 Load switching 39 

4.0 TRANSIENT POWER DISSIPATION IN TRANSISTORS 41 

4. 1 Equivalent Circuit Approach 41 

4. 2 Worst Case Approach 42 

4. 3 Temperature Rise 43 



Page 

4. 4 Maximum Power Pulse Amplitude 45 

4. 5 Maximum Voltage Pulse Amplitude 49 

4. 6 Effect of Collector-Emitter Breakdown Voltage 49 

4. 7 Non Rectangular Pulses 52 

4. 8 Switching Circuits 52 

4. 9 Recurrent Pulses 53 

4.10 Other Approximations of Temperature Rise 55 

5. 0 TRANSIENT CURRENT CAPACITY OF INTERNAL LEADS 57 

5. 1 Temperature Rise Equation 57 

5. 2 Maximum Current Pulse Amplitude 58 

5. 3 Maximum DC Current 60 

5. 4 Effect of Wire Material 62 

6. 0 MEASUREMENT OF THERMAL TIME CONSTANT 63 

6. 1 Temperature Rise Curve 

6. 2 Initial Slope Method of Approximation 65 

6. 3 Temperature Sensitive Parameters 70 

6. 4 Measurement of Emitter Junction Forward Voltage 71 

6. 5 Measurement of Collector Junction Forward Voltage 76 

6. 6 Results 77 

6. 7 Accuracy 82 

7.0 PULSE TESTING OF TRANSISTORS 85 

7. 1 Procedure 85 

7. 2 Results 86 



Page 

8.0 CONCLUSIONS 92 

BIBLIOGRAPHY 96 

APPENDIX I PULSE GENERATOR loo 

APPENDIX II TEST TRANSISTOR CONNECTIONS 
FOR PULSE TESTS 103 

APPENDIX III DERIVATION OF TRANSIENT 
TEMPERATURE IN A SHORT 
UNIFORM WIRE i os 

APPENDIX IV PHOTOGRAPHS OF SECOND BREAKDOWN 111 

APPENDIX V TRANSISTORS USED IN TESTS 113 



LIST OF FIGURES 

Figure Page 

i Typical Collector Characteristics of a 
Transistor 6 

z Second Breakdown in Transistors 10 

3 Path of Operating Point During Second Breakdown 
of a Diode 13 

4 Two Types of Surges on Communication Lines 17 

5 Carbon Block Protector 18 

6 Voltage-Current Characteristics of a Reference 
Diode 19 

7 Longitudinal Surge Cancellation in a Transformer 20 

8 Protection from Lightning and Power Line Faults 21 

9 Ordinary Diode Protection of Common Base 
Amplifier 22 

10 Protection of High Frequency Circuits 
with Reference Diodes 23 

11 Voltage-Current Characteristics of a Silicon 
Carbide Varistor 24 

12 Power Line Transient Suppression 24 

13 Common Emitter Amplifier with Inductive Load 28 

14 Common Biasing Circuit for a Video Amplifier 33 

15 Transistor Circuit Using Two Power Supplies 35 

16 Current Limiter 37 

17 Simple Shunt Transistor Overload Protector 37 

18 Shunt Silicon Controlled Rectifier Protector 38 

19 Series Switch Protector 39 



Figure Page 

20 Protection by Load Switching 39 

21 Simple Common-Emitter Circuit 4Z 

22 Electrical Analog of Thermal Circuit 45 

23 Coefficient of Power as a Function of the Ratio of 
Pulse Width to the Thermal Time Constant 48 

24 Maximum Allowable Transient Voltage as a Function 
of the Ratio of Pulse Width to the Thermal Time 
Constant for a O. 25 Watt Transistor with i K Series 
Resistance 50 

25 Normalized Temperature Rise as a Function of the 
Ratio of Pulse Width to the Thermal Time Constant 54 

¿6 Normalized Maximum Current Pulse Amplitude as 
a Function of the Pulse Width and the Wire Length 61 

27 Theoretical Temperature Rise Curve 64 

28 Measured Thermal Time Constant as a Function of 
the Coefficient of Power for a 2N398 Transistor 68 

29 Coefficient of Power as a Function of Pulse Width 
for a 2N398 Transistor 69 

30 Circuit for Measuring VBE During Heating or 
Cooling 72 

31 Approximate Curve of Base-Emitter Voltage vs 
Time for 2N869, WE code C, and WE code G 
Transistors During Heating Period 74 

32 Circuit for the Measurement of the Collector-Base 
Forward Voltage 76 

33 Accuracy of 63. 2%.V Method of Measuring the 
C Thermal Time Constan 83 

34 Block Diagram of the Pulse Generator 100 



Figure Page 

35 Unijunction Transistor Timing Circuit and Pulse 
Amplifier ioz 

36 Common Base Circuit 104 

37 Second Breakdown in 2N398 Transistor 112 



LIST OF TABLES 

Table Page 

i Summary of Thermal Time Constant 
Measurements 78 

Z Summary of Pulse Tests 

3 Transistors Used in Tests i 13 



PROTECTION OF SEMICONDUCTOR DEVICES 
FROM ELECTRICAL TRANSIENTS 

1. 0 INTRODUCTION 

Semiconductor devices are more susceptible to damage from 

transients than their vacuum tube counterparts. A transient current 

or a transient voltage which may do no damage to a tube may corn- 

pletely ruin a transistor. Thus when semiconductor devices are 

used, greater care must be taken to prevent or to reduce the ampli- 

tude of the transients. High frequency transistors are particularly 

vulnerable and can be damaged in a few microseconds. The sources 

of these transients are generally lightning, short circuits, or induc- 

tive switching. 

Many techniques have been devised to prevent or reduce these 

transients. Some of the devices which are used are spark gaps, 

nonlinear resistors, reference diodes*, silicon controlled rectifiers, 

ordinary semiconductor diodes, capacitors, and transistors. In 

some cases one of these devices by itself will give adequate protec- 

tion, but in other cases a combination of the above devices is 

required. In many cases there is more than one solution to the 

problem. 

To determine if protection is needed or if the proposed protection 

is adequate, the transient power handling capabilities of the transistor 
* Also known as Zener diodes, avalanche diodes, and breakdown 
diodes. The term reference diode will be used throughout this report. 
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must be known. Very little or none of this information is given in 

semiconductor device specifications. The main cause of damage in 

semiconductor devices is overheating due to high power dissipation. 

Therefore it is necessary to know what portion of the transient 

energy is dissipated in the device. The worst case can be approxi- 

mated by the maximum power transfer theorem. Maximum power 

will be transferred to the device when half of the transient voltage 

appears across the device and half appears across the series resis- 

tance. 

Also the transient thermal properties of the device must be 

known. The transient temperature rise of the junction can be 

approximated from the theoretical temperature rise equations if the 

thermal time constant is known. This is seldom given in the specifi- 

cations. However, there are several methods by which the thermal 

time constant can be measured. Some of these methods yield rather 

ambiguous results and none of them are accurate. However, usable 

results can be obtained for most transistors by using the collector- 

base diode forward voltage drop as a thermometer. 

A semiconductor device can be damaged by overheating of the 

internal leads. In many transistors these internal leads are small 

gold wires about one mil in diameter. The I2R losses can actually 

melt the wire. The pulse current ratings of these leads are seldom 

given in the specifications. However, the maximum allowable 
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amplitude of the current pulses can be obtained from the dc rating and 

the equation for the temperature rise in a short uniform wire. 

A "second breakdown" phenomena which occurs at high currents 

can cause damage in some transistors and diodes. Power transistors 

are particularly vulnerable to this phenomena. The phenomena is 

caused by localized spot heating. Information on the operating points 

at which second breakdown occurs is given in the specifications of 

only a relatively few power transistors. If this information is not 

given it must be determined by tests. 
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2. 0 BREAKDOWN PHENOMENA IN TRANSISTORS 

A potentially dangerous phenomena in transistors is voltage 

breakdown. When voltage breakdown occurs, the current is limited 

only by the external circuit resistance and the power dissipation can 

become quite large. This breakdown will occur between any two of 

the three transistor terminals if the voltage across the terminals 

rises to a high enough value. Generally this voltage is below 150 

volts. 

The following symbols are commonly used in the literature and 

will be used here. 

BVCBO: Breakdown voltage between the collector and the base 

with the emitter open. 

BVCES: Breakdown voltage between the collector and the emitter 

with the base shorted to the emitter. 

BVCER: Breakdown voltage between the collector and the emitter 

with the base connected to the emitter through a resis- 

tor. 

BVCEQ: Breakdown voltage between the collector and the emitter 

with the base open. 

LVCEQ: Lowest voltage which will sustain breakdown between 

the collector and the emitter with the base open. 
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LVCER: Lowest voltage which will sustain breakdown between 

the collector and the emitter with the base connected 

to the emitter through a resistor. 

LVCES: Lowest voltage which will sustain breakdown between 

the collector and the emitter with the base shorted to 

the emitter. 

BVEBO: Breakdown voltage between the emitter and the base 

with the collector open. 

Z. i Collector-Base Breakdown, Emitter Open (BVCBO) 

1f a reverse potential is applied to the collector-base junction 

with the emitter open, very little current will flow until the voltage 

is raised to the breakdown voltage. At potentials above the break- 

down voltage, the current flow will be limited only by the external 

series resistance. In some cases the breakdown is sharp, but in 

other cases the current-voltage curve is rounded as shown by curve 

(1) in Figure 1. This breakdown is the reverse breakdown of the 

collector-base diode. The breakdown is generally an avalanche 

process and is not destructive unless the current is not limited and 

the power dissipation becomes excessive (11, p. 33). 



2. 2 Collector-Emitter Breakdown 

The voltage at which breakdown between the collector and the 

emitter occurs is a function of the emitter junction bias and the 

resistance in the external base-emitter circuit (5, p. l-8),(11, 

p. 32-40), (12, p. 1-5) and (16, p. 79). This is illustrated in Figure 

1, The curves are constant base current curves. If the base is open, 

the voltage-current characteristics are those of curve (5). The 

shape of this curve can vary among transistor types from curve (4) 

to curve (6). Curve (4) is typical for silicon and curve (6) is typical 

for germanium. 

LVCEQ 
z 

I Constant 

(1) BVCBO 

(2) BVCES 
(3) BVCER 
(4) BVCER 
(5) BVCEO 

(1) (6) Small forward 
(2) bias 

COLLECTOR-EMITTER VOLTAGE 

Figure 1: Typical Collector Characteristics of a Transistor 



7 

If the base is connected to the emitter through a resistor, curves 

(2) through (5) are obtained depending upon the value of the resistor. 

With zero resistance (base shorted to the emitter) curve (2), BVCES, 

is obtained. As the resistance is increased, the breakdown voltage, 

BVCER, decreases until at infinite resistance (base open), curve (5), 

BVCEO, is obtained. The breakdown voltage tends to be higher 

(nearer BVCBO) with silicon than with germanium. Also the negative 

resistance tends to be larger with silicon than with germanium. 

Curves (2) through (5) can also be obtained by applying reverse 

bias to the base-emitter junction. With large reverse bias, curve 

(2) is obtained. As the reverse bias is decreased, the collector- 

emitter breakdown voltage decreases until curve (5) is obtained at 

zero bias. The curves to the left of curve (5) will be obtained if the 

base-emitter bias is in the forward direction. Curve (6) corresponds 

to a small forward bias, curve (7) to slightly more forward bias, 

etc. 

The collector-emitter breakdown is an avalanche breakdown, 

but punchthrough or surface collapse can also occur. Ifeither of the 

latter two occur, the characteristics shown in Figure 1 will be modi- 

fied at the higher voltages. None of these breakdown phenomena are 

harmful if the power dissipation is not excessive (1 1 , p. 41). 



Ei 

Z. 3 Emitter-Base Breakdown 

Avalanche breakdown of the base-emitter diode can also occur. 

No harm will be done as long as the power dissipation is not exces- 

sive. The collector junction remains cut off during the breakdown 

period. 

Z. 4 Negative Resistance Region of the Collector Characteristics 

The collector-emitter breakdown characteristics with reverse 

base bias exhibits a negative resistance. This is illustrated by 

curves (Z) through (5) of Figure 1. This negative resistance property 

is sometimes undesirable. In inductive circuits, oscillations can 

occur from the interaction of the inductance and the negative resis- 

tance (15, p. 24) and (16, p. 81). The power level is high in the 

negative resistance region and the transistor is soon overheated and 

destroyed. This can happen even with the power supply voltage less 

than LVCEQ. 

Load lines should not pass through the negative resistance 

region. In switching circuits sometimes the load lines pass through 

a region of high dissipation. As long as the switching is fast, the 

temperature rise is small and no harm is done to the transistor. 

However, if the load line passes through the negative resistance 

region, the transistor might switch to the avalanche mode of 



operation instead of switching to cutoff (5, p. 4). The power dissipa- 

tion will be excessive and the transistor will be damaged. Some 

silicon transistors have a very high negative resistan.ce. The power 

supply voltage must be less than LVCEO or the load line must be 

very flat to prevent the load line from passing through the negative 

resistance region. 

2. 5 Transistor Voltage Ratings 

Three maximum voltage ratings are commonly given for transis- 

tors. These are BVCBO, LVCEO, and BVEBO. The values given in 

the specifications are the minimum values for any transistor of the 

type described in the specifications. 

In some cases only BVCBQ is given. This leaves the location of 

the negative resistance region unknown and the circuit designer might 

unknowingly pass the load line through it. As a result the transistor 

would probably be destroyed. For this reason LVCEQ should always 

be specified in the transistor specifications. 

Recently the manufacturers have been including more breakdown 

data in their specifications. All of the breakdown voltages listed ori 

pages one and two have been given. Whenever BVCER or LVCER are 

given, the resistance (base to emitter) must also be given. 
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Z. 6 Second Breakdown 

In addition to the voltage breakdowns already discussed a "second 

breakdownu occurs at high current levels. This second breakdown, 

which is also known as "secondary breakdown", "snapback", and 

"breakback", is usually characterized in transistors by an abrupt 

reduction of the voltage between the collector and the emitter from 

its normal operating level to a level which can be as low as a few 

volts and as high as about 25 volts depending upon the transistor type 

and the current value (29, p. 1). This phenomena occurs in nearly 

all transistors with power transistors being the most susceptible (28, 

p. 130) and in silicon power diodes (20, p. 165). It probably occurs 

in all transistors and diodes. 

The second breakdown phenomena is illustrated in Figure 2. 

z Second 
'M \ L 

Breakdown 

\L 
o L 

iviaximUm 
E-i 

: 
ady state Avalanche 

o 
owrwer 

Breakdown 

o 
o 

COLLECTOR-EMITTER VOLTAGE 

Figure 2. Second Breakdown in Transistors 
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The current at which second breakdown occurs, 'M' is dependent 

upon the base drive (transistors only), the ambient temperature, and 

the frequency of the applied voltage. 'M decreases as the base 

current goes from forward to reverse bias and as the ambient tem- 

perature increases. If the applied voltage is a full wave rectified 

sine wave, 'M decreases as the frequency decreases (28, p. 129-131). 

There is a delay time associated with the second breakdown. 

With a rectangular pulse of current forced through the device, there 

is a delay generally in the order of a millisecond before second 

breakdown occurs. Delay times from five microseconds to five 

minutes have been observed for diodes (20, p. 165-176). The 

longest delay time observed in transistors to the authorts knowledge 

is in the order of tens of milliseconds (28, p. 131). This delay time 

decreases as the current is increased, as the reverse base current 

is increased (transistors only), and as the ambient temperature is 

increased. The total energy dissipated prior to second breakdown 

follows a similar dependence on the collector current and the base 

drive, (28, p. 131-135). 

Second breakdown appears to do no harm to some transistors, 

but others deteriorate until a short is formed between the collector 

and the emitter. The two junctions still function as diodes, but the 

collector is tied directly to the emitter. Alloyed germanium power 

transistors were made to develop short circuits via second 
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breakdown. After removing the indium dots, small mounds having a 

granular texture were found. When these mounds are removed, a 

small hole through the wafer is revealed. If the material around this 

hole is removed, transistor action returns (28, p. 133) and (29, P. 4). 

A similar failure occurs in some silicon power diodes (20 p. 165- 

175). 

The energy dissipation prior to second breakdown is often much 

too low to overheat the junction if the current were uniformly distri- 

buted. This is particularly true with power transistors and silicon 

power diodes (20, p. 165-175) and (28, p. 133-135). 

This phenomena can be explained by localized spot heating. 

As the junction is heated, one spot becomes slightly hotter than the 

rest of the junction. This causes a small increase in conductivity at 

this spot which in turn causes more current to flow. The spot is 

heated more and a localized thermal runaway condition exists. The 

transition follows the load line A to B shown in Figure 3 until ther.- 

mal equilibrium is reached at point B. This transition occurs in 

the order of a microsecond. As the voltage is lowered the return 

path is B to C to ID. 

If the series resistance is relatively large, the total power 

dissipation is less in the second breakdown mode than in the ava- 

lanche mode. As soon as the operating point moves to point B, the 

temperature begins to drop and the operating point moves back to 
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Reverse Voltage - 

50°G 

A 
150°C - 
200°C 

Tan OR 
250°C 

300°C B \ , 
- Q) 

o - 350 C- 

Figure 3. Path of Operating Point iJuring Second Breakdown of 
a Diode (20, p. 175). 

point A. The temperature again begins to rise. The mode of oper- 

ation will continue to oscillate between avalanche and second break- 

down as long as the pulse is applied (18, p. 17). In some cases 

point B is not reached and the amplitude of the oscillation is smal- 

1er. This thermalcscil1atir has only been observed in transistors. 

It probably also occurs in diodes but has not been observed to the 

author's knowledge. Photographs of thermal oscillation in a 2N398 

transistor are shown in Appendix IV. 

If the point B exists at a relatively low temperature, no damage 

will be done to the device. If the load line is such that the point B 

is at a high temperature, damage will result. 



14 

'M and the delay time for a transistor decrease as the reverse 

base current increases because the collector-emitter voltage also 

increases with increasing reverse base drive. 'M is smaller 

because less collector current is necessary to obtain the same 

power level. If the collector current is not changed, the power 

level is higher and it takes less time for the temperature to rise. 

The location of points A and B cannot be determined unless 

transistors or diodes of the type in question are subjected to second 

breakdown. It is difficult to avoid damage under transient conditions 

if this information is not known. The author only knows of one manu- 

facturer that supplies information of second breakdown in semi- 

conductor device specifications (11, p. 31-32). This information is 

in the form of a boundary drawn around the collector voltage-current 

characteristic curves and is given only for several power transis- 

tors. Second breakdown will not occur if the collector voltage and 

the collector current remain inside the boundary. 
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3. 0 SOURCES OF TRANSIENTS AND METHODS OF PROTECTION 

A transient voltage can cause breakdown and thus excessive 

power dissipation if the current is not limited. In some cases the 

transient can cause second breakdown. It is not necessary for break- 

down to occur to have excessive power dissipation. Excessive power 

dissipation can also occur with the transistor in the normal forward 

bias mode of operation. 

Before excessive power dissipation and second breakdown can be 

prevented, the sources and the nature of the transients and the means 

of prevention or reduction of this excessive power dissipation must 

be known. This section is a discussion of these transients and 

methods of protection from them. 

3. 1 Transients on Communication Lines and Protection 

Any time a piece of equipment is connected to outside communi- 

cation lines, aerial or buried, there is a chance that the equipment 

will be subjected to foreign potentials. These foreign potentials may 

be the result of any of the following. 

(1) Direct lightning strokes to aerial or buried lines. 

(Z) Induction from lightning strokes or power line faults. 

(3) Direct contact of power lines and communication lines. 

(4) Exposure of underground cables to large earth potential 
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gradients which are caused by lightning or power line 

faults. 

Aerial cable is much more vulnerable to lightning than buried cable. 

Conventional lead-sheathed cables attract lightning from a distance 

that is approximately equal to their distance from the ground. 

Buried cable will attract a 20, 000 ampere stroke from a distance of 

about five feet in a clay soil. The lead sheath will prevent direct 

contact with the conductors, but even a small stroke can induce large 

transients in the inner conductors (14, p. 1-3). 

3. 1. 1 Characteristics of transients on communication lines 

Most lightning strokes average about 12,000 amperes, but 

strokes with crest values of over 200, 000 amperes have been 

recorded. The voltage which appears on the lines can vary over a 

wide range, from a few volts to several thousand volts, depending 

upon the size of the stroke and whether it was a direct hit or a near 

miss. For simulation of lightning in the lab, a pulse which rises to 

a crest in 10 microseconds and then decays to half of its crest value 

in 600 microseconds has been found satisfactory (1, p. 233). 

Surges or overvoltages appear on a transmission line as ulongi_ 

tudinal currents or as tttransverseu (or metallic) currents. Both 

types can be caused by direct contact, induction, or lightning. Longi- 

tudinal currents result from equal voltages appearing on both wires 



17 

of a balanced pair. Usually the return path is ground. Transverse 

currents result when the currents in a pair flow in opposite direc- 

tions. The current path is down one wire and back on the other. A 

schematic representation of these two types of surges is shown in 

Figure 4. 

rI - I 

I----_ 
(a) Longitudinal Currents (b) Transverse (metallic) Currents 

Figure 4. Two Types of Surges on Communication Lines 

The transient may be a combination of these two. If one current is 

larger than the other, the currents can be separated into a longitu- 

dinal component and a transverse component (14, p. 3). 

3. 1. 2 Conventional protection 

Partial protection from these surges can be obtained by conven- 

tional practices. These include the use of lightning arresters at 

intervals along an open wire transmission line and the use of a 

grounded parasitic line above and parallel to the lines. Cable is 

protected by careful bonding and grounding of the sheath and by using 

special types of cable armor to suit varying degrees of lightning 

exposure (14, p. 3-4). 



3. 1.3 Carbon-block air gap 

Various devices are available to be used at the location of the 

equipment to protect the equipment from surges. A carbon-block or 

air gap protector is usually used for the initial surge reduction. 

This consists of carbon blocks as shown in Figure 5 with air gaps 

which breakdown (ionize) when the voltage reaches a certain level. 

- WI/I//I//A 

VI//Ill//Ik 

Figure 5. Carbon Block Protector. 

When the arc is established, a low impedance path to ground exists 

and shunts the energy away from the equipment. The arc-over 

ratings of carbon block protectors range from 450 volts to 3000 

volts. Below 450 volts the air gap must be very small (less than 

0. 003 inch) and permanent short circuits often form when the arc- 

over occurs. This means excessive maintenance (14, p. 4) and 

(21, p. 247). 

3. 1. 4 Heat coil 

This device works similarly to a slow-blow fuse. It consists of 



a small coil of wire around a tube. A metal pin within the tube is 

spring-loaded and held in place with solder of low melting point. If 

enough current flows through the coil, the solder melts, the pin is 

released, and the line is either opened or grounded. This is used 

for protection against long duration faults such as those caused by 

direct contact (14, p. 4-5). 

3. 1. 5 Reference diode 

This device has a very high resistance at voltages below the 

breakdown voltage and a very low dynamic resistance above the 

breakdown voltage. The effect is to limit the voltage across the 

diode to the breakdown voltage. The voltage-current characteristics 

are shown in Figure 6. The turn-on time is very fast - in the order 

Br 

Figure 6. Voltage-Current Characteristics of a Reference Diode 



of nanoseconds (19, p. 23-26). Voltage ratings from 3.3 to 200 volts 

are available (19, p. 157-164). With the opposite polarity applied, 

the reference diode acts as an ordinary forward biased diode (19, 

p. 5-7). 

A selenium cell is available which is specially processed for 

sharp reverse breakdown and has characteristics which are very 

similar to the reference diode (31, p. 49-53). 

3. 1. 6 Transformers 

Transformers can be used to cancel longitudinal current surges 

by using a grounded center tap on the primary as indicated in Figure 

7. If both currents are of equal amplitude, no surge appears in the 

Primary dary 

Figure 7. Longitudinal Surge Cancellation in a Transformer 

secondary. If they are not of equal amplitude, then a transverse or 

metallic transient appears in the secondary circuit, but the longitu- 

dinal component is suppressed (14, p. 8). 
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3. 1. 7 A protection system 

A protection system using the above techniques is shown in 

Figure 8 (1, p. 236) and (14, p. 9-10). The resistors are to limit 

the current so as to reduce the power dissipation in the protective 

devices. In some cases the inherent resistance of the wire is 

sufficient. 

-----n 
Transis- 
torized 

Equipment t 

2000/3000v Heat Coil Reference ' - - - 
Air Gap 500/700v Diodes 

Air Gap 

Figure 8. Protection from Lightning and Power Line Faults 

If the signal is dc, the transformer cannot be used, and only 

one reference diode is needed. 

3. 1. 8 Ordinary diode protection 

If the transistorized circuit input is a common-base amplifier, 

a single diode may be used as shown in Figure 9 (1, p. 236). Of 

course the series resistors must be large enough so that the power 

dissipation in the forward-biased emitter junction does not exceed 

the transistor pulse power rating. Actually this comment applies to 
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lint 

Figure 9. Ordinary Diode Protection of Common-Base Amplifier 

all transistor circuits. No protective device is needed if the resis- 

tance is large enough so that the power capabilities of the transistor 

are not exceeded. 

3. 1. 9 High frequency considerations 

Heat coils cannot be used with high frequency signals because of 

their inductance (14, p. 5). However, capacitors can be used in 

their place to block long term overvoltages such as those which 

would result from direct contact of power and communication lines 

(1, p. 236). 

At frequencies above 100 kc, the capacitance of reference 

diodes forms a shunt load and can cause distortion of the signal. 

This capacitance can vary from 10 to 7000 picofarads depending upon 

the applied voltage and the power rating (junction area). A solution 

to this problem is shown in Figure 10 (19, p. 23-26). Once the 

capacitors are fully charged, they remain charged since they cannot 

discharge through the back resistance of the fast diodes. The 
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Figure 10. Protection of High Frequency Circuits with Reference 
Diodes 

voltage across the reference diodes is held constant at the peak 

value of the signal. The fast diode remains back biased and no 

current flows through the reference diodes. The protective action 

is not impaired since the forward direction of the fast diodes is the 

same as the direction of the voltage limiting action of the reference 

diodes. 

3. 2 Transients on Power Lines 

Transients on power lines can be caused by lightning or by 

power line faults. Rectifier diodes are particularly vulnerable to 

this type of transient. The transient voltage can be suppressed by 

the use of spark gaps as described in the previous section foi 

communication lines. Also there are available secondary lightning 

arresters which will limit the voltage to about 175 volts (1, 
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p. 236-237). These secondary arresters are nonlinear resistors 

(varistors) made of silicon carbide. The resistance is a function of 

the voltage. The dynamic resistance is high at voltages below 175 

volts and is low at high voltages. The voltage-current characteris- 

tics are shown in Figure 11. 

Figure 11. Voltage-Current Characteristics of a Silicon 
Carbide Varitor 

An example of how this might be used is shown in Figure 12. 

p 

il. f 
Air Gap E- IVa.ritorI Lc 

p - ---o 

)ad 

Figure 12. Power Line Transient Suppression 

Usually the spark gap and the varistor are placed several feet apart 

so that the resistance and inductance of the wire will limit the 
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transient current somewhat and reduce the power dissipation in the 

varistor. A single-phase power line is shown, but the technique can 

be used on three phase. Bipolar reference diodes or specially pro- 

cessed bipolar selenium cells with sharp reverse breakdown can be 

used in place of the varistor if their power rating is sufficient. 

3. 3 Transients in Rectifiers 

3. 3. 1 Sources and nature of transients 

There are two sources of transients which appear in rectifiers. 

One source is the power line transients discussed in the previous 

section. The other source is inductive switching. Inductive switch- 

ing transients are generally about 0. 5 to 5 microseconds in duration 

(19, p. 80) and may reach peak values up to ten or more times the 

normal peak voltage (31, p. 52). These transients are the result of 

switching the primary of the rectifier transformer, switching an 

inductive load in parallel with the rectifier, dropping the load from a 

rectifier with an inductive filter, etc. (9, p. 2-5). 

In circuits with high inductance it is possible for large oscilla- 

tions of reverse voltage and current to occur. Overheating and thus 

destruction of the diode results (32, p. 171). 



3. 3. 2 Protection by reference diode 

To prevent damage to the rectifier diodes, the peak reverse 

voltage rating of the diodes must exceed the transient voltage, or 

the transient voltage must be limited to less than the peak reverse 

voltage rating of the diodes. Reference diodes can be used to limit 

the transient voltage. Transformer transients can be limited by 

connecting a bipolar reference diode in parallel with the rectifier 

(across the transformer secondary). Also the reference diodes can 

be used directly in parallel with each rectifier diode or the refereníe 

diodes can be used as the rectifier diodes. 

Specially processed selenium rectifiers which have a sharp 

reverse breakdown similar to reference diodes are available. These 

rectifiers can withstand much larger reverse transients than the 

normal selenium or silicon rectifier (9, p. 13-14). 

3. 3. 3 Protection by ordinary diode 

If the norma.l potential across the inductor is unidirectional, a 

diode can be used in parallel with the inductor to squelch the tran- 

sient. During normal operation the diode is back biased. When the 

switch is opened, the Ldi/dt voltage forward biases the diode. The 

transient current has a low resistance path and the transient induc.- 

tive voltage is limited to a low value. 
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3. 3.4 Protection by capacitors 

Generally adequate protection can be obtained by connecting 

capacitors in parallel with the rectifier diodes, in parallel with the 

transformer secondary, or in parallel with the inductor. If the load 

on the rectifier is noninductive, 100 to 500 picofarads is sufficient 

capacitance. If an inductive load is used, it is necessary to increase 

the capacitance to 0. 01 to 0. 1 microfarads (30, p. 52). 

3. 3. 5 Series connection of rectifier diodes 

Higher peak reverse voltage ratings can be obtained by connec- 

ting two or more rectifier diodes in series. To insure equal reverse 

voltages across each diode, it is necessary to connect a resistor 

and a capacitor in parallel with each diode. The parallel resistance 

must be less than the back resistance of the diode and the parallel 

capacitance must be greater than the diode capacitance (6, p. 52). 

Note that this increases the reverse leakage current. 

3. 4 Inductive Surges in Transistor Circuits 

3. 4. 1 Energy dissipated in the transistor 

A transistor driving an inductive load can be damaged if the 

base is suddenly reverse biased or opened (15, p. 24) and (16, 
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p. 81). The current through the inductor tends to continue and a 

large voltage (Ldi/dt) can be induced which can break down the tran- 

sistor and cause excessive power dissipation. The energy delivered 

to the transistor under these conditions can be calculated by assum- 

ing that the transistor behaves as an ideal voltage source during the 

period of avalanche breakdown. The magnitude of this voltage is 

dependent upon the base bias. 

A common-emitter amplifier with an inductive load and its 

equivalent circuit are shown in Figure 13. The resistance R is the 

(a) 

Figure 13. 

I, L 

- I - 

L 

(b) (c) 

(a) Common Emitter Amplifier With Inductive Load. 
(b) Equivalent Circuit Before 1(t) = O. 

(c) Equivalent Circuit After 1(t) = O. 

total resistance in the collector circuit which in many cases is the 

coil resistance. The loop equation for Figure 13 (b) in terms of the 

Laplacian operator is 

E(s) - Ea(s) Ls I(s) = Rl(s) + LsI(s) (1) 

The worst case occurs when I has its maximum possible value, 
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that is the value it would have if the transistor were saturated just 

prior to cutoff. Assuming that the saturation voltage of the transis- 

tor is small with respect to the power supply voltage, the maximum 

value of is E/R. Substituting this into equation (1) and solving for 

I(s) yields 

I(s) - (2) 
R R+Ls 

The voltages are assumed to be constant. 

E E 
i(s) = - ________-'±________- (3) 

sR sR(1 + Ls/R) 

The inverse transform is 

R 
E - Ea + EaeLt 

1(t) = (4) 
R 

The power dissipation in the transistor is the product of the voltage 

and the current. Multiplying equation (4) by the avalanche voltage 

yields. 

Ef 
P(t) = .E - Ea + Eae L 

J 

(5) R\ / 
The energy dissipated in time T is given by. 

(T 
W(t) z / P(t)dt (6) 

'O 
R 

E(E - E )T LE 2eT LE2 
= - __±_____ + (7 

R R2 R2 



30 

The model of Figure 13 (b) no longer holds when 1(t) reaches 

zero, for at this time the transistor ceases to conduct and acts as a 

nonlinear capacitor as indicated by Figure 13 (c). Theoretically no 

power is dissipated in a capacitor so no energy is dissipated after 1(t) 

reaches zero. The time that it takes for 1(t) to reach zero can be 

found by setting equation (4) equal to zero and solving for t. 

L f 
t ìi '°g 

Ea 
(8) 

Using this for T in equation (7) we have the maximum possible 

energy dissipation in the transistor. 

ELr f Ea 
W '(E - Ea)log 

Ea - E) 
+ El max R2 

L 

Although it is not readily obvious, this can exceed the energy 

stored in the inductor (- LI2) even though there is energy being dis- 

sipated in the series resistance R. This additional energy is supplied 

by the battery E. 

3. 4. Z Negative resistance oscillations 

The above derivation checks out fairly closely with the experi- 

mental results except when the transistor enters the negative resis - 

tance region of the collector characteristics. The interaction of the 

inductance with the negative resistance can cause oscillations which 

can last until the transistor overheats and fails (15, p. 24) and 
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(16, p. 81). These oscillations can be prevented by limiting the 

maximum surge voltage or by eliminating the negative resistance 

region. The negative resistance region can be eliminated by pre- 

venting the base from becoming reverse-biased. The maximum 

surge can be limited by placing a diode in parallel with the inductor 

with the polarity such that the diode is reverse biased during normal 

operation. Also a reference diode which has a lower voltage rating 

than the transistor can be connected from the collector to the emitter 

of the transistor. 

Reverse bias can be prevented by connecting a diode in series 

with the base (17, p. 177-178). When reverse voltage is applied, no 

reverse base current can flow through the back resistance of the 

diode. A large resistor can be connected in parallel with the diode 

to increase the thermal stability, but this reduces the effectiveness 

of the protection. 

A shunt diode across the base emitter junction protects the 

transistor to some degree because it prevents heavy reverse bias 

(17, p. 178). However, it is still possible for the negative resis- 

tance region to exist. 

Another way to reduce the effect of the negative resistance 

region is to increase the collector circuit resistance high enough 

that the net resistance is positive. Of course this puts serious 

limitations on the circuit design. 
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3. 4. 3 Approximation of rectangular pulse 

The techniques described later in this paper can be used to 

determine if the transistor is being driven beyond its safe limits 

if the equivalent rectangular power pulse is known. This equivalent 

pulse must have the same peak value and energy content as the 

actual power pulse. 

The peak power is given by equation (5) with t = 0. 

(E)(Ea) 
F'peak - R 

(10) 

The pulse width of a rectangular pulse is the total energy divided by 

the power. From equations (9) and (10) the pulse width is. 

Wmax 
(11) to 

= p peak 
L [(E - Ea) ( Ea "\ 

(12) 
R E 

lo)+ 
The equivalent rectangular power pulse is defined by equations (10) 

and (12). 

3. 4. 4 Effect of Breakdown Voltage 

The power dissipated in the transistor is less when the break- 

down voltage Ea is small. This can be seen from equation (8) which 

describes the discharge time and from equation (10) which is the 
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expression for the peak power dissipation. In other words a tran- 

sistor with a low breakdown voltage is less likely to be damaged than 

one with a high breakdown voltage, provided that the breakdown 

voltage is greater than the supply voltage. 

3. 5 Power Supply Switching Transients in High Frequency Circuits 

In some high frequency circuits, it is possible for the charging 

and discharging currents of coupling and bypass capacitors to 

damage the transistors. High frequency transistors are particularly 

vulnerable to overheating. Because of their small size they have 

very short thermal time constants - in the order of milliseconds. 

An overload as short as a microsecond can damage the transistor. 

An example of a circuit in which excessive power dissipation 

can occur when the power supply voltage is suddenly switched is 

shown in Figure 14. When the power supply is first turned on, CE 

-Ecc 

Figure 14. Common Biasing Circuit for a Video Amplifier 



has no charge and the emitter is effectively connected to ground. If 

the collector resistance is large compared to Rc, nearly the full 

power supply voltage will appear from the collector to the emitter. 

The base current is limited only by the resistance RB and the supply 

voltage. This current could be high enough to burn out the base- 

emitter junction. If this does not occur, the collector current is 

limited only by R and excessive collector junction dissipation may 

occur. 

Burnout can also occur when the power is removed. The base 

drops immediately to ground potential, but the charge on CE holds 

the emitter at a negative potential. Many high frequency transistors 

have low base-emitter reverse breakdown ratings. If the emitter 

junction breaks down, the energy stored in CE may be sufficient to 

damage the transistor. 

Other commonly used high frequency circuits similar to the one 

shown in Figure 14 have this same problem (27, p. 83-84). In some 

cases increasing CB so that it is larger than 0E will help, but not in 

the above example. Increasing the resistance levels so as to limit 

the currents to a safe level is one solution, but this puts restrictions 

on the design. Another solution is to make the output capacitance of 

the power supply large so tFat the turn on and turn off times of the 

power supply are as long as the charging and discharging times of 

the capacitors CB and CE. 



3. 6 Loss of Power Supply Voltage 

In a circuit as shown in Figure 15 (a), the loss of the positive 

+E2 

-E1 - -E1 

(a) Potentially Dangerous Circuit (b) Diode Protection 

Figure 15. Transistor Circuit Using Two Power Supplies 
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+ E2 

power supply allows the reverse base-emitter voltage to become 

-E1. If this is greater than the reverse breakdown voltage of the 

junction, the current is limited only by the series resistance R4 

Excessive power may be dissipated in the emitter junction damaging 

the transistor. A diode connected as shown in Figure 15 will prevent 

excessive reverse bias and thus protect the transistor from damage. 

Another solution is to make the ratio E1/R small enough that the 

4 The reverse base-emitter breakdown voltage can be quite low. 
For example, the 2N700 transistor has a breakdown voltage of O. 2 

volts. 
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reverse current will be limited to a safe value. The reverse break- 

down phenomena is not destructive provided the power dissipation 

does not exceed the transistor ratings. Also the collector remains 

cut off during the emitter-base junction reverse breakdown. 

3. 7 Short Circuit Protection 

Many power supply regulators are transistorized and standard 

fusing techniques are not fast enough to protect them. The transis- 

torE burn out faster than the fuse. Two methods of protection may 

be used, a current limiter or a solid-state switch. The solid-state 

switch can create a near short on the load side of the fuse thus 

blowing the fuse faster, create high impedance between the regulator 

and the power supply, or switch the current from the load by closing 

a shunt path and disconnecting the load. 

3. 7. 1 Current limiter 

The current limiter uses a series transistor as shown in Figure 

16, When the current reaches the limiting value, the reference 

diode conducts and limits the base current. This in turn limits the 

collector current which is the load current. 

The current limiter has the advantage that it has nearly instan- 

taneous response and normal operation resumes as soon as the over- 

load is removed. A disadvantage is that the series regulator 
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Figure 16. Current Limiter 

RL 

transistor must be capable of withstanding simultaneously both íull 

voltage and full current output of power supply (33, p. 36). 

3. 7. 2 Shunt switch 

The shunt switch is illustrated in Figures 17 and 18. When the 

current becomes excessive, in the circuit shown in Figure 17, the 

I 
C 

ilator 

Figure 17. Simple Shunt Transistor Overload Protector 

voltage drop across R rises high enough to forward bias the tran- 

sistor. The transistor then conducts drawing a large current 

through the fuse and the fuse blows much faster (25, p. 102). 
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Figure 18 uses a silicon controlled rectifier to draw high 

current. When the voltage drop across R rises above the rated 

Figure 18. Shunt Silicon Controlled Rectifier Protector 

voltage of the reference diode by a sufficient amount to supply the 

minimum gate current to the SCR, the SCR fires and blows the fuse 

(33, p. 36). 

3. 7. 3 Series switch 

The circuit in Figure 19 uses a series transistor which acts as a 

switch. When the current through the series tunnel diode reaches a 

certain value, a negative resistance region is encountered. The 

voltage drop across the tunnel diode suddenly increases and the cur- 

rent decreases. As a result the bias on the transistor is no longer 

sufficient to keep the transistor turned on and the transistor blocks 

the load current. The resistor R2 is necessary to provide a path 



Reset 

Figure 19. Series Switch Protector 

RL 

for the minimum holding current of the tunnel diode. Otherwise, 
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automatic reset would occur. This circuit can provide low current 

protection as low as 100 inicroamperes with cutoff times as fast as 

one microsecond (34, p. 31-34). 

3. 7. 4 Load switching 

An example of protection by load switching using silicon con- 

trolled rectifiers is shown in Figure 20. During normal operation 

Figure 20. Protection by Load Switching 
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SCR-1 is conducting and SCR-2 is not conducting. As described for 

Figure 18, when the voltage drop across R exceeds a certain level, 

SCR-Z fires. The voltage at point A drops. Because of the charge on 

capacitor C, the anode of 5CR-i is driven negative and SCR-1 ceases 

to conduct. The circuit is reset by breaking the circuit through 

SCR-Z and appling a signal to the gate of SCR-l. The resistor R1 

must be large enough to limit the current through SCR-Z to a safe 

level. A reasonable value for R1 is the minimum load resistance. 

The resistor R2 provides the minimum holding current of SCR-i. 

This circuit will also trip if a voltage transient occurs. If the 

transient voltage is larger than the breakdown voltage of reference 

diode DZ, gate current will be supplied to SCR-2. The rest of the 

operation is the same as for an overcurrent transient. 

This type of circuit can handle steady state voltages as high as 

100 volts and steady state currents as high as iO amperes. The time 

required from a short-circuit output until SCR-i is completely off is 

about 5 to 10 microseconds (7, p. 51-52), (33, p. 36), and (35, 

p. 14). 
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4. 0 TRANSIENT POWER DISSIPATION IN TRANSISTORS 

A transistor can withstand an overload for a short period of time: 

the shorter' the time period, the larger the allowable power level. 

To determine if the transistor requires protection, it is necessary to 

know how much transient energy is dissipated in the transistor and 

how much transient energy the transistor is capable of absorbing with- 

out being damaged. The transient energy which is dissipated in the 

transistor will be discussed first. 

4. 1 Equivalent Circuit Approach 

If an accurate equivalent circuit for a transistor under transient 

conditions can be found and if the nature of the transient is known, the 

voltages and currents and thus the power dissipation in the transistor 

can be calculated. Several problems arise. The equivalent circuit 

parameters are not constant. They change with temperature, voltage, 

and aging and vary among transistors of the same type. A small 

change in some of the equivalent circuit parameters can cause a large 

change in the response. Also it is hard to predict the base current 

during a transient. Even if the equivalent circuit parameters were 

constant, the transient analysis of the equivalent circuit can become 

rather complex. Therefore it is concluded that the equivalent circuit 

approach is impractical. 



4. 2 Worst Case Approach 

A much simpler and more conservative approach is to compute 

the maximum power that can be delivered to the transistor. By the 

maximum power transfer theorem, the maximum power is dissipated 

in the transistor when half the transient voltage is dropped across the 

transistor and half is dropped across the series resistance (the 

resistance between the source of the transient and the transistor). 

In equation form this statement is; 

'E2 
p max 

R 
(13) 

The total power dissipation in the transistor should be considered, 

that is the power dissipation at both the collector junction and the 

emitter junction. For the simple circuit of Figure 21 

p = (fE)2 (fE)2 
R Rb 

m ax 
c 

E 
t 

t 
c 

Figure 21. Simple Common Emitter Circuit 

(14) 
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Generally the second term of equation (14) is small. It may be neg- 

lected or the two terms can be combined into one by taking the parai- 

lei combination of R and Rb and using this for R in equation (13). 

When the emitter junction is forward biased, it is doubtful that 

the voltage across the junction would rise as high as fEr. However, 

the forward voltage can rise suprisingly high during a large forward 

transient. A voltage as high as 10 volts (a few microseconds in dura- 

tion) has been measured (by the author) between the base and the emit- 

ter in the forward direction. The voltage across the junction cannot 

be accurately predicted unless tests are performed. Because of this 

and because using !E will result in a conservative value of P 2t max 

the figure will be used. This will not create much error in 

P since Rb is usually much larger than R. max 

4. 3 Temperature Rise 

Most of the power dissipation -in a transistor is usually at the 

collector junction. Thus the hottest area in a transistor will be the 

collector junction and the collection junction temperature will be the 

factor which limits the maximum allowable power dissipation. 

The collector junction temperature at any instant after the appli- 

cation of a step of power to the transistor is given by (24, p. 6) 
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00 

TJ(t)=PRT T (15) 
a 

) 
11 n 

where t is the time after the application of the power step. 

P is the amplitude of the power step. 

RT is the thermal resistance of the transistor. 

T is the thermal time constant of the transistor. 

T is the ambient temperature. 
a 

It will be assumed that the transients will occur only occasional- 

ly and that the transistor will cool completely between the transients. 

Thus the heat remaining in the transistor from the previous pulse 

will not need to be considered. 

Equation (15) can be rewritten in the form 

00 n2t\ 
8 leT (16) T(t) = PRT ( n=1,3, J 

If Ta in equation (15) is used as the junction temperature with steady 

state power dissipation, then T(t) is the junction temperature rise 

above the steady state junction temperature. This is not exactly cor- 

rect, but it will give a conservative approximation of the maximum 

pulse power rating of the transistor. The steady state junction 

temperature is always greater than or equal to the ambient 
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temperature. In assuming that the ambient temperature is equal to 

the steady state junction temperature, the estimated rate of heat 

flow away from the junction will be less than the actual rate of heat 

flow. This in turn will indicate a higher temperature rise than the 

actual rise. This can be easily seen by the electrical analog of the 

heat flow. Let temperature correspond to voltage, heat flow to 

electrical current, thermal resistance to electrical resistance, and 

heat capacity to electrical capacity. Figure ZZ is then a simplified 

schematic of the thermal circuit of a transistor. It can be readily 

seen from Figure 22 that if the steady-state junction temperature 

is used for the ambient temperature Ta the current (heat flow) 

will be less. 

Ta Tjss 

T 
Jss 

T Ï ____ Ï 
Figure 22. Electrical Analog of Thermal Circuit 

4. 4 Maximum Power Pulse Amplitude 

The maximum amplitude of a rectangular power pulse can be 

found by rearranging equation (16). 
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Jmax 
(17) P = 

2 00 nt 
max 

RT 

E - 
e - T ) n1,3,5" 

where P is the maximum allowable pulse amplitude. max 

is the maximum allowable increase in junction Jm ax temperature. 

to is the pulse width. 

RT can be written in terms of temperature difference and power 

rating (18, p. ¿1-24). 

T -T Jmax a 
P r 

Tjmax - Tjss (19) 
- P-P r Ss 

Jmax (20) 
= P-P r Ss 

where Tjss is the steady-state junction temperature. 

is the transistor power rating. 

P is the steady-state power dissipation. 

Substituting equation (20) into equation (17) and rearranging terms 

yields 
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P max 

C = (21) 
p P-P r SS 

i 

/ 8 

2 (22) 
n to \ 

(1 1 e T - n1,3,5, n ) \ 

This term will be called the coefficient of power. It depends only 

upon the pulse width and the thermal time constant. Equation (22) is 

shown graphically on log-log scale in Figure 23. Note that the slope 

of this curve is approximately -0. 5. The linear portion of the curve 

can be approximated by the equation 

C 1. 43(t /Ti° (t <T) (23) 
p o o 

The maximum allowable transient energy dissipation in the device is 

w P t max max o (24) 

1. 43(P - P )(t T)° (t <T) 25 r ss o o 

This is a line with the same slope as the power curve except that the 

slope is positive instead of negative. This is a reasonable trend 

since the energy has less time to flow from the junction during the 

shorter pulses. That is, it takes less energy to increase the junction 

temperature when less of the material near the junction is heated. 
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4. 5 Maximum Voltage Pulse Amplitude 

As stated earlier, the maximum power is delivered to the tran- 

sistor when half the transient voltage is across the transistor. The 

maximum allowable transient voltage (rectangular pulse) can be 

derived from equations (13) and (22). 

(!E ) 
2 tmax 

(P -P )C (26) R r ss p 

E = 2\JC R(P - P ) (27) tmax p r ss 

Equation (27) is shown graphically in Figure 24 for a 0. 25 watt 

transistor with R = 1K (R is the series resistance in equation (13)). 

Note that the slope of the linear portion of the curve is approximately 

-0. 25. This can be seen also by substituting equation (23) for C into 

equation (27). 

E 2 i 1.43 (P - P )(t /T° (28) tmax r SS O 

2. 4 ".1 (P - P )(t /yO. 25 (t <T) (29) r ss o O 

4. 6 Effect of Collector-Emitter Breakdown Voltage 

The above derivations are made on the basis that regardless how 

high the transient voltage rises, the voltage across the transistor can 
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1 .1 rise to -E . However, avalanche breakdown will occur if -E ex- ¿t ¿t 
ceeds the breakdown voltage. The breakdown voltage can be as low 

as 4. 5 volts. If the avalanche breakdown voltage is less than 

the power dissipation will be less than predicted by the above method. 

A higher voltage transient then can be allowed. Thus a transistor 

with a low breakdown voltage is more desirable from this criteria. 

A question now arises as to what to use as this voltage. Maxi- 

mum transistor voltage ratings given in transistor specifications are 

usually the minimum possible breakdown voltages. The actual 

breakdown voltages can be as high as double the rated voltages. 

Sometimes the only voltage rating given is the minimum collector- 

emitter breakdown voltage, which can be much lower than the 

collector-base breakdown voltage. If the collector current is 

allowed to rise to a high level (over five times rated current), the 

collector-emitter voltage can rise to values above BV0. This 

can occur even with the transistor forward biased. Thus the 

voltage may be more realistic than believed at first, especially for 

transistors with high breakdown voltages. However, it is doubtful 

that the fE voltage is realistic for transistors with very low break- 

down voltages or for any transistor at relatively low current levels 

(in the order of rated current). If the current level is low, the 

measured value of BVCBO can be used for the voltage across the 

transistor. If in addition there is no chance that the transistor will 
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be forward biased, then the measured value of BVCEQ can be used. 

It is doubtful that the actual breakdown voltage will greatly ex- 

ceed double the rated voltage. Thus if it is not desirable to measure 

the breakdown voltages, twice the voltage ratings can be used. How- 

ever, if the transient current is quite high, a higher voltage must be 

used. The voltage must be measured under the conditions in question 

i or -E must be used. Zt 

4. 7 Non-Rectangular Pulses 

Up to now, it has been assumed that the power pulses were rec- 

tangular in shape. In practice this will seldom be true, however, 

the actual power pulse can be approximated by rectangular pulses 

which have the same peak and average values. The rectangular 

power pulse will have the same energy content as the actual pulse, 

but will deliver this energy to the transistor in a shorter period of 

time. Since less heat will escape during the shorter time period, the 

approximated temperature rise will be more than the actual tempera- 

ture rise. Thus this approximation will result in a conservative 

pulse power rating. 

4. 8 Switching Circuits 

This approximation can also be used in switching circuits. The 

power dissipation in a transistor switch is usually low except during 
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the switching period. The worst condition is when a transient occurs 

at about the same time as the switching action. The two pulses of 

power can be replaced by a single rectangular pulse which has the 

same energy content and the same maximum value. This approxima- 

tion will be conservative since the energy is assumed to be delivered 

to the transistor in less time than it actually is. If the two power 

pulses are quite different, this approximation is too conservative. 

A more accurate approximation can be made by calculating the junc- 

tion temperature rise from each pulse. The sum of these tempera- 

ture rises and the steady state temperature cannot exceed the maxi- 

mum rated temperature. The bottom curve in Figure ¿5, which is 

a plot of equation (16), will aid in these computations. 

4. 9 Recurrent Pulses 

If the transistor does not have time to cool completely before 

the next pulse is applied, the junction temperature will rise higher 

than it did during the previous pulse. Thus the maximum allowable 

pulse amplitude will be smaller for recurrent pulses. The tempera- 

ture rise for various duty cycles can be obtained by using Figure ¿5. 

Figure 25 is a plot of (24, p. 4-7). 

1-a (30) 

PRT 1-ab 



d= I 

d 0. 01 

o 

Figure 25. Normalized Temperature Rise as a 
Function of the Ratio of Pulse Width 
to the Thermal Time Constant 
(d is the duty cycle) 
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nzto 

where a = -: - e T (31) 

n=1,3,5,- .. n 

z 
00 nt 

o 1-d 
andb = - 1 e T (3Z) 

n1,3,5, 

where d is the duty cycle. 

4. 10 Other Approximations of Temperature Rise 

One manufacturer of semiconductor devices used the following 

approximation for junction temperature rise (11, p. 14-15) and 

(19, p. 21). 

-t/T 
AT = PRT(le ) (33) 

The coefficient of power is then. 

p 
C = max 

p p-p r ss 

1 
= (34) 

1 - e 

This is plotted in Figure 23 for comparison with equation (22). Note 

that for pulse widths less than t/T = 0. 1 , the energy content 

(P t ) of the pulses along the curve is a constant. This is equiva- max o 

lent to stating that negligible heat will escape from the junction during 
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the pulse if the pulse width is less than one tenth of the thermal time 

constant. 

Another method of approximation is to use the initial slope of the 

temperature rise curve (ZZ, p. 9). The temperature rise equation is 

T = Pk t +T (35) J To a 

where P is the amplitude of the power pulse. 

kT is the normalized initial slope. 

to is the pulse width. 

The value of kT is calculated from 

kT= (36) 
dt t=O 

where dT/dt is the measured initial slope. 

P is the amplitude of the power pulse used for the measure- 

me rit. 

This method would give a reasonable approximation for the temp- 

erature rise if the value of the initial slope could be determined 

accurately. However, as will be discussed later, the measured 

value of the initial slope varies widely depending upon the measuring 

techniques. 
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5. 0 TRANSIENT CURRENT CAPACITY OF INTERNAL LEADS 

Sometimes semiconductor devices are ruined because the inter- 

nal leads are overheated. In most modern transistors these are 

small gold wires about one mil (one thousandth of an inch) in diame- 

ter. Usually these wires will not be damaged if precautions are 

taken to avoid damage from overheating of the collector junction. 

However if the transistor is saturated during the transient or the 

polarity of the transient is such that it is in the forward bias direction 

of the junction, the current could rise to a high enough level to over- 

heat the wire without overheating the semiconductor material. The 

semiconductor material will not be damaged by 12R losses unless the 

limits discussed in the previous section are exceeded. 

5. 1 Temperature Rise Equation 

The temperature of a short piece of wire which is heated by a 

step of electrical current is given by the following equation (see the 

appendix for the derivation). 

12 (L-x)- 8L2 
D nZ\ 

mr 

ZAZ K 
n=1,3,5, . . 

n 
T(x,t) = 

3 3 
sin-xe 

o 

(37) 

where T is the initial temperature of the wire. 

L is the length of the wire. 



x is the distance from one end to the point of temperature. 

I is the magnitude of the current step. 

A is the cross-sectional area of the wire. 

0 is the electrical conductivity of the wire. 

K is the thermal conductivity of the wire. 

T cpL2/Kir2 is the thermal time constant of the wire. 

p is the density of the wire. 

The following assumptions were made in the derivation of equa- 

tion (37). 

(1) The initial temperature of the entire wire is T. 
(Z) Both ends of the wire are fixed at temperature T 

(3) The electrical current is zero at t < O and is I at t >0. 

(4) The wire is uniform. 

(5) Both the electrical and the thermal conductivities are 
constant. 

(6) Radial radiation is negligible so that heat flow is one 
dimensional (axial). 

Assumptions (1), (Z), and (5) are only approximately true, thus equa- 

tion (37) is only an approximation. 

5. Z Maximum Current Pulse Amplitude 

The point of maximum temperature will be at the midpoint of the 

wire since the wire is assumed to be symmetrical and the heating 

uniform. Setting x = L/Z, equation (37) reduces to 
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12L2 7 co 2 

T(L/Z,t) 
= 8A2K (1 + 3 3 (-1)e T (38) _______ 

4 n+i 

fir 
n= 1, 3, 5, 

Solving for I. 

KT(L/Z, t) Af 
n+1 n2t ___ (39) I = 

(1)2 
3 3 

n1,3,5, ir 

The maximum dc current is given by this equation with t infinity. 

'dcmax = 
8AKT(L/2, t) 

L (40) 

Substituting equation (40) into equation (39) yields an equation for the 

maximum allowable amplitude for a rectangular current pulse width 

of t 
o 

'max 'dcmax 
i 

co 

V 4 

L 33 nir n 1,3, 5,... 

1/2 

n+1 n2t0 

(-1) 2 
e 

- T ) 
(41) 

The thermal time constant of the wire is determined by the 

properties of the material and the length of the wire. 

cpL2 
(42) 

Kir2 



T=aL (43) 

where a cp /Krr2 is dependent only upon the material of which the 

wire is made. Equation (41) now becomes 

'max = 1dcmax 
i 

00 

1+ 
4 
33 niT 

n= 1,3,5,... 

n2t0 

(1)Z 
e aJ} 

'z 
(44) 

A plot of Imax//Ldc vs t/L2 is shown in Figure ¿6 for gold, 

copper, and nickel wires. 

5. 3 Maximum DC Current 

The maximum dc current rating of the transistor can be used for 

1dc 
Two factors determine the maximum current rating of a tran- 

sistor; (1) the maximum power dissipation and (Z) the maximum cur- 

rent capacity of the leads. In some cases the maximum allowable 

power dissipation of the transistor (I V ) is exceeded before 
C ce(sat) 

the current capacity of the wire is exceeded. Thus the dc current 

rating of the transistor is less than or equal to the dc current rating 

of the internal leads. If this figure is used as the wire rating, the 

predicted maximum current pulse amplitude will not exceed the 

capacity of the wires. 



- 5 Figure 26. Normalized Maximum Current Pulse 
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5. 4 Effect of Wire Material 

The curves of I ¡I vs t IL2 for metals other than gold, 
max dc o 

copper, and nickel lie between the curves for gold and nickel. The 

ordinate t/L2 of Figure 26 can be altered by using the following 

values for "a" if one of these other metals (2, p. 329-336) and 

(9, p. 20) is used. * 

METAL a - sec/cm2 

Gold 0. 09 

Copper 0. 09 

Brass 0. 3 

Bronze 0. 4 

Kovar 0. 65 

Aluminum 0. 12 

Nickel 0. 7 

Tungsten 0. 16 

Molybdenum 0. 18 

Tantalum 0. 5 

If the metal is unknown, the curve for gold can be used for a conserv- 

ative approximation. 

* 
The values of "a" were calculated from equations (42) and (43) using 
constants from the Handbook of Chemistry and Physics (reference 4) 
p. 1429, 1959-1961, 2085-2087, 2248-2249. 
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6. 0 MEASUREMENT OF THERMAL TIME CONSTANT 

6. 1 Temperature Rise Curve 

The theoretical collector junction temperature rise is defined by 

equation (15). This equation is shown graphically in Figure ¿7. 

As shown by equation (15), this curve is the sum of an infinite num- 

ber of exponential curves. The curves with the largest time constants 

(n small) have the largest magnitude. The curve for n = i is indi- 

cated by the dotted line. 

The thermal time constant can be approximated by assuming that 

the temperature rise curve is a true exponential. An exponential 

reaches 63. 2 percent of its total change in one time constant. As 

seen by Figure ¿7, this approximation will be low. A closer approxi- 

mation would be obtained by taking 70 percent of the total rise. How- 

ever, the actual temperature rise curve does not follow the theoreti- 

cal curve exactly. The temperature rise curves for some transis- 

tors deviate from Figure 27 somewhat, but for most transistors the 

actual curve has the same general shape as the theoretical curve. 

The 63. 2 percent value will be used because it tends to give a low 

value for the thermal time constant which will result in a conserva- 

tive estimate of the maximum pulse power rating. 
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6. 2 Initial Slope Method of Approximation 

An exponential curve can be used as an approximation of the tern- 

perature rise. The equation for temperature rise is then 

-t/T TJ=(TfT0)(l_e )+T0 (45) 

where Tf is the ultimate temperature rise 

T0 is the initial temperature. 

By differentiating equation (45) with respect to time, an expression for 

T in terms of the initial slope and the total temperature rise can be 

derived (22, p. 4). 

TfToet/T 
dt - T 

(46) 

T-T f o 
= (47) 

dT.l 

dt It=O 

If the actual temperature rise is close to the theoretical rise shown in 

Figure 27, the value obtained for the thermal time constant will be 

much lower than obtained by taking 63. 2 per cent of the total rise. 

One advantage of the initial slope method is that it is not neces- 

sary to measure the total temperature change. The temperature rise 

is determined by the power change and the thermal resistance. 



T -T =R (PfP) 
f o T o 

Equation (47) now becomes 

T 
RT(Pf - P0) 

(49) 

dt I t=o 

A disadvantage of the initial slope method is that the measured 

initial slope will vary widely depending upon how much of the curve is 

used. A true exponential has a definite initial slope and regardless of 

whether one tenth of the total rise or one thousandth of the total rise is 

used for the measurement approxìmately the same value will be ob- 

tamed. This is not so with the curve of Figure 27. This curve is the 

sum of many exponentials. All but a few of the exponentials are so 

small in amplitude that they cannot be seen with the scale used in 

Figure 27. The initial slope of Figure 27 is determined by about the 

three or four largest curves. If the scales were expanded, some of 

the smaller curves could be seen and the initial slope would be deter- 

mined by about the first six or seven largest exponential curves. As 

the scales are expanded further, more exponentials add to the visible 

slope. The initial slopes of these smaller exponential curves are 

steeper. In other words the value of the measured initial slope de- 

pends upon the scales used to measure it. 
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The same effect can be obtained by changing the amplitude of the 

curve and leaving the vertical scale fixed. This was done using a 

2N398 transistor. The temperature excursion was changed by chEng- 

ing the power pulse amplitude. The thermal time constant was calcu- 

lated from equation (49). The results are plotted in Figure 28. 

From the curve of Figure 28 and from the equation 

C = max 
p p r 

(50) 

i 
= (51) 

-t/T l-e o 

the pulse width to was calculated. This was the maximum allowable 

pulse width for the power level used for measuring the thermal time 

constant. The results are shown in Figure 29. Also shown in Figure 

29 is a graph of equation (22), the theoretical curve. The value of T 

used in equation (22) is the value from Figure ¿8 at rated power. 

These curves indicate that equation (22) is a conservative approxirna- 

tion of the pulse power rating of the 2N398 transistor. 

Similar data was taken using a 2N335 transistor. The trend 

appeared to be about the same, but there were not enough data points 

taken to be certain of the slope of the curve. 
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Figure 29. Coefficient of Power as a Function 
of Pulse Width for 2N398 Transistor 
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6. 3 Temperature Sensitive Parameters 

Standard temperature measuring techniques cannot be used to 

measure the temperature of a transistor. However, there are para- 

meters of the transistor which are temperature sensitive and can he 

used to measure the transient temperature of the junction. These 

temperature sensitive parameters are (8, p. 21 -23). 

(1) The forward voltage drop across a forward biased junction 

decreases approximately two millivolts per degree centigrade 

temperature rise for both germanium and silicon if the 

current is constant. 

(2) The collector junction leakage current 1CBO approximately 

doubles for each ten degrees centigrade temperature rise. 

(3) The forward common-base input resistance hib varies line- 

any with temperature if the emitter current is constant. 

The forward voltage drop temperature sensitive parameter was 

used in this work. The linearity makes it easy to convert from voltage 

change to temperature change, it can be used for germanium or silìcon 

transistors, and it is relatively easy to measure. There is a limita- 

tion on the current level used. If the current is not at least or.e 

thousand times the reverse leakage current, the linearity is lost at 

higher temperatures (8, p. 22). This is not a severe restriction. 
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The measurement of 1CB0 is fairly easy but it requires a non- 

linear conversion to obtain the temperature of the junction. Also it is 

not reliable for silicon transistors. 

The measurement of hib requires the measurement of the base- 

emitter voltage. It is rather senseless to convert the base-emitter 

voltage to h.b when the base-emitter voltage can be used directly. 

There are several ways in which the junction forward voltage 

drop can be used to determine the transistor junction temperathre. 

The base-emitter voltage can be used during the heating or the cooling 

period and the collector-base forward voltage can be used during the 

cooling period. The collector junction cannot be used during the 

heating period because it is reverse biased at that time. 

The heating and cooling temperature variations are approximately 

conjugate functions (13, p. 700). Also the emitter junction tempera- 

ture closely follows the collector junction temperature in most tran- 

sistors (22, p. 4-12) and (26, p. 642-643). The various techniques 

will he described and their advantages and disadvantages will be dis- 

cussed. 

6. 4 Measurement of Emitter Junction Forward Voltage 

A circuit which can be used to measure the change in the base- 

emitter voltage during the heating or cooling period is shown in Figure 

30 (22, p. 4). EE and RE should form a con9tant current source 
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which is at least one thousand times the reverse leakage current, but 

not more than the rated current of the transistor. Also the current 

should be small enough so that the IR drop in the semiconductor mater- 

ial is small. The values of E0 and R should be such that when the 

Lct 

Figure 30. Circuit for Measuring VBE During Heating or Cooling 

relay is open, the collector current will be approximately the same as 

the emitter current and the collector voltage will be low. If the col- 

lector current and the emitter current are about equal prior to the 

closing of the switch, the electrical transients will be smaller than if 

the collector current is small. E must be less than the minimum 

collector-emitter breakdown voltage. Care must be taken to keep 

noise pickup at a minimum since the voltage measurements are in the 

order of millivolts. Also air currents must be kept at a minimum, for 

a small change in case temperature can effect the results. 

When the relay is closed there is a jump of the junction voltage 

before the temperature change has a significant effect. This initial 
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jump is due to a change in the base width (22, p. 6). After the initial 

jump, the emitter junction voltage of many transistors follows a curve 

similar to Figure 27 except that the curve is inverted. The voltage 

drops as the temperature increases. The cooling curve, that is the 

curve of VBE vs time after the switch is open, is usually an approxi-. 

mate mirror image of the heating curve. Either curve can be used 

with either the 63. 2 per cent method or the initial slope method to 

obtain a value for the thermal time constant. 

A problem arises with the 63. 2 per cent method. It is necessary 

to know the total temperature change to determine the thermal time 

constant. The theoretical temperature rise curve of Figure 27 was 

derived on the assumption that the case temperature was constant, but 

the case temperature begins to rise slowly before the curve in Figure 

27 reaches its maximum value. The voltage keeps slowly changing as 

indicated by the chain line in Figure 27 until the case temperature 

reaches equilibrium and it is necessary to estimate where the theore- 

tical curve ends. This results in an inaccurate figure for the change 

in temperature and thus an inaccurate figure for the thermal time 

constant. This problem might have been partially solved by using a 

good heat sink. 

Another problem arises with some transistors with the heating 

curve. There was an initial jump in the emitter junction voltage 

similar to that obtained with other transistors except that this initial 
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jump was larger. A few milliseconds after the initial jump there was 

econd jump which was in the opposite direction. After the second 

jump the rate of change of voltage was much smaller. If the oscillo- 

scope scales were set to measure the curve after the second jump, 

the first portion of the curve was not visible on the screen. During 

this latter period the oscilloscope trace was very unstable. This is 

illustrated in Figure 31. 

4i 
E-I____ 

-Initial jump (t=O) 

i' l-1 

I second itirrn ít- ?rns 

1I 
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100 200 3 

TIME (MILLISECONDS) 

Figure 31. Approximate Curve of Base-mitter Voltage vs 
Time for 2N869, WE code C', and WE code 
Transistors During Heating Period. 

*These are Western Electric 'college relations" types. 
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If the operator's hand was moved, the voltage would change as 

much as ZU millivolts. With the sensitivity at one millivolt per centi- 

meter, the trace was driven off the screen. If the operator stood 

perfectly still, questionable measurements could be made. This did 

not happen at any time except during the heating period on three tran- 

sistor types (two of each type), With all other six types this did not 

happen and with these three it only happened during the heating period 

Two (2N869 and WE code G) of these three were silicon junction tran- 

sistors and the other one (WE code C) was a germanium junction tran- 

sistor. All three types were high frequency types (above IUU meg.- 

cycles). None of the other six were high frequency types. 

With one transistor (WE code E) the initial slope of the heating 

curve was in the wrong direction. The slope gradually changed until 

it was in the correct direction. This took about two seconds. A 

second transistor of this type had a heating curve which was nearly a 

straight line. The cooling curves were about the same as the heating 

curves. 

The 2N68 transistors had curves that were closer to straight lines 

than to the curve of Figure 27. All the other transistors not men- 

tioned above had heating curves; of the same genera.l shape as Figure 

27. All of the cooling curves except for the 2N68 and the WE code E 

had the same general shape as the theoretica.l curve of Figure 27. 
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6. 5 Measurement of Collector Junction Forward_Voltage 

The collector junction forward voltage cooling curves were in 

most cases very nearly the same as the emitter junction cooling 

curves. The only exception was the WE code E which had a collector 

junction cooling which was closer to the theoretical curve shown in 

Figure 27 than to the emitter junction curves. In other words all the 

transistors tested had reasonable looking collector junction cooling 

curves. 

The circuit used is shown in Figure 32. The relay contacts are 

shown in the deenergized position. RE) EE and EC should be chosen 

mercury wetted contacts 

R( 

Figure 32. Circuit for the Measurement of the Collector-B.se 
Forward Voltage 

such that when the relay is energized, the transistor is subjected to 

approximately rated power. Also, care must be taken so that the 

current and voltage ratings of the transistor are not exceeded. Rc 

should be chosen so that the current is at least one thousand times the 
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reverse leakage current 1CB0 (0. 1 to 10 milliamperes is usually a 

suitable range). The purpose of R is to reduce the noise pickup on 

the oscilloscope during the heating period when one side of the oscillo- 

scope input is floating. As long as R is as large as R, nd EE is at 

least ten volts, R will cause little error. The heating period should 

be longer than the thermal time constant, but not long enough to heat 

the transistor case appreciably. The relay should be a. make-before- 

break type so that there is a minimum time lapse between when the 

power is applied and when the collector Junction is forw.:rd biased. 

Otherwise the first portion of the curve will not be een for transistors 

which have a short thermal time constant. 

6. 6 Results 

A total of seventeen transistors which were of nine different types 

were used. These transistors and their descriptions are given in 

Table 3 in Appendix V. The WE code C, E, F, and G transistors are 

Western Electric "college relations" types. 

The results of the thermal time constant measurements are listed 

in Table i . All the measurements were made using approximately 

rated power. All initial slope measurements were made with the 

initial slope at approximately forty five degrees (this gives maximum 

accuracy). In most cases the oscilloscope vertical sensitivity was one 

millivolt per centimeter. 



Tb1e 1. SUMMARY OF D-IERMAL TIME CONSTANT MEASUREMENTS 
1 2 3 4 5 6 7 8 

Transistor bitil Slope Initial Slope Initi1 Slope Initia]. Siop 6. 6. 32%A73 Initiai Slope Manufacttrer's 
Type SIN Vu-Heating V_Heat1ng V_Coolirig VBC Cooling ì1eatiig Cooling VCoolin Rating 

2N68 i 0.90 0.80 1.3 2.6 O25 0.30 0.20 
2N68 2 0.78 1.3 1.0 2.6 0.35 OE40 0.39 
2N335 i 0.014 1.2* 0.88* 0.36 0.80 0.80 0.105 
2N335 2 0.033 0.88* 1.8* 0.71 0.80 0.80 0.12 

2N398 i 2. 4 8. 0 5. 3 1. 8 2. 5 0. 75 0. 012 
2N398 2 1.4 5.3 1.6 1.5 0.65 0.012 
2N586 i 0.16 1.3 1.3 1.2 1.4 0.47 0.012 

2N869 i 1. 15 0.00l6 16 0. 19. 0.66 0.082 0.20 0.20 0.020 
2N869 2 0. 54 0. 0016, 16 0. 15, 0. 33 0. 082 0. 35 0. 15 0. 020 

Code C i 0. 037* 0. 0016* 0. 053 0. 032* 0. 10 0, 060 0. 0165 
CodeC 2 0.064 0.10 0.060 0.0165 

Code E i 0. 089 283 470 0. 71 8. 0 1, 4 0. 46 
CodeE 2 0.S4S 140 71 1.4 6.0 1.5 0.41 

Code F 1 0. 115 0. 30 0. 30 0. 48 0.80 0. 40 0. 12 
Code F 2 0. 12 0. 30 0. 30 0, 48 0. 80 0. 40 0. 12 

Code G 1 0.0088 0. 24* 0, 24* 0. 24* 0. 10 0. 30 0.046 
Code G 2 0.0068 0. 48* 1, 2.' 0. 24* 0.05 0. 30 0. 046 

* The vetica! sensitivity was 10 mv/cm, For all the othr readings, except for coiJYnn 7, the sensitivity was 1 mv/c', 

Note: All val'as are in seconds. 
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Columns one through four of Table i were computed from equation 

(49). The conversion factor between temperature and voltage was 

two millivolts per degree centigrade. Values of the initial slope for 

column one were obtained from photographs of the oscilloscope trace. 

Column two is the same as column one except the initial slope readings 

were taken directly from the oscilloscope and *ere taken at a later 

date. The columns three and four values of the initial slope were also 

taken directly from the oscilloscope. 

The voltage change V values for columns five and six of Table i 

correspond to the total change in temperature of the theoretical curve 

shown in Figure 27. The relationship between voltage and temperature 

is linear so the voltage curve has the same shape as the temperature 

curve and is not necessary to convert to temperature to find 63. 2 per 

cent of the temperature change. The value of the thermal time constant 

was read directly from the oscilloscope. 

The values in column seven were computed from 

1 
BC 

dVBC 

dt tO 
(52) 

which is the same as equation (47) except that voltage is substituted for 

temperature. The conversion factor between voltage and temperature 

appears in both the denominator and the numerator and thus divides 



out. The values obtained by this method are smaller than those ob- 

t.ined from equation (49) because the junction temperature does not 

rise to rated temperature unless the temperature is allowed to reach 

equilibrium. This would take several minuteF and the case tempera 

ture would rise well above ambient. In other words the temperature 

rise corresponding to the theoretical curve of Figure 27 is much less 

than the rated temper ature rise (about one sixth to one third). 

The initial Elope for column seven was re,d with the vertical 

sensitivity of the oscilloscope set such that the total was visible 

on the screen. This was five or ten millivolts per centimeter. 

There are two values listed in column two for the 2N869. The 

smaller value is that obtained by observing the initial slope just after 

the initial jump. The larger value is that obtained by taking the initial 

slope after the second jump which was described earlier. If the oscil- 

loscope sweep speed was relatively slow such that the sixteen milli- 

second rise was seen, the portion of the curve before the second jump 

could not be seen. The oscilloscope operator was not aware of its 

existence when the longer measurements were made. This is one of 

reasons that the emitter junction voltage heting curve is not recom- 

mended for measuring the thermal time constant. The discrepancy 

between columns one and two for the WE code G is due to this same 

phenomena. 

The double figures in column three were taken under 



approximately the same conditions but on different days. The dis cre- 

pancy is partially due to a difference in estimating the initial slope and 

partially due to electrical transients which covered the initial portion 

of the temperature curve. The electrical transients are mirJy those 

of the oscilloscope. The initial jump for these transistors iS: in the 

order of one hundred millivolts. With the oscilloscope sensitivity set 

at one millivolt per centimeter, the oscilloscope vertical amplifier 

s driven hard into saturation if the dc balance is set so that after 

the initial Jump the beam will strike the face of the tube. lt takes the 

amplifier much longer than the normal rise time to recover from 

saturation. With the Tektronix Type 53Z oscilloscope with a Type D 

Plug in Unit set at one millivolt per centimeter, this recovery time 

was as high as O. i millisecond. Note that for the WE code C transis- 

tor, the thermal time constant measured with the vertical sensitivity 

set at ten millivolts per centimeter (1. 6 milliseconds) is less than the 

time constant measured with the vertical sensitivity set at one muli- 

volt per centimeter. This is contrary to the theory. With the vertical 

sensitivity set at ten millivolts per centimeter, the amplifier was not 

driven into saturation and the amplifier responded with its rated rise 

time (approximately 3. 5 microseconds). 

Manufacturers thermal time constant figures were available for 

the 2N398 and the 2N586 transistors. These are shown in column 

eight of Table 1. Note the wide discrepancy between these figures 



and the measured figures. It appears that the manufacturers. ratings 
are very conservative. This discrepancy is not the result of a differ- 
ence in definition of the thermal time constant, The manufacturer 

defines the thermal time constant as T in equation (15). 

6. 7 Accuracy 

The accuracy of the thermal time constnt measurements is not 

good for any of the methodE used. Only accuracy of columns six and 

seven of Table 1 will be discussed here. These were the only methode 

which gave reasonable results for all the transistors. 

As was discussed earlier, it was difficult to determine where the 

theoretica.l curve ended. As a result the accuracy of measuring VBC 

was only about twenty per cent. This does not sound bad, but as 

shown by Figure 33 the corresponding error in the thermal time 

Contnt by the 63. 2 per cent of method is much larger (from 

-45% to + 50%). The measured value can be anywhere from O. 55 to 1. 5 

time the actual velue. 

The accuracy of the initial slope method is not much better. The 

initial slope can be measured to about twenty per cent if the slope is 

approximately forty five degrees. It can be shown that the accuracy 
is best when the slope is forty five degrees (22, p. 7) By equation 
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The measured value can be from 0. 67 to 1.5 times the actual value. 

it must be remembered that both of these methods are only approx. 

imations, The. errors discussed above are only those which are the 

result of the measuring techniques Although the above figures indi- 

cate that the initial slope method is more accurate, by observation of 

Figure 27 it is seen that the 63. 2 per cent method is the most accurate 

if the temperature change follows the theoretical curve. However, 

not all trnitors follow the theoretical curve. 



7 0 PULSE TESTING OF TRANSISTORS 

7. 1 Procedure 

The transistors were subjected to approximately square power 

pulses. The pulse widths ranged from one second to one micro- 

second. The amplitudes of the pulses were determined from the 

c.uv- of coefficient of power vs t/T shown in Figure 23. The 

thermal time constant was determined from the nasurements in the 

previous section (columns six and seven of Table 1). The power 

dissipation between pulses was negligible. The pulse repetition rate 

was one pulse per minute. This slow repetition rate insured that 

the temperature of the entire transistor had returned to ambient 

temperature before the next pulse was applied. A minimum of one 

hundred pulses were applied at each pulse width. 

The pulse widths were powers of ten from one second to one 

microsecond. The long pulse widths were not used with the tram- 

sistors that had short thermal time constants. For example if the 

thermal time constant was O. 02 seconds, the longest pulse width 

used was 0. 01 seconds. If O. i or I second pulses were used, the 

amplitude of the pulse would be approximately rated power. This 

would have only been a waste of time. The shortest pulse width was 

often limited by the power capabilities of the pulse generator In 



this case the maximum power output of the pulse generator was 

applied to the transistor with the pulse width determined by the 

curve of Figure ¿3. 

To determine whether damage was done to the transistor by the 

pulses, the. common-emitter transistor characteristics .s displayed 

on a Tektronix Type 575 Curve Tracer were photographed. After 

the pulse tests at each pulse width, the transistor was again checked 

on the curve tracer and the characteristics were compared with the 

photograph. II there was no change, it was assumed that no damage 

had been done. If there was an increase in the leakage current, a 

change in the current gain, or a decrease in the collector-emitter 

breakdown voltage, it was assumed that the transistor had been 

driven beyond its limits. With germanium transistors it was some- 

times hard to distinguish between a change in leakage current or 

current gain due to damage and a change due to ambient temperature 

change. If the change was small and was not permanent, it was 

considered to be due to temperature change. Otherwise, it was 

assumed that the transistor had been driven beyond its limits. 

7. 2 Results 

The results are summarized in Table 2 The numbers in Table 

z are the power levels used in watts. Where there are two numbers, 

the pulse width used differs from the value at the top of the column 



Table 2. SUMMARY OF PULSE TESTS 
Trazsistor T puj.s Wißth 
Type S/N Sconds I second 100 ms 10 ms i ms IOQ ps lQs lis 

2N68 2 0,4 4.2 12.8 (1) 

2N35 i O, i O. 15 0. 23 0. 65 2. 0 6. 4 20 38.2.S 
i OE 2 1. 0 2. 7 8. 55 27 38-.0 
1 1.0 0.23 0.67 2.0 6. 1 20 37.5-25 

2N398 i 1.0 0.075 0.21 0.65 2.0 5.6 20 36_30 
2 1.5 011 0.28 0,88 2.5 7,5 25 
i 6.0 0.16 0.5 1.6 5,0 15 25-30 
2 6.0 0. 16 0. S 1.6 5.0 15 25-30 

2N586 1 0 16 0. 26 0. 53 1. 3 4.25 12. 5 19 
1 1,0 0,375 1,1 3.3 10 175 
1 1,5 O.4"5 1,2 4.3 12,4 165 

2N869 1 002 0.2 2 15 6.8 21 29-5,0 
1 0,2 2,2 2 3) 

WEcodeC 1 000165 043 1,25 3,9 11 
1 0 01 0 33 0 96 3,0 9.0 27 
1 0,06 0.60 2 25 (4) (> 

Note: The explanation 
WE code E 1 0,45 0.36 1.1 3.3 (6 of this tabLe is given in 

2 0. 05 (7) the first paragraph of 

2 1.5 .8) section7.2 
2 0.45 (9) 

WE code F 1 0.12 0.41 1.15 3.4 11 22-23 
1 0.4 0,68 2.0 6.5 19.3 

WE code G 1 0,05 1.24 3.9 12 23-27.5 
1 0.3 1.05 3.1 9.5 25 



and the second number is the pulse width in microseconds. The 

numbers in parenthesis indicate where damage or second breakdown 

occurred, The details are given below. 

(1) 50 watts, 0. 5 ms, Second breakdown occurred, but caused 

no apparent damage (power dissipation during second break- 

down 21 w). 

(2) 6. 8 watts, i ms. increased. 

(3) 29 watts, 50 increased. 

(4 7 2 watts, 0.1 ms. hFE decreased approximately 10%. 

(5) 22 watts, 10 s. hFE decreased approximately I 0%. 

(6) 10 watts, 0. 1 ms. Second breakdown occurrd. 

reduced nearly to zero. 

(7) ii watts, 10.i,s. Second breakdown occurred. BVCEO 

reduced to 5 volts (only a few pulses). 

(8) 0. 65 watts, 100 ms .,. t increased. co 

(9) 7. 4 watts, 0. 1 ms. Second breakdown occurred. BVCEQ 

reduced nearly to zero. 

In nearly every case the transistors were not damaged when 

subjected to pulses determined by using T from column seven of 

Table 1. This is the ' which was calculated from the collector- base 

forward voltage cooling curve and equation ( ). The only exception 

to this was the WE code E which was damaged when subjected to 

short pulses. The amplitudes of these pulses were within the pulse 



ratings of the transistor as defined by Figure 23. The nature of the 

damage was that the collector-emitter breakdown voltage was reduced 

until there was nearly a short circuit. The damage was not as bad 

with the ten microsecond pulses on eril w.mber two (T = 0. 05 

seconds) only because the transistor was subjected to only a few 

pulses at this level. According to Figure 23 and the measured value 

of T from column seven of Table 1, the transistor should have beer. 

able to withstand three times this much power at a pulse width of ten 

microseconds. The reason for this failure was that full rated pulse 

power dissipation was taking place during second breakdown. The 

power dissipation was concentrated into a small portion of the 

junction area. The resait was overheating and destruction of the 

transi'. tors. 

When the WE code E trane istor was subjected to O. i second 

pulses calculated using T from column six of Table 1, the leakage 

current 1CBO was increased greatly. Second breakdown did not 

occur. 

In two cases (high frequency transistors in both cases) slight 

damage was done to the transistor when the time constant was ob- 

tamed from column six of Table 1. Second breakdown did not occur. 

The time constant in this case was obtained from 63. 2 per cent of 

the change in the collector junction forward voltage during the 

cooling period. As was mentioned previously, this measurement 



w not accurate and the measured value could have been as much as 

1. 5 times the actual value. However, the measured value could also 

have been less than the actul value. 

When the 2N68 s -i;bec ted to 0. 5 millisecond pulses, second 

breakdown occurred approximately 0. 1 millisecond .fter the power 

was applied The power dissipation during second breakdown was 

less than half the power dissipation prior to breakdown. The tran- 

sistor was subjected t.o approximately 125 pulses. No apparent 

damage was done The 2N68 which has a power rating of 1. 5 W was 

the only transistor used in these tests with a power rating over 0. 5 

watt. It is interesting to note that this was the only transistor for 

which the thermal tine constant calculated from the initia.1 slope of 

the collector-base cooling curve and that found from 63. 2 percent of 

the collector-base cooling curve were the same (columns six and 

seven of Table U. 

In addition to the. tests listed in Table 2, a 2N398 transistor 

(erial number one) was subiected to pulses defined by the top curve 

in Figure 29. The puli e widths used were fifty microseconds and 

one millisecond. No apparent damage was done. 

The 2N398 (serial number one) was also subjected to pulses 

defined by equation (34) which is the top curve in Figure 23. The 

pulse widths used were one, ten, and one hundred milliseconds . The 

thermal time constant was assumed to be one second No apparent 
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damage was done by one hundred pulses at each pulse width, hut 

second breakdown occurred during each of the. one millisecond 

pulses. Tests were not performed at shorter pu1e widths because 

the pLise genertor was not capable of higher power oi;tput. Photo- 

graphs of the collector c'. t'flt nd the collector -emitter voltage 

during the second breakdown phenomena are shown in Figure 37 in 

Appendix IV 
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8.0 CONCLUSIONS 

The transistor pulse power rating defined by equation (22) is 

realistic if a realistic value of the thermal time contant is known 

and if second breakdown does not occur. 

The 63. 2 per cent method of obtaining th therma.l time contnt 
does not yield a realistic value. Three (2N869, WE code C, nd WE 

code E) out of nine transistors types tested were damaged when 

subjected to pulses which were determined by this value of the 

thermal time constant. Second breakdown did not occur in these 

cases The damage was caused by excessive power dissipation in 

the transistors 

The initial slope method yields a realistic value of the thermal 

time constant if the initial slope is read on a scale of five to ten 

millivolts and if the power used is rated power. This does not mean 

that damage will not he done by second breakdown. 

The occurrence of second breakdown cannot he predicted without 

subjecting transistors of the type to be used to the conditions under 

which second breakdown occurs. II second breakdown occurs within 

the limit defined by equation (22), it is necessary to lower the limit 

to below where second breakdown occurs. Second breakdown does 

not always cause damage. but it is the result of spot overheating. 

Because the temperature of this spot is not easily predicted, it is 
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recommended that second breakdown be avoided. 

The thermal time constant can vary as much as six to one among 

transistors of the same type (22, p. 10). Alö the meaffured value 

can be as much as 1. 5 times the actual value. To make certain that 

the value used in equation (22) is the smallest thermal time constant 

of any of the transistors of the type used, it is recommended that 

the thermal time constant of several transie tors be measured and 

that the smallest value obtained be divided by LS. 

The collector junction forward voltage should be used as the 

temperature sensitive parameter for measuring the thermal time 

constant. The emitter junction forward voltage does not always 

yield good results. 

No tests were made to determine if the power rating defined by 

equation (22) is realistic when there is a steady state power dissi- 

pation in the transistor. The derivation was made using a conserva- 

tive approximation so it is doubtful that damage would have been 

done. However, to be certain of this , further tests in this area 

should be performed particularly with transis tors that are vulnerable 

to second breakdown. 

The manufacturer's values for the thermal time constants of the 

2N398 and the 2N586 are very conservative. The values obtained by 

the initia.l slope technique were approximatoly forty times the manu- 

facturers values. The values obtained by the 63 2 per cent method 
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were even larger. No apparent damage was done to these transis- 

tors using the larger values of the thermal time constant. 

It is possible that the relatively few pulses used in these tests 

did a small unnoticable amount of damage. If the transiEtors had 

been subjected to thousands of pulses, a noticable amount of damage 

may have been done. More testing should be performed. However, 

sufficient tests have been performed to be fairly certain that negli.- 

gible damage will occur if the transistors are not subjected to more 

than one thousand transient pulses during their lifetime, 

No tests were made to determine the maximum current capacity 

of the internal leads. The current levels used in the pulse tests 

never exceeded the current levels defined by equation (44). In a few 

cases, the current level came near the limit, but never exceeded it. 

No apparent damage was done to the internal leads. In general no 

damage will be done unless the transis tor is saturated (which 

requires a large base current) or the junction is forward biased. 

To summarize, a realistic transient power rating can be ob- 

tamed by performing the following steps. 

( 1) Measure the thermal time .onstant of several transistors 

using the initial slope method with the collector junction forward 

voltage. The oscilloscope vertical scale should be such that the 

total voltage change can be seen on the face of the tube. Rated 

power should be used for heating.. 
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(2) Divide the smallest measured value of the thermal time 

constant by 1.5. Use this value with equation (22) to determine 

the transistor pulse power rating. 

(3) Subject the transistor to pulses defined by equation (22). 

If s econd breakdown does not occur, use equation (22) as the 

transistor pulse power rating. 

(4) If second breakdown occurs, determine by tests the maxi- 

mum pulse power that can be us ed at each pulse width without 

causing second breakdown. 

(5) From these tests draw a new curve just below the points 

where second breakdown occurs and use this curve as the maxi- 

mum pulse power rating instead of equation (22). 

(6) From Figure 26 determine the maximum allowable transient 

current. 

To determine if protection from transients is needed, approxi- 

mate the input transient voltage by a square pulse and compute the 

maximum possible power dissipation from (! E)2/R. Compute the 

maximum possible current from Et/R. If both of these are within the 

limits described above, no additional protection is necessary. 

Only transistors were used in the derivations and the tests des- 

cribed in this paper. However, these techniques should also be 

applicable to semiconductor diodes. 
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APPENDIX I 

PULSE GENERATOR 

The block diagram of the pulse generator is shown in Figure 34. 

The Function generator (Hewlett.-Packard Model 2OA) determined the 

pulse repetition rate and the unijunction transistor timer determined 

the pulse width. 

Function 
I 

Unijunctiol 
i 
Transistor1 Amplifier Generator i 

i 
i p/mm 

i 
Timer i 

Figure 34. Block Diagram of the Pulse Generator 

Three methods of pulsing the transistor were used. At pulse 

widths of 10 milliseconds or longer, a relay with mercury wetted 

contacts was connected to the amplifier output. The transistor was 

connected in series with the relay contacts, a variable resistor, and a 

battery. For pulse widths of one millisecond and in some cases 0. 1 

millisecond, the transistor was connected directly to the output of the 

amplifier. For pulse widths of 0. 1 millisecond to one microsecond, 

the amplifier was not capable of supplying sufficient power. In this 

case the relay was used with a commercial pulse generator (Measure- 

ments Inc. Model 79B) in series with the relay contacts. The 
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minimum pulse repetition rate of the commercial pulse generator was 

40 pulses per second which corresponds to a period of 25 milliseconds. 

The pulse width of the amplifier output was set such that the relay 

stayed closed for one millisecond less than the period of the commer- 

cial puis e generator. This allowed a pulse from the commercial unit 

to reach the transistor only once per minute. One out of every 25 

pulses probably did not reach the transistor because the relay was 

closed for slightly less time than the period of the commercial unit. 

This was compensated for by letting the pulse generator run for a few 

extra minutes. 

The unijunction transistor timing circuit and the pulse amplifier 

are shown in Figure 35. 
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Figure 35. Unijunction Transistor Jirner and Pulse Amplifier 
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APPENDIX II 

TEST TRANSISTOR CONNECTIONS FOR PULSE TESTS 

When the relay and battery were used (long pulse widths), no bias 

was used. The transistor was operated in the avalanche mode. A 

variable series resistor was used to control the current. The resis- 

tor was adjusted while the pulse generator was operating at one pulse 

per minute. The resistance was started high and then reduced until 

the desired power level was obtained. 

To avoid this rather time consuming procedure, a common-base 

circuit shown in Figure 36 was sometimes used. This circuit had one 

disadvantage which prevented its use in most cases. The full emitter 

current passed through the base during the off period and in many 

cases the power dissipation in the emitter junction was an appreciable 

percentage of the rated power. This was not desirable because the 

pulse power level was computed on the basis of no power dissipation 

during the off time. 

When the direct output of the pulse amplifier or the commercial 

pulse generator was used, it was necessary to use a small amount of 

forward bias. The 6L6 vacuum tube plate current was not zero when 

the tube was cut off. It was necessary to supply enough forward bias 

to keep the transistor saturated so that there would be very little 
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Figure 36. Common Base Circuit 

power dissipation during the off period. 

In the case where the commercial pulse generator was used in 

series with the relay, the capacitance of the relay contact allowed a 

portion of the energy from the blocked pulses to pass through the 

transistor. If a small forward bias was used on the test transistor, 

the transistor was kept saturated and the energy dissipation in the 

transistor was small. If no forward bias was used, the off period 

power dissipation was not negligible and in some cases the transistor 

was damaged. 

The same method was used for obtaining the desired pulse ampli-. 

tudes. The series resistance was decreased as the transistor was 

being pulsed once per minute. The value of the resistance could not 

be calculated because the output voltage of the pulse generator dropped 

as the load was increased. Also the transistor voltage changed as the 

current was changed. 
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APPENDIX III 

DERIVATION OF TRANSIENT TEMPERATURE IN A SHORT 
UNIFORM WIRE 

Let the wire be of length L, and let K, c, and p be its thermal 

conductivity, specific heat, and density. Let I be the electrical cur- 

rent and OEbe the electrical conductivity. 

Consider the element of the wire between the sections distant x 

and x +dx from one end. The rate of gain of heat in this element 

from the flow of heat over the sections at x and x + dxis ultimately 

(3, p. 8Z). 

z 
KA& dx (57) 

ax 

where A is the cross-sectional area of the wire and T is the tempera- 

ture of the wire at point x. 

The rate of gain of heat due to the current lis (3, p. 8Z) 

z 
Aif dx (58) 

Neglecting the heat lost at the surface due to radiation, the total 

rate of gain of heat is 

z z 

KA _ a dx + dx (59) 
ax 
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This must be equal to Acp where t is the time (3, p. 82). 

The equation of heat conduction is then 

aT K 2T 
2 

at - ax2 
+ (60) 

To simplify the writing of this equation, 

let 12 
(61) 

A2cp 

and 

b= --- (62) cp 

Put T = u + w where u is independent of time and w is a function of 

both time and position. 

If u is independent of time, then O 

and 
a2u 0=b +a (63) 

w is then 

8w 82w - b 
2 (64) 

The value of u is easily obtained by integration of equation (63). 

2 du 
b 

2 
=-a (65) 

dx 

b =-ax + c. (66) 
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2 ax 
bu = - + c1x + c (67) 

Assuming that the ends of the wire are held at zero temperature, 

the boundary conditions become 

u0 at x0 (68) 

u0 at x=L (69) 

Solving for c1 and c2 yields 

aL 
= 2 (70) 

c2 = 0 (71) 

The equation for u is then 

z ax aLx u=- ¿b + ¿b (72,) 

(L-x) (73) 

The solution of equation (64) with the conditions that w = O at x = O 

and x = L is (3, p. 62) 

whe r e 

22 
00 bni 

w= 'a - LZ 

L n in -1-x e (74) 

1 

2 
L 

nit 
a = 

S0 
f (xi) sin Lx'dx) 



f(x') is the initial distribution of w along the wire. If the entire wire 

is assumed to be at zero degrees at t = 0, then 

T=f(x')+uO (76) 

thus f(x') = -u (77) 

= (x'-L) (78) 

Solving for a n 

Let 

nu (x'-L) sin x'dx' (79) a 
n L 

_a L L 
fliT 

- 

S0 
(x') sin-- x'dx' - 

5 
x'sin-- x1dx' (80) 

1rxi (81) 

Solving for xt and dx' 

yL x=- (8Z) 
ir 

dx' =---- dy (83) 
ir 

Then a becomes 
n 

a iTLZ Z L a 1TL 
an S 

y (sin ny)-- -y (sin ny)-dy 

(84) 
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2 ir 2 ir aL 2 aL C 

= 3 
Ç y sin ny dy 

- 2 \ y sin ny dy (85) 
bir 'O bu '0 

aL2 11 

2 2 aL2 
S 

n y sin ny dny- ny sin ny dny (86) - 33 bun O birn "0 

Performing the integration 
iT 

aL2 
Lzny 

sin ny 
2 ¿ )cos nyl 

an= 33 (n y -2 Jo bn ir 

ir 
aL2 [sin ny - ny cos n] (87) 22 
bn ir 

o 

aL2 r 2 21 n 2aL2 aL2 
ir +2J-1) 

- 3 3 - 2 2 

)(1)fl 
(88) 

bnir bnir bn ir 

2aL2 n aL2 1)n2aL aL2 (-1) 
- bnir 3 3 + bnir 

1)fl 

(89) 
bnui bnir 

4aL2 an = - (n odd) (90) 33 bn ii 

= O (n even) (91) 

Substituting this exprçssion into equation (74) 

22 
4aL2 nu 

bnir 
(92) 

w- - 33sin- xe 
bnir 

n= 1,3,5, 

The transient wire temperature is the sum of equations (73) and (92). 



ax(L - x) T(x,t) - ¿b 

00 
2 4aL 

33 bn ir n1, 3,5,' 

22 bn ir 

nir L2 e 

Substituting equations (61) and (62) into (93) 

12x (L-x) Tx,t) 
- ZA2K 

22 
00 Knir 

412L2 mr 
e 

cpL2t 
A2Kn3rr3 L X 

n= 1 
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(93) 

(94) 

00 nt\ 
i2 8L2 nir T(x,t) 

ZA2K 
x(L-x) - 

3 
sinx e j 

fir n1,3,5," (95) 

2 

where T is the thermal time constant and is equal to CP L 

Kir 

Equation (95) is the temperature of any point x on the wire at any 

time t > 0. 

If the initial temperature of the wire is T instead of zero and the 

ends of the wire are fixed at T instead of zero, the temperature of 

the entire wire is raised by T degrees. Equation (95) then 

becomes 

i2 
T(x,t) 

2 
ZA K' 

00 

x(L x) 
: 

8L2 nir - - 33 sin-i-xe 
n=1,3,5," n ir 

n2t'\ 
T +T (96) 
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APPENDIX IV 

PHOTOGRAPHS OF SECOND BREAKDOWN 

Two examples of second breakdown are shown in Figure 37. Both 

photographs are for a ZN398 transistor which has a collector-emitter 

breakdown voltage rating of 105 volts and a power rating of 50 muli- 

watts. The power dissipation prior to second breakdown was approxi- 

mately 18 watts and after breakdown it was approximately 6 watts for 

both cases. There was a small forward bias on the base-emitter 

junction in both cases. The pulse repetition rate was one per minute. 

The photograph shown in (a) and (b) was taken after several Z. 5 

millisecond pulses. The photograph shown in (c) and (d) was taken 

after 100 pulses at 2. 5 milliseconds and 100 pulses at 6 milliseconds. 

The difference between the two photographs might be partially due to 

a change in the transistor characteristics. However, the common 

emitter characteristics as displayed on a Tektronix Type 575 Tran- 
. 

sistor Curve Tracer showed no change. Also BVCEQ did not change. 

The points of high current do not correspond to the points of low 

voltage, because the current and voltage pulses were not photographed 

simultaneously. The position of the oscilloscope leads effected the 

oscillation between the avalanche and second breakdown modes of 

operation. 
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(a) Collector Current 

vertical: 0ma/major division 

horizontal: 0.rns/major division 

(b) Co1lector-itter Voltage 

vertical: 20 volt/major division 

horizontal: 0.ms/major division 

(o) Collector Current 

vertical: 2Oma/inajor division 

horizontal: l.Oms/major division 

(d) Coflector-nitter Voltage 

vertical: 20volt/major division 

horizontal: 1.Onis/major division 

Figure 37 Second Breakdown in a 
2N398 Transistor 



Table 3. TRANSISTORS USED IN TESTS 

Transistor Polarity - Si or Ge Coffstruction Power Current Cutoff Manufacturer 
Type Quant Rating Rating Frequency 

2N68 2 PN? Ge 1. 5W 1. 5A 0. 4 mc Sylvania 

2N335 2 NPN Si Grown Junction 150mw 25ma 6 mc G.E. 

H 
2N398 2 PN? Ge Alloy Junction 50mw lOOma Low Freq RCA 

Sw itching 
z 
CI) 

2N586 i PN? Ge Alloy Junction 250mw 2SOma Low Freq RCA 
Switching H 

2N869 2 PNP Si Planar (Diffused 360mw lSOmc Fairchild 
Junction) Z 

code C 2 PNP Ge Diffused Base 225 mw 4Oma 7SOmc Western 
Junction Electric 

code E 2 NPN Ge Grown Junction 120mw lOOma Audio W. E. 

code F 2 PN? Ge Alloy Junction 240mw SOOma Low Freq W. E. 

Switching 
code G 2 NPN Si Diffused Junction 415mw 230mc W. E. 

Note: The code C,E,F, and G are Western Electric "college relations" types. 

I- 


