
CHARGE CONTRaL APPROACH TO CHARACTERIZATION OF FIELD EFFECT 

TRANSISTORS WITH APPLICATION TO LOW 	04 SWITCHING 

1 

A Thesis Presented. By 

John Philip Burgess 

For the Degree of 

DOCTOR OF PHILOSOPHY of the UNIVERSITY OF LONDON 

August, 1966. 



2 

ABSTRACT  

The basic charge control relationships for field-effect tran-

sistors and insulated gate transistors are derived on Vie basis of 

operation with open (i..e.unpinched-off ) channels. The charge control 

relationships for field-effect transistors are shown to apply for one - 

ar two-gate structures without regard to channel doping density profile 

so long as the majority carrier mobility in the channel is constant. 

Factors affecting the validity of the charge control relationships, such 

as mobility variations, and wedge-shaped channel effects are studied, 

and the charge control approach is compared with Shockley's "gradual case" 

theory. 

Measured results on several types of devices are presented and 

discussed in detail. It is shown that the basic theory is sound, and 

that, in the case of field-effect transistors, it can be simply modified 

for use under pinch_off conditions of operation. It is also shown that 

a considerable amount of information about the behaviour of a device 

can be obtained from a study of its charge control relationships. 

Models are derived and techniques are developed for predicting 

the low level switching behaviour of field-effect transistors. Compar-

isons of calculated and measured transients for several models show 

that the distributed nature of these devices is an important consideration 

under transient conditions. Thus, multi-lump models are generally re-

quired to represent field-effect transistor switching behaviour adequately. 



ACKNOWLEDGMENT  

The author wishes to express his gratitude to his supervisor, 

Professor A.R. Boothroyd, for his guidance and advice during the course 

of the work described in this thesis. 

The author is grateful for the friendship and interest shown by 

his colleagues during this research. In particular, he wishes to thank 

Mr. ILMcG. Luke for many valuable discussions, and for the use of his 

outside coupling capacitors. 

Financial assistance is gratefully acknowledged from the Beaver- 

brook Foundation, and from the Canadian National Research Council during 

this study. 

Finally, the author pays tribute to his wife Janet, for her continued 

support and encouragement throughout the course of this research, and 

for her very able assistance in the typing of the thesis and in the pre- 

paration of the diagrams. 

3 



11- 

TARO OF CONTENTS 

Page 

Abstract 	 2 

Acknowledgements 	 3 

Table of Contents 	 4 

Location of Figures and Tables 	 9 

List of Principle Symbols 	 11 

1. INTRODUCTION 

1.1 Historical Background 	 14 

1.2 Formulation of the Problem 	 16 

1.3 Statement of Original Work 	 20 

2. FIELD-limuT TRANSISTORS AND CHARGE CONTROL 

2.1 Introduction 	 21 

2.2 Shockley's Basic Theory 	 21 

2.3 FIT Charge Control Relationships 	26 

2.3.1 Basic Theory 	 26 

2.3.2 Mobility Effects 	 35 

2.3.2.1 Dauble Abrupt Gate Junctions 	38 

2.3.2.2 Double Linear Gate Junctions 	41 

2.4 MOST Charge Control Relationships 	14.3 

2.5 Charge Control and the Wedge.Shaped Channel 	51 

2.6 FET's and MOST's Modelled Below Pinch-Off 	55 

2.6.1 Development of FIT Model 	 55 

2.6.2 Lumping and the Wedge-Shaped Channel 	 59 

2.6.3 MOST Model 	 62 



5 

2.7 Shockley's Approach and Charge Control Compared 	65 

3. CHARGE CONTROL MEASURMAENTS AND RESULTS 

3.1 Introduction 
	 89 

3.2 Charge Control Measurements 	 90 

3.2.1 Gate Charge Measurements 	 91 

3.2.1.1 Initial Compensation Measurement Method 
	

94 

3.2.1.2 Potentiometer Method of Measuring Gate Charge 98 

3.2.2 Drain Current Measurements 	101 

3.2.3 Channel Conductance Measurements 	104 

3.3 Measured Results and Observations 	105 

3.3.1 Preliminary Results 	 108 

3.3.2 Final Results 	 111 

3.3.2.1 Gate Charge Versus Channel Conductance 
Relationship 	112 

3.3.2.2 Gate Charge Versus Drain Current Relationships 113 

3.4 Discussion of Results on Field-Effect Transistors 	115 

3.4.1 Gate Charge Versus Channel Conductance Graphs 	116 

3.4.1.1 Mid-Region 	 117 

3.4.1.2 Law Gate Charge High Channel Conductance 
Region 	122 

3.4.1.3 High Gate Charge Low Channel Conductance 
Region 	125 

3.4.2 Gate Charge Versus Drain Current Relationships 	126 

3.4.2.1 Mid-Region 	 128 

3.4.2.2 Low Gate Charge High Drain Current Region 	137 

3.4.2.3 High Gate Charge Low Drain Current Region 	138 

3.4.2.4. Discussion of Device Operation 	139 



6 

3.5 Discussion of Results on Insulated Gate Field-Effect 
Transistors 	147 

3.5.1 Gate Charge Versus Channel Conductance Relationship La 

3.5.1.1 Mid-Region 	 147 

3.5.1.2 Low Channel Conductance Region 	 349 

3.5.1.3 High Channel Conductance Region 	 150 

3.5.2 Gate Charge Versus Drain Current Relationships 	151 

3.5.2.1 Mid-Region 	 152 

3.5.2.2 Low Drain Current Region 	 156 

3.5.2.3 High Drain Current Region 	 158 

3.5.2.4 Discussion of Device Operation 	 159 

3.6 Overall Conclusions 	 162 

4. APPLICATION OF THE CHARGE CONTROL APPROACH TO LOW LEVEL 
SWITCHING 

4.1 Introduction 	 204 

4.2 Law Level Switching Characterization 	 206 

4.2.1 Chopper Considerations 	 206 

4.2.2 Factors Relating to Switching Performance 	208 

4.2.2.1 Basio Device Processes 	 208 

4.2.2.2 Device Parameters 	 210 

4.2.2.3 Circuit Parameters 	 212 

4.2.3 Approach to Device Switching Description 	214 

4.2.3.1 General Considerations 	 214. 

4.2.3.2 Effective L2/1.1 Ratio 	 216 

4. 2. 3. 3 Q
gg 

Versus Vg  Relationships 	 217 

4.2.3.4 Other Approaches 	 219 



7 

4.3 Early Switching Models and Computer Programs 	221 

4.3.1 5-Lump L-Model 	 222 

4.3.2 3-Lump L-Model 	 231 

4.3.3 Computer Programs 	 234. 

4.3.3.1 Discussion of Operation 	234 

4.3.3.2 Data Required 	 237 

4.4 Second Generation Models and Computer Programs 	240 

4.4.1 3-Lump -Model 	 240 

4.4.2 1-Lump T -Model 	 252 

4.4.3 Computer Programs 	 256 

4-4.3.1 Discussion of Operation 	257 

4.4.3.2 Data Required 	 259 

5. LOW LEVEL SWITCHING MEASUREMENTS AND RESULTS 

5.1 Introduction 	 277 

5.2 Switching Transient Measurement Method 	277 

5.3 Switching Parameters 	 279 

5.3.1 Device Parameters 	 279 

5.3.2 Circuit Parameters 	 281 

5.4 Calculated and Measured Results 	285 

5.4.1 Measured Transients 	 287 

5.4.2 Comparison of Low Level Switching Models 	291 

6. CONCLUSIONS 	 307 



8 

REFERENCES 	 311 

APPENDICES 

A. Selected Data Fran Manufacturers' Specification Sheets 	317 

B. Numerical Solution of Differential Equations by the Runge-Kutta 
Method 	 319 

C. Print-out of Statements of Early Computer Program 	321 

D. Print-out of Statements of Second-Generation Computer 	323 
Ftograms 



9 

Location of Figures  

Fig. Page Fig, Page Fig. Page 
2, 2.1 70 3.2.1 167 3.3.14 188 
2. 2. 2 70 3.2.2 167 3.3.15 189 
2.3.1 71 3.2.3 168 3.3.16 190 
2.3.2  72 3.2.4 169 3.3.17 191 
2.3.3 73 3.2.5 170 3.3.18 192 

2.3.4 73 3.2.6 171 3.3.19 193 
2.3.5 74 3.2.7 171 3.3.20 194 
2.3.6 75 3.2.8 172 3.3.21 195 
2.3.7 76 3.2.9 173 3.3.22 196 
2.3.8 77 3.2.10 174 3.4.1 157 

2.3.9 77 3.2.11 175 3.4.2 1977  
2.4.1 78 3.2.12 175 3.4.3 198 
2.4.2 78 3.3.1 176 3.4.3b 198 
2.4.3 79 3.3.2 177 3.4.4 199 
2.4.4a 80 3.3.3 178 3.4.5 200 

2.4.4b 80 3.3.4 179 3.4.6a-f 201 
2. 5, 1 81 3.3.5 180 3.4..7a31) 202 
2.5.2 82 3.3.6 181 3.6.1 203 
2.6.1 83 3.3.7 182 4.2.1 262 
2.6.2 84 3.3.8 183 4.2.2 262 

2.6.3 85 3.3.9 184. 4.3.1 263 
2.6.4 85 3.3.10 185 4.3.2 263 
2.6.5 86 3.3.11 185 4.3.3 264 
2.6.6 877 3.3.12 186 4.3.4 265 
2.6.7 88 3.3.13 187 4.3.5 266 



10 

Location of Figures  (Continued ) 

Fig. 	Page 	Fig, 	Page 	Fig. 	Page 

4.4.1 267 4.4.10 275 5.4.2 301 

4.4.2 268 4.4.11 276 5.4.3 302 

4.4.3 268 5.2.1 297 5.4.4- 303 

4.4.4 269 5.2.2 298 5.4.5 303 
4.4.5 270 5.3.1 299 5.4.6 304 

4.4,6 271  5.3.2 299 5.4.7 304 
4.4.7 272 5.3.3 300  5.4.8 305 
4.4.8 273 5.5.4 300 5.4.9 306 
4.4.9 274 5.4.1 301 5.4.10 306 

Location of Tables  

Table Page Table Page Table Page 

2.6.1 61 3.5.1 155 5.3.1 282 
2.6.2 61 4.3.1 238 5.3.2 283 
3.4.1 118 4.4.1 260 5.3.3 286 



11 

List of Principal Symbols  

= Slope of the gate charge versus gate voltage relation, 

ship on a log-log graph 

C., p C ,Cs 	= Capacitances associated with the measurement of gate charge 

Cgs,  Cgal  Cds = Stray capacitances 

9L 	= Load capacitance 

E 	= Pulse switching voltage 

F.X, P!, etc. 	= Factors used in models 3T and 1T in the representation of 

the Q
gg 

 versus V relationship 

go 	= Conductance of a unit length of channel at zero applied 

bias 

Ch 	= Channel conductance 

oho 	= Channel conductance with zero applied voltages 

Id 	= Drain current 

= Junction leakage current 

K 	= Dielectric constant 

K 	
, 

=V2  / V for measurement of gate charge 

Kax 	= Dielectric constant of oxide 

L 	= Channel length 

L2/11 ratio 	= Slope of gate charge versus channel conductance relation, 

ship at zero drain voltage 

NT NTd 	= Doping density 

NT 	 = Normalized computer program time 

P;U1IV,Y13.4,Z. = Normalized charges associated with the low level switching 

models and used in the computer programs 



12 

QA? B' QC' 

Qch 

Qg  (bti) 

Qg  (MOST) 

Q
gg 

Ta!) 

Q
gg 

(MOST) 

gd (FET) 

Qgd (MOST) 

Q0  (FET) 

Q0  (MOST) 

Qs,  

Qst 

RL  

Rps pd 

S, D 

= Charges in the capacitive element of lumps A, B, C, etc. 

of a low level switching model 

=Majority carrier charge in the channel 

= Uncovered depletion layer charge on either side of the 

gate junction, due to applied gate and drain voltages 

= Qgg  Qga  = Net gate charge 

= Component of depletion layer charge due to gate voltage 

= Component of gate charge due to applied gate voltage 

= Component of depletion layer charge due to drain voltage 

Component of gate charge due to drain voltage 

= Majority carrier charge in the channel with zero applied 

voltages 

= Charge which must be added to or subtracted from the 

channel to just produce pinch-off 

Uncovered, substrate charge 

Charge in surface traps 

Load resistance 

= Parasitic bulk source and drain contact resistances 

= Factors used in models 3T and IT in the representation 

of the Q
gg 

 versus Gch relationship 

t 	= time 

T 	= Normalized time 

ox 	=Thidkness of gate oxide layer in the MOST 

1 
V,V , V 	1 = Pulse voltages associated with the measurement of gate 1 2 1 2 

charge 

Vg 	= Applied gate voltage 



13 

Vd 	
= Applied drain voltage 

Vpo 	=Pinch-off voltage assuming zero drain voltage 

& 
	=1,2/4Vd  = Slope of gate charge versus drain current relation-

ship at constant applied drain voltage 

/I° 	= Charge density 

= Majority carrier mobility 



CHAPTER 1  

INTRODUCTION  

1.1 Historical Background 

Records of early experiments on devices operating on the field-- 

effect principle date back to 1926 when the first of a series of 

patents was filed by Lilenfeld (1-3) of America, and subsequently by 

Heil of Germany (4). These devices, though crude in form, resembled 
the insulated gate type of devices discussed subsequently. 

Further studies on the effects of the fields were undertaken at 

the Bell Telephone Laboratories after the war under the direction of 

Shockley. This research led directly to the discovery of the point 

contact transistor by Bardeen and Brattain (5)  in 1948. Also at this 

time, experiments were being carried out by Shockley and. Pearson in 

an attempt to modulate the conductance of a thin film of semiconductor 

material with an electric field applied perpendicular to the semiconductor 

surface (6). Although field-effect modulation was in fact achieved, 
the extent of the modulation was found to be considerably less than 

expected. The difference was assuftod to be due to bound charges on 

the semiconductor surface. 

Subsequent work by Shockley led to the development and analysis 

of the bipolar junction transistor in 1949 (7). He then returned to 
his earlier field-effect experiments and. proposed a new method of 

achieving field-effect conductance modulation resulting in the junction 

field-effect transistor (F12) in 1952(8). In this device, modulation 

was achieved by the depletion layer associated with a reversed. biased 

P-Nr junction, and thus the earlier problems associated with surface 
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effects were effectively bypassed. Experimental verification of field, 

effect transistor operation, and certain extensions to Shockley's basic 

theory were presented in papers by Dacey and Ross (9' 10), also cf 

Bell Telephone Laboratories. 

The field-effect transistor did not becane truly cannercin1ly 

available for nearly ten years after its announcement. During the 

intervening years, they existed mainly as experimental laboratory items 

and were investigated in various forms (11-13): same consideration was 

given to possible useful applications of such devices (14-19). The main 

activity, however, was concentrated on developing and refining manufacturing 

techniques for the bipolar transistor, which were later to be used to 

advantage in the production of field-effect transistors. 

During this time as well, interest was stimulated in other directions, 

and several related new devices, such as the analog transistor (20)s 

the chargistor (21),  the field-effect tetrode (22), and the field-effect 

phototransistor (23) were proposed. The most important new develop- 

ment, however, was the insulated gate transistor or metal-oxide-semiconductor 

transistor (MOST) proposed by Kahng and Atalla in 1960(24,26).  This,  

device, now becoming generally commercially available, was made possible 

by the advent of surface passivation techniques (27)which were developed 

after the early conductance modulation experiments by Shockley and Pearson 

(6) 	A related device, the thin film transistor, was announced by 

Weimer in 1962 (28), It thus appears that these devices are practical 

realizations of what the earlier researchers in the field had originally 

set out to achieve. 
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1.2 Formulation of the Problem  

The field-effect transistor (.b.ha) and the insulated gate transistor 

(MOST)z  differ fundamentally in operation fran the conventional bipolar 

junction transistor. The .11.1!2 and MOST belong to the class of unipolar 

transistors in which one type of carrier predaninates, so that conduction 

takes place by means of a flow of majority carriers. It is to be 

expected therefore that such devices show marked differences in their 

characteristics as compared with the bipolar transistor, and have different 

advantages and disadvantages. 

Early investigations concerned initially with the FIT indicated 

that this device had several important advantages over the bipolar 

transistor. In addition to its high input impedance which can often 

29)i  be advantageous (15't is relatively noise free (30); it has a higher 

resistance to nuclear radiation damage (31); it is often more conveniently 

used in certain integrated circuits than the bipolar transistor (32) ; and 

because the drain current is self-limiting, it is less likely to be burned 

out than the bipolar transistor. 

a 
In this and in all subsequent parts of this thesis, the term 

"field-effect transistor" (abbreviated "FIT" ) is assumed to refer 

specifically to a Shockley-type junction unipolar transistor unless 

otherwise indicated. Similarly the term "insulated-gate transistor" 

(sometimes called metal-oxide-semiconductor transistor, and abbreviated 

in both cases as "MOST" ) is assumed to refer specifically to the Kahngi-

Atalla type unipolar transistor. 
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One of the most interesting features about this device to the 

author, however, is the fact that due to the absence of rectifying 

junctions between the source and drain, virtually no offset voltage is 

present in the "on" condition (33). This, together with its very high 

"off" resistance, suggested that the PET might be advantageously used 

as a law level switch or "chopper". A comparison study by Pattal (34)  

has confirmed that this is the case. 

After the original papers on field-effect transistors by 

Shockley (8) Dacey and Ross (9,10) , and Prim and Shockley (35),  a 

considerable period of time elapsed with no significant contributions 

to the knowledge of the device. Possibly the next major contribution 

was a study of field -effect transistor noise in August 1962 by van der 

Ziel (30). Toward the end of 1962, however, with the PIT becoming 

commercially available, a new interest was being shown in this device. 

It was at this time also that research on this project was 

started. Certainly the major contribution to the understanding of 

the PET at that time was contained in Shockley's original paper. His 

"gradual case" analysis is the landmark in the field, and became in-

creasingly important as the same approach was used in the analyses of 

the MOST (36-38). A.somewhat more general form of this approach was 

also used by Bockemuehl early in 1963 in a study of FIT's with arbitrary 

charge distributions (39), 

Shockley's work was concerned with D-C and small signal behaviour, 

and consequently little was known of the transient performance of the 

FIT. It was also apparent that certain aspects of FIT operation, 
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concerning for example the pinch-off process, were not entirely clear. 

Further, the full implications of Shortkley's "gradual case" assumption 

did not appear to be generally realized. Nor was it always easy to tell 

over what ranges of operation in a given device that this basic 

assumption was valid. It therefore became evident that further device 

characterization was necessary before switching studies could be carried 

out. 

Having thus decided on the basis for the project, the approach to 

the problem was considered. Several important points emerged. FirstlY$  

facilities were not available for the construction of special devices,' 

and it was considered desirable to work with standard cammercially pro-, 

duced devices. Just as with bipolar transistors, commercial FET's 

were being produced by several different manufacturing processes, eg., 

alloying, diffusion, etc., and as a result, Fh.e's of a variety of different 

structures could be expected. To be at all practical, any method of 

characterization would have to enable these differences to be understood 

and accommodated. 

Secondly, although interest centered mainly on the low level 

switch, it would be valuable if the method of device characterization 

were to contribute to the knowledge of device operation as a whole, and 

at the same time, cover or permit extension of its range to cover)  

completely general switching processes. 

Thirdly, other than the "gradual case" assumption, it became 

increasingly clear that certain assumptions common to both the work 

of Shockley (S), andof Bockemuehl (39) , would not always be valid 

in practical devices. One such assumption is that the doping density 
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on the gate side of the P-N junction or junctions, is much greater 

than that in the channel, In other words, the applied gate voltage 

is assumed to take place only across the depletion layer(s) in the 

channel. 

It is true that voltage drop across a depletion layer on the gate 

side of the junction serves no useful purpose. However " In today's 

practical structures, the design compromise thus entailed frequently 

involves approximately equal doping in the gate and channel regions. 

This gives reasonable efficiency, and at the same time gives acceptably 

low parasitic capacitance per unit area. It also makes the critical 

dimensions less subject to change through solid-phase diffusion during 

heat treatment procedures." Z 

One further such assumption is that the majority carrier mobility 

is constant throughout the channel. A consideration of basic solid-

state physics (41)  indicates that such an assumption is true only if 

certain conditions are placed on the doping density levels in the channel. 

These conditions do not always apply to commercial FET's. 

In 1957, Beaufoy and Sparkis(42), and subsequently Beaufoy (43) 

and Sparkes(44'45)  showed that it was highly advantageous to treat the 

bipolar transistor as a charge controlled device. Further, it was shown 

by Johnson and Rose (46)  that certain aspects of this type of approach 

could usefully be applied to other electronic devices with emitter, 

control and collector functions. It was decided to adopt this approach 

in the study of field-effect transistors. It was felt that this approach 

might provide a satisfactory answer to the characterization requirements, 

¶Ref. 40, page 217 
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not only for PEr's , but for MOST's as well. This approach also 

showed promise of forming the basis of equivalent circuits for studying 

the low level switching performance of these devices. 

This thesis is thus effectively divided into two parts. The 

early chapters are concerned with general problems of characterizing the 

FIT from the charge control point of view. The remaining chapters are 

concerned. with the application of the charge control approach to low level 

switching. Consideration from this point of view is also given to 

the MOST. 

1.3 Statement of Original Work  

Except where reference is made to the work of others, the contents 

of this thesis represent the results of original research carried out 

independently by the author. 
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OBAPTEK2 

FIEUE..M1FECT TRANSISTORS AND CHARGE CONTROL  

2.1 Introduction 

It is the object of Chapter 2 firstly to present the charge 

control point of view, and to establish the charge control relation-

ships for both field-effect transistors (ithr's) and insulated gate 

transistors (MOST's)0  Sections 2.3, 2.4, and 2.5 are devoted to this. 

Charge control models covering FET and. MOST operation with unpinched-

off channels are developed and presented in Section 2.6. 

It is also intended in this chapter to compare in greater detail 

the approach of Shockley with the charge control point of view. This 

is the work of Section 2.7. 

By way of introduction to FET's, Shockley's basin theory is pre-

sented in Section 2.2. Although it is not required for the development 

of the charge control relationships, it is necessary for the work of 

Section 2.70 

2.2 Shockley's Basic Theory  

As an introduction to the field-effect transistor, a:.(1 so that 

it may be compared with the charge control approach, Shockley's basic 

theory (8) of field-effect transistor operation will be briefly pre-

sented in this section. 

The structure to be analyzed is shown in Fig. 2.2.1. It consists 

essentially of an N-type bar of semiconductor material , on top and 

bottom of which are layers of P=type semiconductor material forming 
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P-N junctions. A. low resistance contact is assumed at each end of the 

N-type bar labelled source and drain, and a the P-type layers, labelled 

gates. The two gates are assumed to be tied together. 

Under normal operating conditions, a positive voltage Vd  is applied 

to the drain with respect to the source terminal, and a negative volt- 

age is applied to the gates. Current flaws in the N-type bar, due to 

V,6  and consists essentially of majority carriers, in this case electrons, 

flowing from source to drain. A depletion layer or space charge 

region is formed at each gate junction due to the reverse bias 

effect of the gate voltage Vg  and the drain voltage Ve  The effect of 

these space charge regions is to vary the area through which the source- 

drain current can flow (called the channel), and thus vary the resist- 

ance between source and drain, and, consequently, the amount of 

current flow in the channel. 

For purposes of the analysis, it is assumed that: 

(1) The gate junctions are abrupt. 

(2) The reverse bias junction leakage currents are negligibly small. 

(3) Electron mobility in the channel is constant. 

(4) The charge density in the P-regions is much greater than that 

in the N-region. 

(5) Complete depletion holds true for the space charge regions. 

(6) Source and drain contact resistances are zero. 

(7) Device terminal voltages are such that Shockley's "gradual case" 

approximation is valid. 

(8) The junction equilibrium potential is negligible. 

Symmetry is assumed with respect to the center of the channel as 
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y=0, Thus 2a is the distance between junctions, and 2b is the distance 

between space charge layers. The relationship between depletion layer 

width and junction voltage is obtained from Poisson's equation. 

K d2V K dE 
- 	-f(Y) 

dy 

(2.2.1) 

 

dr 

 

where K is the dielectric constant, V is the potential, and. E is the 

electric field. 

As a consequence of assumption (4), the space charge region is 

assumed to exist mainly in the N-region, giving negligible voltage arop 

in the P-region. From the complete depletion assumption, (5), it follows 

that 

	

E = 0 at y = b 	(2.2.2) 

Then, by integration of equation (2.2.1) 

E(y) = Pn (34.13) 	(2.203) 
K 

where/0  is the charge density in the N-type material and is given by 

/On  = q (Nd.  Na) 	q Na 	(2.2.4) 

Na and Na are the densities of donors and acceptors respectively, and 

q is the electronic charge. 

If Vd is zero;  the voltage drop across the depletion layer can 

be found by integrating equation 202.3 , giving 

V=: Vgate 	,y=a 

cidv 	= 	- 	(y) dy 	(2.2.5) 

V=0 	y=b 



V gate = — 	(a. -b) 2  2K (2.2.6) 

since the channel voltage equals zero, The gate voltage required to 

make the channel width 2b equal to zero is called the pinch-off 
voltage (Vpo  ) and from equation 2.206 is defined as 

Vpo = 4„  a 
2 
	

(20 207)

2K 

Also, from equation 2.2.6 

b = [1 4I84/21 a 	(2.208) . po 

If now a small positive drain voltage Va  is applied such that 

conditions along the channel vary gradually ( this assumption is con-
sidered in more detail in Section 2.7 ) y  the one-dimensional form of 
Poisson's equation is assumed to apply. 

The channel height (b) at any point along the channel will then 

be determined by the total reverse bias (V) across the channel depletion 

layer as follows : 
+1•11•1= 

1 —( V 
V JR- 

po 

b(v) = a (2.2.9) 

The resulting current flowing in the channel is then calculated from 

where 

Id = g(v) dV 
dx 

(2.2.10) 

V )1/2-1 
g(v) = 414741  Bb (v) = 21.4 - 

db 
 a 
i 	[3: "(v.-- 

po 
(202011r 
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g (V) 	go 1 - v  

po 

(2.2.12) 

    

and where 

and. 

= majority carrier mobility 

B = c,lannel width 

L = channel length 

go  = 2µqNd  Ba = conductance of a unit length of 

channel at zero bias 

V = drop across the depletion layer potential at any 

point along the channel = channel voltage minus 

gate voltage = Vch(x) Vg  

Substituting equation 2.2.12 into equation 2.2.10 , and integrating:gives 

x=L 	V= Va.- Vg  

Id 	dx 	

= g°11[11 -(V  )1/21

dV  
po 	

(2.2.15) 

where Id is independent of x:  and 

Vdgo Id = 1 -2 /3 

1

Va + v 
IT 
e
\ 3A _ (Y0 3/2  

(pc)1/2  a 	.. 	

(2.2.14) 
V 

  

Equation 2.2.15 holds only for 

Vg + Vd 4.-. vpo 
	 (2.2.15) 

the drain current being assumed constant with further increases in drain 

voltage Vale  The resultant family of drain characteristics is shown 

in Fig. 2.2.2. 

x=0 	V=-V 
g 



26 

203 rhe Charge Control Relationships 

2.3.1 Basic Theory  

The term charge control is not new. References to its use extend 

as far back as 1954 (47)  in connection with photoconductor studies. 

In 1957, this concept was used to advantage by Beaufoy and Sparks (42)  

to describe the performance of bipolar transistors. Johnson and 

Rose (46)  used the charge control concept in their simple, general 

comparative analysis of amplifying devices in 1959, and subsequently 

it has been used extensively by Sparks (44' 45)  and others in the 

literature on bipolar transistors. 

For the purposes of this thesis, the terra "charge control" is 

used to refer to the effect that an amount of charge in the gate or 

controlling electrode of a device, has on the output characteristics 

of that device (i.e. on output current or conductance). "True charge 

control" is assumed to exist in a field-effect transistor for example, 

when there is a proportional relationship between the amount of gate 

charge and the output current, or channel conductance. 

The charge control relationships are derived with reference to 

Fig. 2.3.1. This is a more general and extended treatment based 

on the approach used by Johnson and Rose (46)  in their discussion of 

field-effect transistors. 

Fig. 2.3.1 shows a bar of semiconductor material with dimensions 

B, and H, with a gate junction on one side. The doping density 

in the semiconductor bar is assumed to be arbitrary and of the form 

.7 0(y,z) 
	

(2.301) 

On either side of the gate junction, a depletion layer is formed, the 
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size and shape of which depend on the applied potentials Vg  and Va  

the doping densities and their profiles on either side of the junction, 

and an the shape of the structure, 

The application of Gauss's Theorem (48)  to an enclosed area 

surrounding a P-N junction requires that the amount of uncovered 

071nrge on one side of a P-N junction be equal and opposite to that 

on the other side of the junction, Further, this must hold true re-

gardless of the doping profile on either side of the junction, From a 

knowledge of basic P-N junction theory (9), the essential operating 

mechanism of the field effect transistor can be understood. 

If a given number of electrons N are injected into the P-side 

of a junction, as illustrated in Fig. 2.3,2, they will combine with 

holes to uncover an equal number N of negative fixed charges on the P-

side, But the electrons, having been drawn from the N-side originally 

as a result of the application of the voltage V, have left an equal 

number N of positive fixed charges on the N-side„ The important 

point as far as rkw's are concerned, is that the number of electrons 

available for conduction in the N-type channel is reduced by the number 

N, and as a result the conductance of the channel has been decreased 

proportionally. 

In practical junctions, there is a small but finite leakage current 

across the junction, If the voltage V is removed by opening the external 

circuit, the leakage current will gradually reduce the number of un-

covered charges on each side down to the number corresponding to equili-

brium junction potential, 

If, on the other hand, the external voltage V were maintained, 
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an external current equal to the junction leakage current would flow. 

Thus the junction leakage current causes neither an increase nor 

&decrease in the average number of conduction electrons in the channel. 

In both cases therefore, charge equality oh both sides of the 

junction is maintained. Depending on the application, however, the 

size of the leakage current may or may not be significant in comparison 

with the current flowing in the other terminals of the device. 

The relationship between channel conductance and the amount of 

charge in the channel will be obtained firstly with Vd=0. Let al be 

the conductance of the differential volume element of height 87, width 

dz, and. length L, at any point (y,z) in the channel. Then from Ohm's 

Law for this volume element (50), 

(3r, PAY dz 	(2.3.2) 
L 

where p is the majority carrier mobility in the differential volume. 

The total conductance is given by integration over the cross section 

area of the channel, i.e., 

G 	= 1 Ifp(y,z) p dY  dz 	(2.3.3) oh L z y 

Similarly, the charge in the differential volume is given by 

dQ =T4D(yoz) dy dz 	(2.3.4) 

and the total charge in the channel is also found by integration over 

the channel cross section ; therefore, 

Qch  = L iff./3(y„ z) dV  dz 	(2.3.5) 

For many devices, the level of doping density in the channel is below 



L2 fi (y,z) dy dz 
gch 	z y  
Goh 	Ea  if /3  (y, z) dY dz 

La  
Qch = 	Gch 

or 

z y 
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10 "ifrn.1 3  or mos, in which case the carrier mcbility can be assumed 

constant°  (The effects of non-constant mobility will be considered 

in Section 2.3.2.) The relationship between channel charge and channel 

conductance is then simply 

From the previous discussion, the charge in the channel can be 

represented by 

Qch 	Qoo " gt 	 (2.308) 

Qgt is the amount of charge in the depletion layer on the channel side 

of the junction and is equal to the amount of charge in the depletion 

layer on the gate side of the junction, Qat  is given by 

4gt  = Qg Qegm 	 (2.3.9) 

where 
Qegal 

 is the amount of equilibrium depletion layer charge, and 

Q is the extra charge in the depletion layer due to external reverse 

bias on the gate Junction. Q00  is constant for the device, and is the 

total mobile charge due to doping within the extreme bounds of the channel 

with no depletion layers present. For the structure in Fig. 2.3.1, it 

is given by 

B 2a 

(y, z) dy dz 	(2.3.10) 



G = --2— 

- G 	Q ohoo 	oo 
and 

e ) gt (goo - 

Equation 2.3.7 then beccmes 
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where Gohoo is the conductance of the total bar of dimensions L, B, and. H. 

In preotioe i  Gohoo  cannot be measured externally , so it is 

useful to detna 

Q0 	Q00 _ Rem 
	( 2.3.13) 

and. G = Q cho 	o ( 2.3.10 

where Qo  is the zero bias majority carrier channel charge and Goho  

is the zero bias channel canductance. 

Equation 2.3.11 can therefore be rewritten in the form 

G 	= u  t 	" g) = G 	Q 

	

L "o v 	oho --ra (2.3.15) 

Equation 2.3.15 indicates that a plot of gate charge Qg  versus 

channel conductance at zero drain voltage should give a straight line 

relationship withIPA1 as its slope as shown in Fig. 2.3.3. 

A drain voltage"Vd.  with respect to the source will now be applied 

to the structure in Pig. 2.3.1 In general, this drain voltage can be 

considered to produce three main effects. (1) It causes current to 

flow from source to drain which is composed essentially of majority 

carriers; (2) it produces an additional amount of reverse bias across 

the gate junction, and therefore an additional component of depletion 
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lAyer charge on both sides of the gate junction (1.2%4) ; and (3) 

it modifies  both the distribution or shape of the depletion layer 

charge, and the field in the channel. The extent of both these effects 

is most certainly dependent on position along the ohannel from source 

to drain. The net result is that the channel conductance can be partly 

determined by the shape of the channel as well as by the amount of 

mobile charge in the channel. 

For present purposes, the effects of the channel shape dis- 

tortion referred to in point (3) above will be assumed to be small. In 

Section 2.5 the validity of this assumption is considered further, 

and its validity in practical devices will be considered in Chapter 3, 
Also, in Section 2.7 this assumption is compared with Shockley's 

"gradual case" assumption. 

Accordingly, then, with both gate voltage and drain voltage present 

with respect to the source, Con  is assumed to be given by 

where now 

CCh 	(Qo Qgg Qga ) 	(2.3.16) 
La 

Qg 	Qgg  + @gd 	 (2.3.17) 

and where 
Qgg is the component of depletion layer charge due to Vg  

at constant drain-source voltage, 

Qgd is the component of depletion layer charge due to Vd 

at constant gate-source voltage. 

Qg  thus still represents the total amount of uncovered charge in the 

depletion layer in excess of Qeqm. Equation 205.16 is therefore similar 

to equation 2.5.15 f  and states that the channel conductance is detarmined 
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only by the amount of the mobile charge remang in the active channel 

with both gate and drain voltages applied to the device. Equation 

2c.),16 reduces to equation 203.15 of course , when the applied drain-

sota-se voltage is reduced to zero, Equation 203.16 neglects any channel 

shape effects, these being considered later as previously indicated. 

Drain current Id  is then 

Id G V oh d 

or 
Id = 4Vd (Qo Qgdgg  ) 

L2  

(2.3.18) 

where Vd is the drain-source voltage, The ratio L2MTd has units 

of time and is called the channel time constant 	Therefore in 

general 

Id  = Qdh  =  (Qo 5120). 	(2.3.19) 

1dra  

or if desired 
I  d = I0 ".9

gg 	 (2.3020) 
Ia 

where Io is the drain current for zero gate voltage which flows with 

a given Vd  applied to the drain. 

Thus if gate charge Qg  is plotted against drain current for 

various values of Vd a faiily of straight lines results each of 

which has a slope determined by L2Allid  as shown in Fig. 2.3.4. Note 

that these equations apply within the assumptions made, but only to 

the open channel, and therefore hold only up to the point where the 

applied drain voltage Vd  is equal to the voltage across the channel length 
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Lo At same value of Vd  ( =Vpo  ), the effective channel height at the 

drain end of the channel is reduced essentially to zero and the channel 

is said to be pinched off at that point. It can only be assumed far 

the present that the voltage drop along the channel remains at V
po 
 for 

further increases in Va. This aspect will be considered further in 

Chapter 3. 
The significance of the channel time constant 1 1  should be cam, 

mented upon. It is identically the time taken by a charged particle 

or a group of charged particles with mobility 11 , to travel a distance 

L in field Vail L. The IPAL ratio is therefore a fundamental and very 

important device parameter which directly affects the time required 

by a device to return to steady state conditions after the application 

of a transient. This ratio will be used extensively in the chapters 

that follow. 

The structure in Fig. 2.3.1 used in conjunction with the deriv-

ation of the basic charge control relationships was a single gate 

structure. The effects on these relationships of a double gate structure 

will now be considered. Such a structure is shown in Fig. 2.3.5. 

For the purposes of this analysis symmetry will not be assumed, 

and each junction will be associated with a different doping profile. The 

structure is again of length L. The channel is divided into two sections 

one of which has a doping profile /01161(y,z) while the other is given by 

/15(w,z). For emphasis, the dividing line will be taken as y=0 , w=0 
2 

with the positive y direction upwards toward gate 1, and the positive 

w direction downwards toward gate 2. Va  is taken to be zero corresponding 

to the situation for the development of equation 2.5.7. 
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Fa? section 1 of the channel, then 

dQ1 	01 = L/ 1(y„7 ) dy dz 

dG = VIA(Y/z) dy dz 

(2.3.21) 

(2.3.22) 

 

L 

Similarlz for section 2, 

dQ2 	A)2  (w, z) dw dz (2.3.23) 

and as = /12 /3  2 (Vr'2)  2

L  

dw dz 	(2.3000 

Use will be made of the relationships in equation 2.3.21 through 2.3.24 

in their present differential form, rather than the integral of equation 

2.3.6 . It is not necessary to use the differential form here, but 

it is used in preparation for the work in Section 2.3.2 , where it will 

be found convenient. Thus, 

dQ = dQ1  + dQ 	(2.3.25) 

and. aa = aa +c3a 1 	2 ( 2. 3 26 ) 

Therefore, by substitution, 

ask.  = ip pl(y,z) dy dz + /D2(wpz) dw dz 

aa 
V (Ysz) /0 1(Y.,z) 4Y dz V2 	2 (w, z) AD  (w, z) dm- az 

/  

(20027) 

It can thus be seen from equation 2.3.27 that so long as the 

majority carrier mobility can be assumed constant throughout the active 

channel, i.e. that part of the channel contributing to conduction, then 
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*.."or the conpleto structure 

L2  

0chT = 	G'ch 
	(2.3028) 

just as for equation 2.3.7a 

The effects of mobility variations will be considered in the next 

section. 

2.302 Mobility Effects 

One way of obtaining a larger value of transconductance in a field 

effect transistor is to decrease the height of the channel while at 

the same time increasing the channel doping density to maintain the same 

value of zero bias channel conductance (51).  It is therefore quite 

possible that at some point in the channel, the doping density will be 

large enough to reduce the mobility of the carriers below the value for 

low doping. In order to understand what to expect in such a case, it 

is helpful to consider further, the effects of mobility variation on 

the charge control relationships. 

Before proceeding, it should be noted that variations in mobility 

can also occur from two other main sources : temperature variations , and 

as a result of the field at some point in the channel exceeding the 

"critical" value. If the field exceeds a "critical value, Ohm's law 

begins to fail, and the carrier mobility decreases with increasing electric 

field. Dacey and Ross (10 ) considered this situation in terms of 

Shockley's "gradual case" assumption by assuming that beyond the "critical" 

field, mobility decreased as the half power of the electric field. 

MostV.P.2"s are as yet low power devices , so internal heating is normally 

not a serious problem. The Ii2/1a ratio can be expected to vary sanewhat 
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however, according to the ambient temperature affecting mobility tle
(52) 

The work in this section is sufficiently general that mobility variations 

can be due to any cause, but such considerations are not the main con-

cern here. 

Figures 2.3.6 and 2.3.7 are curves showing the relationship be-

tween majority carrier mobility and doping density for germanium and (53) 

silicon respectively. The curves in Fig. 2.3.6 are taken from Prince 

while the curves in Fig. 2.3.7 are from Conwell (54). It can be seen 

fran these curves that mobility is essentially constant for values of 

doping density below about 10 15/ce . The mobility gradually decreases 

but at a faster rate as the doping density increases beyond this point. 

Thus at a doping density of 10 "ice or so, the change in mobility 

could be quite significant. 

For this investigation, the two-gate structure of Fig. 2.3.5 will 

be used. For convenience it will be assumed that the doping density 

in section 1 of the structure is a function of y alone, and that in 

section 2, it is a function of w alone. The differential form of the 

charge-conductance relationship in equation 2.3.27 will be used. 

Assuming a constant width B in the z-direction, equation 2.3.27 then be-

canes 

Vi(Y) /01(Y) dy  + 112(m)p2(v) dw 
(2.3.29) 

If b is assumed to be the height of the active channel in section 

1, and c the height of the active channel in section 2, equation 2.3.29 

can be rewritten to give the total channel charge relationship. Thus 

dQ = 1.? /01(Y) 0AY + p (w) dw 

dG 
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dQ 	. = i?  /31(b) db /02(c) do 

(11 chi- 11.1(b) pl(b) db + ti2(c)/)2(o) do 

(2.3030) 

Firstly, if only one section of the structure is present, or if 

only one gate is operated (gate 1 for example), equation 2.3.30 reduces 

to 

	

dQchT = Ia pi(b) db 	= 
I2  
(203.31) 

dG-chT 	Pi(b) pi(t) db 111(t) 

The slope of the charge conductance plot thus depends on the mobility 

at the edge of the channel depletion layer. The mobility in turn depends 

on the value of the doping density atthat point. Equation 2.3.31 is 

therefore a potentially useful result for diagnostic purposes, partic-

ularly for high channel doping levels when the change in mobility with 

doping density is larger. 

The general case in which two gates are operated simultaneously 

is, of course, more complicated. If symmetry exists, however, with 

two identical gate junctions2/01(y) =/32(m), and 111(y) = 112(w) 0  Then, 

if db = do and b = c we have as before 

d Qdhr 	L2 	L2 	(2.3.32) 
drzahT 	gi(b) 	112(0) 

In the general two-gate junction case, symmetry does not exist. It 

will be found helpful to consider this situation in terms of practical 

junction profiles. 
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2.302.1 Double Abrupt Gate Junctions 

Firstly, the case with two abrupt junctions with constant doping 

densities will be considered. The channel profile for this type of 

structure is illustrated in Fig. 2.3.8. Gate junction 1 is assumed to 

be at y=1-11  and gate junction 2 is at w=H2  . The depletion layer widths 

in the channel are then given by Hi  -b and H.2  c for sections 1 and 

2 respectively. 

From basic diode junction theory, assuming complete depletion, 

the depletion layer width in the channel is given by (49)  

H b 

 

N / 
2K 	1 

 

  

q Nchl, chi Ngi  

      

      

(2.3.33) 
where 	K = dielectric constant 

q = electronic charge 

Nchi = doping density in section 1 of channel 

N 	= doping density on gate side of junction 1 

= equilibrium barrier potential of junction 1 

V 	= applied voltage , junction 1 

Squaring both sides and differentiating with respect to V , gives 

-K PT 
(H 	b ) db = 	Et 	dV 

(2.3.30 q N 	(1 	N ) 
chi chi gi 

Similarly, for section 2, 

2K 

q. N0112 
c 

2 
+ V' 2 

-- (2.3.35) 



(11 - 
F 	

0)  dV 
N 2  + 1 

H - b dV i • 	2 

1.11(b) N  ( 2 c 	1 

d chT = LP 

d Gclir 	P2  (0) 

P2(0) H b dV , 	2 

(2.3.39) 

and. -K N 
(H - c) do = 	 dV 	(20.36) 

2 	 2 
q Nch9  (Nch2  + Ng2 ) 

where 	N = doping density on gate side of junction 2 

Naha= doping density in section 2 of channel 

y.,02  = equilibrium barrier potential of junction 2 

V 	= applied voltage, junction 2 2 
Combining equations 2.3.34 and 2.3,36 gives 

39 

where N 

	

db 	N' (H2 
 — ) dV1 

	

do 	(H b) 2 

	

I 	c  N N h2 (Nch2 + Ng) 

(2.3.37) 

N N 	(N 	+ N ) ge chi chi gi 

Multiplying equation 2,3.37 by Nchi gives 
Nch2 

/01(b) db N h  

p2  (c) do Nch2  

ab 	(H 0)  dV i  
_ = N 	2 	( 203a  38) 
do 	(H -b) 2 

where N gi  (N chi  + N ) 

N 	(N 	+ N ) ga chi gi 

Substituting equation 2.3.38 into 2.3.30 then yields 



and. - Ngi  Nchi  0112  + N g2) N.C-12  )= 

H - 1 Ng2  Nch2  cNchi  N g  

1/2  
(2.3.41) 
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Often the two gates of a field-effect transistor are tied. together , 

and to a good approximation it may 13 assumed that Y.) ot  + V = 02+ V2 0 t 
Then from equations 2.3.33 and 2.3035 

b 	N 	(N + N ) N ch2 (Nch2 	g2 chi 

2 
	c 	Ng2(Nchi + Ngi) Nchi 

1/2  
( 2 . 3 . 4 0 ) 

With abrupt junctions, it is often possible to assume that the level of 

doping density on the gate side of the junction is much greater than 

that on the channel side. Thus, if Ngs')') Nch2  and. also Nal)) Nohi  9 

equation 2.3.41 would become 

 

(112 o).[Nchi 

H - b 	N CM 

1/2  

 

N (2.3.42) 

   

and equation 2.3.39 becomes 

1/2  111(b) 	N chi + 1 

112(e) 	11 chi 

  

•••••••• 

d Qom, 

d Goa 

  

    

 

+ 1 

 

(2.3.43) 

It can be seen then from equation 2.3.43 that as Nch  approaches Ncth.2  

d QchT 	L2  
d Gehl, 

2 

]p,i(b) + p2(o) 
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\ Also, aschil 	becomes 	1 

d Qch 

   

L2  

     

dGchT 	111(b) 

where 	(b) is the lower mobilityc, 

It can thus be seen from equations 2,3.39 and 2.3.43 that the 
slope of the channel-charge-conductance plots for this type of structure 

can be expected to depend on the mobility at each depletion layer bound,. 

ary , the doping densities, and if the gates are not tied together, on 

the channel depletion layer widths, and on the voltage change at each 

gate. 

2.3.2.2 Double Linear Gate Junctions  

Consideration will now be given to a structure with two diffused 

gate junctions, each of which is assumed to have a linear grading. This 

results in a channel charge density profile as shown in Fig. 2.3.9. 

The doping profiles area
s 
 and a2  for junctions 1 and 2 respectively. 

and 

For this case, it can be 

H - b = 

H 	c = 
2 

assumed that (49)  

K 	(Poi  4. VI) 
1/ 
/ 3  

1/3  

(2.3.44) 

(2.3.45) 

qa 

(iboa  + 2  ) [3/2K 
qa. 

2 

where 	K = dielectric constant 

q 	= electronic charge 

Poi = junction 1 equilibrium barrier potential 



/02  ( H -b dV 
3. 	2 

p (b)db = ( H2  -a dV 
(2.3.4.7) 

µi(b)(  112 -13 \  61.1 + 
H b dV 
1 	2 

dQchT 

dG chT 

= Za 

  

(2.3.48) 

11.(0) 

d  (H -a  ) 
2 	3. 

H -b (IV 
g. 	a 

+ 1 
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$0, 02  = junction 2 equilibrium barrier potential 

a
1 
 a p 	= linear junction grading slopes 

2 

(H - b)= section 1 depletion layer width 

(H - o)= section 2 depletion layer width 
2 

Vi, V
2 
 = applied reverse bias junction voltages 

In the same manner as for the abrupt junction case previously 

considered, by differentiation fran equations 2.3.44 and 2.3.45 one 

can obtain 

db a 	(H -0) 2  dV 	(2.3.46) 
do a 	(H -b) 2  dV 

2 

Now pi(b) = qai  (Hi  b) and. /02  (a) = qa2  (H2  -c). Therefore 

giving fran equation 2.3.30 

MM. 

As before, if it can 

equations 2.3.44. and 

dQ chT 

be assumed 

2.3.45 

= 

(with. 

that 

a 

[—aa

i  

Nol. 	NrAf x/02  

gates tied together ), 
WINO 1/6 

+ 1 

then fran 

(2.3.49) dG chT µ (b) 
• a 	et  
(—A-) Va  (a) a 2 
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This situation is thus siwilar to equations 203.39 and 2.3.43 for the 

double abrupt junction case. 

Other junction combinations, such as one abrupt and one graded 

junction, are possible in the two-gate structure and these could be 

solved for. However, the treatment of the double abrupt and double 

linearly graded junction cases provides a good basis for understanding 

mobility effects throughout the channel. If the parameters of the 

structure are known, as equations 2.3.39 and 2.3.48 show, it is always 

possible to calculate the slope of the charge conductance relation-

ship throughout the whole of the channel. Equally important however, 

as will be shown in Chapter 3, the reverse is true. The charge con-

ductance relationship can always be used to obtain information about 

the parameters of an unknown device. 

2.4 MOST Charge Control Relationships  

Although the main emphasis in this thesis is on junction field.. 

effect transistors, the applicability of the charge control relation-

ships to insulated gate field-effect transistors will also be studied. 

The insulated-gate field-effect transistor structure to be considered 

here is shown in Fig. 2.4.1. This type of structure vas first suggested 

by Kahng and Atalla (24-126), and has also been called a surface-field-

effect transistor, and a metal-oxide-semiconductor transistor. The 

term MOST, an abbreviation from the last name mentioned above, is used 

to refer to this structure. 

The MOST is a particularly interesting type of field-effect 

transistor to consider from the charge control point of view. Because 



pf its very high gate resistcnne and conzlequent low gate leakage 

current;  a quantity of charge placed 

an MOST will remain there fce a very 

disappearing. The time required for 

can be in the order of several hours  

on the open circuited gate of 

considerable length of time before 

this charge to be leaked 

to a day in some devices 

away 

(55) 0 

The MR would thus appear to closely approach an ideal charge 

controlled device which could be defined as one which (a) requires only 

the presence of charge on its controlling electrode to achieve control 

in the output circuit, and (b) does not require a sustaining currant 

or voltage to maintain the controlling charge. In practical MOST'a 

these requirements will only be exactly achieved over a more limited 

period of time during which the amount of charge leaked away is 

negligibly small. 

In applications involving logic , for example, the main interest 

is to determine which state the device is in . The tolerance to gate 

charge variations due to leakage is relatively high, permitting an 

operating period of the order of the gate discharge time constant. In 

the logic application, a non-destructive read-out of the state of the 

device is available from a measure of the channel conductance. This 

example thus serves to illustrate one possible advantageous use of the 

near ideal charge control properties of the MOST. 

The structure in Fig. 2.4.1 represents an N-channel device 

and consists of a P-type substrate into which are diffused heavily 

doped N regions forming the source and drain contacts. Silicon 

dioxide is grown over the region between the source and drain contacts 

and on this is deposited metal which forms the gate contact. The 
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silicon. dioxide is a very high resistance region and effectively 

isolcbes the gate contact from the remainder of the device. 

In normal operation, a thin region of mobile electrons exists 

in the area between source and drain forming a resistive path from 

source to drain. The application of a positive voltage to the drain 

with respect to the source results in a flow of electrons from 

source to drain. The number of mobile channel carriers and thus the 

amount of current flow, can be increased or decreased by increasing 

or decreasing the amount of positive bias on the gate with respect to 

the source. The substrate is usually connected to the source. 

MOST's can be fabricated as enhancement-type devices or depletion-

type devices (37). A depletion-type MOST is designed to have a large 

number of conduction electrons present in the channel before the applic-

ation of terminal voltages. This type of device closely resembles the 

junction YAW and is operated with a positive drain voltage and negative 

gate voltage with respect to source. The application of a negative 

gate voltage removes or depletes mobile carriers from the channel and 

if large enough, will cause pinch..off at some point in the channel. 

For the MOST the pinch-off voltage is assumed to be the voltage 

drop across the oxide layer which will just cause the mobile charge 

concentration in the channel to go to zero. 

The enhancement-type device is usually designed with no mobile 

carriers in the channel initially. In fact, the surface channel region 

often has an effective heavy P-doping. In this case, a considerable 

positive gate voltage is required to overcome the effects of the surface 

P-doping, and to produce mobile electrons in the channel for conduction. 
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Pinch-off voltages for enhancement devices therefore can be zero or 

positive while depletion devices have negative pinch-off voltages. 

Similar analyses for the voltage-current relationships for an 

ideal enhancement-type MOST structure have been carried out by 

Ihantola(36), Hofstein and Heiman (37), and more recently by Sah (38)  

Shockley's method of solution (8)  is applied in all cases. It is 

usually assumed that 

(1) The average mobilityµ is constant in the channel. 

(2) The gate oxide layer is much thicker than the channel depth. 

This allows the channel to be considered as a surface sheet 

with essentially all the gate control voltage appearing across the oxide 

It also means that the gate capacitance is assumed to be constant and 

independent of variations in the channel height. 

(3) Shodkley's "gradual case" applies to the channel. 

(4) The effects of surface states or traps are constant. 

These analyses result in an equation for the voltage character-

istics of an enhancement-type MOST in common source operation of the 

farm  (37) 
Md. 

Id = 
Koxp. B 

L T az 

V 2  
(V - 	v 	d 
g po' d 

2 
(2.4.3) 

.00 

where Td = drain current 

Vd  = drain voltage 

Vg  = gate 	voltage 

K = oxide dielectric constant 

= channel mobility 



47 

= veLdth of channel 

L = Length of channel 

Tox 	thickness of gate oxide layer 

Vpo = pinch -off voltage 

The Shockley condition, and thus equation 2.4.1, does not hold for 

voltages beyond pinch-off such that 

Vd>Vg - Vpo 
	 ( 2.4. 2) 

Equation 2.4.1 results in a family of curves as shown in Fig. 2.4.2. 

The drain current is assumed constant beyond pinch-off as in the corres-

ponding curves for the FET. 

These analyses will not be repeated here, the main purpose in 

this section being to consider both enhancement-type and depletion type 

MOST's in terms of the charge control relationships previously presented 

for junction FET's. 

From the previous discussion, the MOST channel is analogous to 

its FET counterpart in that conduction in both devices is by majority 

carriers. Further, the channel conductance depends on the number of 

channel carriers in both cases. It is thus clear that under conditions 

of zero drain voltage and constant mobility, equation 2.3.7 is applicable 

to the MOST channel as well as the FET channel. Thus for the MOST, 

with reference to Fig. 2.4.1 , 

Qch =— -oh 
I? r_ 	 (2.14.3) 
V 

where 	L = channel length 

1_4 = channel mobility, assumed constant 
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As in the FIT case, it will be assumed that the application of 

a drain voltage to the unpinched-off channel, although it may modify 

the amount of charge therein, does not distort the channel shape sufficiently 

to invalidate the basic equation 2.4.30 Therefore 

Va  
Id =Gch Vd 	Qch  

Qoh  
(2.4.4) 

T 

  

where 	112/ 11 Vd  as before. 

As with the FFJI, Gauss's Theorem (48) requires that the charge on 

the gate be balanced by an equal amount of charge of opposite polarity 

below the insulating oxide layer. In the N-channel device, the gate 

charge can be balanced by Q ch  consisting of majority carrier electrons 

in the surface channel, and by Qs  consisting of depletion region charge 

of uncovered acceptor impurities in the substrate, assuming negligible 

intrinsic hole and electron concentrations. Note that if the field 

at the substrate surface is sufficiently large, this depletion layer 

can extend a considerable distance down into the substrate bulk. 

A further component of charge Qst  must also be considered. This 

is the charge in the surface traps as a result of incomplete bonds at 

the silicon-silicon dioxide interface. Qst depends somewhat on manu-

facturing processes, but genersly surface traps in N-channel devices 

with P-type substrates are donor-type and therefore contain positive 

charge. The doping level of the substrate is then usually adjusted to 
(56) 

produce the desired number of conduction electrons in the surface channel, 



14-9 

The more lightly doped substrate produces 0. relatively larger number 

of conduction electrons at zero applied gate voltage. A heavily doped 

substrate could result in no conduction electrons, just holes and 

ionized acceptors in the surface channel region. The lightly doped 

substrates thus produce depletion-type MOST's while the more heavily 

doped substrates produce enhancement-type MST's. 

The relationship between these charge components, as illustrated 

in Fig, 2.4.8 is then, from Gauss's Theorem 

where 

Qg -~ 	Qch s = ° 

Qgg Qgd Qst Qch Qs ° 

Qch 22-(Qgg Qgd) r Qst "° Qs 

or 

The#ef ore (2.4.5) 

Qch = conduction charge in the channel ( in this 

case, negative electron charge ) 

Qg . net gate charge = Qgg Q gd 

egg = component of gate charge due to applied gate 

bias. In this N-channel case, Qgg is positive 

for positive Vg indicating electrons removed 

from gate contact. In depletion mode operation, 

Vg is negative, indicating that for this device 

electrons are added to the gate contact. 

gd 
	component of gate charge due to drain voltage. 

In this N-channel device, Qgd is negative. It 

can thus be seen that in the enhancement mode 

of operation, Qgd is in opposition to Qggo 
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Qst 	
charge in surface traps (usually positive :in an 

N-channel device) 

Q = uncovered substrate charge (negative for P-type 
5 

substrate ) 

Combining equation 2.4.5  with 2.4.4 gives 

or 

where 

I 	Qch 	
.. (Qgg + Q03) ''. QEit '''' 

Q' 	(2.

4.06) d - - 
I'd 	

Ta 

•(Qgg + Qd ) + Qo 
=  	(2.407) 

(2.4.8) 

id  

Qo e 	Qst - Qs 

Q0  is negative for &device with an initial. inversion layer at zero applied 

voltage , 	It is equal to the charge which must be added to or sub-

traoted from the channel (by Qgg) to just produce pinch-off all along 

the channel with zero drain voltage applied. 

It will be assumed initially in connection with equation 2.447 

that the charge in the surface states is fixed. Also 2  it will be 

assumed that Qs  is independent of gate voltage. This effectively 

assumes a sufficiently low applied gate field, and/ or a sufficiently 

thick gate oxide layer. The range of validity of these assumptions 

for practical MOST's will be clearly shown in Chapter 3. The resulting 

family of constant drain voltage (constant Qga  ) characteristics pre- 

dicted by equation 2.4.7 is shown in Fig. 2.4.4. 	Note that if Q0  is 

negative, equation 2.4.7 should not be interpreted to mean that current 

will flow in the opposite direction at Qgg  = 0, but rather that con- 
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duction electrons must be present in the channel before current can 

flow. 

Equations 2.4..3 and 2.4.7 describe MOST operation under conditions 

of constant mobility. By analogy, it is seen that these equations 

can be affected by mobility variations just as in the single gate 

FET case. Nevertheless, as will be shown in Chapter 3, these relation- 

ships are of considerable use in the study of practical MOST's. 

2.5 	Charge Control and the Medge-Shaped. Channel  

In order to illustrate the effects of channel shape on the charge 

control relationships, and to study further the assumption in 

Section 2.3.1 neglecting channel shape effects, the charge-conduct- 

ance relationship for a channel in the shape of a wedge will now be 

considered. This shape of channel cannot of course be assumed to apply 

exactly to all F132's under all biasing conditions, but it will help 

to provide a good understanding of the factors involved. 

The wedge-shaped channel to be analyzed is shown in Fig. 2.5.1. 

The height of the structure at the base in the y direction is H, 

tapering to zero at x=P. The width of the structure in the z direction 

is assumed to be constant and equal to B. The distance from x=0 

to x=L is assumed to be the active channel length while the point P 

is merely a reference point at the peak of the triangle. Symmetry 

will be assumed about the y=0 plane. 

Equation 2.3.2 will be used in the form 

dx dR =  

	

	(2.54) 
p. A(x) 
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where dR is the differential resistance of a differential section of 

channel length dx and area A(x), 

pis the charge density in the channel and will be assumed con-

stant here, 

1.1 is the majority carrier mobility, also assumed constant. 

Equation 2.5.1 is applicable as long as the current flow is 

essentially in the x,direction. It will thus be valid for small 

wedge angles such that the length of the chord at x=0 drawn from the 

point P is not significantly different from the height H. At any point 

x along the channel, the height is given by 

y= g (1 - ?p-C ) 	(2.5.2) 

and. 	A (x) = 2 By (x) = BH (1 - ) (2.5.3) 

Substituting equation 2.5.3 into 2.5.1 and integrating from x=0 to x=L 

gives 

L 

	

( Rch 	 loge 	1 

... 
(2.5.4) 

x=0 
or 

R = L 	P log / P ch 	— e (— p  
10  P H  

(2.5.5) 

The charge Qch  in the channel is obtained by 

Qch = PIrcich 	(2.5.6) 

The channel volume is calculated as follows: 



Vol eh  = BLH 
2P 
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x=1:1 

Vol --7-  2BS 	Y(x) ax 	(2.5.7) 

x=0 

Substituting equation 2,5.2 into equation 2.5.7 and integrating gives 

Therefore, from equation 2.5.6 , 

(2.5.8) 

[ 0oh 	t 
= /0 EILH 1 - '  

L 

2P I 
(2.5.9) 

Fran 2.5.5 and 2.5.9 then, 

P Qch = I  F 

P ah 

(2.5.10) 

where 
F = P  :O.log 

( 	II 
7 

(246611) 

7 	e 	P - 1 

It can be seen from Fig. 2.5.1 that 
P 

H = P 	= 
Tii.0 	.71 

where 111,  is the channel height at x=L so that F can also be written as 

F = 	
+ 3.) 

loge  
2 (hl_ 1 

(2.5.13) 
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Thus as WL goes fram 1 to a large value, 11/11i,  goes from a large value 

to 1, 
Fig. 2.5.2 shows a plot of F as a function of F/ L. It can be 

seen that for values of P/L greater than about 2, the value of F is 

not significantly different from 1. As IA, approaches 1, F rises very 

rapidly to infinity. Conditions of validity of equation 2.5.1 break 

down at that point however, as the channel is no longer open. It 

also represents a physically impossible situation in the practical 

device, as it would require a field of infinite size to sustain current 

flow through a channel which gradually tapers to zero. 

Current does flow in the physical device with the drain end of 

the channel "pinched-off". It therefore appears probable that the 

pinch,-off condition is represented by an effective limiting of the IA 

ratio to some value greater than 1. 

In practical devices, the effective F/L ratio can be made large 

(B/Si,  ratio approaching 1 ) in two main ways. The first is by construct-

ing the device with a smaller physical channel height. The second 

is by increasing the channel depletion layer width at the source 

end of the channel relative to that at the drain end by the application 

of appropriate gate and drain voltages. 

In view of this second point, and also of the fact that the re-

sults in Fig. 2.5.2 indicate that a fairly severe distortion of channel 

shape can occur without seriously changing the effective device IF/ii 

ratio, true charge control operation should be achieved with all 

practical FET's, over a good range of gate bias conditions, even if 

the drain voltage is large. Similar conclusions can also be seen to 

apply to the MOST. 



55 

2.6 	Pita's and MOST's Modelled Below Finch,off 

It is intended in this section to develop models describing 

Ila and MOST operation from the charge control point of view. The 

charge control models presented in this section are intended to apply 

for FIT and. LOST operation with open on =pinched -off channels, The 

subject of modelling the complete range of device operation is discussed 

in Chapter 3„ • 

The purposes in developing these models are mainly two-fold. 

It is intended firstly that the model should provide a simple yet 

general representation to aid in the description and understanding 

of device operation. Secondly, it is desired to provide the basis for 

an equivalent circuit representation of these devices to facilitate the 

calculation and prediction of their performance, with particular emphasis 

on low level switching transient performance. 

Since the MT and MOST are essentially alike, the criteria for the 

models will be developed with reference to the .r2T. 

2.6.1 Development of _bill. Model  

As previously mentioned, the term "low level switching" is taken 

from "chopper" terminology and indicates that the 112 (or MOST ) will 

switch a relatively low signal voltage on the drain. Typically, 

the signal to be "chopped" is below 100 millivolts or so. The gate 

voltage or switching voltage must be large enough to produce a consider- 

able variation in the source-drain resistance during its application, 

The model must therefore accomodate values of gate voltage up to the 

pinch-off voltage. A somewhat more general model allowing larger drain 

voltages, will in fact be presented, so the main requirements mentioned 
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shove v1l F be accomodate:L, The vain restriction in this section is that 

the channel should remain unpinched-offo 

In order to calculate the time response of the i'Jii1 in the 

Ereaeral case, the distributed nature of the gate junction and the 

channel will undoubtedly have to be incorporated into the model,, The 

reason for this is that it 13 quite conceivable that differential 

charging of the gate depletion layer can occur, In other words, the 

rate of charging of the depletion layer throughout the transient may 

be different at various points along the channel depending not only 

on the channel resistance, load terminations, etc., but on the distribution 

of resistance along the channel at any given time. This is illustrated 

in Fig. 2.6.1. 

If differential charging does occur in the depletion layer during 

the switching transient, it is of course consistent with saying 

that the resistance at various points along the channel must also 

vary accordingly. It is also consistent with saying that the shape 

of the channel may vary at different points along the length of the 

channel at different times throughout the transient. 

A more detailed consideration of all the factors affecting the 

switching process, and its representation, is presented in Chapter 5, 

Section 5.2. Nevertheless, it is clear from the preceding discussion 

and from the work in the earlier parts of this chapter that both differ- 

ential charging effects and large drain voltages could in general 

distort the channel :shape severely enough to cause significant deviations 

in the LIVII ratio. The approach used in this work is to divide the 

depletion layer and channel into a number of sections or lumps from source 
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to drain., x t can readily be seen that, if the number of lumps is large 

enough, the distributed nature of the depletion layer and channel, from 

source to drain, should be adequately represented. 

It will be shown in Section 2.6.2 specifically how this approach 

allows the problem of severe channel shape distortion, due either 

to differential charging or to large drain voltages, to be effectively 

overcome. The relationship will  first be presented, however, assuming 

negligible channel shape distortion. Majority carrier mobility will be 

assumed constant in the derivation of the models in this section. 

The lumping technique is illustrated in Fig. 2.6.2. Each lump 

is assumed to consist of a charge storage element and a variable 

resistance element. The charge storage element represents the charge 

in its section of gate depletion layer, and the resistive element re-

presents the resistance of its section of the channel, Ideally there 

should be an infinite number of lumps representing the device, but in 

practice, it will be shown that seldom are more than four or five lumps 

required to represent the device adequately. 

Other lumping configurations will be studied in Chapters 14_ and 5, 

but the "L" section of Fig. 2.6.2 was chosen in the interests of sim-

plicity and convenience. A typical 3-lump gate-channel charge-conductance 

representation is shown in Fig. 2.6.3. 

The channel resistance of a given lump will be calculated by 

applying the previously derived charge control relationships to that 

lump. In other words, it is assumed that each lump essentially acts 

like a small field-effect transistor to which equation 2,3.16 is applic-

able. For a given section "u" then 



Gch = 

L
U

2 

Gch 	u = G 	- Qgru  

Qou 

and. 

11  

where 
	

Goh = conductance of section u of the channel 

Lu = length of section u of the channel 

Qou = total majority carrier charge in section u 

Q gu 

of the channel = amount of gate charge required 

to pinch-off section u of the channel 

= amount of depletion layer or gate charge in 

section u, including both gate and channel 

voltage effects 

qu  = Qou = zero bias conductance of section u of 

Lu2  
the channel 

If the channel is divided into n sections of equal length, then 

. 1/6 
	

(2.6.3a) 

Qou = Qq/n 
	

(2.6.3b) 

qm  = nGcho 
	(2.6.3o) 

where L, Qo andcho represent corresponding values for the complete 

device as previously defined. The total channel resistance is then given 

by 

Rch = 1 
	1 	1  

GehA chB Gchc 
(2.6.4) 
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ou  . 
	gc  

Qou 	Q 
ClOu  

RCn , = 
Ro 
- 

n 

1 1 

(2,6.5) 

Therefore by substitution 
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where Re 1/dcho = zero bias total channel resistance. Note that the 

total device depletion layer charge due to both gate and drain voltages 

is 

Q = Q 	Q 	Q + g 	gil- gB 	go - - - 

In the simple case where QgA  = Q = Qga  etc. 

becomes 

(2.6.6) 

equation 2.6.5 simply 

       

Roh = 
Ro 

 

1 (2.6.7) 

 

n QgA  

Qo 

 

       

since Q
g 
 = nQ = nQ

gB 
 etc. 	Equation 2.6.7 is then identical with 

gA-  

equation 2.5016. 

2.6.2 Lumping and the hedge-Shaped Channel  

Consideration will now be given to the way in which lumping 

overcomes the problem of a severely distorted channel shape and the 

resultant deviation in the simple charge control relationships. 

This will be done with reference to Fig. 2.6.4 by considering the effects 

of lumping on the wedge-shaped channel as used in Section 2.5. 

Fig. 2.6.4 shows a linearly tapered uniformly doped channel of length 

L and divided into four equal sectionsL,L p L p and.L. Pis the 
1 2 3 	4 

distance to the peak of the triangle and for convenience P is equal to 

Z12  It will be recalled that in Section 2.5 the true relationship for 
4 



 

6o 

ouch a channel was 817en by equation 2.5.10 , 

 

dch 
F 

1
\ loge  p 	 

I? 	I? /E.  Q
ch = 

(Mos) 

  

and also, that the simple charge control relationships only apply well 

when FA:1 corresponding to a large P/L ratio. 

Table 2.6.1 compares the P/L ratio for the whole device, and for 

each section of the structure of Fig. 2.6.4. This table clearly shows 

that the P/L ratio is larger (i.e. better) for each section than for 

the device treated as a whole. Improvement in P/L ratio is shown to 

be greatest in the sections near the open end of the channel. 

Table 2.6.2 shows the improved results obtained when the number 

of channel lumps is doubled to eight. A further improvement in the 

P/L ratio for each section has resulted While the P/1,  ratio for the 

whole device has remained as before. 

Although the channel shape in prabtice will not always vary 

linearly, the principle remains unchanged, and it can be assumed that 

the simple charge control representation of each lump will be better 

than that for the device if treated as a whole. A better overall 

representation of the total channel resistance then results. Note 

that even if the P/L ratio in one section is poor (i.e. low) its 

effect on the total channel resistance is effectively reduced according 

to the number of lumps used. 

The complete charge control 1L'1' model for the unpinched-off 

channel is shown in Fig. 2.6.5, with the total channel resistance 

being given by equation 2.6.5. Rps  and Rpd  are bulk parasitic source 
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Table  2,6.3. 

24.-.Lump Wedge-Sha.ped. Channel P/L Ratios (See Pig. 2.6.0 

(Channel Length = /12/5 ; Section Length = P/5 ) 

Channel Section Section Peak Distance P/L Ratio 

Whole Channel P 5/4. = 1.25 

Section 1 P = P 1 5 

Section 2 P = 4/5 P 4 
2 

Section 3 Pa = 3/5 P 3 

Section 11. P = 2/5 P 2 
4 

Table 2.6.2 

8-Luatp 1;.edge-Shaped Channel P/L Ratios (See Fig. 2.6.4) 

(Channel Length = 8P/10 ; Section Length = gylo ) 

Channel Section Section Peak Distance P/L Ratio 

Whole Channel P 10/8= 1.25 

Section 1 P i = P 10 

Section 2 P =9/10 P 9 ' 
2 

Section 3 P 
a 

=8/10 P 8 

Section 4. P =7/10 P 7 
4 

Section 5 P =6/10 P 6 

Section 6 P =5/10 P 5 
6 

Section 7 P =14/10 P 4 

Section 8 P a =3/10 P 3 
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and drain contact resistances respectively. Rpg is the bulk parasitic 

gate contact resistance. Cgs 2  Cgd 2 and Cds are stray capacitances. 

The current sources (assumed to be constant), represent the reverse 

biased junction leakage current. The total leakage current I1 is given 

by 

I1  =IA  +IB  +IC  + — — 
	 (2.6.9) 

where IA  = IB  = IC  etc. 

The number of lumps required depends on the device and its circum-

stances of use. In the d-c or steady state situation, only one lump 

is required to represent an FIT under conditions of negligible channel 

shape distortion. In the large drain voltage transient situation, several 

lumps may be required. Evaluation of parameters and other model forms, will 

be considered in the law level switching study in Chapters 4. and 50 

2.6.3 MOST Model  

Bearing in mind the operational similarities previously dis-

cussed, it can be concluded that the basic principles, presented in 

this section relating to FET's, can also be applied to MOST's . The 

form of the MOST charge control model for the unpinched-off channel 

will thus be similar except for the differences now to be discussed. 

One difference is that the gate leakage current is not constant, 

but depends on the amount of charge on the gate. It is so small that 

it can usually be neglected , but in general will be represented by a 

leakage resistance from gate to source, and from gate to drain. 

Equation 2.4.7 from Section 2.4. applied to a gate-channel lump 

gives 



1 	1 	1 
Rch = GchA GchB GchC 

Omin 0.mM ••••• 

and as before 
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Gchu = 	(- Qgu  + Q„ ) 
(1,11)2  

(2.6.10) 

Therefore 

     

      

L+Q " 
	C2  
) L L-(-Q

8C 
 +Q ) 

EP  

(2.6.11) 

Equation 2.6.11 applies to both enhancemant type and depletion type 

MOST'a. Note however, that it applies only to the unpinched-off 

channel. Therefore (-Q + Qou  ) (-Q + Qou 
 ) etc., must all be 

gA,  

such that there is electron conduction charge in each section of this 

N-type channel. 

One other complicating factor must be considered for the EMT 

model and that is depletion layer capacitance Cd  as illustrated in 

Pig. 2.6.6. If the substrate is connected to the source as is common, 

the depletion layer capacitance of the Ni'- P junction at the drain 

contact effectively shunts the channel from drain to source. This 

capacitance is drain voltage dependent but may be quite small depending 

on the junction area. Note that the depletion layer below the device 

channel partially balances the charge on the metal gate contact (and the 

surface traps), and is assumed to be accounted for in the model's gate 

charge storage elements. 

Depletion layer capacitance Cs  also exists between the N+ source 
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contact and. P-type substrate. Rsub  is the bulk substrate resistance, 

and Rcs  is the resistance of the contact to the substrate. The resulting 

MOST charge control model for the unpinched-off channel is shown in 

Fig. 2.6.7 where channel resistance is calculated from equation 2.6.11. 

It should. be  noted that the model is normally unnecessarily 

complex, particularly if the device is operated with the substrate 

connected to the source. Usually Rps Rpe Rpg and Ros  are negligibly 

small. This means that for operation with substrate connected to 

source, essentially no voltage appears across Cs so it can be removed 

from the equivalent circuit. 

As in the case of the J?Ji' model, one or more gate-channel lumps 

are required depending on its use. Evaluation of parameters for this 

model will also be carried out in Chapter 5, 
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2.7' Shockley's 44.1:2roach and Charge Control Compared 

The "gradual case" assumption made by Shockley is fundamental 

to his work and is of great importance. In this section the "gradual 

case" assumption will be studied in greater detail with the view to 

providing a better understanding of it, and to compare Shockley's 

approach with the charge control approach. 

To do this, Shockley's assumptions and expressions will be used 

to calculate the charge Qch(V) in the channel volume of an 	in 

terms of the applied drain and gate voltages. The channel time 

constant 17 will then be obtained by dividing Qch(V) by the drain current 

Id  (V) also in terms of gate and drain voltages (i.e. equation 2.2.14)0 

The abrupt juncture structure of Fig. 2.2.1 used for the deriv-

ation of Shockley's basic equations, will also be used here. The charge 

in the channel is given by 

x=r) 
Q61.1(V) = ,,O (channelvolume)= 2prIB r b(x) dx (2.7.1) 

x=0 

where 	2b(x) = channel height at any point x along the channel 

Ion 	= channel charge density, assumed constant as in 

Chapter 2 

B 	= channel width 

Fran equation 2.2.9 the relationship between "b" and the voltage 

across the depletion layer is given by 

(2.7.2) 
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b(x) will be obtained frond equation 2.7.2 by assuming a specific re-

lationahip (equation 2.7.3 ) between V and. x . This relationship will 

be tested (equations 2.7.5 through 2.7.7), as indicated below, before 

it is used to obtain Qch(V) fran equation 2.7.10 

follows: 

The assumption is as 

Thus giving 

Irtr(Vg + Vd x 

112 

(2.7.3) 

(2.7.4) b(x) = 	a 

L 

Vd x 
+ 1 - L 
V po •••••• 

Before proceeding to calculate Qch(V), equation 2.7.2. will be used. 

to calculate Id to emphasize that equation 2.7.4 is in fact consistent 

with Shockley's assumptions. Thus fran equation 2.2.11 
II, 

x=L 

Idc 
x=0 

V x + d 
g  

• po 

V dx (2.7.5) 
L 

k2.7.5) 
17-  

dx 	go f. 

where dV = (V(/L) dx from equation 2.7.3. Thus 

3/2  IdL = Vdgo x  2L Vpo  (Va  x 	 ) 

3Vd 	L Vpo Vpo 

   

 

x=L 

x--0 

 

 

(2.7.6) 

  

    

and therefore 

 

g/3  

{(1:d- 
vg)8112.(..1/2..) (10 vago - 

L VaN1/2  
(2.7.7) 
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which is identical with Shockley's current -voltage relationship (ise46, 

equation 2. 26 34, thus verifying equations 2.7.3  and 2. 7. 4.. 
Shook.ley's "gradual case" assumption therefore assumes a constant 

field and a linear voltage variation along the channel as expressed 

by equation 2.7.3. This can only really be true, however, if the channel 

height is constant along its length Fran source to drain. Fr an equation 

2.7.4 it can be seen that this situation can only prevail if the Vdx 

term is negligible with respect to Vg  everywhere along the channel frcra 

source to drain. It is believed that the derivation of the Shockley 

current-voltage relationship by the method expressed by equations 2.7.3 

through 2.7.7 on the assumption of a linear voltage variation along 

the channels  not only helps to provide a better understanding of the 

"gradual case" assumption, but also provides a convenient method for 

determining over what portion of the channel length the "gradual case" 

assumption applies. 

Continuing with. the Qch(V) calculations, substitution of equation 

2.7.4 into equation 2.7.1 gives 

Qch(V) 	= 	2 	Ba  

x=L Vdx 
1./2  

dx (2.7.8) (g 	L 
4.  

V po 

Therefore 

    

   

2 vaNtir 
(2.7.9) 

 

Q0(V) = 2 /0BaL 1 - 

 

3VdVpo 1/2 
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orpc,tion 2,4,,9 by c. uatioa 2,7.7 prodt,ces 

lra  QQQ(V) 2/0Bay 	L2 2pliL2  r.: 

Ia(V) 	
Vd go 	 d211/3 Ba 

(2.7,10) 

Equation 2.7.10 thus shows that on the basis of Shockley's 

assumptions, the ratio of channel charge to channel current is 

always directly proportional to the square of the channel length divided 

by the product of mobility and applied drain voltage. It is thus 

identically equal to the channel time constant as defined in equation 

2.3.19. 

It can therefore be concluded that Shockley's "gradual case" 

assumption is identical to the true charge control or constant Td 
 

assumption from the charge control approach. 

Charge control thus provides a completely general relationship 

incorporating Shockley's main assumption of gradual conditions in 

the channel. It can be used for FET's with any doping profile in 

the channel, and is also applicable to the study of MOST's. Its use 

with a particular 1'E2 does not require a knowledge of the junction law(c), 

nor does it depend on the assumption that the doping density on the 

gate side of the device junction(s) is very much greater than the channel 

doping density. In addition, its use does not require a detailed 

knowledge of the exact device structure. 

As the measurements in the next chapter will show, the charge 

control relationships prove to be of considerable value in the study 

of 1.112 parameters and characteristics, In this regard, by studying 

deviations in d , or in the L2/11 ratio, it is possible to determine 
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uuaer wlmt operating condWens the assumptlon of true charge control 

operation, of Shockley's "gvadual case" assumption, is valido In 

afflition, is provides R practical method for studying the effects of 

mobility variations, structural effects, manufacturing tolerances, and 

in short, anything which significantly affects either the channel time 

constomt re  or the device rib ratio° 
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Fig. 2.2.1. : Shockley's FET Structure . 

Vd -, Vpo • 
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:Fig• 2.2.2. s FET Drain Characteristics for Shookley's 
Basin Theory ' • 	(Equation 2.2.14.) 
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Fig. 2.3.3. 	FET Gate Charge-Channel Conductance 
Relationship 	(Equation 2.3.15.) 
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..'Fig. 2.3.4. 	FET Chargé Control Family.(EqUation 2.3.19.) 
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Fig. 2.3.8. : Double Abrupt Junction Doping Profile 
Illustration (N-Channel Device) 

Fig. 2.3.9. ,s Double Linear Junction Doping Profile 
Illustration (N-Channel Device) 
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FIG. 2.4.1. : MOST Structure 

FIG. 2.4.2. : MOST Drain Characteristics Using 
Shockley's Basio Theory (Equation 2.4.1.) 
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Fig. 2.4.4a. s MOST Charge Control Family (Equation 2.4.7.) 
For Enhancement Device 

Fig. 2.4.4b. : MOST Charge Control Family (Equation 2.4.7.) 
For Depletion Device 
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Fig. 2.6.7. s MOST Charge Control Model for Unpinched—
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CHAPTER 3  

CHARGE CONTROL MEASUREMENTS AND RESULTS  

3.1 Introduction  

The material of Chapter 2 has been cohcerned with presenting the 

charge control relationships for both FET's and MOST's , and with con-

sidering the main factors which affect these relationships. In this 

chapter, the applicability of these relationships to practical devices 

will be considered. In addition, methods mill be developed which 

illustrate the factors affecting device operation, and which allow these 

devices to be studied in greater detail. 

As indicated in Chapter 2, the L2/µ ratio of the device, and the 

channel time constant rd at various operating conditions, are very 

important quantities and are basic to device operation. The approach 

in this chapter is to study these quantities in detail for several types 

of practical devices throughout their ranges of operation by direct 

measurement of gate charge and channel current, and gate charge and 

channel conductance. 

The necessary measurements and their methods for this study are 

developed and presented in Section 3.2. The results of measurements on 

several devices are presented in Section 3.3. A detailed discussion 

of these results in terms of device operation and device structure is 

presented in Section 3.4 for the 	and in Section 3.5 for the MOST's. 

Overall conclisions regarding the effectiveness and applicability of the 

charge control approach as applied to field-effect transistors, and in-

sulated gate field-effect transistors are given in Section 3.6. A brief 
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discussion of charge control:models for devices aperaiing with unpinched, 

off chancels is ulse,in4laded. 

7.2 Charge Control Measurements  

Measurements of the types described in this section inevitably 

depend to a large extent on the availability of specific pieces of 

equipment. While the detailed measurement methods and jig forms pre-

sented here have thus been developed around certain instruments, alter-

native methods will be suggested, and sufficient general information will 

be given to enable the measurements to be made under other conditions. 

As will be seen, the methods favoured in this section provide, 

where possible, continuous displays of measured quantities as obtained 

from an X-Y recorder or camera, as opposed to discrete point by point 

mE-asurements. The main reasons for this are threefold,' 

Firstly, the continuous nature of the results means that the 

complete range of the measurements is covered without the danger of 

missing information "between points". Complete information in any 

section of the results is always available for immediate or some future 

rise. There is no question of having to repeat the measurements because 

one or two points on some part of a curve seem to be in doubt, or a. e 

too widely spaced. Even if readings are taken from these curves to 

be operated on further, they can be conveniently and intelligently chosen, 

and they can easily be supplemented by others where required. 

Secondly, the accuracy of this type of measurement is comparable 
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to or better than most point by point measurements. Usually the overall 

system can be correctly calibrated at some point, so that the main 

accuracy limitatien is imposed by any non-linearities within the system. 

The third main aspect of this type of measurement is that once 

the system is set up and calibrated, a wide range of results can be 

obtained on a large number of devices relatively quickly. In addition, 

this type of measurement is usually far less tedious and fatiguing to 

the operator than equivalent point by point measurements. 

The measurements required here are gate charge as a function of 

drain current for varAous values of drain voltage, and of gate charge 

as a function of channel conductance. These measurements are not 

entirely unrelated, but for convenience, they will be described in three 

parts ; gate charge measurements, drain current measurements, and conduct-

ance measurements. In all cases, the conditions of measurements are 

such that the derived data represents operation in the d-c steady state. 

3.2.1 Gate Charge Measurements  

In considering the gate charge measurements, it is helpful to 

consider the effects of the high gate impedance of FEi's and MOST's. 

It means that the gate time constant may be very large and is not basically 

as important in the same wcii as the base time constar:t ( 44 
	

is for 

bipolar transistors. As previously indicated is Section 2.5:  the charge 

decays from an open circuited gate at a rate determined by the approx-

imately constant reverse junction leakage current in the case of PET's ; 

and in the oase of MOST's by the very high resistance leakage paths 

from gate contact to source or drain. In both cases, these quantities 
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can be conveniently determined by d-c measurements with a pico-ammeter. 

For our purposes, the high input impedance permits short duration 

pulse measurements (or measurements near the start of the pulse ) of 

gate charge without the neod for a resistor in parallel with the driving 

capacitor as used in charge measurements on bipolar transistors ( 	) 

On the ether hand, in both the PET and the MOST, the amount of 

charge supplied to the device gates of these high impedance devices, is 

intimately related to the gate voltage. Since this gate voltage can be 

as large as 10 volts or more in the normal ranges of operation of these 

devices, it can vitally affect the drive conditions during the gate 

charge measurements. It is therefore necessary to measure and account 

for the gate voltage during these measurements. 

The gate voltage is measured here with the probe of an oscilloscope. 

The undesirable effect of such a probe, however, is to increase unwanted 

capacitance across the gate. This unwanted capacitance must then be 

accounted for, so that it does not introduce an error in the measurement 

of gate charge. Before describing the specific measurement methods used 

here, the points discussed above are illustrated in connection with Fig. 

3.2.1 , which shows a simple method which could be used to measure gate 

charge. This method requires an oscilloscope capable of measuring and 

displaying two voltages, but it need not be a sampling oscilloscope . 

In Fig. 3.2.1 0  C and Rg  represent the gate capacitance and effective 

parrallel gate resistance of the FET or MOST ; 0 represents the capacitance 

of the gate probe plus stray socket and empty can capacitance. R is 

the prcbe resistance , and Ci  and Cs  represent the total series drive 

capacitance. Probes 1 and 2 measure the driving voltage pulse VI  and 
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the gate voltage pulse V2  respectively. 

For these measurements, it is assumed that the duration of the 

pulse is small enough that that parallel combinations of R and R g  

produce negligible sag in the gate voltage pulse V at the time of 

interest. In practice, this is not difficult to obtain since the probe 

resistance R is normally the limiting factor, and that is typically 

100 kilohms or 1 megohm. Normally Cs  is calibrated from "zero" while 

C. is an uncalibrated trimmer capacitance. If desired, however, Ci  could 

be dispensed with, requiring that initial and final readings of Cs  be 

taken to obtain their difference. 

With Cs set to "zero", and with an empty transistor can in the 

transistor socket in place of the FET. or MOST, Ci  is adjusted initially 

to make the series drive capacitance equal to the probe plus stray 

capacitances. With an actual device in the circuit, only Cs  is then 

adjusted to be equal to the added gate capacitance of the device itself 

which in general depends on the gate voltage V . The device gate 
2 

capacitance Cg  is then read directly from the calibrated dial of C
s 
 . 

The charge supplied to the gate is then directly obtainable from 0
S (=Cg) 

and.V.TheconditionstowhichC. and subsequently Cs must be adjusted, 2 

and the equations which apply, are given below. 

Firstly, for the initial adjustment of Ci  with Cs  set to "zero", 

Ci = Cp ' 

where 	CV - V )c. = V C 
1 2 	2 P 

and 	V = 2V 
1 	2 

(3.2.1) 
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Thefinal adjustment is made with the transistor in place by adjusting 

Cs from "zero" to the required value by noting 
V
1 	a 

end V At this new 
s 

condition, 

V = 2V 
1 	2 

and 
	

Cs = Cg 
	 (3.2.2) 

so that the gate charge at that point is given by 

Q
gg 	a 

=V C
g  V a =Cs  =Vj  C /2 
	

(3.2.3) 

New final adjustments of Cs at other values of V (and hence V ) are 
a 

then required to obtain the relationship between gate charge and gate 

voltage over the desired operating range of the device. 

3.2.1.1 Initial Compensation Measurement Method  

The measurement method actually used here involves an initial 

measurement to enable compensation to be made for C . It uses a single 

fixed known capacitance Cs  as shown in Fig. 3.2.2, resulting in consider-

able simplicity in measurement jig construction. Probes 1 and 2 are 

now sampling oscilloscopes probes, the outputs from which are fed to the 

Y and X axis respectively of an X-Y recorder. A. block diagram of this 

system appears in Pig. 3.2.3. The instruments actually used in these 

measurements are indicated in the diagram, but eqivalent instruments 

can be substituted. 

The method depends upon two important features of the sampling 

oscilloscope. One is the X-Y recorder output facility, and the other 

is that the output from the sampling oscilloscope can be made proportional 
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to signal amplitude at any given point in the time domain. Essentially 

it means that the output can be made proportional to the vertical position 

of any one of the many samples composing the oscilloscope trace. On 

the Hewlett-Packard model 185B sampling oscilloscope, for example, this 

is acccmplished by positioning the spot (or trace sample ) in the 

desired position on the time axis by placing the "scanning" switch to 

"manual", and adjusting the "scan" control to the desired position. 

Any amplitude variations in the trace at the time-position of the spot 

will then result in an output relative to the "zero" or base )ine position. 

Further details of sampling oscilloscope operation can be found in the 

appropriate instrument manual, in this case, the operating and service 

manua. for the Hewlett-Packard 185B ( 57 ) 
• 

In terms of the pulse measurements, the sample for each oscilloe,  

scope channel is chosen in the flat top portion of the pulse so that 

channel 1 output is proportional only to pulse amplitude V , and 

channel 2 output is proportional only to pulse amplitude V . This 
2 

situation is illustrated in Pig. 3.2.4. 

The entire system is calibrated for use by firstly adjusting the 

vertical position controls of the oscilloscope for zero voltage output 

with probes shorted, and then applying to both probes a d-c voltage 

which is accurately measured with a digital voltmeter. The gain of 

each oscilloscope channel and of each channel of the X-Y recorder is then 

set to produce the desired deflections from zero on the recorder. 

Once set up, the results are obtained by merely rotating the 

amplitude control of the pulse generator. By so doing, the pulse voltages 

V and V are increased from zero, and a continuous recording of V as 
3 
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i function of V
.2 

is obtained on the X-Y recorder, 

With an empty transistor can in the transistor socket, an initial 

measurement of V versus V is made, these initial values being subsequently 
2 

denoted by primes. This results in a straight line with a slope deter-

mined by the values of Cs and C . For this measurement, the amount of 

charge in es  is equal to the amount of charge in Cp  thus 

Qs  = Qp 

or ► 
(1/- 	)0 	C 

1 
V 

2 S z P 

1 
and C = (Vi - 1 ) Cs 

V I  
2 

where the primes denote compensating measurement quantities,and V / V 
2 

is the constant slope of the initial measurement plot. 

With this measuring method, it is important to ensure that there 

is no base line shift on the oscilloscope trace as the output amplitude 

of the pulse generator is varied, since the position of the base line 

is used to fix the "zero" output voltage. Base line shift can occur with 

some pulse generators over a region near the start of the pulse, particularly 

when using the combination of large pulse amplitudes and the faster 

oscilloscope time scale settings. In such cases, it is important during 

"zeroing", to set the "spot" sufficiently far from the start of the 

pulse that no base line disturbance is present. Otherwise, "zeroing" 

must be carried out with the amplitude of the pulse generator reduced 

to a low value. With a high quality pulse generator such as the Hewlett- 

Packard type 214A, the pulse is well defined, and such effects are normally 

(3.2.4) 

(3e2.5) 
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With the dei,:ixed PET el. MOST iii place of the empty can, V is 

measu2ea as a function of V although a straight line does 
2 

A.ot gu.lerally result, In this case 

Qs  = Qgg Q.10 	(3.2.6) 

where Q = injected gate charge = V C 
gg 	 2 g 

Thus 	(V1 	2 - V ) C = V (Cg  +C ) 	(3. 207) S 	2  

and Qom _  V C = (V - V )C -VC 	(3.2.a) 2 g 	1 2 S 	p 

Substituting for equation 3.2.5, gives 

„ Q
gg 	

V = 	C
g 
 =C

s 	
V (V - 	(V1

/ V#  / 	)) (3.2.9) 
2 	 2 	2  

Equation 3.2.9 is in a form suitable for algebraic manipulation. 

A fan more suitable for graphical manipulation can be obtained by 

rearranging. Thus from equation 3.2.4, 

V1  = V2  (CS  + Cp  ) / Cs 	(3.2.10) 

and fran equation 3.2.7 

v = 	(c +cp  +c ) / ca 	(3.2.11) 2  

Graphical svbtraction at a given value of V (=V ) gives 2 	2 

	

... VI. %.^. V2 Cg / Cs = Qgg Cs 
	(3.2.12) 

Thus a plot of Qggs as a function of V (=Vgate ) can be 2 
conveniently obtained by graphically subtracting the initial plot made 

without: the transistor, from the final plot made with the PE2 or•MOST 
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in place. 

3.2.1.2 Potentiometer Method of Measuring Gate Oharge 

A f.urther measurement technicpe, called the potentiometer method, 

has been developed. for measuring gate charge, and will be presented be-

cause of its great convenience in use. With this method, a plot directly 

'9roportional to Qgg is obtained immediately on the x..y recorder, with­

out algebraic or graphical manipulation. It requires, however, an x..y 

recorder with a differential input on one channel ; or the equivalent 

signal differencing obtained with a separate differential amplifier, or 

with two operational amplifiers. 

or 

where 

Rearranging equation 3.2.9 , gives 

(v 2' / Vi.' ) Q = (V f / V I ) V _ V 
---=----=-- gg a L 1 a 

o s 

= ltV .". V 
:t 2 

Ie = (V' / V ' ) 
a 2. 

K is measured with the transistor out of the socket, and is less than 1.. 

If then the voltage V is reduced by the factorK with a potentiometer, 
:1 

and KV am!d V fed to the differential input of the .it .. :!" recorder, 
:t. a 

(V '/ V I ) 

F:.V _ V $) or a 2. Q g , can be directly plotted against V 
:t. 2; C g .2: 

8 

as the pulse amplitude V is increased from zero. The block diagram 
:I. 

for this method is illustrated in Fig. 3.2.5. 

The value of the V I / V' ratio is obtained from an initial 
2 1-

measurement with an empty transistor can in place of the FET or MOST 
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to be measured_ The capacitor Cs 
is conveniently measured on a component 

bridge such as the Wayne Kerr B221. 

An X-Y recorder with the required differential input was not 

available. The existing recorder, a Moseley model 2K4M, was, however, 

slightly modified, and used in a circuit which produced the required 

differencing. 

This recorder, in common with other equivalent recorders (for 

example the Houston-Advance model BR-100), has a pair of inputs for 

each channel, both of which can be isolated from ground for d-c voltages. 

The recorder deflection on a given axis depends on the potential between 

these two terminals, and the setting of the recorder potentiometer. 

The input circuit of the Moseley 2D-2M is illustrated schematically in 
(G5) 

Fig. 3.2.6. When at standstill, essentially the only current drawn 

by the recorder is that in the potentiometer, as the balance situation 

requires effectively zero potential applied to the servo amplifier (i.e. 

across points A and B in Fig. 3.2.6 )0 

For use in this method, the recorder internal potentiometer in the 

vertical axis (Y) is disconnected as shown in Fig. 3.2.7. The resultant 

circuit effectively sets independently the potential at each input 

terminal with respect to ground so that the recorder deflection is 

proportional to VT1  - VT20  Beckman Helipot Model LP10 1000 ohm 10 turn 

potentiometers were found to be very satisfactory for use in this circuit, 

permitting convenient and relatively rapid system calibration. 

All components in the system used for the potentiometer method 

with this recorder, as illustrated in Fig. 3.2.8, are calibrated similarly 

as before, by first adjusting the oscilloscope vertical position controls 
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with probes shorted to produce zero output voltage, and then by applying 

a measured d-c voltage to the probes (including 10:1 dividers ) of 

both channels. With the gain of the oscilloscope channels set, the 

horizontal axis (X) gain (for V ) is first set by adjusting the X-axis 

recorder potentiometer to produce the desired deflection. The connection 

to the maxis of the recorder is then left in place so that any loading 

effects due to the input impedance of the internal potentiometer of 

the recorder Laxis is compensated for in the subsequent procedures. 

Still with reference to Fig. 3.2.8, the point C is grounded by 

adjusting the "wiper" of potentiometer P1 to the "ground" position. 

The desired amount of Y,axis deflection, corresponding to the d,c voltage 

at the probes, is produced by adjusting potentiometer P2. Potentiometer 

P1 is then adjusted from the "ground!' position to produce a net zero 

Y-axis deflection, thus setting the gains equal in each part of the 

differential circuit. 

In its present state, the system is used to obtain the value of 

K (= "T i  / V 1  ) fran pulse measurement of V 1  and V
.1
' with only an empty 

2 

transistor can in the measuring socket. K is then easily obtained fran 

a plot of the X-Y recorder of Or 1  - V 1  ) versus V 1  at any value 
2 	 2 

of V . Once obtained, the gain of channel 1 is reduced by the factor 
2 

K simply by setting the dial of potentiometer P1 to its new reading, 

where 	New reading = K x Previous reading 

Thus the entire system is calibrated to directly produce the required 

plot of (KY - V ) versus V 
1 	2 	 2 

The jig used for these charge control measurements is illustrated 

in Fig. 3.2.9. It is constructed on a piece of double copper clad 
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06" fibre board. 50 ohm strip line (line width •,..;1,0 3.5 mm ) was 

constructed on this board by peeling off superfluous copper on one 

side. Co-axial connection to this strip line is conveniently achieved 

with BNC 50 ohm bulkhead sockets. A socket is incorporated on the 

gate side of the series drive capacitor to accommodate the sampling 

oscilloscope probe for the measurement of V . A. low capacitance trans- 
2 

istor socket was constructed from small diameter hollow tubing to 

accept the transistor leads. V was measured across the 50 ohm line ter:-

minating resistor with the oscilloscope probe of the other channel. A 

socket is alsomprovided to enable the drain to be shorted to the source 

during these measurements as desired. 

Rb  is a large bias resistor through which a reverse bias can be 

applied to the gate during the measurements if desired. It can be 

used with high current devices at large drain voltages to prevent 

power dissipation and temperature rise, by maintaining the gate voltage 

at or just beyond pinch-off. In this case, the polarity of the applied 

pulse voltage is such as to tend to reduce the gate voltage toward zero 

during the pulse. 

3.2.2 Drain Current Measurements  

In order to ensure that the characteristics of the device alone 

were being observed, it was desired to measure the changes in drain 

current with little or no external resistance in the drain circuit. 

Two methods for accomplishing this will be described. One is a pulse 

measurement using a current transformer, and the other is a d-c measure-

ment. Note that either a,d,c or a pulse measurement of Id  is applicable 
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to these devices , as there is a unique relationship between gate charge 

and gate voltage at each constant value of drain voltage. 

It is desired to correlate the gate charge and drain current 

measurements. Since both oscilloscope probes are required for the 

measurement of gate charge, these measurements must of necessity be 

made in two stages. The drain current measurements are made as a 

function of gate voltage and are thus easily correlated with measurements 

of gate charge as a function of gate voltage. 

Drain current measurements are made using a current transformer 

in a manner similar to that previously described for the gate charge 

measurements. In this case, however, one sampling oscilloscope probe 

measures a. voltage proportional to the magnitude of the drain current 

pulse, and X-Y recorder is calibrated to plot drain current versus V 

(=Vgate ) as the generator pulse voltage is changed. The same measuring 

jig previously described for the gate charge measurements is used with 

the addition of the current transformer as shown in Pig. 3.2.10. 

ATektronix type CT-1 current transformer with P6040 probe was 

found to be ideal for this purpose. It has a rise time of 0.35 nano-

seconds, and , owing to a large decay time constant, its response is down 

by less than 1°/o after 50 nano seconds. Its sensitivity (5mvima into 

a 50j" load) is more than adequate, particularly if the type 187-0 

pre-amp is available for the HP 185-B sampling oscilloscope. 

The CT-1 transformer has an insertion impedance of less than one 

ohm with the output voltage being measured across 50 ohms. The drain 

current is monitored by passing a short length of wire (no. 18 gauge) 

through the transformer. The drain voltage is applied across a capacitor, 
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so providing an effective short circuit for the current pulses* 

Most present day FET2s are relatively low current devices, but in 

order to pre7ient temperature rise within the FEE' at large drain voltages, 

a d-c reverse bias can be applied to the gate through the large resistor 

1413  as previously described. Another method for accomplishing this uses 

long reverse bias pulses with a relatively high repetition rate so that 

the 11111' is biased off for all but a relatively short time during each 

off-on period. The use of long pulses does not invalidate the measure-

ment technique so long as the pulse voltage is monitored in the first 50 

nano-seconds or so from the start of the reverse biasing pulse. In this 

situation the pulse generator voltage is maintained at a value just 

beyond the pinch-off voltage, and reduced to zero during the actual 

measurement. 

Continuous d-c plots of drain current versus gate voltage can 

also be made on the X-Y recorder, particularly if the devices in question 

are relatively low current devices. The circuit for this method is 

shown in Fig. 3.2.11. For this method the drain current is measured 

across a high accuracy (or accurately measured ) 1-ohm resistor so that 

the drain is essentially short-circuited. It is especially convenient 

if the gate power supply has a single knob providing continuous control 

of voltage over the range of interest. After X-Y recorder calibration, 

the FIT gate is kept at or beyond pinch-off. To make the measurement, 

the gate voltage is reduced to zero by rotating the control knob on the 

power supply. The plot can be obtained relatively quickly so that for 

most devices negligible temperature rise results. 
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3.2.3 Channel Conductance Measurements  

Small signal channel conductance measurements as a function of 

gate voltage were made in order to obtain plots of gate charge versus 

channel conductance for FET's and MOST's at zero drain voltage. The 

measurements in this chapter were made on the Wayne Kerr B221 component 

bridge using an external source and detector to ensure small signal 

conditions. The use of this bridge involves point by point measurements 

unless the autobalance adapter AA221 is available, or unless the newer 

Wayne Kerr B641 autobalance bridge is available. The autobalanoe 

( principle 	58 ) permits continuous recording of the value of the un-

known so that a continuous plot of channel conductance as a function of 

gate voltage could then be easily obtained on an X-Y recorder. 

The B221 (or B641 ) directly measures conductance with an accuracy 

of about 0.1 0,/o. The connections for this measurement are shown 

in Fig. 3.2.12. 

Actually, the effects of any contact and parasitic bulk are also 

included in this measurement. This parasitic resistance is often small 

in comparison with the channel resistance. If it is not negligible, 

it will affect the gate charge versus channel conductance relationship, 

as discussed later. References to the channel conductance measurements 

thus include this qualification. 



105 

3.3 Measured Results and Observations 

It is intended in this section to present the results of measure-

ments of several lAgr's and MOST's, correlate them with the measurement 

methods previously described, and briefly note their form. These results 

will be discussed in detail in Section 3.4. 

For this study,cbarge control measurements were made on the follow-

ing devices: 

5 type 362498 P-channel diffused silicon planar ktiss 

3 type TII883 NT-channel alloyed gate germanium VET's 

2 type TIX881 N-channel alloyed gate germanium 11.2's 

3 type 2N3824 N-channel epitaxial layer diffused planar FET's 

4 type 95BFY N-channel MOST's 

At the time of writing, all the above devices are available com- 

mercially; the FET's from Texas Instruments Limited, and the MOST's 

from Mullard Limited. Selected manufacturer's data on each of these 

device types is given in the Appendix. 

Since the results of the charge control measurements inevitably 

depend to a large extent on the structure of the device in question, a 

brief note on the structure of each of these types of devices will be 

given before proceeding to the results. The manufacturing processes 

used in the fabrication of these devices arc similar to those used in 

the manufacture of bipolar transistors, and further details can be found 

( in the literature 40 )  

The TI2881 and TI 83 FIT's are single gate N-channel germanium 

devices as illustrated in Fig. 3.3.1, They consist essentially of a 

thin cylinder of N-type germanium on one side of which is alloyed a P-type 
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gate. The source contact is placed opposite the gate in an etched well. 

The channel length (assuming essentially one-dimensional current flow ) 

is defined by the diameters of the etched well and of the source contact. 

The drain contact is made to the =etched material surrounding the well. 

The 2N2498's are double gate, double diffused. P-channel planar 

devices with a structure as shown in Fig. 3.3.2. The first diffusion 

forms the channel region and defines the lower gate-channel Junction. 

The second diffusion defines the upper gate-channel junction, and is also 

used to connect the two gates together. The channel length in this device 

is ideally determined by the width of the second diffused gate region. 

The type 2113824 10111 is an N-channel epitaxial layer structure as 

shown in Fig. 3.3.3. The epitaxial layer forms the channel and defines 

the lower gate-channel junction. A. P-type diffusion into the epitaxial 

layer determines both channel length and channel height. It also connects 

both gates together. The source and drain are completely symmetrical 

in this device. 

The structure of the type 95ETTMOST's is illustrated in Fig. 

3.3.4. It is a diamond-like structure with a central source contact. 

The gate contact on the oxide layer completely surrounds the source 

contact, and is between the source and drain. As noted previously, these 

MOST's operate with an N-type channel, and are constructed on a P-type 

substrate. 

The results presented here are divided into two types, preliminary 

results, and final results. Sample preliminary results on a representative 

	 (TI1881-2 ) and on a representative MOST (MOST D) are presented and 

discussed in Section 3.3.1. These include the pulse measurements of V 
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versus V (=iVgate ), the drain current versus gate voltage measurements 2 

for various values of drain voltage, and the channel conductance versus 

gate voltage measurements. The measurement methods employed for these 

measurements have all been discussed in Section 3.2. These preliminary 

measurements are used to obtain the desired final results. 

The final results for a selection of devices are presented in 

Section 3.3.2. These final results for each device are obtained from 

the above mentioned preliminary measurements, as discussed in Section 

3.2, and are the gate charge versus channel conductance relationship at 

zero drain voltage, and the gate charge versus drain current relationship 

for each of several values of drain voltage. 

The devices whose final results are presented in Section 3.3.2, 

and discussed in detail in Sections 3.4., and 3.5 are as follows: 

TI1881-2, 012498-3, 2Nr2498-5, 2N3824-3, MOST D and MOST 6. Sane results 

are also presented for devices TIA883-1 and 2N3824.-2 for comparison 

purposes. These representative devices have been chosen to illustrate 

results in several different types of devices with different structures 

and made by different manufacturing processes ; and also to illustrate 

differences within devices of the same type. 

As discussed in greater detail in Section 3.4 and Section 3.5, 

these charge control measurements were made on each device at various 

values of drain voltage (including zero) to test the validity of the 

basic theory presented in Chapter 2 for the unpinched-off channel, and 

to investigate the applicability of the charge control approach over 

a wide range of conditions, specifically beyond pinch-off. 
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3.3.1 Preliminary Results  

In this section it is intended to present a sample set of pre-

liminary results for one FET (TIX881-2 ) and for one MOST (MOST D ). 

Final results are presented in Sections 3.3.2 for these and the other 

devices to be discussed in detail in Section 3.2 and 3.5. 

Figures 3.3.5 and 3.3.6 show graphs, as produced form an X-Y 

recorder, of V versus V for a family of drain voltages (positive) for 
1 	2 

devices TIX881-2 and MOST D respectively. These pulse measurements were 

made as described in Section 3.2.1.1 and illustrated in Figures 3.2.2 

and 3.2.3, with the measurement jig illustrated in Fig. 3.2.9. As 

indicated in Fig. 3.3.5, a series drive capacitor C8= 9.79 pf was used 

for the measurements on device TIX881-2. An initial compensation 

measurement with an empty transistor can in the socket gave a value of 

1.39 for V 
1 
/ V3. For MOST D, a value of Cs  = 15.0 pf was used, and 

1 
the initial compensation measurement gave V / V = 1.48 

1 	2 

It is to be noted that the zero or starting position for each 

of the curves in Figures 3.3.5 and 3.3.6 is moved horizontally on the 

V
2 
(Vgate ) axis. This was done for convenience in separating the 

individual curves. The basic difference between the plots for the two 

devices is that those for TIZ881-2 are quite curved, while those for 

MOST D are essentially straight lines. The curves for TIX881-2 (and 

for the other junction Yals ) result fran the non-constant capacitance 

versus voltage relationship of the gate junction*  

The straight line plots in Fig. 3.3.6 for MOST D, indicate a 

constant gate capacitance at a given drain voltage. The slope of each 

plot is slightly different, however, indicating that the drain voltage 
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has same effect on the gate capacitance. The reasons for this will be 

brought out in the discussions in Section 3.5. Not all of the MOST's 

measured produced straight line plots of V versus V . Sane curvature 
2 

was noted particularly at large drain voltages in the plots for MOST 6 

for example. The reasons for this will also be discussed in Section 3.5. 

Fig. 3.3.7' shows d-c measurements of drain current versus gate 

voltage, as obtained on an X-Y recorder, for several drain voltages for 

device TIX881-2 measured as illustrated in Fig. 3.2.11, and described 

previously in Section 3.2.2. The current scale, though convenient for 

presentation here, is normally more sensitive. Note that the zero current 

position for each curve is shifted vertically as indicated, for convenient 

separation of the individual curves. Being an N-channel device, the drain 

voltages are positive. Gate voltage increases negatively to the right:, 

thus reducing Id  to zero. The drain current versus; gate voltage curves 

for other FET's are similar to those in Fig. 3.3.7. For a P-channel de-

vice, however, the polarity of the applied voltages is reversed. 

Figures 3.3.8 and 3.3.9 each show similar curves for MOST D, but 

for different drain voltages. The zero current position far each of 

the curves in Fig. 3.3.9 is shifted as described above, but those in 

Fig. 3.3.8 are not. The curves in both figures are made with positive 

drain voltages, aid for gate voltage increasing positively to the right. 

Being also an N-channel device, greater drain current flows for larger 

values of gate and drain voltage, indicating enhancement operation. 

Two important basic effects emphasized in Fig. 3.3.8 as well as 

in the final results, are noted here. They will be discussed in Section 

3.5. The first is that for this device, approximately +2 volts on the 
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gate are required to produce current flow, irrespective of the drain 

voltage. The second is that drain current saturation occurs with in-

creasing gate voltage, particularly at the lower values of drain voltage. 

The remaining preliminary relationship to be presented for each 

of these devices is the relationship between gate voltage and small signal 

channel conductance measured at zero applied drain voltage. These 

relationships are shown in Fig. 3.3.10 for TI2081-2 and in Fig. 3.3.11 

for MOST D. These measurements were obtained as discussed in Section 

3.2.3 and as illustrated in Fig. 3.2.12. 

In Fig. 3.3.10 for TIXS81,2, the vertical scale is the applied 

reverse bias gate voltage increasing negatively in the upward direction, 

As the applied gate voltage is increased, the channel moves closer to 

pinch-off, and the channel conductance Gch decreases. The form of this 

plot for other PET's is similar, but the exact shape varies from device 

to device depending on the junction law, the pinch-off voltage, and other 

device properties. 

The Vg  versus Gch plot in Fig. 3.3.11 for MOST D shows gate voltage 

increasing positively upwards. It is seen that increasing gate volt-

age increases channel conductance. There is a considerable straight line 

section in the mid-region of this plot. Since the V versus -V plot in 
2 

Fig. 3.3.6 for this device indicates a constant gate capacitance as a 

function of gate voltage, it may be expected that the shape of the Qgg  

plot presented in the next section will be very siOilar. The form of 

the V versus Gch  plots for the other MOST's measured is similar to that 

of Fig. 3.3.11, the main difference being a shift up or down relative 

to the G
ch axis, depending on device pinch-off voltage. This will be 
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clearly shown also by the final results presented in the following section 

for MOST 6. 

5.3.2 Final Results  

As indicated earlier in Section 3.3, it is intended in this section 

to present final charge control results for the selected representative 

devices, to comment on them briefly, and to note their form as a pre- 

liminary to more detailed considerations later, in Sections 3.4. and 

3.5. The gate charge versus channel conductance relationships will 

be presented first for each of the devices TIX881-2, 2N2498 -3, Z72498-5, 

2N3824-.3, MOST D and MOST 6. The family of gate charge versus drain current 

relationships for each of the above devices will then be presented. 

Both types of charge control relationships for each of these devices 

will then be studied and discussed in detail in Section 3.4 for the FE2's 

and in Section 3.5 for the MOST's. 

The final results presented in this section were obtained from 

preliminary measurements on each device similar to the preliminary measure- 

ments previously discussed in Section 3.3.1 for device TIM81-2 and.MOST D 

(Figures 3.3.5 through 3.3.11 ). The values of gate charge Q
gg 
 in each 

case were obtained from equation 3.2.9 from the corresponding plot of 

, 
V1  versus V2  (knowing Cs and. V1 	2 

/ V
$ 
 ). The Q

gg 
 values thus obtained 

were then plotted against the corresponding values of Gch  or Id  at a 

given drain voltage. Note that for MOST D where the V versus V relation- 
1 	3 

ship is constant, the calculation of Qgg  from equation 3.2.9 is considerably 

simplified. 
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3.3,2.1 Gate Charge Versus Channel Conductance Relationship 

The gate charge (Q
gg 

 ) versus channel conductance (Gch  ) relation- 

Ship for device T12881-2, together with that for TI2883-1, is shown in 

Fig. 3.3.12. Similarly the 	versus Gch  relationships for devices 

a2498-3 and 0'12498-5 are shown in Fig. 3.3.13. The Qgg  versus Gai  re-

lationship for device 214382)1-3 is shown in Fig. 3.3.14. A very high 

conductance device, 2N3824-2,is also shown in Fig. 3.3.14 for comparison. 

Figures 3.3.15 and 3.3,16 present the gate charge versus channel conductance 

relationships for MOST D and MOST 6 respectively. The vertical scale 

for the FET's (Figures 3.3.12 through 3.3.14) indicates the amount of 

charge injected into the gate and removed from the channel. Thuspincreasing 

Qgg decreases the channel conductance, and moves towards pinch-off. In-

creasing Q
gg 

 upward for the MOST's, corresponding to the application of 

a positive gate voltage, increases the amount of conduction charge in 

the channel, and thus increases the channel conductance. MOST 6 in Fig. 

3.3.15 has a channel conductance of 4.5 mmhos at zero injected gate 

charge (zero applied gate voltage ). If charge is removed from the 

channel (downward on the Q
gg 

 scale ) corresponding to the application of 

&negative gate voltage, the channel conductance is decreased similar to 

a junction rm. 

The gate charge versus channel conductance relationship is important 

in that it allows the FET or MOST to be studied in the simplest way 

without having to consider any possible disturbing effects due to drain 

voltage. The gate charge versus channel conductance relationship corres-

ponds to equation 2.3.15 for the leti and 'Go the conductance relationship 

obtained from equation 2.4.3 (together with equation 2.4.5 for Qgd=O)  for 
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the MOST. These basic equations predict a straight line relationship, 

and thus the regions of constant slope corresponding to regions of 

constant L2A~ ratio 	are of interest in these plots. 

It can be seen that a straight line or constant slope region exists 

in the Q
gg 

versus Geh relationship for each of these devices. 
In general, 

however, it does not extend over the complete range of the Q
gg 

versus 

Geh plot for these devices. The reasons for this observed behaviour will 

be dealt with in Section 3.4.1 for FET's , and in Section 3.5.1 for MOST's. 

3.3.2.2 Gate Charge Versus Drain Current Relationships  

The gate charge versus drain current relationships for various 

drain voltages are shown in Figures 3.3.17 through 3.3.2 for devices 

TIX881-2, 2N2498-3, 0.2498-50 2N3824-31 MOST rt, MOST 6 respectively., Note 

that same of the relationships, for devices T12881-2, 2N2498-3„ and 

2N2498-5,as specifically indicated on the figures concerned, have their 

"zero" position vertically shifted for clear presentation. 

The Q
gg 

versus Id relationships for the FET's correspond to 

equation 2.3.19 derived in Chapter 2. Similarly, the Q
gg 

versus I
d 
re-

lationships  for the MOST are equivalent to equation 2.).7. As indicated 

int.Chapter 2, the straight line or constant slope aspect of these relation-f 

ships are of interest. As expected in the FET case, the Q
gg 

versus Id 

relationships at very low drain voltages are similar in shape to the 

corresponding Q
gg 

versus Gch relationship at zero drain voltage. Compare 

for example, the Qgg versus Id relationship for TI2881-2 for Va.= 005 volts 

in Fig. 3.3.17 with the Q
gg 

versus Gch relationship for this device in 

Fig. 3.3.12. The extent of the linearity observed in the Qgg versus Id 
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relationships for FET's at large values of drain voltage (Figures 3.3.17 

through 3.3.20) , however, is very interesting and highly significant, 

as will be shown in Section 3.4, in that it is not predicted by the 

Shockley theory. The Q
gg 

 versus Id relationships for the MOST's particularly 

those for MOST D in Pig. 3.3.21, exhibit considerable straight line regions. 

Deviations from constant slope do occur in general, however, in both 

the ENE and the MOST relationships in certain regions just as was noted 

in Section 3.3.2.1 in connection with the Q
gg 

 versus Gch  relationships. 

A:detailed study of these relationships will be carried out in 

Section 3.4.2 for the FET's and Section 3.5.2. for the MOST's. The 

deviations from constant slope will be considered and these plots will 

be related to the Q
gg 

 versus Gch relationships. Further, the effects of 

drain voltage on these relationships and on device operation will be 

established, 
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3.4 Discussion  of Results on Field-Effect Transistors 

In this section:the charge control results presented in Section 

3.3.2 relating specifically to the FET's,are studied and discussed in 

detail. The MOST results presented also in Section 3.3.2 are similarly 

considered in Section 3.5. The object of this section is to determine 

from a detailed study of these results, the validity and applicability 

of the basic charge control relationships derived in Chapter 2, Section 

2.3, to the several representative types of FET'slover a wide range of 

operating conditions. 

As previously indicated, the basic theory predicts straight line 

relationships for both the Q
gg 

 versus Gch and the Qgg 
 versus Id relation-

ships. .Although straight line regions occur in each of these relation-

ships, serious deviations do occur in certain regions of operation. These 

deviations will be considered in detail to determine if the basic theory 

is inadequate, or whether these deviations are due to the physical 

process within the device. Further, it is intended to investigate the 

effects of drain voltage on the observed charge control relationships, 

and to determine the validity of the assumption made in Chapter 2, 

Section 2.3, neglecting channel shape distortion. 

The study of these results is divided into two parts. Firstly, 

in Section 3.4.10the Q
gg 

 versus Gch relationships for these 
_Kea's are 

considered and discussed. Since these results were obtained with zero 

applied drain voltage, this complicating factor is removed, and thus is 

not considered in Section 3.4.1. 

The second part, in Section 3.4.2, is concerned with the Q
gg 

 versus 

Id relationships, and thus is specifically concerned with drain voltage 
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effootr._ In thi.3 aootion, the Q versus Id 
results are related to the 

gg 

discussion of the (;) versus Gch 
results in Section 3.4.1, and the .gg  

additional effects due to drain voltage considered. The interpretation 

of these results involves a detailed discussion of the internal oper-

ating mechanisms of the device both below and above pinch-off. 

3.4,1 Gate Charge Versus Channel Conductance Graphs 

It was shown in Chapter 2, Section 2.2, that for a device with 

negligible parasitic source and drain resistances, with constant channel 

length, and with constant majority carrier mobility throughout the channel, 

the relationship between gate charge and channel conductance should be 

a,straight line (equation 2.3.15). Further, this straight line relation-

ship is to be expected whether the device has one or two gates,and whether 

its junction(s) are abrupt or diffused so long as the majority carrier 

mobility does not vary throughout the channel (equation 2.3.28). 

The measured gate charge versus channel conductance relationships 

far the FET's in Figures 3.3.12, 3.3.13, and 3.3,14 , for convenience in 

the discussion, will each be assumed to consist of three regions : a mid-

region consisting of the straight line portion of tie plot, an upper 

region or high gate charge, low channel conductance region where the plot 

curves upward, and a lower region or low gate charge, high channel con-

ductance region , where the plot curves downwards. 

All regions of operation need not necessarily be present in any 

device. As can be seen from Fig. 3.3.12, the plot for TIY883-1 contains 

no lower region. The straight line region starts from zero injected 

gate charge for this device. The plots for 2N3824.-2 and 2N3824..3  in 
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Fig. 3.3.11,. show enly a very small upper region. 

"Ibd,Region 

In the region of constant slope, it can be assumed as indicated 

above that true charge control operation exists, and that the require. 

wents for its existence have been met. Thus in this region, both channel 

length and the majority carrier mobility are effectively constant, and 

any parasitic bulk source and drain contact resistances are negligible. 

Further, each unit of gate charge must be directly employed in affecting 

channel conductance. 

One important aspect which is common to all these plots is that 

the straight line region in every case corresponds to the minimum slope 

that exists for each plot. This means that the effective L2/1.J. ratio in 

this region is at its smallest value, corresponding ideally to a minimum 

value of majority carrier mobility 	Note that for the abrupt junction 

devices studied here, the effective channel length is defined by the 

dimensions of the etched well, and source contact diameter (Fig. 3.3.1). 

In the other .bhi's, however, (Figures 3.3.2 and 3.3.3 ) the effective 

channel length depends on the bounds of the upper gate diffusion , and 

length of any associated depletion region along the channel. 

The slope of the straight line region for each device obtained 

from Figures 3.3.12 through 3.3.14 is listed in Table 3.4.1. It can be 

seen fram this table that a considerable range in the value of this 

slope (i. e. L2/IA ratio ) is covered with these devices, ranging from 

74.6 x 1079  volt-sec for TI2881-2 to 1.65 x 10-9  volt-sec for 2N3824-2. 

It is interesting also that this progression in L2/11 ratio corresponds 

to the age of each type from the oldest, TI2881's , to the youngest, 2N3824.'s. 
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TABLE 3.4.1  

L2/1  RATIO FROM Qgg  VERSUS Gch  RELATIONSHIPS FOR TIX881-21  

T1X883-1, 2E12498-3, 2N2498-5, 2N3824.-2 AND 2N3824-3. 

FET L2/1.1 x 10' (volt-sec)  

TIX881-2 74.6 

TI1883-1 28.35 

2N2498-3 16.85 

2N24.98-5 8.32 

2N3824-3 2.63 

2N3824-2 1.65 
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Undoubtedly, this trend will continue with newer devices,as a small 

value of La/11 uses gate charge more effectively, and tends to increase 

device transconductance ( 4°  ).  

In abrupt junction devices such as those of Fig. 3.3.12, it is 

to be expected that essentially uniform doping should prevail through-

out the channel region, producing a constant majority carrier mobility 

in the channel according to the doping concentration as indicated in Fig-

ures 2.3.6 and 2.3.7. Note that the N-channel germanium devices of 

Fig. 3.3.12 have a higher mobility than the other devices measured. The 

P-channel silicon devices in Fig. 3.3.13 have the lowest mobility at a 

given doping level. 

In the double gate, double diffused devices, (Fig. 3.3.13), the 

value of the doping density throughout the channel is usually at least 

an order of magnitude lower than the base region of an equivalent 

double diffused bipolar transistor ( 40 ). A typical channel doping 

profile for this type of structure might then appear as illustrated in 

Fig. 3.4.1 with a peak doping value of the order of 1018Are. This 

corresponds to the considerably idealized profile (Fig. 2.3.9) used 

in the theory of Section 2.3.2. 

It was found in Section 2.3.2 (equation 2.3.48) that for this 

type of structure with both gates tied together, the slope of the charge 

versus conductance plot depends on the depletion layer widths in the 

channel, and on the mobility at each depletion layer boundary of the 

channel. It is extremely unlikely in the practical profile of Fig. 2.3.9 

that the depletion layer widths in the channel due to each gate junction 

should maintain a constant ratio to each other for any significant range 
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of injected gate charge. It is therefore reasonable to assume that the 

constant slope in the straight line region for each of these devices in 

Fig. 3.3,13 is a result of essentially constant and equal mobility at 

each channel- depletion. layer boundary. 

The most likely condition for this to occur is where the doping 

density at each depletion layer boundary in the channel is at or below 

the value corresponding to essentially constant and maximum mobility 

(401015AmP ). It is therefore assumed that in this constant slope 

region, the depletion layer in the channel due to the upper gate, has 

"gone down the hill" and reached the point where the doping density is 

below about 10'/cu?. This situation is also illustrated in Fig. 3.14..l. 

If the channel doping profile had a rather wide flat-topped peak, 

it is possible that both depletion layer boundaries could be in a region 

of almost constant doping density, and therefore constant and equal 

mobility over a region of injected gate charge. This situation is not 

normally produced by the double diffusion process, however. 

The channel doping profile for the diffused epitaxial channel 

devices (Fig. 3.3.11♦.) is similar to the illustration in Fig. 3.4.2. 

Before the upper gate diffusion, the epitaxial layer should have a reason-

ably constant doping level, depending on its thickness, and on the amount 

of out-diffusion which has occured during epitaxial layer growth. The 

upper gate diffusion is normally of relatively high concentration, but 

shallow in depth. As previously mentioned, this diffusion fixes the 

channel height, but the channel resistivity is better controlled by the 

properties of the epitaxial layer. Thus, the central channel region can 

be expected to remain with a fairly constant doping density. 
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It is expected therefore that the straight line portions of the 

plots in Fig. 3.3.14 are as a result of constant and equal mobility 

where the channel depletion layer boundaries from both gates are in the 

relatively flat top of the doping density profile. The mobility would 

then be determined by the doping density in this region. Depending on 

the device design, the mobility in this region may be somewhat less 

than the maximum possible value (or low doping value). 

Before proceeding to the discussion of the low gate charge region, 

and the high gate charge region of this type of plot, it" should be noted 

that the slope of the straight line region can be affected by parasitic 

gate charge under certain circumstances. By parasitic gate charge is 

meant any charge injected into the gate which does not directly affect 

the resistance of the active channel. If over a region, the amount of 

parasitic charge were to be maintained in fixed relationship to the 

amount of active gate charge injected, this would appear on the gate 

charge versus channel conductance relationship as a straight line with 

a larger slope (i. e. a larger effective IP/µ ratio), than would be ex-

pected on the basis of the channel length and mobility alone. This sit-

uation could occur in the alloyed gate devices with the structure shown 

in Fig. 3.3.1 for example, if the gate junction were made to extend 

significantly beyond the extent of the etched well. 
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3.4..1.2  Low Gate Charge High Channel Conductance Region  

The region of the gate charge versus channel conductance relation-

ships containing the deviation from constant slope at low values of in-

jected gate charge will now be considered. Since, in general, a straight 

line region indicating true charge control operation occurs at higher 

levels of gate charge in all the devices measured, it must be assumed 

that one or more of the necessary requirements are not being met in 

this lower region. In other words, the deviations from constant slope 

must be caused by one or more of the following : variation in mobility, 

variation in channel length, significant contact or parasitic bulk resist-

ance at either end of the channel, or parasitic gate charge. Note that 

although parasitic bulk resistance at the ends of the channel can cause 

a non-linear charge versus conductance plot for the overall device, it 

does not necessarily mean that the gate charge versus channel conductance 

plot for the intrinsic channel is non-linear. 

As previously noted, device TIZ883-1 (Fig. 3.3.12 ) shows no 

lower region deviation. Device TI1881-2 , on the other hand, shows 

essentially a straight line in this region , whose slope is slightly 

larger than in the mid-region. It is possible that the mobility in this 

region is lower due to higher doping density than in the mid-region, 

but this is not normally expected with an alloyed structure, Parasitic 

bulk resistance alone does not explain the situation observed. If it 

were due to parasitic resistance alone, it would have to be assumed that 

the constant Q
gg 

 versus Gch slope in the mid-region resulted when the 

channel resistance became so large as to make the parasitic bulk resist-

ance negligible in comparison with it. Further, it would have to be 
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assumed that the difference between the actual measured channel conduct-

ance with Q
gg 

 = 0 , and the value obtained by extrapolating the mid-

region slope to the Gch  axis is due to parasitic resistance. The 

resultant value of parasitic resistance predicted, however, is too large 

to have a negligible effect on the total measured Gch  at the start of 

the mid-region slope as gate charge is increased from zero, and the 

channel resistance is increased from its equilibrium value. 

A more likely explanation is that the gate extends significantly 

beyond the bounds of the etched well, forming in this device a parasitic 

FIT in series with the main channel. The parasitic HT would be expected 

to have a very short channel length , but a somewhat larger channel 

height than the main channel. With this situation, the parasitic charge 

causes some modulation of overall conductance, but its effect very quickly 

becomes negligible in comparison with the main channel due to its much 

smaller height. It is to be expected that, although conductance modulation 

in the parasitic HT will became insignificant at higher levels of total 

device gate charge, parasitic charge will still be consumed in a fairly 

constant ratio to the active gate charge, allowing a constant overall 

Qgg versus Gch slope in the mi&region. 

It is also quite possible that in this particular device, the 

dimensions of the annular structure may be such that significant con-

tribution to the deviation from the mid-region slope results from the 

fact that the structure is not truly one-dimensional. Just as for the 

wedge-shaped channel considered in Chapter 2, Section 2.5, it could 

be expected that an increase in the effective I,2/11 ratio would result 

from such a situation. With the application of gate voltage, the 
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channel depletion layer is widened so that the channel height is de-

creased. The result is that the channel tends to become more truly one. 

dimensionalpand eventually in the mid-region, the contribution from this 

cause becomes negligible. 

The low region of the Q
gg 

 versus Gch 
relationship for the double 

diffused (Fig. 3.3.13 ) and diffused epitaxial devices (Fig. 3.3.14) 

tends to be large in extent. Since both types are structurally similar 

(see Figures 3.3.2 and 3.3.3 ), they will be discussed together. The 

common aspect of their structures, which is very important in this region, 

is that in both types of devices the lower gate junction is considerably 

larger than the active channel length. The active channel length in 

these devices is essentially defined by the length of the depletion layer 

bounasry between the channel and upper gate. This situation is illustrated 

in Fig. 3.4.3. A considerable and varying amount of parasitic charge 

can thus be contained in this excess depletion layer length. UndoubtedlY:  

a considerable amount of parasitic FLT action also takes place at low 

gate charge levels beyond either end of the active channel as a result. 

Asimilar situation exists along the sides of the upper gate de-

pletion layer. The whole situation is of course worse if the channel 

is located relatively deeply below the surface of the semiconductor. In 

this case, deeper diffusions are required, resulting in a longer parasitic 

gate length. 

Considerable mobility variations undoubtedly occur in this lower 

region also in both device types, but particularly so in the double dif-

fused devices. Normally, special low resistance diffusions are made in 

the source and drain contact regions. Some contribution from parasitic 
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bulk resistance effects is still possible in this region, however, as 

these devices (particularly the 2N3824's ) have a relatively low channel 

resistance under zero bias conditions. 

3.4.1.3 High Gate Charge Low Channel Conductance Region  

All devices exhibit a deviation from the constant slope at high 

gate charge levels as the zero Gch 
axis is approached. This deviation, 

in the plots far the epitaxial channel devices, 2N3824.'s (Fig.3.3.14 ), 

is relatively small in size and extent on the scale shown, but nevertheless 

occurs at very small Gch  values. Other devices such as TIX883-1 and 

2N2498-3 show quite a considerable deviation from constant slope in this 

region. This region most certainly affects the pinch-off characteristics 

of an nal  causing in most cases, a gradual rather than an abrupt change 

in channel resistance as pinch-off is approached. 

Each of these devices has been checked to ensure that a very high 

source drain resistance is achieved for large values of reverse gate 

voltage. It can therefore be concluded that there is no significant 

contribution to the deviations in this region by low resistance leakage 

paths in parallel with the channel. 

It is expected that one of the causes of the deviation here is a 

decrease in the average mobility of the carriers that occurs when the 

channel height becomes very small. In addition, it is probably no longer 

valid to assume that complete depletion exists in the channel depletion 

layer. Thus the channel dimensions become ill-defined, and parts of 

the channel region itself become gradually depleted with a consequent 

decrease in average carrier mobility. 

In this region it is also expected that depletion layer "spillage" 
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t31-as; place. By thL it is ueant that the depletion layer extends pro-

grespively outwards beyond the ends Jf the active channel as the channel 

region becomes more and more depleted. This maintains charge equality 

in th depletion layers on both sides of the gate, but it increases the 

effective length of the channel in a manner similar to that illustrated 

in Fig. 3.4.3, and thus causes the slope of the Q
gg 

 versus Gch relaticn-

ships to increase. 

In the alloyed germanium devices, it is also possible that surface 

imperfections in the etched well are involved (see Fig. 3.3.] ). At 

high gate charge levels, as the channel narrows, any abrasions, roughness, 

or contamination as a result of the etching process, on what is one side 

of the channel, would have a progressively greater effect on the Q gg 

versus Gch relationship. Such imperfections could be expected to decrease 

the average majority carrier mobility, and thus increase the L2/t ratio. 

3,4.2 Gate Charge Versus Drain Current Relationships 

The results of the gate charge versus drain current measurements 

presented in Section 3.3.2 in Figures 3.3.17 through 3.3.20, are dis-

cussed in this section. For clarity in presentation, as previaus1.77 noted, 

same of the graphs in Figures 3.3.17, 3.3.18, and 3.3.19 have a shifted. 

zero line as indicated. Note, however, that the zero line is not shifted 

for any of the graphs in Fig. 3.3.20. 

Each figure shows a family of gate charge (Q
gg 

 ) versus drain 

current (Id ) relationships made on a particular FET at various values 

of drain voltage (Vd  ). Each relationship in these figures shows a 

considerable straight line or mid-region with deviations appearing in 
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Irneral in the upper and lower gate charge regions just as with the 

gate charge versus channel conductance relationships for zero drain volt-

age previouAy discussed. Again, both upper and lower region deviations 

need rot necessarily be present on every graph. 

Equation 2.3.19 predicts a family of straight lines , each with 

slope rd  (= L2/Et Vd ), but was derived only on the basis of an unpinched-

off channel. Gate charge versus drain current relationships were obtained 

for these devices for a wide range of applied drain voltages both above 

and below the pinch-off voltage. The Q
gg 

 versus Id relationships for drain 

voltage values much below the pinch-off voltage Vpo  , were obtained in order 

to study the applicability of the basic theory under conditions such that 

the channel shape departs significantly from the conditions of uniform 

channel height applying to the Q
gg 

 versus Gch relationships discussed in 

Section 3,4.1. The.Q
gg 

 versus Id relationships for large drain voltage 

values are intended to investigate the extension of the theory of charge 

control operation into the pinch-off region and beyond. 

Just as in Section 3.4.1, it is convenient to study the "family" 
cf Q

gg 
 versus Id relationships for each device according to the region 

of operation. Thus the mid-region or constant slope region of each Q gg 

versus Id relationship in the family is discuss d in Section 3.4.2.1. 

Similarly, the low gate charge or high drain current region deviation is 

considered in Section 3.4.2.3. Finally in Section 3.4.2.4, a discussion 

of the operating mechanisms within the btU is given, bs.sed on the charge 

control results, and their discussion in Sections 3.4.24 through 3.4.2.3. 
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. jLt4.2.1 Mid-Region 

As previously noted in Section 3.2.2, it can be seen from Figures 

3.3.17 through 3.3.20 that the entire Q
gg 

 versus Id relationship in-

cluding the mid- or constant slope region for very low values of drain 

voltage, is very similar in shape to the corresponding Qgg  versus ch 

relationship for each device shown in Figures 3.3.12 through 3.3.14. 

This is perhaps not unexpected, since a very small value of drain voltage 

with respect to the pinch-off voltage Vpo  , can be expected to have a 

negligible effect on the conditions in the channel. Thus the channel height 

is essentially uniform along its length just as it is for the Q
gg 

 versus 

G h  measurement. c 

What is perhaps surprising is the form of the curves and the extent 

of the straight line region of each Qgg  versus Id  relationship at large 

values of drain voltage. For all these devices, the extent of the con-

stant slope region of the Q
gg 

 versus Id 
relationship is increased at 

higher values of drain voltage. For several devices. notably 2N2498-3, 

02498-5, and 2N3824,3 in Figures 3.3.18 through 3.3.20, the constant 

slope region extends right down to the Id  axis. This point will be taken 

up later in this sub-section. 

A further important feature of each family of Q
gg 

 versus Id relation-

ships is that the slope of each plot in the mid-regibn decreases with 

increasing values of drain voltage. In addition, the slope of each plot 

appears to saturate and remain essentially constant beyond sane applied 

drain voltage irrespective of further increases in drain voltage. For 

devices TIX881-2, 2N2498-3 and 2N2498-5 (Figures 3.3.17, 3.3.18, and 

3.3.19 respectively ), the plots at high drain voltages are essentially 
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identical, and would normally fall on top of each other had their "zero" 

position not been shifted vertically to avoid confusion. 

The basic charge control equation (equation 2.3.19 ) derived in 

Chapter 2, Section 2.3.1, is presented here for convenience. Thus 

I = 
Qch 	(Qo Qgd 

Qgg) 
	

(3.4.1) d  
Td  T

d   

where I? T d _V 	 (3.4.2) 
a  

As noted, however, equation 3.4.1 was derived on the basis of an open 

or unpinched-off channel. It might therefore be expected on the basis 

of Shockley's theory ( 8  ) that equation 3.4.1 would no longer be valid 

when the combination of applied gate voltage and drain voltage is such 

as to produce pinch-off at the drain end of the channel, i.e., when 

Vd  I — Vpo (3.4.3) 

In terms of the Q
gg 

 versus Id results measured at constant applied 

drain voltage Vd  , it might be expected that at some point on each Qgg  

versus Id relationship, a value of gate voltage would be obtained at which 

the situation represented by equation 3.4.3 occurs. Further, this situation 

should occur at progressively lower values of gate voltage, on the Q gg 

versus Id relationships as drain voltage is increased, until the applied 

drain voltage equals Vpo  when according to equation 3.4..3, no increase 

in gate voltage (or corresponding gate charge ) is allowed. 

If at a point on any Qgg  versus Id  relationship equation 3.4..l 

were violated, it would be reasonable to assume that the slope of the 

Qgg versus I
d relationship (i. e. rd ) would begin to deviate from the 
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'straight line. Deviations from the straight line slope in the mid-region 

do in general occur (see Sections 3.4.2.2 and 3.4.2.3), but it can quite 

readily be seen that these deviations do not appeat on each plot in the 

Qgg versus Id family according to the situation expressed. by equation 

It is of course possible that a complicated interaction of the para.-

meters involved in equation 3.4.1 occurs beyond the situation represented 

by equation 3.4.3, such that the straight line slope of each Q
gg 

 versus 

Id plot is maintained unchanged at the value which existed below this 

point. It is extremely unlikely, however, that such a situation could 

be the case with all the different .Nti's measured representing devices 

with completely different structures, different junction voltage laws, 

different channel doping density profiles, and with one- and two-gate 

junctions. 

Thus, in general, except for the deviations to be discussed later, 

and which it must be recalled also appeared in the Q
gg 

 versus Gch  re-

lationships measured for these devices, each Q
gg 

 versus Id.  relationship 

appears as a straight line over most of its length with a constant slope 

which decreases with increasing drain voltage, just as predicted by 

equations 3.4.1 and 3.4.2, to some limiting drain voltage. It therefore 

appears that the situation expressed by equation 3.4.3 from the basic 

Shockley theory, does not affect the charge control relationships, or does 

not apply. This situation will be discussed further in Section 3.4.2.4. 

In view of the above discussion in terms of the measured charge 

control results, it would appear that equations 3.4.1 and 3.4.2 correctly 

represent device operation essentially irrespective of applied gate voltage 
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Injected gate charge, for values of applied drain voltage below.  a 

"sate ation voltage". Thus it can be postulated that the applied drain 

voltage (Va  ) is essentially equal to the effective voltage drop (Vell  ) 

along the length of the channel for drain voltages below the saturation 

voltage. Further, for drain voltages above the saturation voltage, the 

effective channel voltage (Vch  ) remains essentially constant and in-

dependent of the applied drain voltage. 

Since a straight line relationship is observed in general between 

Qgg 
and Id for a particular drain voltage regardless of whether this 

voltage is above or below the saturation voltage, it would appear, firstly, 

that the effective L2/4  ratio is constant with increasing gate charge 

(or reverse bias gate voltage). Secondly, it appears that the injected 

gate charge is all being effectively utilized to control the drain current 

in the straight line or constant r
d 
region. In addition, since the Q 

gg 

versus Id 
plots are ossentinnly coinoiclint beyond. the saturation voltage 

on the drain, as previously noted, the Qgd term in the channel from equation 

3.4.1. must be affected only by Vch. As subsequently discussed , any 

excess drain voltage beyond saturation must produce excess junction re-. 

verse bias voltage and therefore excess depletion layer charge, but not 

necessarily in the active channel region. In general, for drain volt-

ages beyond saturation, for a given value or gate charge, it appears 

as though Vch 1 Qgd ' and channel conditions generally, remain essentially 

unaffected. 

In connection with the application of equation 3.4.1, one further 

aspect is clearly illustrated by these Q
gg 

 versus Id results - namely, 

the variation of the Q
gd term with the drain voltage. In Fig. 3.3.20 
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for 2U3824-3, for example, it can be seen that as yd  is increased from 

0.5 volts to 6.0 volts, the amount of injected gate charge required to 

produce pinch-off decreases from about 19.8 pico-coulombs to about 11.3 

pica-coulombs (from straight line projection ) ; thus indicating that 

Qgd has increased by the difference. 

In order to study the charge control results of Figures 3.3.17 

through 3.3.20 in more detail, the information for each family of, Qgg  

versus Id 
relationships for each device has been summarized firstly in 

Fig. 3.4.4. Results for device TI)(883-1 are also shown for comparison. 

This figure shows a plot of rd  (obtained from the mid-region of each 

Qgg versus Id relationship ) for each device plotted as a function of 

applied drain voltage. This figure clearly shows the degree of saturation 

of rd as a function of drain voltage. It can be seen that for large 

values of drain voltage, rd  is constant for all practical purposes. In 

fact rd decreases very slightly with large changes in drain voltage be-

yond saturation. The difference in the saturated value of rd for each 

of these devices is also clearly illustrated, varying from 28.5 nano-

seconds for TI1881-29to 1.75 nano-seconds for 283824,-3. 

Fig. 3.L..5 shows plots of effective 1,2b ratio for each device 

plotted also as a function of drain voltage. These Lab values were 

obtained from the mid-region slopes of the Q
gg 

 versus Id  relationships 

for each device from equation 3.4.2 as follows: 

L2/11 = rd  Vd 	(3.4.0 

Equation 3.4.4 is strictly valid in accordance with the previous 

discussion so long as the applied drain voltage equals the effective 
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nliannel voltage (i.e.:, below saturation ). The plots of td  versus Va.  

in Fig. 3.4.4 indicate that the onset of saturation is a gradual process 

in these devices, and therefore a saturation voltage cannot strictly 

be specified. The Lab ratios are therefore only plotted for low values 

of drain voltage. The LP/11 ratio obtained from the mid-region of the 

Q
gg 

versus G
ch relationship for each device from Figures 3.3.12 through 

3.3,14 is also shown for comparison. 

Fig. 3.4.5 serves to show the character and amount of variation 

in Li2/1.1 for each device. The I,2/11 ratio is by no means constant for 

these devices, but in general, the variation with drain voltage is 

perhaps not as drastic as might be expected. In the case of device 

TIM83-1, for example, there is little change in I,241 as drain voltage 

is first applied . In other devices, such as 2ff2498-5 and 2N3824-3, 

the LP/u ratio increases as the applied drain voltage is increased right 

from zero, 

in practical devices, there are undoubtedly several reasons for 

the observed increase in the L24 ratio with increasing drain voltage. 

One important cause of the increase is believed to be due to a "pulling" 

of the drain end of depletion layer(s) in the channel toward the drain 

as drain voltage is increased. The full drain voltage is applied to 

the drain end of the gate to channel junction , causing a larger depletion 

region at this end of the channel. Particularly in the diffused gate 

junction devices (see also Fig. 3.4..3 ), the effective channel length 

is increased as the depletion region extends outwards toward the drain, 

as well as into the channel. Since the square of the channel length is 

involved in the La/fit ratio, a small change in channel length can produce 
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significant change in IPAL. Certainly, tne significance of changes 

in channel length depend on the structure of the device,and on the channel 

length in particular. 

As noted earlier in connection with Fig. 3.4.4., the onset of rd  

saturation with drain voltage is a rather gradual process. It is there-

fore probable that as drain voltage is increased, the effective channel 

voltage Val,which actually produces the slope rdpstarts to become a 

decreasing proportion of Vd  at relatively low values of applied drain 

voltage. Eventually the saturation process, which is discussed in Section 

3.4.2.4. results in a channel voltage which is essentially independent 

of applied drain voltage. The important point ,however, is that the 

use of Vd in equation 3.4.4 may start to overestimate the effective 1,2/µ 

ratio for values of drain voltage considerably below the point at which 

essentially complete saturation occurs. It is highly probable, therefore, 

that Fig. 3.4.5 presents a considerable overestimate of the actual 

amount of variation which occurs in the L2/1  ratio with effective channel 

voltage for these devices. 

In Chapter 2, Section 2.5, it was shown that for an idealized 

wedge-shaped channel, the effective L2A, ratio of such a channel depended 

on the angle of the wedge, or on the P/L ratio. Specifically, it was 

shown that the effective IPAI ratio was found to increase for large 

wedge angles as the P/L ratio approached 1. Although in the practical 

device, the channel is not truly wedge-shaped under conditions of applied 

drain voltage, the situation is analogous. The LVp ratios in question, 

however, have all been obtained from the constant slope or mid-region, 

of the Q
gg 

 versus Id relationship. It is believed that such channel shape 
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-effects are not zignificant in this mid-region, otherwise a constant 

Qgg versus Id 
relationship would not be observed at a particular value 

of Va . It is therefore believed that channel shape effects in these 

devices are not a significant factor in the increase in the L2/µ ratio 

with increasing drain voltage in Fig. 3.4.5. 

It was noted earlier in this section that the Q
gg 

 versus Id re- 

lationships for these devices in Figures 3.3.17 through 3.3.20, in general 

have an extended constant slope or mid-region at the larger values of 

drain voltage, as campared with the mid-region of the Q
gg 

 versus Id re- 

lationships at low drain voltages, or of the corresponding Q
gg 

 versus 

Gch relationships in Figures 3.3.12 through 3.3.14.. The main reasons 

for this behaviour will now be discussed. 

Considered first is device TIX881-2 in Fig. 3.3.17, whose structure 

is illustrated in Fig. 3.3.1. The application of drain voltage removes 

mobile charge fran the channel (i.e., Qgd ) and thus by itself increases 

the channel resistance. By so doing, the effects of any bulk parasitic 

source and drain resistances, as well as any parasitic nu action be- 

yond the ends of the active channel as discussed previously in Section 

3.4.1.2 , have been made less significant. Thus the onset of the mid-region 

can be expected to occur at lower values of gate charge as drain voltage 

is increased. One further aspect, concerning this particular structure, 

is that the application of drain to source voltage could conceivably tend 

to concentrate the current flow lines on the side of the source and drain 

contacts away fran the gate side of the structure, and thus tend to make 

the overall channel conditions more closely one-dimensional. 
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The diffused gate devices, 2N2498-3, 012498-5, and 2N3824-3, 

whose Q
gg 

 versus Id relationships are shown in Figures 3.3.18 through 

3.3.20, and whose structures are illustrated in Figures 3.3.2 and 3.3.3, 

will now be considered. With these structures, the application of drain 

to source voltage can be expected to increase the channel resistance by 

the removal of majority carrier charge, and thus make parasitic effects 

less significant as noted above for device TIM.81-2. 

In addition, with these structures, it is believed that drain volt- 

age has two effects on the channel. Firstly, by the removal of charge 

from the channel (i.e., increasing the size of the channel depletion layer), 

the channel height is reduced progressively from the source to the drain 

end of the channel. Thus the mean height of the channel is reduced. As 

discussed in Section 3.4.1.1, this restricts the active channel more 

towards the center, for these double gate devices, similar to the situation 

illustrated in Fig. 3.4.3, and tends to place channel operation into a 

region of either low doping density or constant doping density as illustrate? 

in Figures 3.4.1 and 3.4.2, which corresponds to an operating region with 

constant channel mobility. Hence the mid-region can be considerably 

extended at the larger values of drain voltage. 

The second effect of drain voltage referred to in the preceding 

paragraph is that it appears, on the basis of the discussion of the 

Q
gg 

versus Id results earlier in this section, that drain voltage (or 

channel voltage ) has a very strong effect on conditions at the drain 

end of the channel. Thus it may in fact tend to better define the 

channel length for each Q
gg 

 versus Id  relationship at the larger values 

of drain voltage, At zero or low values of drain voltage, however, as 



137 

Was noted in connection with the illustration in Fig. 3.4.3, some increase 

in the 1,2/µ ratio in these devices (depending on the channel length ) 

may result from the depletion layer being extended along the channel in 

the low gate charge region as gate voltage is first applied. 

Before proceeding specifically to a discussion of the deviations 

from the mid-region of constant slope of the Q
gg 

 versus Id relationships, 

it can be concluded on the basis of these charge control results and 

the discussion in this section, that the charge control approach adequately 

applies to field-effect transistor operation over a wide range of oper- 

ating conditions, so long as the effective channel voltage Vch, and not 

always the applied drain voltage, is assumed to apply to the device channel. 

Further, the assumption made in Chapter 2, Section 2.3.1, neglecting the 

effects of channel shape distortion, has been shown to be valid over a 

wide range of operating conditions. The mechanism producing saturation 

in the slope of these relationships with applied drain voltage is considered 

in Section 3.4.2.4. 
3.4.2.2 Low Gate Charge High Drain Current Region  

This section is concerned specifically with the deviations from 

the straight line slope of the mid-region, observed in the Q
gg 

 versus 

Id relationships for the devices in Figures 3.3.17 through 3.3.20 in the 

low gate charge or high drain current region. 

The study of the deviations in this region from the mid-region 

slope has already been well introduced near the end of the preceding 

section in the discussion on the behaviour of the mid-region with changes 

in drain voltage. It can be expected that the causes of the deviations 

in these plots at low values of drain voltage are primarily just those 
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which caused the deviations in the Q
gg 

 versus Gch relationships as dis-

cussed in Sectioii 3.4.1.2. Under conditions of very low drain voltage 

the channel shape can be expected to remain essentially uniform as pre-

viously discussed, and hence the conditions in the channel are essentially 

the same as those applying for the Q
gg 

 versus G
ch 

relationships. 

The deviation from constant slope in the low gate charge region 

of the Qgg versus I
d relationships for device TIZ881-2 in Fig. 3.3.17 

does not disappear entirely at large values of drain voltage as was seen 

for the diffused gate devices. For this device, it is possible that 

the change in channel resistance as a result of the application of drain 

voltage is not sufficient to completely swamp out parasitic effects. It 

is also probable that some non-one-dimensional effects are present , and 

that, at the larger drain voltages especially, the effective L2AL ratio 

(and thus rd ) is increased as a result of the wedge-shaped channel 

effects as discussed in Chapter 2, Section 2.5. 

3.4.2.3 High Gate Charge Low Drain Current Region  

The deviations from the straight line slopes of the Q
gg 

 versus 

T
d relationships in Figures 3.3.17 through 3.3.20 in the high gate charge 

or low drain current region are considered here. The character and 

amount of the deviation observed on each Q
gg 

 versus Id relationship varies 

considerably from device to device, but generally increases somewhat at 

the larger values of drain voltage. 

In this high gate charge region under conditions of applied drain 

voltage, it can be expected that the conditions noted in Section 3.4.1.3 
in the discussion of the high gate charge region of the Q

gg 
 versus G

ch 

relationships (eg. depletion layer spillage ), also apply. The situation 
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situation is further complicated by the flow of current and the existence 

of fields along the channel & result of the applied drain voltage. 

In this region, it is quite probable that the large gate voltages 

involved (being comparable to or greater than the applied drain voltage), 

begin to exert a greater influence on channel conditions, particularly 

at the drain end. The result could well be that the effective channel 

voltage Vch  is reduced, with the consequent increase in Td. Further 

clarification of the factors involved in this region will result from 

the discussion of device operation in Section 3.4.2.4. 
3.4.2.4 Discussion of Device Operation  

It is the object in this section to present a discussion of the 

important operating mechanisms within the FET on the basis of the measured 

charge control characteristics, and their interpretations in the earlier 

parts of Section 3.4.2. Specifically, it is intended to consider' the 

validity of the basic Shockley criterion expressed by equation 3.4.3, and 

the mechanism which produces saturation in the slope of the Q
gg 

 versus 

I
d 
relationships at large values of applied drain voltage. 

Shockley Criterion 

Fran the basic Shockley theory presented in Chapter 2, Section 

2.2, the pinch,off voltage V
Po 

 was defined in connection with equation 

2.2.7 to be the gate to source voltage required to reduce the channel 

height to zero ;ander conditions of zero applied drain voltage. This 

corresponds to the situation illustrated in 3.4.6a where the depletion 

layer just fills the whole channel. The single gate structure with an 

DT-type channel has been chosen here for simplicity in the discussion, but 

the situation is also analogous for the double gate structure. Strictly, 
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Shockley assumed that no voltage drop appears across the depletion layer 

on the gate side of the junction, but it is immaterial to this discussion 

so long as the chosen reference gate voltage Vpo  completely depletes the 

channel. 

If the applied gate voltage were increased beyond Vpo  the channel 

depletion layer would be forced to spread outwards toward the source 

and drain contacts to maintain an equal amount of depletion layer charge 

on both sides of the gate junction (thus satisfying Gauss's Theorem). 

Further, the potential along the side of the channel away fran the junction 

(eg. point A in Fige 	) waddle forced to drop (thus satisfying 

Poisson's equation ). 

The above pinch-off situation will now be considered under con- 

ditions of applied drain voltage. Complete depletion in the space 

charge region will be specifically assumed, so that no interference due 

to the flow of majority carrier charges is assumed to exist. This cor- 

responds essentially to the assunptionby Shockley ( 8')  in his calculations 

beyond pinch-off where he assumed that all the current was concentrated 

in the y=0 plane, and that the mobile charge carriers had negligible 

effect on the depletion region potentials. Fig. 3.4.6c illustrates a 

possible pinch-off situation just having been reached at the drain end 

of the channel under the above assumptions for sane value of applied 

gate and drain voltages. Thus fran the Shockley criterion of equation 

3.4.3, it is assumed at the drain end of the channel that 

I Vd 14  Vg I = Vpo 
	(3.4.5) 

If now the applied gate voltage were increased while maintaining 



141 

ccastant applied drain voltage, it could be expected under the above as-

sumptions that the increased gate voltage would not only expand the 

pinched-off region, possibly toward the drain sanewhat,as well as into 

the channel, but more importantly, it would force a decrease in the 

voltaga Vch  at the drain end of the channel to maintain the equality of 

equation 3.4.5 at the pinch-off point. This situation is illustrated 
in Fig. 3.4..6d., The results of the gate charge versus drain current measure-

ments, however, indicate that the channel voltage Voh  must remain 

essentially constant over a wide range of values of gate voltage (or gate 

charge ), in order to produce the observed straight line relationships 

between gate charge and drain current. It therefore appears that the 

assumptions made above assuming complete depletion in the space charge 

region, and neglecting the effects of the majority carrier current 

charges are not valid. 

The situation at the drain end of the channel which actually 

exists when it is ""pinched-off" is extremely complex.. On the basis 

of the charge control measurements,and the examples considered in Figures 

3.4.6b and 3.4.6d, it appears that the device behaviour, however, is 

vitally affected by the majority carrier charges in this pinch-off region. 

In order to investigate this further, let it be specifically assumed 

that the source and drain are always effectively "resistively coupled" 

together (so long as drain current flows ), due to the presence of 

significant majority carrier charge particles, either in the space charge 

region or in a narrow channellcr both, at the end of the main channel. 

The conditions applying to Figures 3.4.6c and 3.4.6d are then considerably 

altered, and the effects of the gate and drain voltages are quite different. 
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Under the assumed conditions of significant majority carrier 

charge in this pinch-off region, the voltage conditions applying to 

the illustration in Figures 3.4..6c and 3.4.6d could produce the results 

illustrated in Figures 3.4.6e and 3.4.6f respectively,. In these cases, 

it can be seen that the pinch-off situation might be less distinct, but 

that the voltage across the active channel length is determined primarily 

by the applied drain voltage and the drop across the region 

coupling the channel to the drain contact. What also is very important, 

is that the channel voltage is no longer under the direct control of 

the applied gate voltage as was required by the conditions applying to 

Figures 3.11..6c and 3.4.6d. Hence the Shockley criterion of equation 

3.4.3 is no longer applicable under these assumptions. 

In this connection, it is to be noted that although the applied 

voltages are assumed to be the same in Figures 3.4.6d and 3.4.6f, 

the presence of the majority carrier charge in what was formerly assumed 

to be a completely depleted region, requires that the channel depletion 

layer be expanded elsewhere to maintain the same amount of uncovered 

charge in the depletion layers on both sides of the junction. It there-

fore follows that the channel conditions are somewhat different in these 

two figures. 

As the gate voltage is increased at constant drain voltage (i.e., 

going from Fig. 3.4.6e to Fig. 3.4.6f ), the drain current is reduced as 

a result of the expanding depletion layer in the channel, but it would 

appear that conditions at the drain end of the channel are affected very 

little except for a reduction in the amount of majority carrier charge 

in the pinch-off space charge region. FUrther, it can be seen that under 
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conditions of a larger drain voltage (below saturation) the drain 

currents  and hence the amount of majority carrier charge in this pinch-

off region is increased. This must be compensated for by an expansion 

of the channel depletion layer elsewhere, in addition to that which 

normally occurs as a result of the greater reverse bias effect of the 

increased drain voltage. Thus there is a tendency for the current to 

saturate. 

From the above discussion, it appears that the presence of sig-

nificant majority carrier charge in the space charge region 'beyond the 

end of the channel accounts for the straight line Q
gg 

 versus Id relation-

ships observed at a given value of applied drain voltage. Specifically, 

it accounts for the fact that the voltage across the active channel 

remains essentially constant over a wide range of applied gate voltages, 

and hence for the fact that the Shockley criterion (equation 3.4.3 ) is 

not really meaningful or applicable to these devices in the straight line 

regions of the Q
gg 
 versus Id relationships. Note that in the high gate 

charge ar low drain current region of these relationships, the drain 

current becomes small as does the majority carrier charge in the space 

charge region. Thus complete depletion in the space charge region is more 

closely approached, so that the Shockley criterion may begin to have an 

effect in this region of the Q
gg 

 versus Id  relationships. The result of 

such an effect,as noted in Section 3.4.2.3,is that the gate voltage forces 

a decrease in the effective channel voltage and hence an increase in the 

slope rd  . 

Saturation  

The specific effects within the FIT producing saturation in the 
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slope of the Q
gg 

 versus Id 
relationships with applied drain voltage will 

now be considered. As previously noted in connection with the plots of 

rd 
versus drain voltage in Fig. 3.4.4, saturation in these devices 

starts as a rather gradual process. Once saturation is complete, how-

ever, only a very small change in the value of rd  is observed for large 

changes in applied drain voltage for the devices measured. On this 

basis, it was suggested in earlier discussions that the effective channel 

voltage Vch  and channel conditions generally, remained essentially 

constant for values of applied drain voltage beyond saturation. The 

difference between Vd  and Vch  would then be dropped across the deplete& 

region beyond the end of the channel, which must increase in size as a 

result of the increased applied drain voltage. 

There are basically two schools of thought on the pinch-off or 

) saturation prccess. One ( 59 is that the channel never really closes 

downsbut that the current flows through a narrow channel between the 

depletion layer and side of the channel, or between the two depletion 

layers in a double gate device. The other (8,37)  is that the drain 

end of the channel can be assumed to be pinched-off (i.e., depleted), 

but that the majority carrier current charges are injected into the de-

pleted region and carried through to the drain contact by the drain 

field. In both cases, it is assumed that with a constant voltage on the 

gate (eg. Zero ), the effective channel voltage and hence the drain current 

remain essentially unchanged as the applied drain voltage is increased, 

with any excess voltage being dropped across a very high resistance 

region in the first case, and across a practically depleted region in the 

other. 
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Essentially, as saturation starts to become complete with increasing 

drain voltage, with gate voltage Equal to zero for example, a near per-

fect "balance" is set up between the opposing tendencies involved. The 

increasing drain voltage tends to increase the effective channel voltage 

V and thus the drain current. At the same time, it tends to increase 
ch 

the size of the depletion region both in the active channel and outwards 

toward the drain contact. This tends to oppose the increase in the drain 

current, and to limit the effective channel voltage as a result of a 

larger voltage drop across the extended depleted region beyond the end 

of the channel. 

As discussed in connection with the Shockley criterion, the pre-

sence of significant majority carrier charge can be expected to cause 

an ill-defined channel depletion layer boundary at the drain end of the 

channel, and also to violate the assumption that the depleted region be-

yond the channel can be considered to be completely depleted. The shape 

of the depletion layer must then be affected elsewhere in order to main-

tain equality in the amount of depletion layer charge on both sides of 

the gate junction(s). Thus the conditions at which "balance" or satur-

ation occurs will also be affected, and the effective channel voltage 

V
ch  (sat) in saturation, will not in general be equal to Vpo 

 as defined 

at zero drain voltage by Fig. 3.4,6a. 

Saturation for two values of applied drain voltage is illustrated 

in Figures 3.4.7a and 3.4.7b. For large applied drain voltages be-

yond saturation (as in Fig. 3.4.7b ), the voltage drop across the 

extended depleted region beyond the channel, which must satisfy Poisson's 

equation, may produce very large fields in this region, such that the 
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majority carriers flowing through it may become velocity limited. On 

the basis of the essentially constant values of rd observed for these 

devices in saturation, it appears that the main effects of this region 

are to "collect" the charges flowing from the channel, and to drop the 

excess applied drain voltage beyond Vch  (sat), without appreciably changing 

conditions in the active channel. 

The description of device operation in this section, based on 

the results of the charge control measurements, involves important dif- 

ferences from Shockley's ideal "gradual case" theory. It can be seen, 

however, that this description is not incompatible with the general form 

of the current-voltage characteristics predicted on the basis of the 

"gradual case" theory (see Fig. 2.2.2 ), or observed in practical devices. 

Thus the tendency of the drain current to saturate with increasing drain 

voltage for a given gate voltage has been noted in this description. 

In practical devices, however, this saturation is generally far 

from being complete anywhere on the current-voltage characteristics. It 

is therefore extremely difficult to determine the "pinch-off" voltage 

from such gradually changing characteristics. Further, the difference 

between V
po  at zero drain voltage (Fig. 3.4.6a ), and Vch(sat), may be 

small in some devices. Thus Dacey and Ross ( 9 ) concluded that, for 

their particular structures, the "pinch-off" voltage obtained from the 

current-voltage characteristics at zero gate voltage was in fair agree- 

ment with the predicted value of V . 
po 
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3.5 Discussion of Results on Insulated Gate Field-Effect Transistors  

In this section, the results of the charge control measurements 

presented in Section 3.3.2 on MOST 6 and. MOST D will be discussed and 

interpreted in a manner similAr to that of Section 3.4 for FE T's. Spec-

ifically , it is intended to investigate the validity and applicability 

of the charge control theory, developed and presented for MOST's in 

Chapter 2, Section 2.4, aver a wide range of operating conditions. 

Gate Charge Versus Channel Conductance Relationship 

3.5.1.1 Mid-Region  

As discussed in Section 3.4.1.1 for FET's, it can be assumed in 

this mid-region or constant slope region of the gate charge versus 

channel conductance relationships (in Figures 3.3.15 and 3.3.16 ), that 

true charge control operation exists. Therefore it can be concluded 

that in this region, equation 2.4.3 applies to these devices, with a 

constant value of L2/11 ratio. Further, it can be concluded that the 

assumptions made in Section 2.4. (i.e., that the charge in the surface 

traps Qst  is fixed, and that the uncovered substrate charge Qs  is independent 

of gate voltage ), are both valid in this mid_region of operation under 

conditions of zero applied drain voltage. 

On the basis of the observed constant La/p ratio in this region, 

the channel length. L, and mobility p of the carriers in the surface channel 

must also be constant. The slope of the Q
gg 

 versus Gch relationship for 

each of these MOST's is at its minimum value in this region (just as for 

the FJT's ), corresponding to the maximum change in channel conductance 

per unit of gate charge. The 1124 ratios in this region are found from 
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Figures 3.3.15 and 3.3.16 to be 8.75 x 10-9  volt-sec for MOST D and 

15.82 x 1O volt-sec for MOST 6. 
It has been noted ( 60 ) that the mobility applying to the 

carriers in a surface channel is less than that applying to majority 

carrier flow in the bulk of the semiconductor material. With a knowledge 

of the channel dimensions, the slope of the gate charge versus channel 

conductance relationship in this mid-region thus provides a method fog  

studying the average mobility of the carriers in such a surface channel. 

Note, however, that an over-estimate of the true IPAL ratio could be ob- 

tained in a given device if the gate contact significantly over-lapped 

the diffused regions for the source and drain contacts. 

Although the range covered by the MOST D graph is limited, the 

slope of this graph also increases at high values of Qgg  such that effective 

saturation eventually occurs, and little or no increase in G011  results 

from an increase in Qgg  just as for MOST 6. Aside from different slopes 

in the mid-region, the main difference between the two graphs appears 

to be one of scaling. The MOST D graph covers a much wider G0h  range, 

and is effectively shifted vertically up the Qgg  axis. It can reasonably 

be assumed that this vertical shift is accomplished by a change in the 

right-hand side of equation 2.4.8, and most probably, mainly in the size 

of the Qs term as a result of a reduction in the level of the doping 

density in the substrate for MOST 6 ( 56 ). The resultant difference 

in Q
o (equation 2.4.8 ) between these two devices is clearly shown from 

Figures 3.3.15 and 3.3.16. For MOST D, Q0  = +8.4 pico-coulombs, while 

for MOST 6, Q0  = -7.2 pico-coulombs (taking the value at the Qgg  axis 

extrapolated from the mid-region slope in each case ). 
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3.5.1.2 Low Channel Conductance Region  

Assuming that the charge in the surface traps (Q ) is fixed 
st 

it appears that,in g..neral, there are two main causes of the deviation 

from straight line slope in the low channel conductance region of the 

gate charge versus channel conductance relationships. They are the 

combination of some of the conduction charge past-dales with doped 

substrate charge particles in the surface channel area, and mobility 

variations. 

With no initial inversion layer present in the channel in the 

MOST D device, it is expected that sane of the initial electrons placed 

in the surface channel region due to applied gate charge, will combine 

with holes (in this P-type substrate device ). This results in the 

production of uncovered substrate charge Qs  , but it also means that 

these electrons are no longer available for conduction, and therefore 

cannot contribute to the channel conductance. Gradually with the injection 

of gate charge, an electron inversion layer is built up, the holes in 

the surface channel area having combined with electrons producing an 

essentially constant value of Q
s and the straight line section of the 

Qgg versus G*eh relationship is reached. 

This effect is expected to be less important in a device such as 

MOST 6 which has an initial inversion layer., Note that if the pinch-off 

point is used as reference, the discussion of the previous paragraph 

applies to MOST 6. It is probable ( 56 ) that the negative pinch-off 

voltage is produced by using a lower doping in the P-type substrate 

relative to that in MOST D, though it could also be achieved by surface 

(38,61) processing during or prior to oxide layer formation 	. With 
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s lower substrate doping, combination of holes and electrons during the 

formation of the surface channel must be less. It is believed that this 

is the main reLson that the deviation from constant slope in this low 

channel conductance region is relatively greater in MOST D than MOST 6. 

Varying majority carrier mobility can also be expected to produce 

deviation from the constant Q
gg 

 versus Gch 
slope in this low gate charge 

region. Initially each of the first few mobile electrons forming the 

actual channel between source and drain near the semiconductor surface 

has a large mean free path ( 62 ). This means that each electron has 

a high probability of collision with a scattering center. The average 

mobility of these electrons is thus quite low. 

As Q
gg 

 is further increased, more electrons accumulate under the 

semiconductor surface, and. the mean free path of each electron decreases. 

The result is that the probability of collision of a given electron with 

a scattering center is lower since the conducting channel remains essentially 

on the surface and spreads very little into the semiconductor bulk 

material. The average electron mobility in the surface channel thus 

increases with increasing Q
gg 

 until it reaches its constant and maximum 

value in the mid-region of the Q versus G
ch relationships. gg 

3.5.1,3 High Channel Conductance Region 

As previously noted in Section 3.3.20l, the deviation from the 

mid-region slope of the gate charge versus channel conductance relation-

ships in the high channel conductance region of these plots is in the 

form of increasing slope with eventual saturation. The application of 

a positive voltage to the metal gate contact causes a bending (reduction) 
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of the potential of the conduction band in the silicon substrate with 

respect to the Fermi level. This process effectively allows more states 

in the conduction band to be filled and thus increases the conductivity 

of the channel between source and drain. The bending of the substrate 

conduction band is effectively halted, however, at the (lower) conduction 

band potential formed with the heavily doped source and drain N-type re- 

gionsiwhich are electron conduction regions just as the channel is in 

these devices. 

As this occurs. ( 38 ), it can be expected that the inversion layer 

will rapidly become degenerate as the heavily doped source and drain 

regions contain a high concentration of majority carriers. Although 

the concentration of carriers in the channel increases with increasing 

Q 
gg
, the mobility of the added degenerate carriers will be very low. 

The result is that the added charge contributes very little to channel 

conductance. Eventually, the concentration of degenerate carriers in 

the surface channel will predominate, and the channel conductance essentially 

saturates and increases only slightly with further increases in Q gg 

The values of gate charge and channel conductance at which saturation 

begins to occur depend considerably on the doping levels in the source 

and drain regionsland are quite different for these two devices. 

3.5.2 Gate Charge Versus Drain Current Relationship  

The gate charge versus drain current relationships to be discussed 

here were presented in Section 3.3.2,in Figures 3.3.21 and 3.3.22 for 

MOST D and MOST 6 respectively. The family of Q
gg 

 versus I
d 
relation-

ships for each of several values of drain voltage for MOST D and MOST 6 
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are again discussed in the same way as the kti relationships. Thus 

the mid-region or constant slope region of each relationship is discussed 

in Section 5.5.2.1 with the deviations from the constant slope of the 

mid-region being discussed in Section 3.5.2.2 far the low drain current 

region, and in Section 3.5.2.3 for the high drain current region. Finally, 

in Section 3.5.2.4, a discussion of the more important operating mechanisms 

within the MOST is given. 

3.5.2.1 Mid-Region  

The Q versus Id 
relationships for MOST D in Fig. 3.3.21 are 

gg 

perhaps simpler. The form of the relationship at low drain voltages 

(eg. Ve .49 volts ) is the same as the Q
gg 

 versus Gch 
relationship,as 

expected. The mid-region slope of each of the other relationships can 

be seen to decrease as drain voltage is increased. Further, it can be 

seen that the start of the constant slope region occurs at a progressively 

larger value of Qgg  ( and Id  ) on each relationship as drain voltage is 

increased. 

Although it is perhaps more difficult to see, the behaviour of 

each relationship with increased drain voltage for MOST 6,in Fig,. 3.3.22 

is exactly the same. The Q
gg 

 versus I
d 
relationship for low values of 

drain voltage (eg. for Vd  = .49 volts ) is much the same shape as the 

Q
gg 

versus G
ch relationship in Fig. 3.3.16,with much of its straight 

line or mid-region occuring at "negative" values of Q
gg 

 (negative values 

of Q
gg 

 are not shown in Fig. 3.3.22, however ). At larger values of 

drain voltage, the relationship is shifted (just as for MOST D ), but 

in this case, the straight line regions are placed in the "positive" 

Qgg region. 
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Equation 2.4.7 , describing MOST operation with unpinched-off 

channels, was derived in Chapter 2, Section 2.4. It is 

Ia  = 
- (Qm + gd ) + Q0 
	(3.5.1) 

rd 

where 	rd = L2/11 Vd 
	 (3.5.2) 

It is thus reasonable to assume, on the basis of the charge control 

results in Figures 3.3.21 and 3.3.22, that equation 3.5.1 adequately 

describes MOST operation in the mid-region of each of these relationships 

with a constant value of rd . Further, it can be assumed that the as- 

sumptions made in Section 2.4 in connection with equation 3.5.1, are 

valid in the mid-region of these relationships just as was noted in Section 

3.5.1.1 for the Q
gg 

 versus Gch relationships. Note that for MOST's the 

mid-region (and beyond for larger values of Id ) of each of the Q
gg 

 versus Id 

relationships must be assumed in fact to correspond to device operation 

with unpinched-off channels since an increase in Q
gg 

 puts more electrons 

in the channel, and hence moves the channel conditions further from the 

pinch-off situation. Thus the slope of each Q
gg 

 versus Id relationship 

in the mid-regian(rd), is found to decrease as predicted by equation 

3.5.2 as 1rd is increased. 

The effect of drain voltage on the Qgd term in equation 3.5.1 cam 

be clearly seen from the relationships for MOST D in Fig. 3.3.21, for 

example. As was noted in Chapter 2, Section 2.41  the Qgd  term, as a 

result of applied drain voltage, works in opposition to the Q
gg 

 term for 

devices such as these operating in the enhancement mode. This is shown 
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In these relationships by the fact that it requires a larger value of 

Qgg on a relationship at a large value of V
d , than at a low value of Vd,  

to overcame the pinch-off region and reach the constant slope or mid- 

region. Thus at least +2.0 volts are required on the gate of MOST D 

to produce current flaw, as noted in Section 3.3.1, in order to overcome 

the effects of both Qgd and Qo , and put conduction charge in the chan- 

nel. 

The L2/11 ratio obtained for each device at each of several values 

of drain voltage from the mid,-region of each Qgg  versus Id relationship 

is shown in Table 3.5.1. This ratio was obtained from equation 3t5c2 aas 

the rdVd  product;, The L24 ratio obtained from the mid-region of the Q gg 

versus Gch relationships in Figures 3.3.15 and 3.3.16 are also shown for 

comparison. It can be seen that for MOST D ,the Ii2AL ratios are essentially 

constant, and therefore independent of drain voltage. The results for 

MOST 6 show some variation with drain voltage. 

Undoubtedly, the limited extent of the mid-region of many of the 

graphs for MOST 6 is a factor in limiting the accuracy of determining 

the L2/ii ratio. It also illustrates that the extent of the low gate 

charge region could be sufficiently large, in some devices, and the onset 

of the high gate charge region sufficiently low under certain circum- 

stances, to effectively mask out the mid-region altogether. 

One important point illustrated by these results is that in the MOST, 

the effective channel voltage does not saturate in the mid-region, in 

the way that was observed in Section 3.4 for lot.r's. This will be discussed 

further subsequently. It does indicate, however, that since the full 

applied drain voltage appears across the channel length, it is possible 



TABLE 3.5.1  

MOST D AND MOST 6 : L2/p. RATIO ( = raVa  ) FOR VARIOUS DRAIN VOLTAGES 

Drain Voltage (Volts ) 

L2AL x 10-9  (volt-seo) 

MOST D MOST 6 
0 8.75 15.82 
0.4.9 8.22 - 
0.99 8.61 - 
2.5 - 13.80 
5.0 8.30 12.18 

7.5 - 	i 12.2 

10.0 9.73 13.65 

155 
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that such high fields are set up in the channel at the higher values of 

drain voltage that some decrease in the mobility of the carriers may re-

sult. This could account, for example, for the slightly increased value 

of L24 for both devices in Table 3.5.1 at 10.0 volts on the drain. 

It has been pointed out (60  '64hat the average mobility of the 

carriers in a surface channel is affected by surface scattering. It is 

quite probable that this process is affected to sane extent by the field 

along the channel even at relatively low drain voltages. This could 

account for the fact that, particularly for MOST 6, the IP/i ratios are 

generally smaller under conditions of applied drain voltage than that 

obtained for zero drain voltage. 

3.5.2.2 Law Drain Current Region 

As noted in the previous section, the deviation from the constant 

slope of the mid-region of the Q
gg 

 versus Id  relationships in the low 

drain current region for these devices is considerably greater at the 

larger values of drain voltage. Certainly the factors discussed in 

Section 3.5.1.2, concerning the deviations observed in the low channel 

conductance region of the Q
gg 

 versus Gch  relationships, are still present 

in this region of the Q
gg 

 versus Id  relationships. 

It is expected that the main reason for the extended deviation In 

this region at large drain voltages, is an increase in the Qgd term of 

equation 3.5.1 with drain voltage. This is a distributed effect along 

the channel from source to drain, and depending on the device and the 

applied gate voltage, the applied drain voltage may be large enough to 

remove sufficient carriers to cause the drain end of the channel to be 



157 

effectively pinched-off. Thus it is also possible that an increase in 

the effective rd (or L2/µ ratio) may result in this region as a. result 

of wedge-shaped channel effects as discussed in Chapter 2, Section 2.5. 

Probably the main effect of the increased size of the Qgd  term is that 

a larger amount of gate charge Qag  must be suppled to the device to com- 

pensate for Qgd and to overcame the pinch-off situation all along the 

channel before the constant slope of the mid-region is reached. The 

pinch off situation in the MOST is discussed more fully in Section 3.5.2.4. 
It was noted in Section 3.3.1, in connection with the graphs of 

V versus V for MOST D that the slope of eqch graph was slightly differ-
2 

ent for different values of drain voltage. This different capacitance 

is quite probably due to the difference in distribution of channel and 

substrate depletion layer charge under the surface of the oxide layer. 

For MOST 6, the V versus V relationships showed sane curvature, par- 
t 	2 

ticularly at large drain voltages. It was noted earlier, that on the 

basis of the charge control relationships, it is expected that MOST 6 has 

a lower doping level in the substrate. It is therefore to be expected 

that the depletion region under the oxide layer extends much deeper into 

the substrate, and that its dimensions are more readily affected by applied 

device potentials than for MOST D. Such a distributed "lower plate" form-

ing the gate capacitor is therefore much more liable to cause a variation 

in the gate capacitance and thus in the V
1 
 versus V2  ratio with applied 

voltages. Also, of course, MOST 6 may have a thinner oxide layer ; in 

which case, the charge variations under the oxide layer could be expected 

to produce a more significant variation in gate capacitance. 
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3.5.2.3 High Drain Current Region  

A. deviation fran the constant slope of the mid-region of each of 

the Q
gg 

 versus Id relationships in Figures 3.3.21 and 3.3.22 is present, 

just as was noted for the Q
gg 

 versus Gch 
relationships in the high channel 

conductance region in Section 3.5.1.3. It is believed that exactly 

the same process is involved in all these relationships, but it is quite 

evident that this eventual saturation or limiting with respect to drain 

current, is considerably affected by drain voltage. As noted in Section 

3.5.2.1, the start of the deviation from the mid-region slope in this 

high drain current region occurs at progressively larger values of Q gg 

( or Vg ) and Id on each relationship with larger drain voltage. This 

is the same saturation which was noted in connection with the preliminary 

measurements of Id versus V
g  in Section 3.3.1 for MOST D. 

It is believed that the main cause of this observed behaviour is 

again the size of the Qgd  term in equation 3.5.1. As noted earlier, drain 

voltage Vd  has an opposing effect to gate voltage (or Qgg  ), in that it 

tends to remove conduction charge fran the channel, progressively more 

towards the drain end. Thus under conditions of a given applied gate 

and drain voltage in this high current region, it is expected that part 

of the channel towards the source can be highly degenerate , corresponding 

to the situation applying to the total channel with. Ve. As a result 

of va ,  however, the concentration of carriers decreases towards the drain,  

such that a region at the drain end of the channel may not necessarily 

be degenerate. With increasing gate charge Q
gg 

 , more of the channel 

will became degenerate, resulting in eventual saturation of drain current, 

similar to the saturation of channel conductance discussed in Section 
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3.5.1.3. 
For a larger applied drain voltage, it can thus be seen that a 

larger value of gate charge (or V ) is required to cause the canplete 
g 

channel tc became degenerate (i.e., to produce saturation ). Since the 

drain voltage is larger, the resulting drain current is increased, such 

that it saturates at a larger value. 

.3.5.2.4 Discussion of Device Operation  

It has been shown by the results of the charge control measurements, 

and noted in the previous discussions, that two important limiting pro-

cesses occur in the MOST. One is the limiting of drain current( or 

channel conductance ) which occurs with increasing Qgg  ( or gate voltage) 

while maintaining a constant (or zero ) voltage on the drain. This has 

been discussed previously,and is not to be confused with the second limit-

ing process (i.e., pinch-off ), which will be the main concern of the 

discussion in this section. The difference between these two processes 

will be made clear in the subsequent discussion. 

The pinch-off region of these constant drain voltage Q
gg 

 versus 

I
d 
relationships corresponds to the low drain current region for devices 

such as these operating in the enhancement mode . Under conditions of 

zero applied drain voltage, pinch-off is assumed to occur when the con-

centration of conduction charges in the channel (i.e., electrons for these 

devices ) is just reduced to zero. Under such conditions, due to the 

presence of charge Qst  in the surface traps, and any required gate voltage, 

it can be assumed that the area near the surface of the substrate is can-

letely depleted . Thus for MOST 6 and MOST D with P-type substrates, 
this area would consist of uncovered fixed negative charges. 
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It has been noted that for a fixed gate voltage, the effect of 

drain voltage is to remove conduction charge from the channel (i.e. Qgd 

term ), with more charge being removed from the drain end of the channel. 

It can therefore be expected that under conditions of sufficiently large 

drain voltage, the concentration of mobile carriers over a region at the 

drain end of the channel will be sharply reduced. 

The charge control relationships for MOST D and MOST 6 in Figures 

3.3.21 and 3.3.22 indicate that this pinch-off region is characterized 

by a deviation from the constant slope of the mid-region which is greater 

on the relationships at the larger values of drain voltage. Further, 

this deviation is in the form of an increase in the effective value of 

rd  (= 	Vd  ). Since the bounds of the maximum channel length in these 

devices are fixed by the source and drain heavily doped contact regions, 

the unpinched-off or effective length of the channel can only decrease 

under conditions of pinch-off. Though there may be some change in the 

average mobility under these conditions, it is quite evident that there 

must be a decrease in the effective channel voltage Vch  in this region 

in order to cause rd to increase. 

It therefore appears that a situation corresponding to the Shockley 

criterion (equation 3.4.3 ) must apply to these devices. Thus the effective 

channel voltage Vch  on a constant Vd  relationship must be forced to vary 

in this pinch-off region depending on the size of Qgg  or gate voltage. 

The result is a situation which much more closely approaches the class- 

ical one-dimensional theory (as expressed by equation 2.4.1 ) for the 

MOST , than was observed for the junction YEE. 

A decrease in gate voltage (at constant drain voltage ) in this 
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region forces a decrease in Ch , 
as predicted by the Shockley criterion 

for this device, as a result of a decrease in the charge in the unpinched, 

off channel, and thus a decrease in the effective channel length. The 

difference in voltage between the applied Vd  and Vch  must be dropped 

across the extended pinched-off end of the channel through which the 

drain current is flowing. In pinch-off then, a balance must be set up 

between the drain current, the applied drain voltage, the gate voltage, 

and the length of the channel which is pinched-off. 

It is important to note that in the MOST, unlike the situation in 

the YET, the channel voltage Vch  is effectively determined by the applied 

gate voltage which becomes the forcing condition in the pinch-off region. 

The depletion regions do not control the basic operation of the MOST as 

they do in the FET, and thus the MOST is relatively unaffected by the 

presence of current carriers in the pinched,off region of the channel. 

Just as for the ioha l  relatively high fields may be set up across the 

pinch-off region in the MOST, thus acting as a "collector" for the 

current carriers from the channel. 
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3.6 Overall Conclusions  

The results of measurements have been presented in this chapter 

to study the validity and applicability of the basic charge control theory 

derived on the basis of unpinched,off channels. Further, measurements 

have been made over a wider range of operating conditions on both types 

of devices in order to investigate the possibility of extending the 

applicability of the basic charge control relationships into the pinch, 

off region of operation. 

True charge control operation (i.e., constant Ii2/11 ratio, or con- 

stant rd ) has been shown to apply to a variety of commercial FET's over 

a wide range of values of drain voltage,fram zero to beyond pinch-off. 

The basic charge control theory thus has a wide range of validity for 

these devices, if the effective channel voltage Vch, nd not the full 

applied drain voltage is used in these relationships.By so doing, the 

effects of saturation with drain voltage are accounted for. Deviations 

from true charge control operation have been observed for these devices, 

even under conditions of zero applied drain voltage. The reasons for this 

behaviour have been discussed. 

A study of the charge control results has led to a better under- 

standing of the operating mechanisms within the device, particularly with 

regard to the pinch-off process. These results have shown that it is no 

longer meaningful to apply the pinch-off voltage criterion as measured 

under conditions of zero applied drain voltage, to the PET under conditions 

such that there is a significant amount of majority carrier charge in the 

"depleted" region beyond the end of the open channel. It has been seen, 

in fact, that the effective voltage Vch across the channel remains essentially 
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unaffected over a wide range of applied gate voltage. 

It is interesting to note that the presence of significant majority 

carrier charge in the depleted region beyond the channel in the mr, has 

ac somewhat analogous counterpart in the bipolar transistor. Thus, in 

the bipolar transistor 
(63,64), the collector depletion region can be 

forced to contract at high bias current levels, causing a widening of 

the base region. 

The results of the charge control measurements on MOST's discussed 

in Section 3.5 have shown thatoin general, the charge control theory for 

MOST's and the assumptions made in the derivation of that theory,are valid 

over a significant range of operation for a wide range of applied drain 

voltages. It has been shown that constant rd  or true charge control oper-

ation, does not, however, apply to the MOST in the region of operation 

where the drain end of the channel is pinched-off. In addition to the 

current limiting process which occurs with the drain end of the channel 

pinched-off, this study has emphasized that a limiting of the drain 

current also occurs in the enhancement mode of operation as gate voltage 

(or Q
gg 
 ) is increased with constant applied drain voltage. The reasons 

for this behaviour have been discussed in terms of the basic operating 

mechanisms within the device. 

The charge control approach has thus proved to be useful as a basis 

for studying the basic behaviour of various types of field-effect tran-

sistors and insulated gate transistors, without special regard to junction 

law(s), geometry , or method of fabrication. One very important aspect 

of this approach as applied in this chapter, is that it reveals, in the 

nature of its straight line relationships, or deviations therefrom, the 
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ranges of device operation over which the charge control theory and its 

associated assumptions are valid, or are in seriously in error. 

In Chapter 2, Section 2.6, the subject of modelling 1E1's and 

MOST's from the charge control point of view was introduced. The models 

presented in Section 2.6 were specifically concerned only with device 

operation such that the channel was always open or unpinched-off. In 

these models, the distributed nature of these devices was emphasized by, 

the use of several models lumps. As will be seen, this aspect is taken 

up again in considerably more detail in Chapters L and 5. Specifically, 

it will be shown that several lumps are generally required to model the 

switching transient behaviour of these devices adequately. 

The results of the charge control measurements of Fiff's and MOST's, 

and the discussions in this chapter have shown that the saturation or 

limiting processes within these devices are highly complex. Further, 

particularly in the case of the iii, the various regions within the device 

become difficult to define for various degrees of saturation. There is 

no reason to believe that the distributed nature of the channel aid the 

other regions of the device will become significantly less important under 

conditions of large drain voltages where the device is in saturation. 

Hence it can be expected that any attempt to model these devices for large 

drain voltages in saturation, in a manner similar to the approach used 

in Section 2.6, to account: for distributed effects, will be both difficult 

and involved. This is considered to be beyond the scope of the present 

project, and will not be attempted here. 

Steady state charge control models specifying the terminal behaviour 

of FIT's and MOST's under any operating conditions can, however, be pro- 
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posed on the basis of the work in this chapter. Such a model for the 

FET, for example, is shown in Fig. 3.6.1. It consists,in its simplest 

form ,of a current generator and a charge store, and expresses the re- 

lationship between drain current Id  and the majority carrier charge Qch 

in the channel,for a given set of applied bias conditions. The necessary 

parameters for the model (i.e., Q0, Qgg , Qgerdfor the conditions of 

operation can all be obtained for a given device from a family of charge 

control relationships measured at each of several values of drain voltage 

from zero to beyond saturation as shown and discussed previously in this 

chapter. It is to be noted in particular, that rd  is not constant, but 

is a function of drain voltage. Although the parameters for the model 

in Fig. 3.6.1 are perhaps more complex, it is analogous to the simple 

form of charge control model often used for bipolar transistors. ( 42 )  

Without becoming extremely involved, even for the steady state 

situation, it is difficult to go beyond the form of the model shown in 

Fig. 3.6.1, and break up the charge store into its components Qgg  and 

gd ' and at the same time account for the effects of saturation. Note 

that from the charge control measurements made in this chapter, it is 

not possible to determine the amount of charge in the depletion region 

extending beyond the end of the channel towards the drain contact at 

large drain voltages. This component of charge has not been included in 

the model in Fig. 3.6.1. If this were desired, it would need to be obtained 

from a pulse measurement of charge delivered to the drain corresponding 

to various values of drain voltage. For a first approximation, however, 

its effects can be neglected, just as the effects of the space charge 

regions, and base width modulation are often neglected, for example, in 
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the charge control model for the bipolar transistor. 

Thus, although considerably more difficult to apply, it is con-

ceivable that a steady state model for the 14.61 based on that shown in 

Fig. 3.6.1 could, within the restrictions noted, also be used to obtain 

large signal transient information. As is done for bipolar transistors, 

this would involve the assumption that the transient is slow enough so 

that the device can be represented by a succession of steady states. 

However, due to the distributed nature of the FET, it is expected that 

the restrictions on the use of the above method would be far more severe 

in the case of FET's than for bipolar transistors. Chapters 4. and 5 

are concerned specifically with transients under low level switching con-

ditions, but in these chapters, the importance of the effects of the dis-

tributed nature of the FRC on the switching transients will be established. 
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CHAPTER 4.  

APPLICATION OF THE CHARGE CONTROL APPROACH TO LOW 	a SWITCHING  

4.1 Introduction  

In presenting the charge-control models in Chapter 2, Section 2.6, 

some of the factors relating to modelling, switching performance, etc., 

were briefly.  discussed. It is intended in this chapter to consider 

further the various factors relating to the low level switching per-

formance, and to develop and establish techniques for understanding and 

predicting the switching performance of devices under various circumstances, 

The approach to this switching study is developed in Section 4.2 

from the charge-control point of view, and is based on the work of the 

earlier chapters of this thesis. Modelling of device operation plays 

an important part in this study. This subject is considered further 

in Sections/4.3 and. h..14. where the various models used in this work are 
presented and discussed. Computer programs have been developed to 

facilitate convenient solution of the switching equations for the models 

concerned. These programs are presented and discussed also in Sections 

4.3 and. 4.4. The calculated and measured results pertaining to this 

study are presented and discussed in Chapter 5. 
Throughout this work, the emphasis has been on providing a good 

understanding of the factors involved in the switching process, and its 

representation. Attention has thus concentrated on establishing the 

requirements for satisfactory representation (models) of device switching 

processes, and an developing tools (computer programs ) for obtaining 

the desired switching solutions. The computer programs have been written 
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in the international standard programming language (Fortran IV ) and 

thus can normally be used on most present-day computer installations 

without modification. The computer program is a convenient and 

labour-saving method of obtaining solutions of the processes expressed 

by the switching model. A computer program is thus closely associated 

with a given model, and is considered to be a logical and. necessary 

extension of that model. 

The models presented in Sections 4.5 and 4../4_ are primarily intended 

for FET's rather than MOST's. Although the same approach is equally 

applicable to both devices, the MOST generally requires a slightly dif-

ferent form of model as was seen in Chapter 2, Section 2.6. Under 

certain circumstances, however, the YLX models can be used to obtain 

result an MOST's. This will be considered in Chapter 6 where switching 

results for an MOST will be presented. 
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4.2 Low Level Switching Characterization 

4.2.1 Chopper Considerations  

This section is devoted to a brief consideration of the more im-

portant factors relating to the specific use of a field-effect transistor 

as a chopper or low level switch. The purpose here is to provide a 

basis for establishing the requirements for an adequate characterization 

of the FET in this application. Aspects related to the use of FET's 

as choppers have been considered by Fattal ( 3" )  and more recently by 

Barton ( 66 ). Much of the material used in the discussion in this section 

is taken from these sources. From comparisons, Fattal has shown that 

the drift performance of an 	chopper can normally be expected to be 

as good as, or better than,that of an equivalent bipolar transistor chopper. 

Barton has described a complete PET chopper amplifier which affords a 

considerable saving in components over an equivalent bipolar transistor 

chopper amplifier, and does not require a temperature controlled oven 

to obtain comparable results. 

A chopper or low level switch commonly exists in two forms; the 

series chopper, and the parallel chopper. These can be represented in 

the steady state, neglecting leakage effects as shown in Figures 4.2.1 and 

4,2.2... It can easily be seen from these figures that the equation 

describing chopper operation is simply 

ecut 

  

e 
(4.2.1a) 

1 + Rch + Rs 

  

RL 

  

for the series chopper, and 



e s eout = R 	R 
l+ 	+ 5  

Roh  RL  

(4.2.1b) 
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for the parallel chopper, where 

eout =voltage fed to a-c amplifier 

=resistance of 	switch in "on" or "off" state ch 

Rs 	= resistance of signal source 

RL 	= chopper load resistance 

e
s 	= source voltage to be chopped and amplified 

It is immediately evident from equations 4,2.1 that in order to maximize 

the value of eout'  (i. e. maximize chopping efficiency ), a large value 
of RL  must be used. With a given value of RL, eout  then depends on the 

relative values of Rs Roh (cc), and Rch (off). 

Fattal (3/4-)  has pointed out that there are three main sources 

of error in FIT choppers which are associated with (1) variation of 

channel "on" resistance with temperature, (2) effects of leakage currents, 

and (3) effects of transients. It can easily be seen fran equations 4,2.1 

that variation in Roh  (on) with temperature results in an unwanted 

variation in the value of e mit. Various methods are used to minimize 

this effectssuch as constant temperature operatic:111,0nd use offeed-back. 

Possibly the most common, however, is to swamp out the effect by using 

a large value of Rt. Hence there is a second requirement for a large 

value of Rt. This will be shown to be an important consideration in 

Section 4, 2. 2. 

Leakage current variations can result in an output variation pri- 
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manly in the "off" condition. Its effect is minimized by a small 

value of RL  , but in view of the requirements for high chopping efficiency, 

and low "on" errors, leakage current variations are usually compensated 

for by other means such as the use of a reverse biased diode having the 

same leakage current-temperature law as the rla. 

Transient voltages associated with switching cause trouble in 

two main. ways. The amplitude of the transient can overload or saturate 

the following ai.c amplifier, and the transient duration imposes a 

fundamental limit on the chopping frequency. Characterization of these 

transients is the main concern of Chapters and 5 of this thesis. 

The objects are firstly to consider the various device and circuit factors 

affecting chopper performance, and secondly to establish the require-

ments for a model to represent FEW chopper consideratiam adequately. 

/4,2.2 Factors Relating to Switching Performance  

/4-.2.2.1 Basic Device Processes  

The basic switching process in the FIT (see Chapter 2, Section 2.3) 

involves a transfer of charges from one side of the gate junction to 

the other. This transfer process adds tog orremoves mobile majority 

carriers fram,the channel, and thus at the same time directly increases 

or decreases the conductance of the channel. In being added to or 

removed from the channel, these carriers must themselves flow through 

same portion of the active channel bulk material in reaching the source 

or drain contacts. The resistance to their flow, and thus the rate of 

transfer of these charges, can therefore be expected to vary quite con-

siderably throughout the switching transient. 
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As will be confirmed in Chapter 5, one of the results of this 

situation is that the transient produced as a result of turning the 

PET off (i.e. increasing channel resistance ), is usually of considerably 

longer duration than the turn-on transient. Thus in the turn -off easel  

the channel resistance change tends to impede the transient build-up and 

decay, while the transient tends to be "shorted out" in the turn-on 

situation. The situation in the MOST is very similar. In this case, how-

ever, the charge particles added to or removed from the channel are re-

moved from or added to the gate contact which is separated from the 

channel by an insulating oxide layer. 

One further important deduction can be made from the above dis-

cussion. Differential charging , as indicated in Chapter 2, Section 

2.6, can occur along the gate length. It can be seen, for example, that 

if a large external resistance is present between the source and drain 

(zero applied drain-source voltage is assumed) the rate of transfer 

of charge carriers from or to the channel will be greater at the source 

end of the channel. The result of this situation is that during the 

early stages of the transient, the rate of change of channel resistance 

is greater at the source end of the channel than at the drain end. 

Additionally, it means that the rate of change of channel height at 

the source end of the channel is greater than at the drain end. 

On the basis of the above, it can be expected that both the distri-

bution of channel shape from source to drain, and the distribution of 

channel resistance from source to drain, will vary throughout the trans-

ient. Both the magnitude of the transient voltage, and the distribution 

of channel resistance at any time throughout the switching process, are 
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intimately tied up with. the charge transfer process. Therefore, unless 

the correct distribution of charging (or discharging) along the length 

of the gate is accounted far throughout the switching transient, neither 

the correct overall channel resistance not the correct transient voltage 

as a function of time, can be calculated. Hence, it can be expected 

that in general, more than one "lump" will be required in the charge 

control model to adequately represent the distributed nature of the 

charging (ar discharging) currents throughout the switching transient. 

In Chapter 2, Section 2.6, it was shown that the larger the 

number of "lumps" in the model, the better the effects of channel shape 

distortion were handled. It was further indicated that it was immaterial 

whether the cause of channel shape distortion was differential charging 

during a switching transient, or a large voltage gradient along the 

channel. It thus appears that a multi-lump representation is basic to 

these devices. 

4.2.2.2 Device Parameters  

The basic factors relating to the switching process are as in-

dicated,in the preceding paragraphs in this section. It can therefore 

be expected that anything which affects ally of the related basic factors?  

will affect not only the switching performance of a device in.a circuit, 

but also the adequacy of the, representation of that device. In particular, 

it can be expected that the number of lumps required to represent the 

device to a given degree of accuracy will depend on both the parameters 

of that device, and the associated circuit parameters. 

The important field-effect transistor parameters will be con-

sidered here. They are of course interrelated, but can be considered 
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to be : channel length (L), zero bias channel height (H), zero bias 

channel resistance (Rohn  ), and the I2/4 ratio. The main effedt of 

Rahn is to affect the rate of charging or discharging generally, 

particularly near the low channel resistance portion of the transient. 

The I2/4  ratio, as was seen in the earlier chapters, directly relates 

to the amount of charge which must be transferred during switching to 

produce a unit change in channel conductance. Although the effedtive 

L2/4 ratio may change in same devices throughout the transient as was 

indicated in Chapter 3, it is basic to the switching process, and will 

be used in the switching characterization as discussed in Section4.2.3. 

The channel length directly affects the channel resistance, but 

it also directly relates to the distributed nature of the device. Thus, 

by itself, and in conjunction with the channel height, the channel 

length relates to the amount of channel shape distortion, and to the 

distribution of charging currents during the switching process, and 

hence affects the number of lumps required to represent the device. 

In the MOST, it can be seen that Q0  (equation 2.4.8) and the 

L2/t ratio directly affect the switching charge requirements, and consequent13 

the switching times, for this device. Qo  determines the amount of 

charge from zero which must be added to or removed from the channel to 

just produce channel conduction. As with the FIT, the MOST Wp. ratio 

relates to the amount of charge which must be transferred to produce a 

unit change in channel conductance. Also in the MOST, the channel 

length L relates to distributed effects, and thus the distribution of 

charging (or discharging ) currents along the channel. 
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2.. 2.2.3 Circuit Parameters  

In addition to the parameters of the device itself, the switching 

process and its description can be expected to depend on such circuit 

factors as load resistance (RL), load capacitance (CL), applied source 

drain voltage (vi), gate driving resistor (Rg  ), gate driving voltage 

(E), and, of course, stray capacitances. It can be expected that RL  

in conjunction with CL  will generally slow down the switching process. 

In addition, as indicated earlier, RL  affects the distribution of 

charging currents from source to drain, and. also tends to increase 

channel shape distortion. In section 4.2.1, it was shown that a large 

value of RL  is desirable from the point of view of obtaining a high 

chopping efficiency. As a result of this requirement, more lumps will 

be required in the model than would otherwise be necessary. 

Note that the effect of Ri,  on the switching transient and on 

device representation, can be expected to vary somewhat, throughout the 

transient. In the turn-off situation, for example, RL  can be expected 

to have an important effect on the rate and distribution of charging (or 

discharging) during the part of the transient when the channel resist.. 

ance is small. If the channel resistance becomes large compared with 

RL, it can be expected that RL  in conjunction with CL  will became the 

limiting factor in the decay time of the switching transient. Hence, 

in the chopper application, sane compromise is usually necessary between 

the chopping efficiency, and the chopping rate. 

The series drive resist= R
g 
 directly affects the rate of switching 

throughout the whole process. A low value of R
g 
 speeds up the switching 

transient, but in addition, it can generally be expected to increase 
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the severity of any differential charging and channel shape effects 

due to the presence of a large RL  ; there thus tends to be the need for 

more lumps than are reqalred when rOrkillg with higher Rg  values. 

Values of applied drain voltage Vad  under true low level switching 

conditions can be expected to have a negligibly small effect of the 

switching process, Large values of drain voltage, as was seen in 

Chapter 2, can distort the channel shape sufficiently to require more 

than one lump to represent the device. The gate driving voltage E, as 

well as determining the amount of charge added to or removed from the 

channel, also affects the rate of charge transfer. It can therefore 

be expected that large values of E , just as with low values of R 

vill tend to emphasize the distributed effects  of the device, partic-

ularly when a large value of RI,  is present, so making necessary more 

lumps in the device model in order to adequately represent the switching 

process. 
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4.2.3 Approach to Device Switching Description  

442.3.1 General Considerations  

On the basis of the previous discussion in this chapter, and 

from the results in Chapter 3, it can be expected that adequate character-

ization of the switching process in practical field-effect transistors 

cannot generally be achieved with a very simple model. Part of the 

reason for this as indicated in Section 442.2 is the essentially dis-

tributed nature of these devices from source to drain. The distributed 

channel and gate length are fundamental to device operation and are 

intimately related in a particular device to the time-dependent charge 

transfer process, and correspondingly ,the time-dependent channel 

resistance relationship during switching. 

As indicated. in Chapter 3, as manufacturing technology advances 1  

it can be expected that devices with shorter channels than those presently 

available will be forthcoming. Even then, however, it is unlikely 

that the distributed charging effects will ever became completely 

negligible. In addition, it is to be expected that channel shape 

distortion effects will become more severe as the channel length is 

reduced in relation to the channel height. As was seen in Chapter 2, 

Section 2.6, this can actually result in a requirement for more lumps 

in the model to adequately represent such a device. 

It thus appears that there are opposing tendencies involved in 

representing the device which are closely related to channel length. 

A. device with a very long channel can be expected to require several 

lumps in its model to account for the flow of charging (or discharging ) 

currents along the channel length. In a device with a very short chan- 
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nel, on the other hand, the rate of change in effective channel height 

is very large, requiring in general several lumps to account for the 

effects of channel shape distortion. 

Representation of field-effect transistor action is further 

canplicated by the fact that its operation depends on pliable, non- 

fixed boundaries (depletion layers). NOt only can the effective 

channel height vary along the channel length, and by different amounts 

throughout the switching process, but the effective channel length can 

vary in some devices in certain ranges of operation as discussed in 

Chapter 3. Related also is the fact that significant parasitic FIT action 

can occur in some devices as a result of depletion layer spreading 

beyond the ends of the effective channel length. 

In a double gate device whose gates are tied together,it is impossible 

to separate and characterize the action of each gate. Thus, it is 

difficult to work in terms of junction voltage laws, particularly in the 

case where the doping density in the channel is not constant (eg. a dif- 

fused device ). In such a case, the law for each junction can be 

affected by variations in doping profile, and by an effectively varying 

junction area (i.e. depletion layer spreading). Related also to channel 

doping density variation, is majority carrier mobility variation as 

discussed in Chapter 3. It was shown that this can introduce a 

complication by resulting in a non-proportional relationship between 

channel charge and channel conductance in same ranges of this relation- 

ship. 

The approach to the switching characterization of FET's (and MOST's) 

adopted here is that of charge control, and centers specifically on the 



216 

gate charge versus channel conductance relationship with zero drain 

voltage. The result is a model with one or more lumps as indicated 

in Chapter 2, Section 2.6. Once characterized, each lup can be con- 

sidered to be equivalent to one of several independent FEI's (or MOST's) 

in series. Further aspects relating to the practical application of 

such a model will now be discussed. 

4.2.3.2 Effective L2/1.t Ratio  

The parameters for the model for a given device are obtained 

from a Qaa -Gch plot measured as described in Chapter 3. The effect- 

ive slope of this plot (L214)ratio) is not generally constant through- 

out its complete range. In its non-constant range, however, as illustrated 

in Chapter5, Section 5.3, it can if necessary be approximated by one 

or two sections of constant slope. Thus for use in the charge control 

model, generally more than ane value of effective I,2/11 ratio must be 

used to cover the complete conductance range of a given device. It will 

be shown in Sections 1+.3 and 1+.4. that this requirement is conveniently 

incorporated in the computer programmed solution of the models. 

In the general case, derivation of an effective L2/ti ratio from 

the measured data ensures that the total device charge-conductance 

relationship is properly characterized. It is then implied in the model 

that all depletion layer charge in an FLT is active in modifying the 

conductance of the chanael. Parasitic charge in the depletion layers 

at the ends of the active channel length does not, however, bear a con- 

stant ratio to the remaining depletion layer charge throughout the complete 

Qgg. range, and is therefore impossible to characterize accurately in such 

a. model. 



217 

Where significant parasitic charge exists, this method of specifying 

the model can be expected to produce some inaccuracy in the distribution 

and rate of charging (or discharging) currents during a switching 

transient. The effect, in the model, is to place more bulk resistance 

in the path of more charge carriers than should be the case, and there-

fore to slow down the switching process slightly. The degree of in-

accuracy introduced is undoubtedly related to the speed of the switching 

process, being less severe at lower switching rates. 

4.2.3.3 Q
gg 

 -V
g 
 Relationships 

One further device relationship is required in order to obtain 

a solution from the charge control model. This is the relationship 

between gate charge Qgg  and applied gate voltage Vg  and it is obtained 

in the process of arriving at the device Qgg  G plots from the oh 

measurements previously described for that purpose. Since these quantities 

are related by some "power" it is convenient to plot Q
gg 

 versus Vg  on 

log-log graph paper , as will be shown in Chapter 5, Section 5.3,  for 

several devices. 

Assuming an ideal junction on the basis of complete depletion, 

the charge-voltage relationship is obtained from basic diode junction 

theory asO° ) 

(Qgg  Qeqm  ) 	K (Vg  f }4. ) n 	(1f. 2. 2) 

where 	
Qgg = uncovered depletion layer charge due to the 

application of reverse bias V 

Qe1m= uncovered depletion layer charge under equilibrium 

conditions with zero applied reverse bias 
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K = a constant involving junction area and doping densities 

Vg  = applied reverse bias junction voltage 

po  = equilibrium barrier potential 

and 	n = junction "power" ; 1/2 for "abrupt junction, and 1/3 

far "linear" junction 

In the single gate junction rem' case, assuming the above relationship, 

yio  can be obtained as described in Chapter 4 from gate capacitance 

measurements by plotting --n versus V if the value of n is known. A 

.nt 
plot of (Vg /V +. ) versus Q

gg 
 could then be used to determine Qeq  and o  

K, and hence complete the junction characterization. 

In practical single gate junction FET's, the situation is some-

what complicated by factors which can effectively result in non-constant 

values of K and n. In particular, as was discussed in Chapter 3, 

significant depletion layer spreading can occur around the ends of the 

gate junction, especially in the range near pinch-off. In addition, 

particularly with diffused or epitaxial junctions, the power law can 

vary throughout the range from "linear" to "abrupt" in various parts of 

the channel depending on gate voltage. 

In practical double gate structures, particularly with both 

gates internally tied together, the situation is considerably more 

involved. Especially in double diffused structures, it can be expected 

that the power law for each junction will vary, and not necessarily in 

the same way or by the same amount. 

The method used here is completely general and can be used 

for FE2's with single gate junctions or double gate junctions with any 
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doping density profile or profiles. It consists of representing 

the device Qgg - V
g 

relationship throughout the whole range below pinch- 

off by one or more straight line segments on the log-log graph, as required. 

Just as w.th the effective L2/11 ratio, this requirement is conveniently 

incorporated. into the computer programmed solution for the model. Note 

that the MOST is a special case of the above, with an effective "junction 

power" of one, since the gate capacitance is usually constant for low 

drain voltages as was shown in the results in Chapter 3. 
Gcho ,, obtained, from the Qgg - Gail plot, is also required by the 

charge control model. Thus, all the required information for device 

characterization, is derived in the course of obtaining the device 

ratio. The application of this approach will became further clarified 

in subsequent sections of this chapter, and in Sections 5.2 and 5.3 
of Chapter 5. 

4.2.3.4. Other Approaches  

It is perhaps helpful to compare briefly the charge control 

approach used in this thesis with that of others reported in the liter- 

ature (67-772)  on iiJW modelling 	With one main exception, notably 

that of Hudson, Lindholm and Hamilton ( 71  ), discussed. below, other 

work has conceLtrated on small signal resistance-capacitance-generator 

models, valid over a range of operating frequencies, and for a given 

set of bias conditions, and often only for an ithW with a specific structure 

(eg. single abrupt gate junction ). The work of Richer (70  ) is wild 

for an arbitrary channel doping profile, but is intended only for =all 

signal, low frequency applications. 
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The work of Hudson, Lindholm and. Hamilton (71  ) is notable in 

that theirs is a transient resistance-capacitance-generator model. 

It is valid however, only under small signal conditions (i.e. for 

small perturbations about the gate voltage operating point. Again, 

the model is valid only for an assumed structure, in this case, a 

double "abrupt" junction structure with independent access to each gate. 

The model is interesting, however, because in theory it might be used 

to cover a larger change in gate voltage providing the parameters of 

the model were obtained by an averaging process throughout the range. 

Thus in such a case, it would approach the requirements imposed on 

the charge control models developed here, but with somewhat poorer 

performance capabilities. It would still lack the generality and 

applicability of the charge control approach, however. 



221 

4.3 	Early Switching Models and Computer Programs  

In this section, the early models used in the low level switching 

study are presented, and their describing equations derived. The 

*computer programs used in the solution of these models are also dis-

cussed. Calculated device transients from each of these models will be 

presented in Chapter 5, and compared with corresponding measured trans-

ients. The models appearing in this section have been chosen primarily 

in order to study the effectiveness of device switching representation 

with a relatively simple lumping configuration, and with different 

numbers of model lumps. 

The models used in this section are similar to the one presented 

in Chapter 2, Fig, 2.6.5. For the purposes here, however, the 

effects of junction leakage currents will be neglected and thus do not 

appear in these models. Generally, leakage current can be expected to 

have little effect on the actual switching transients. Leakage currents 

are more important in the steady state, particularly in the "off" state 

as indicated in Section 4.2.1, where these effects can easily be solved 

for as indicated in the model of Fig. 2.6.5. If desired, leakage 

currents could also be incorporated into the computer programmed trans-

ient solution. 

The equations for each of these models are presented in a fox-in-

compatible with the Runge-Kutta (73 ) method of numerical solution 

of differential equations. This method requires that each highest-order 

derivative be expressed as a function of the variables and any lower-

order derivatives. Details of this method are presented in the 

Appendix. This method was chosen because it is relatively simple to 
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use. It does not require special starting methods its interval 

length can be changed at any time; furthermore, the procedure contains 

a relatively sneJ1 number of formulas, which is particularly advantageous 

in the solutions of systems of differential equations as is the case here. 

4.3.1 5Zump Li-Model  

Fig.4.3.1 .. shows the 5-Lump "L"- model (model 5L) to be considered 

first. Model 5L was primarily intended to be used to investigate 

the effect of a different number of lumps on device representation. 

Consequently, stray gate to source and gate to drain capacitances have 

been neglected with the consequent saving of two "loops". These stray 

capacitances are included in the second generation models of Section 

4.4, however. Gate contact and bulk resistance is neglected. Parasitic 
source and drain bulk resistances are included, though not particularly 

significant ih these particular devices as indicated in Chapter 3. 
Writing loop equations as indicated in Fig. 4.3.1 gives 

= I 	(R +R 	) +VB 	
I 6 	-R g 	ps 	ES (4930.) 

VB VA  + (12  - 16  ) RB  (4.3.2) 

VC = vB  + (Is  - Is  ) Rc  (4.3.3) 

VD = VC  + (14  - a) RD  (4.3.4) 

vv = VD  + (16 	e) RE  (4.3.5) 

VL  -- e(RA  + Rs  + Rc  + RD  + RE  + Rps  Rpa) 

IiRps  Is% - I4  RD  - Is  Re  I2Rs 	(4.3.6) 
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and 	 Yds  + 	=I7Rt. 	 (4.3.7) 

It is convenient to work in terms of the charge (Qi  to Q ) delivered 

by each loop current (It  to I7  .) and solve for the charge (QA,  to QE  ) 

in each gate capacitance hasp. Thus, by rearranging and substituting 

from the above equations, the following are obtained: 

dQ 	V _.V 	dQ I = 	= B 	A.  + a 
2 	•-•••-••• 

at RB 	at 

= VC - VB 	VB VA (I .. ) 	11% 2 

	

dt 	RC 	RB 

V - V 	V - V D C C B  dc 

 

dt 	 Re 

_1) = VE  - VD 	V VCD   
at RE 	xD 

(4.3.11) 

(_ (I .. E  I ) = aQE = 	VE 	4.  1E61  dQ vE VD  (4.3.12) t   
5 

dt 	Rg + Ps 	
R
g  + R 

Ps 	
dt RE 

      

= 
d
g= 	2 

6 
dt 	RA + R 

 

VL  + pa  
Rg + Bps 

 

      

I = dQ  = Vas + VL 
I "I' 

dt 	RL 

(4.3.110 
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where in equation 4.3.13 

R„,„ = R + R 	R s pd 
R + R 
g 

(4.3.15) 

The junction charge-voltage relationship as measured. for the whole 

device at zero drain voltage, is assumed to apply to each capacitance 

lump. This assumption is valid so long as there are sufficient lumps , 

so that the shape of the section of channel depletion layer represented 

by each lump is not severely distorted from the rectangular situation 

(zero drain voltage) which applied during the measurement. As discussed 

in Section 4.2.3.3,a plot of gate charge Qgg  versus gate voltage Vg  

on log-log graph in the general case, is adequately represented by 

one or more straight line sections. In a given straight line section, 

it is then valid to write 

V = K (Qgg )B 
	

0..3.16) 

and also in the same section 

V 	= K (Qgq  )B 
	

04..3.177) 

where B 	slope of straight line section on log-log 

graph 

constant of proportionality 

Vg, Qgg  = any set of corresponding gate voltage and 

gate charge values on the straight line 

Vogq = particular corresponding values on the 

straight line section to be used for normal-

cation. 
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Note that Vo  could. be chosen equal to Vp0  , the pinch-off voltage, 

but is not necessarily the case as explained below. By division from 

equations 4.3.16 and. 4.3.17, the normalized forM is obtained. Thus 

V 	Q 	B 	(4.3.18) 
V 
	

Qgq 

Equation 4.3.18 is strictly valid for given values of Vo  Qgq  and 

B only over a range of Vg  and Qgq  such that when plotted on a log-log 

graph they are related by a straight line. 

As indicated in Section 4.2.3.3, it will be shown in Chapter 5, 

Section 5.3, that the range of gate voltage up to pinch-off can be 

approximated by two or three straight line sections on the log-log 

plot. Equation 4.3.18 can thus be used in each of these sections, 

but with different values of Vo  Qgq, and B. In this and other early 

models, this "re-normalization" is effected by the computer program, 

with the values obtained as illustrated in Figures 4.3.2 and 4.3.3. In 

the later models, this situation is better accommodated by a multipying 

factor in the equation itself, and will be discussed in connection with 

the appropriate models. 

Two possible straight line sections are assumed for both the 

Qgg 	G
ch relationship and the Qgg  - Vg 

logr.log relationship (xngures 

4.3.2 and 4.3.3 ) for the present model. The Q
gq 

 values are obtained 

(Fig. 4.3.2 ) by extrapolating to the Qggaxis, the constant slopes 

in sections 1 and 2 of the Qgg Gch relationship. Thus for values of 

gate charge in section 1 , Q = Q 	, and the corresponding V Qgq 
	gqi 	0 

(i.e. V ) is obtained by extrapolating on the log-log Q
gg 

 - V
g 
 relation- 
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ship as shown in Fig. 4.3.3. The case is similar for gate charge 

values in section 2 of the Q - oh relationship, but here Q 	Q gg = - gq2 
and Vo  = Vo2  

The charge canpcnents QA  to Q.2  and Q%  and SI  will be normaliaed 

to Qou  where 

Qou  —EL 
	 (4.3.19) 

n 

and. where 	Qgq = extrapolated pinch-off charge corresponding to 

n 

This 

Vo (see Pig. 4.3.2 and Fig. 4.3.3 ) 
= number of model lumps 

Z = QB ; for lump B 
Qcu 

I -- QA ; for lump A 
Qou 

Z = QE  ; for lump E 

Qou  

P = QC ; for lump C 
Qou  

QD ; for lump D 
Qou 

(4. 3. 20a) 

(4.3. 20b) 

(4. 3. 200) 

(4.3.20d) 

0..3.20e) 

V 7-7 Q 7 	from I7 	 (4.3.20f) 

Q011 
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W 	6 	fr am I a 	(4.3.20g) 

The resistance of each channel lump is then obtained as discussed 

in Chapter 2, Section 2.6. Thus for lump A, for example, 

RA = Ross 
	

(4.3.21) 

1 - Y. 

where 	RA = resistance of channel lump A 

Ron 	
Roho = zero bias resistance of each of n 

sections of the channel (see discussioin 

below). 

The resistance of lumps B to E is similarly calculated with the corres-

ponding normalized charge from equations4.3.20. Equation 4.3.21 is 

strictly valid only over a region of constant I?/µ slope. As discussed 

in Section 42.3.2, however, the complete Qgg  G h  range can be com-

posed of more than one region with different LP/µ slopes. Iii each region, 

R ho is obtained by extrapolation as illustrated in Fig. 4.3.2. Thus 

in region 1 of operation, Rcho 2F  Rob& and in region 2, R 	Ei Italw  
This situation is also accommodated by a "re-normalization" which in 

these earlier models is acomplished in the canputer program with data 

obtained,as described, from Fig.4.3.2. In the later models, just as 

for the charge-voltage relationship, this is acccmplished by a multi-

plying factor and will be discussed in connection with the appropriate 

models. 

The charge voltage relationship for each lump is obtained fran 

equation 4.3.18. Thus, for lump A, for example, 
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irk - Vo Y B 
	

(4.3.22 ) 

where Vo is obtained as indicated in Fig. 4.3.3 corresponding to a 

gate charge of Q8q.  or Qou  for each lump. The charge-voltage relation-

ship for each other lump is similarly obtained with the corresponding 

normalized charge from equations 4..3.20. 

Substituting equations 4.3.21 and 4.3.22 for each lump into 

equations 4.3.8 through 4.3.14., and using the normalized charge components 

from equations 4.3.20, gives in alphabetical sequence, 

e= a (Qa  / Qou  ) 0 

at 	dtu 	Rou  Qou  
(1 - U) UB-(2-IT-P) PB+ (1,-,P) XB  

(4.3.23) 

/ Qou 	 1(i-z) 23  (2-u-z) uB+ (1-U) PBi 
L 

dt 	dt 	R ouQ  ou 

av = a(Q 	Q ) 7' 	Ott  

(4.3.24) 

1Qou  (W-V)  	Vds + 	(463.25) 

Qou. RL 	 CL dt 	dt 

 

d(Qe  Qou  ) = 1 
I  
• 

- 

_Qoa(17-V) + Ps 

dt dt Qan Rau  + RIO CL 	Rg+ Rps 
(1-Y) 

     

--VoYB  Vo  Rps  -1 ZB  
Rgps L 	 _4 

(4.3.26)  

- 	 xB 
(4.3.27) 

 

QB 	cu  = Vc 

 

dt 	dt 	Q R OU CU 
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tu. 	d(QA  Qou  ) 	Vo  

at 	dt Q R ou 

(4.. 3. 23) (3.-x) (x13_ Y_) 
dt 

= E VoZB  az cl(QE Qou    Ps 	Vo 	(1—Z) (Z—U13) 
dt 	dt 	Q (R + R ) (R + R ) dt Q R 

OU 	g ps 	g 	ps 	OU OU 

where V Q ou(Vi-V) 
(4.3.29) 

(4.3.30 ) 

   

CL 

corresponding to the amount of normalized charge in Ct. 

Finally, equations 4.3.23 through 4.3.29 are normalized vci.th 

respect to time such that 

T t V F-: (4.3.31) 

  

Q RF  

where 
T = normalized. time (dimensionless) 

t = real time 

V0, = normalizing voltage 

Qou= zero bias majority carrier charge assumed to exist in 

each section of the channel 

F = dimensionless scaling factor which is found. convenient 

in colinection with controlling the computer output 

R 	= normalizing resistance which can be specified. as 

desired. In this work, normalization is mainly for 

canputing convenience. Since so many factors affect 

the transient, a given choice of R may not be the most 
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convenient for all situations. The factor F helps 

in this regard. In these earlier models, R was chosen 

tolre equal to (Rg  + Rps  ). 

Equations 14..3.23 through 4..3.29 therefore became 

‘ -B1  
ar R 

oil Li-U ) TJB  - (2-U-P) PB  + (1-P) A 1 	(4-.3.32) dP =-- RF 

aU =.• ET 	(1-z) zB  - (2U-Z) uB  + (1U) PB  i 
dT 	

Rou ,.._ 	

(4..3.33) 

dV = RP 	

[ 

V + Qou (W-V) (4-.3.30 ds 

 

Aou(W-V)+  R sE 	vo-B 
Vo
(Rios  -I) el 

°If 	Rg+ Rps 	Rg+Rps 

EP  
dT Vo  Rou + RAT] 

(1-Y) 
(4.3.35) 

RAT is defined in equation 4.3.15. 

 

ax = RP 	(1-13) PB  - (2-X-P) xB  + (1-X) YB  
dT R ou 

(4,3.36) 

 

   

dT oR. 	CL 

= 	(i_X) (XB  -Y) + 
ar 	R ou 

aw (4,3.37) 

dZ = RFE 	 R 	 FCE' ps 	.9dW - 	 zB 	(1-z) (ZB-UB) 
dT 	Vo (Rg + Rps) l(Rg+ Rps dT 	(R g +RPs ) 	Rou 

(l .3.38) 
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Two other equations for the model are useful. The total channel resist-

ance Rch is given by 

;) R 	= Reu, ( 1 + 1 + 1 + 1 + 1 	(4..309)  
1-X 1-Y: 1-Z 1-P 1-7 

The output drain scarce voltage is given fran equation 4.5.14. Thus 

VL  a I 
LA 
R, Vds 

=  RLVo 	dV - V ds 	(4.3.10) 

1..3.2 3-Lump L-Model  

The 3-lump L-model (model 3L) is shown in Fig. 40.44 Model 3L 

is identical with model 5L except for the number of Lo.section lumps 

representing the device. 

The equations for this model are derived in identically the same 

way as those for model 5L in Section 4-.3.1 Hence they will only be 

briefly summarized here. The loop equations indicated in Fig. 14..3.14. are 

as follows: 

E 	= 1 (Rg  + Rps  ) + VC 	 (-.3.14) 

-VB  -Vi  = (12  - 14  ) RB 	4.3.4-2) 

VC VB = (I - I )RC 3  (4,3.43) 

•Arra  =4 4 (RA  4 RB  + Re  + Rpa  + Rpd.  ) IiRps  IsRe- 12% (1i-.3.44) 
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VL  + Vds  = Rig 	(4-3.45) 

The defined normalized charges for this model are 

= QA 

X = QB 
Qou  

Q =.—. 
Qcu 

Q„ 

; for lug A 

; for lump B 

; for lump C 

; from I 
4 

; liras Is 

(4-.3.46a) 

(4-.3.46b) 

(4.3.46o) 

(4.3.46d) 

(4.3.46e) 

Note that the effects of both. gate and drain voltages are included in 

QA' QB' etc. for each lump. The resistance of each lump is calculated 

in the same manner as indicated by equation 4.3.211  and the voltage-

charge relationship for each lump is calculated in the same manner as 

indicOed by equation 4.3.22. Thus after substitution and. normalization 

just as in Section 4.3.1, equations 4.3.41 through 4-.3.45 became 
%M. 

dV = RP 
RIV0 	

CL 

(40.47) 
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dYf = 
dl' 

r-• 
RF 

RF 

RpsE 	_ 	Qop-V)... 	la  
Y.-  + 	1- R  ps 	ZB  

Roll 	+RAT 

I.•••• 

V a (R 	+R s  ) 	Aro Q. g 	p 	I , Rg + Rps 

(4.3.48) 

(lj-.3•49) 

(4.3.50) 

(l,Y) 
AM. 

= 
dT 

dY = 
dT 

(1-4(ZB-X33  ) 	( I,X ) ()(B:-.Y33) 
R as 

(1-X) (X13  -YB) + 	der 
dT Rou 

dZ m 	- ET  
dT 	V o (Rg + Rps) 	(Rg+Rps) 

ZB  (I, _pal dW 	(zB...23)  
Rg+Rps dT Rou 

(4-.3.51) 
2 

where R 	R + R At = " 	pd Rg +R  ps 
as for equation 4..3.15. 

The channel resistance is given by 

1 1 1 Reh = Reu 
1,X 1-Y 1-Z 

 

(4. .3.52) 

  

and the output voltage is given fran equation 4:. 3.45, i. e. 

Therefore 

TL = 	Vd.s 

V( 	dV Vds BL Vo  
dT 

(4..3.53) 
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Computer Programs  

In this section, a brief description of the purpose and operation 

of the computer programs used in the solution of models 5L and 3L will 

be given. The data required for operating the program will also be 

discussed. The programs used for model 5L and 3L are identical in 

all respects except in the number of equations solved. The program 

for model 3L will therefore not be presented. A canplete print-out 

of the statements of the program for model 5L appears in the Appendix. 

The block diagram (Figif..3.5 ) and the subsequent discussion, however, 

apply equally to both programs. 

4.3.3.1 Discussion of Operation  

The purpose of the computer program represented by the block 

diagram in Fig. 4.3.5, is to solve the appropriate model equations 

numerically at various discrete times throughout the switching trans-

ient, and to provide a print-out of the total device channel resistance 

and output voltage appearing across the load resistance as a function 

of time. As previously mentioned, this is accomplished here by the 

Runge-Kutta 73 ) method for solving differential equations, which is 

described in the Appendix. For details regarding the computer language 

(Fortran 	) used for this program , IEM publication O28-6590-1 (74)  

should be consulted. 

The block diagram in Fig. 4.3.5 illustrates the overall composition 

and flow of the program. Block 1 consists essentiplly of statements 

called function statements which are general forms of the equations 

derived previously in connection with the models. These function 

statements are then later "called" in Block 4. and solved with. particular 
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values in place of their "dummy" arguments (i.e., U, P, X, etc.). 

Two locations are also reserved in Block 1 for the variable .bin: holding 

the device name. 

In Block 2 the program data is read in according to the specified 

format. Each component of data will be discussed in Section 4.3.3.2 and 

related to the device and/or its purpose in the program. a test is made 

after-reading the first of each group of data cards. If an "I" appears in 

column 72 of this card, program operation .is stopped. The venous 

constants used in the program, and in particular, those used in the 

function statements of Block 1, are then calculated. The program then 

calculates by means of an iterative process, the initial voltages 

and charges (FI, U10  etc.) appearing in the various parts of the model 

as a result of the presence of an applied drain voltage, or an applied 

gate voltage in the case of a discharge transient. 

On the basis of the initial charge values calculated_ in Block 

2, the function statements of Block 1 are called to calculate the 

initial charge derivatives in Block 3. The remainder of Block 3 is 

miinly concerned with producing a print-out, for checking purposes and 

for operator information, of many of the device parameters and calculated 

constants. 

Block 4 contains the heart of the numerical solution process 

where on the basis of tie known (old) values of P, U, V, etc., and 

their derivatives, new values of P, U, V, etc., and their derivatives 

are obtained at a later increment in time. Fran these new values, the 

channel resistance and the output voltage , and the time from the begin- 
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ring of the transient are calculated and printed out. Output is 

controlled by statements in Block 4. In the program, time is controlled 

and incremented as an integer variable to avoid summation errors. 

At the end of Block 4_ is a test to determine whether the maximum 
specified time has been reached. If not, control is transferred to 

Block 5. If it has, a test is made to determine if a discharge transient 

is also desired. If it is not, control is transferred back to Block 

2 where the next card is read and the program is stopped, ar calculation 

of the next transient is started as desired. If a discharge transient 

is specified, control is transferred to Block 6. 
In Block 5, tests are made to determine if a "break point" has 

been encountered. A "break point" indicates a change in slope on the 

Qgg  — Gc plot, or on the log-log plot of Q
gg 

 vs Vg  as indicated in 

Figures 4.3.2 and 4.3.3. If a "break point" is encountered, appropriate 

re-normalization is carried out with respect to new values of V A , gg 

Gcho and B as indicated in Fig. 4.3.2. Substitutions are then carried 

out in which the newly calculated values of P, U, V, etc., and. 

their derivatives are put in place of the corresponding old values. 

Control is then transferred to Block 4. where the previously described 

Block 4. processes are repeated at a new value of time. 
When Block 6 is entered from the previously referred to test, it 

indicates that the gate charging transient is complete, and that a gate 

discharging transient is desired. Block 6 resets program time to zero, 
prepares the initial charge values, and sets the applied gate voltage E 

to zero. A statement is printed out indicating the discharging calculation, 

and control is transferred to Block 3. The normal processes are then 
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followed except that the amount of gate charge is decreased and the 

channel resistance is decreased! as the transient progresses. Block 6 

also increments a tested variable to ensure that the discharge transient 

cannot be repeated for this same set of data. 

l..3. .2 Data Required  

The various components of data required by the program will now 

be discussed. Each component of data, its location on the data card, 

and its description is shown in Table14.3.1. Datavhickleiterts with 

"I-414", is an "integer" variable, and is written in the indicated card 

columns without a decimal point (eg. 300). All remaining items are 

"real" variables, and are specified with an "E" format. Thus the 

number 10.05, for example, is written as 1.005E +01, and must be right 

justified in the allocated columns. 

Program time referred to here is defined as 

NT = 1000 X T 

where 	NT = program time 

T = normalized time defined in equation 4.3.31 

The reason for this is that it is desirable to make program time an 

integer variable , thus avoiding summation errors due to rounding in 

the computer. 

The dimensionless normalizing factor F is normally set to 1. It 

can however, be made larger or smaller, in which case it has the 

effects of "shifting" normalized or program time with respect to real 

time. In sane cases, this can be used to obtain a slightly more convenient 

format of print-out results. 
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TAILS 4.3.1 

DATA FOR COMPUTER PROGRAMS FOR MODELS 5E1 and 3L  

Data Card 1  

Item  Location at Card. Description 

FEZ 00 1-10 Device code name (eg. TIX881-2) 

Q0 call-20 QMx 	- see Fig. 4.3.2 

QOFTN co21-30 Qgq2 	- see Fig. 4.3.2 

EL cc31-40 V0a. 	- see Fig. 4.3.3 
UtFIN cool-50 V02 	- see Fig. 4.3.3 

RO cc51-60 1 / Gchoi  - see Fig. 4.3.2 

ROFIN co61.70 1 / Gehoa  - see Pig. 4.3.2 

I 0072 I = I 	indicates program stop 

J co773 J = 1 indicates discharge trans-

ient desired. 

J'a' 1 also sets NTNCH 2(see NMULT 	; 

second card. ) 
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TAME 4.3.1 	Continued 

Data Card 2 

Item Location on Card Description 

B oc1-10 section 1 "slope" on log-log Qgd-V
g 
plot 

(see Fig. 4.3.3) 
BFIN cc11-20 section 2 "slope" on log-log Q 	-V plot 

(see Fig. 4.3.3) 	gg 	g 
RES cc21-30 bulk parasitic source resistance 

RFD co31-40 bulk parasitic drain resistance 

E caul,-50 applied gate driving voltage -see model 

VD cc51,60 applied drain voltage - see model 

RG cc61-70 external series gate resistance 

NMULT2 0071.60 multipying factor for second change 
in program time increment at NTNCH2 
=NTNCH (1 + .7/5 ) 

Data Card. 3 

Sten Location on Card 
. 

... 	f  

Description 

RE, col-10 
, 

load resistance 

CL coil-20 load and stray drain source capacitance 

F ce21-30 dimensionless normalizing factor -see 
text 

TF cc31-40 specified final normalized transient 
time 

NTNCH cc41-50 program time at which first time 
increment change occurs 

NMULT cc51-60 Multipying factor for first change 
in program time increment 

NET cc6l-70 initial program time increment 

=OK cc71-80 break point - see Fig. 4.3.2 

4 
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Values for each of these items of data will be given for several 

practical devices in Chapter 5, Section 5.3. 

4.4 Second Generation Models and Computer Programs  

4..4.1 3-Lump T-Model  

Figure 4.4.1 shows a 3-lump model (model 3T) in which each lump 

is arranged in the form of a "T". Stray gate-drain and gate-source 

capacitances are included in this model. Mode]. 3T is a "second 

generation" model and is based partly on experience gained with the 

simpler L-models. 

The purpose of this model is to account for the effects of stray 

capacitances, and to investigate the effectiveness of a more sophisticated 

lumping configuration. The main characteristics of this T lumping 

configuration is that for a given number of lumps compared with the L 

configuration, the T model provides a better distribution of the 

charging (or discharging) currents along the channel fran each capacitive 

element. It is therefore expected to provide a better representation 

of the switching process under a given set of conditions than the 

equivalent L-model. 

Writing loop equations for model 3T as indicated in Fig. 4.4.1 

gives 

E =I R +V 
g E 

(4.4.2) 



r"'• 
1 	 1 
— 	(I - I ) dt 
ail 	8 	7' (Ii  - I5  ) dt 

C Cgs Li 
I at 2 

gd 

(24..4.9) 
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YB 	= 	- 	) 112 

✓ - V = (I 	R C B 4 	a 

VE  - Ve  = (Is  - s) R4  

Via  = VE  

• + VD  =17  RL  

where 	 Ri = RA + pd 

R =RA  RB  

= RB  + Ftc  

R = RC + Rps 

Fran equation 24.4.6, one gets 

(4,4.3) 

(4.4.4) 

(24- 4. 5 ) 

(4-.4.7) 

(4.4,8a) 

(•ii.ab) 

04..4.8c) 

(4..4.8)1) 

Differentiating equation 4.. ii.e, 9 gives 

I - 1 	1 -I 	I 8 7 	=  1. 5 	= 2 

CI z 	 Cgs 	C 
ga 

The defined normalized charges for model 3T are 

Z. s QA ' Qai  ; for lump A from (I3- 12  ) (4.4.11a) 

(4.4,1o) 
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Y 	QB  f Qou  ; for lump B fran (14  - i) 	4.. lib) 

Z 	QC  f Qou  ; for lump C fran (15  - a) 	(11..44  110) 

P = (Q3.- Qs  ) f Qou  ; for Cgs from (13.- 15 ) 	(1}.1f. 11d) 

IF = Q f Q ; for Co.  from (12) (4.4.1Ie) szu   

Time normalization for this model is given by 

T= tVo 
Q 0  RP 

where T = normalized time 

t = real time 

Vo= normalizing voltage (see also Section 5.3) 

Q0= zero bias majority carrier charge in the channel. 

Qo  is used here to provide a result independent of 

the number of program lumps 

F = dimensionless scaling factor 

1? = normalizing resistance; 

Rearranging and. combining equations 4.4.1 through 14..4.10, and 

normalizing as indicated. by equations 14..4.11 and 4.4.12 produces the 

following: 

V V 

 VA B 	A - ax Ma 
dT Vo 2 
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= FRn 
ar 

0 

VC - VB  VB - VA 

3 	 2 

(4.4.10 

   

aZ 	FRn 	VE -C  
dT V 

0 	4 
'NNE 

VC r VB  

3 

(4-4.15) 

AM" 

dP 	FRn 
C C + _g§1 _ga _fa) 
Cgs  Cga  CAL  - VE - E V_ -- VC  

dT• 	V  
1 + C 	+C1,  

fr. 

      

FRn 
Vo (1/4

VL + VD) 

BL 

 

_Ad 	+ C 	C 
Cga CL 	 ffa 

+ gL egd 	CL 
Cgs 	CL 

 ) 

 

  

      

      

 

+ S7ad) (....a_C 	÷ C ....gg2  

r 	ega 	

), 

gs CL 	eL  ... 
,+a 	a 

Cgs 	CL 

 

ON/ 

VA. Vp) FR42. 
V0 
	1 

   

et, 

  

    

(I-.4..16) 

aff 	(FRil ve  ) 

dpi 	(

1+ Cs@  +  Cad  
Cgs CL 

P. 

(4. 4.17 ) 
where n= number of model lumps; in this case, 3. 



Equations 2j..1.13 through 1.4,17 are in a form suitable for computation, 

whereVVB' VC° VE' VF' R1' R2  RandRare obtained as in-
dicated 

 

in the following discussion, and substituted in the above 

equations to obtain the desired solutions. 

The methods used in this model to accommodate changes in slope 

on the Q
gg 

 - G
th 

 plot, and on the log-log plot of Q
gg 

 versus Vg  , will 

now be described. As indicated previously, this will be accomplished 

by means of multipying factors in the equations concerned. The methods 

described here allow the corresponding multipying factors to be in- 

dependently set for each model lump depending on its region of operation, 

i.e., the amount of charge in the capacitive element of each lump. This 

system is thus flexible, and it should be more accurate than the methods 

used for the earlier models in Section 4..3. The gate charge versual.ohamnel 

conductance relationship will be discussed first. 

Experience has shown that the gate charge versus channel conductance 

plots for these FMC's can generally be well represented with one to 

four straight line sections. Thus the general Qiis  - Gc plot might 

appear as shown in Fig. 4,4.2, where all four regions need not appear 

for any given device. The entire charge conductance range for the 

whole channel is covered with an equation of the form 

Rah = 
D 	(4.4.18) 

 

(224-(20 

  

    

     

where Rch = device channel resistance 

Qgg = gate charge 
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Qo = zero bias majority carrier charge and is equal to 

the amount of gate charge to produce pinch-off (VD 0) 

(see Fig. 4. 4. 2) 

S,D = factors which are set depending on whether operation 

is in region 1, 2, 3, or 4. (see Fig. 4.4.2 ) 

The values which S and. D may assume arc derived with reference to 

Fig. 4.4.2. In region 1, the total channel resistance is given by 

Rch 
	1 	 1. 	(4- 4.19) 

Qgg) G oQ o Qei 
2,sa.  

Therefore, Q el  
GoQo  

( 4.4.20) 
Ch 

: — Qo Qo 

where 
D = Q61 	and. S = 	 (1+•4.21) 

QoGo 	 Qo 

It is convenient to work in terms of the "break point" values of the 

curve which will be used by the computer program. Therefore from 

Fig. 4.4.2: 

G- G 	Go 
	 (21-.4.22) 

Q 	Qel 

Go 
Cael ei Qo Qo 

  

ONO 

Qo 



( Qez  _ 2.2a) 

Qo Qo 
S 

24.6 

giving Qei  = GoQi  

(G0 - 

 

(4.4.23) 

 

Thus 

D = 

 

Qo (Go ) 

 

and 	S = 	G oQ  

 

(4.4.24) 

   

(Go  - Gi.) Q0  

Similarly in region 2, 

Qe2t 
R 	= Gee  Qo  D2 	 11 4-• 25) oh 

QFK 

Q o 

and from Fig. 4.4.2 

Also, 

Qe2 = 

- Q 

Q  — Qi  (4..4, 26) 

(4. .4. 27) 

Ge2 

Qe2  

G G 1 	2 

y 	@2 •-• Q 

G -G 1. 	2 

giving 

Qe2 - Qi 	G 	+ Q (4. .4. 28) 

(
Q2 
G 	G 

:) 

1 	2 

Thus, 



D = Q2 
r. 

Qs 2 	
Q

0 	2 
(G - G ) 

Q0 G G 
2  

1 	2 

1 	01..4429) 1 	
1 
 Q Q 	Q and 	S2  = 

in the same way for regions 3 and 4, the values for S and D are found 

to be 

D 
3 

(4% 	Qa  ) 

(10  (G2  - G.) 
and S 

	

= 1 	G  1Q3 	+ Q41 
(4.430) 3 0  2 

	

`o 	(G
2 	3 

G ) 
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and 
D =0 - Q 	and S = 1.0 
4 	 4 

@ G- o 3 

(4. 4.. 31) 

Further, it can readily be seen that for a channel represented as shown 

in Fig. 4.4.1, the values of D and S for each half-lump resistance, for 

lump A. for example, are given by 

RA = DA  

- SA. X  

(4.4.32) 

where DA = 
D where 	D and S=S 	S 

4 	s 	4 

depending on range of operation 
2n 

SA = S 

= Q 	 = normalized charge in capacitance element A (including 

go / 	reverse bias effect at lump A due to Vas  if present) 

n = number of identical channel lumps (=3 in Model 3T ) 
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The situation is identical for lumps B and C, but DB  and SB  , and. D0  

and S0  are set independently as required. Thus in accordance with 

equations !}.1E.8, it can be seen that 

R 	D = A. 	pd— 
SA _X 

(4.4.33a) 

(4. 33b) 

Op 4. 330) 

Of.. 4. 33a) 

R =  DA 	+ DB 
2 

 

 

SA _X SB  _Y 

R = DB 	+  DC 
a 

SB - 	SC - 

R = DC 	+ R 
4 - 

	

	Ps 
SC - 

Attention is now given to the gate charge - gate voltage relation-

ship. It is found that in general, good representation of this relation-

ship can be obtained with three or fewer straight line regions an a 

log-log graph as illustrated for the general case in Fig. 4.4.3. The 

general form used for this relationship is 

V = F g 	 (4. 34) 
Yo 	Qo 

where 
Vg  = gate voltage 

Qg  = gate charge 

Qo  = amount of gate charge to produce pinch-off 

Vo  = pinch-off voltage corresponding to Qo 
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F,B = values depend on region of operation 

The values of F and B for each of the three regions for the total 

device are derived with reference to Fig. 4.4.3. Firstly,for region 3, 

(Q0 

(4.4- 35) 

Since equation 4.4.35 is already in the correct form with respect to 

(Qgg / Q0  ), then F = 1.0. a 
It can also be seen from Fig. 4.4.3 that Bs  is given bit 

log_ ( Vo (4.4.36) 
2 

loge ( 712) 

Now, in region 2, 

V 	
rIt 

)B2 
_. (4. 4. 37)  
V2 

and also at the junction of regions 2 and 3 , one can write 

V 
2 	

= )B. 

Q0 
(4. 4. 38)  

Vo 

Combining equations 4. 4. 37 and 4. 4.. 38 gives 

V )333  (51a)B2  
(4. 4. 39)  

=(Q 

V 	Q o 	o 	Qs 



As before, it can be seen that 

loge6L) 

loge(I) 
Q4  

Similarly, for region 1, it is found that 

eQ0) 	
QQ:  B  ) 

B2  

B 2 
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where 

V 	= (Q5  \23  (Q0 )B2 	
B2 

Vo 	\ Q0 ) 	\, 	Qo 

B2  
= Fa (SQo 

Q )$E13 	0 	B2 
F2  = 50 	( Q05  ) 

(4.4.40) 

(4.4-• 41) 

(4-.4.42) 

(4. 4. 44) 

and. V 
lg B = o  e V 1. 	34 (4.4.45) 

   

Q  - loge  ( --4  
34 

where the point V , Q is any convenient point on the straight line 34 	34 
part of region 1. 

For a given lump, such as lump A, equation 4..4.34 takes the form 

B VA = FA (x) 

V  
(44.46 ) 
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where 1 normalized charge in lump A and VA  is the total reverse bias 

across capacitive element A due to Vg  and to Vas  if present. 

FA BA = Fi3 
1 B

is 
as derived above. For lumps 

B and C, FB,BB  and% , Be  are all set independently as required. Thus 

also 
BB  VBB (y) (1..4.4-7) 

(4.4.4-8) 

(14..4.49) 

(4,4-.50) 

Vo 

  

V 	 Bc V
C = 	(z) 

V  

Also it can be seen that 

oVE  u 

  

  

Cgs 

VF Qou U  
Cgd 

 

and fran equation 4,4.6 

   

=VE - VF 
	(4.4-.51) 

and fran equations 4.4.33 

Rau =R1  R 2  ++RR. R s  -R, pu. (4.4.52) 
3 

-11- 
4 	p  

Thus all the information required for the solution of equations 4.4413 

through 4.4.17 is now available. 
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4.4.2 1-Lump T-Model  

In order that the effects of lumping may be further illustrated , 

it is interesting to investigate how well or how poorly the switching 

process is represented by a model with only one lump. Two very simple 

possible 1-lump configurations are shown in Fig. 4.4.4. The model 

in Fig. 4.4.4a can be seen to be degenerate, however, in that the rate 

of charging of the capacitive element is essentially unaffected by either 

the channel resistance (RA  ) or by the load resistance (RL). It can 

therefore be expected that the speed of response of drain voltage predicted 

by this model will be too rapid. 

The results predicted by the model of Fig. 4.4.411  on the other 

hand, depend very drastically on the size of RL. If RL  is small with 

respect to RA, the rate of charging will be too rapid; if RL  is large, 

the rate of charging will depend o# the total channel resistance (RA) 

and will therefore be too slow. Note also that if the applied drain 

voltage Vds  is large, neither model will correctly account for the 

fact that Vds  causes a voltage drop along the channel, and thus a 

progressively increasing amount of reverse bias on the gate-channel 

junction from source to drain. In the device, this results in more 

uncovered charge in the depletion layer near the drain end of the channel 

Than near the source end. In the model in Fig. 4.4.4a, the charge A 

contains essentially no component due to Ird , since R
Ps 

 is small. In 

Fig. 4.4.0 , however, it can be seen that as Vas  approaches the pinch, 

off voltage 1r
Po 

 , it can by itself cause RA to become infinite. Thus 

neither model is at all satisfactory in this regard. 

Although more sophisticated, it is expected that a much better 
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canpranise, in regard to the factors discussed above, is incorporated 

in the 1-lump T-model shown in Fig. 4.4.5. The relevant relationships 

far this model will now be presented., and calculated results from it will 

be given in Chapter 5, Section 5.4. 
Writing equations as indicated in Fig. 4-.4.5, gives 

E = I R + E 	 (4.4.52) t g 

VA  - vF  = (I2  - 4  )/Ri. 	 (4-.4.53) 

VE - VA = (Is - I )R 	 (4 . 4.510 
4 2 

VL  zr. VE  VF, 	 (44.55) 

vZ  + VD  = Is  Ilia 	 (404056) 

where 
Rs =  RA + Rpd. 

R = R + R 
2 A ps 

From equation 4.4.55 by differentiation, 

1 - 1 	I - I 	I ..,.. ...4§ 	1 3 .. 2 

Ct. 	
C
gs 	

C
gd 

The defined normalized charges for model 1T are 

X E.: QA  Qou  ; for lump A frcrn (I3  - 12) 

Y . (Q1  - Q3  ) Qou  ; for Cgs  frail (Ii- 13 ) 

Z = Q2 Qou ; forg-VL from (i2) 

(4.4.57) 

(4.4.58) 

(4.4.59) 

(4.4.59a) 

(4.4.59b) 

(4.4.590) 

Rearranging and. combining from equations 4,4.52 through 4.4.56, and. 



.1•11111•11, 	•••••• •••1111111,  

••••• 	 Vane, 

V + V L D  

RL 

(4.4.61) 

Jo. 	 WINN 

VA  irp  
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equation 4..4.58, and. normalizing in identically the same way as for 

model 3T in Section 4.4..1, produces 

dX 
dT 

FRn - VA  VA  - VF  (4.4.6o) 
V  R 

2 
R 

+ Mtn (S
la  + Cgs) (SI.  

Co.  C CI, 	gs

Vo 

 

S i; + S +CLI) 
Cgs CL 

(50.  Sat  

C  + FRnCL 	gd  

vo 	1 + --E + 
C 	 Cgs 

 

Aro 

410 

                  

 

•••••••• 

  

EVE c v v ) 	E A. 
C R Cgs gs g 	 2 

    

dZ 
d1 

PRn 
Vo  

      

                 

 

+ 	+ 
C 	C. gs 

               

                 

                 

                 

                 

                  

                  

                  

(4. 24.6 2) 

where n=1 for model 1T 



Similar to Section 4.4.1 , the following equations also apply to 

model 1T. Thus 

R = DA 	it 
pd- 

- X 

R 	 
2 	

R 
PS 

SA - X 

VAL = F (X)
B  
AL 

AL
V  

VE = Qou I 

Cgs 

VF Qou Z  

(4.4.63) 

(4..4.64.) 

(4.4.65) 

(4.4.66) 

(4.4.67) 

    

  

gd 

  

The output,voltegc and channel resistance for this model are given by 

= 	- V L E F (4.4.68) 

and 
	

(4.4.69) 

255 
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4.34..3 Computer Programs  

The computer programs used in the solution of models 3T and 1T 

are based on the earlier programs, but a number of improvements have 

been incorporated. The main overall difference is that these programs 

have been developed in the form of amain program with several subroutine 

sub-programs. This not only aids in program development, as each 

sub-program can be compiled and tested individually, but also facilitates 

the understanding and use of the programs. In addition to the main 

program, there are seven sub-routine sub-programs, named as follows: 

INITIL, SET, PUKE BKUPS, BKDNS, BKUPP, and B1QIP. Block diagrams 

are presented for the main program in Fig. 4.4.6, and far the sub-

routines in Figures 4.4.7 through /4..4,11. A complete print-out of the 

statements for the main program and each subroutine appears in the 

Appendix. 

Subroutine PRIME is the only part of this system of programs 

which must be changed depending on the model to be solved. The remaining 

programs in the system will accommodate both gate-charging and dis-

charging transients, for models of either one or three lumps. Such a 

system is easily modified to accommodate a larger number of model lumps 

if desired. 

A greater number of different straight line sections in the device 

Qgg  - Gch  plot, and in the log-log Qgg  Vg  plot is accommodated in this 

set of programs than in the early programs. Thus the complete switching 

range up to pinch-off can be accommodated with better accuracy. Separate 

"break-points" are included for the Qgg  Gch  relationship, and for the 

Q
g  Vg 

 relationship, and the factors F, B, D, and S, previously des- 
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cribed, are all set independently for each lump depending on the region 

of operation of that lump. 

4.4.5.1 Discussion of Operation  

The main program in Fig. 4.4,6 is basically similar to that shown 

in Fig. 4.3.5 and described in Section 4.3.3. The main difference 

here is that many of the program functions are carried out by subroutines 

which are called into operation as indicated. Block 1 appears quite 

different in that it contains essentially cannon statements instead of 

function statements which are not used. The purpose of a common state-

ment as used here is merely to specify that variables having the same 

name in one or more programs and/or sub-programs have in fact the same 

physical storage location within the machine. Otherwise, the computer 

would treat them as being completely different and unrelated variables. 

The test statements at the end of Block 4 are different fran the 
corresponding ones in Fig. 4.3.5. In this program, a discharging 

transient can be calculated without first having gone through a dis-

charging transient, depending on the specification in the data. As 

subsequently discussed, the factors F, B, D, and S for each lump must 

be differently set at a "break-point" depending on whether charging or 

discharging is in progress. This is handled by subroutines BUM and 

BKUPP, and subroutines BKENS and BKDNP respectively. 

The purpose of subroutine INITIL 	) is to calculate 

from the data read into the machine, all the values associated with 

"break-point d' in the Q88- Gch and Q887  Vg 
relationships, and to 

correctly set all the factors for each lump to their region 1 values 



258 

(see Figures 4.3.2 and 4..3.3 ). BK1 through BK5 are the normalized 
charge "break-point" values. SX, FX, DX, BX in the program are the 

factors associated with lump A of the 3-lump model and so on. BKSX , 

BKSY, and BKSZ are the "break-point" values associated with the S and .D 

factors, while BKPX, BKPY, and BKPZ are associated with the F and B 

factors. Note that SY SZ, FY, FZ, DY, DZ, BY, and BZ are not required 

for the 1-lump model, so BKSY, BKSZ, BKPY and BKPZ are deliberately set 

so that they will have no further effect on the program. 

The operation of subroutines BKUPS, BUNS, BKUPP, and TIEDNP is 

evident from the block diagrams in Figures 1+.4.10 and 1+.4.11. Subroutines 

BKUPS and BKUPP handle charging transients, while subroutines BKDNS and 

BKDNP handle discharging transients. The purpose of these subroutines 

is to test the normalized charge values for each lump X, Y, and Z, to 

determine if one or more associated "break-points" have been encountered. 

If not, control is returned to the calling program. If a "break-point" 

has been encountered for a particular lump for either the gag Gch 

relationship, or the gag  - V
g 
relationship, the appropriate values of 

BKS, S and D, or of BKP, F and B are reset, according to whether a 

charging or discharging transient is involved. 

Subroutine PRIME (Pig. 4.4.9) is designed so that the first time 

it is called, operation starts in Block 3 where all the fixed constants, 

used in the solution of the equations for a particular models, are 

calculated. Thereafter, when it is called, it goes directly to Block 

4., where the variables such as Ri  ,:R2, R2 ,VA, VIII  etc., which depend 

an the normalized charge values, are calculated in preparation for 

substitution into the appropriate model equations in Block 5. After 
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solution of the equations, the calculated values are returned to the 

calling program. 

The main purpose of the subroutine SET  (Fig. 4.4.8) is to calculate 

the initial values of the normalized charges X, Y, and 2, depending 

on whether a charging or a discharging transient has been specified. 

In so doing, it also calls a subroutine =BS and WIPP, and there- 

fore correctly sets the values of BKS, BKP, S, D, F, and P for each 

lump according to the amount of initial charge in its capacitanoe element. 

This is acoanplished by iteration to within a specified errc. tolerance . 

444.3.2 Data Required  

The data required by the programs for models 3T and IT is similar to, 

though sauewhat more extensive than Ithat required by the early programs. 

Each component of data, its location on the data card,and its description 

is shown in Table 4.2. 

Comments in Section 4.3.1.2 relating to the type of each variable, 

its format on the card, etc., also apply to the data in Table 4.2. Values 

far each of these items of data will be obtained for several practical 

devices in Chapter 5, Section 5.3. 

Chapter 5 will be concerned with illustrating the relative im-

portance of the various factors discussed in this chapter. Calculated 

results for the various models presented here will be given and compared 

with measured transients in order to evaluate their effectiveness 

in representing the device. 
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TABLE 4. 401 

DATA FOR COMPUTER PROGRAMS FOR MODELS 3T AND IT  

Data Card 1  

Item location on Card Description 

col-10 Device code name (eg. TIX581-2 ) nu! 

QUICK cc11-20 Gate voltage corresponding to Qo  - see Fig. 4.443 

GO cc21-30 oho - see Fig. 4.4.2 

QO 0031-40 Gate pinch-off charge - see Fig. 4.4.2 

RPS cc41-50 bulk parasitic source resistance 

RPD 0051-60 bulk parasitic drain resistance 

VD oc61-70 applied drain voltage - see model 

I cc72 I =1 indicates. program stop 

LUMP co73 number of program lumps (i.e. 1 or 3) 

LEI-  cc74 =-- 1 	indicates discharge transient desired, 

otherwise, gate charging transient assumed. 

Data Cod 2 

Item Location on Card Description 

G1 col.-10 Total channel conductance at first "break-point" 
see Fig.11.4.2 

G2 cc11-20 Total channel conductance at second "break-point" 
see Fig.4.4.2 

G3 oc21-30 Total channel conductance at third "break-point" 
see Fig.4.4.2 

V311. cc31-40 Point on straight line of section 1 (corresponding 
to Q34 ) 	see Fig.4.4.5 

Vi 041-50 First "break-point" on Qgs7  v
g 

relationship 
see Pig. 4.4.3 

V2 cc51-60 Second "break-point" on Q 	- V 	relationship 
gg 	g 	see Fig. 4.4.3 

Ql cc61-70 Gate charge at first "break-point" 	see Fig.44.2 

Q2 oc71-80 Gate charge at second "break-point" 	see Fig.4.4.2 
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TABLE 4..4.031. Ocritimzed 

Data Card 3 

Item Location on Card Description 

Q, cc1-10 Gate charge at third "break-point" 	see Fig4.412 

Q54_ ccll-20 .734  Gate charge corresponding to 	see Fig4.4.3' 

Qk =21-30 Gate charge corresponding to V
i 
	see Fig4.4.3 

Q5 co31-40 Gate charge corresponding to 112 	see Fig.4-.4..3 

E =41-50 Applied gate driving voltage 	see model 

RG cc51-60 External gate series resistance 

RL cc61-70 Load resistance 

CL  oe71-80 Load. and stray drain source capacitance 

Data Card 4. 

Item 
i 

Location on Card Description 

CGS oc1-10 Stray gate-source capacitance 	see model 

CGD cell.-20 Stray gate-drain capacitance 	see model 

F cc21-30 Dimensionless normalizing factor 	see text, 
Section 4..3.1.2 

TF cc31-40 Specified final normalized time for transient 

NTNCH ec41-50 Program time at which first change in increment 
size occurs 

NTNCH2 =51-60 Program time at which second change in incremept 
size occurs 

NDT cc61-65 Program time initial increment size 

NIT1 cc65-70 Program time second increment size 

1TT2 co71-75 Program time third increment size 
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CHAPTER 5  

LOW LEVEL SWITCHING MEASUREMENTS AND RESULTS  

5.1 Introduction  

In Chapter 4., the main factors affecting the low level switching 
processes in field-effect transistors were discussed, and twitching 

models representing the device were presented. This chapter is con-

cerned with illustrating typical switching transients, and presenting 

the results of measurements on representative devices to demonstrate the 

relative importance of the factors affecting switching. FUrtherscal-

culated results from each of the models are presented and compared with 

corresponding measured transients for four representative tehl's and 

an MOST. 

A. block diagram and description of the method of measurement used 

to obtain the results for the switching transients, are presented in 

Section 5.2. The method of determining the switching parameters for 

the devices studied is illustrated, and the switching parameters involved 

are sammari2ed in Section 5.3. The calculated and measured switching 

transients are presented and discussed in Section 5.4.. 

5.2 Switching Transient Measurement Method 

Output transient switching voltages were measured for several 

different device samples under various operating conditions, using 

the measurement jig illustrated in Fig. 5.2.1. This is constructed on 

a piece of double copper clad fibre board, A section of 50.A-strip line 

is included, which enables the pulse to be conveniently brought to the 

jig and terminated with a coaxial 50..n.load. Low capacitance transistor 
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sockets are constructed on the jig in the form of short lengths of 

fine bore metal tubing. Similar, but larger bore tubing is used to 

make easy connection and removal of the series gate resistor and a load 

resistor. Metal film high frequency resistors are used for these pur-

poses. A socket is provided in the output circuit to accept the probe 

of the sampling oscilloscope which measures the output voltage. 

When used in this way, the isolator ( 75  ) must be used on the 

sampling oscilloscope probe. The reason for this is that the impedance 

of the drain circuit is changing throughout the transient. Without the 

isolator, such an impedance change can produce a shift in the base line 

of the oscilloscope trace as a result of reflections of the very short 

samplingpulsesfrcm the probe. The isolator is basically a short length 

of transmission line which delays any reflections until after the sampling 

diodes hLve stopped conducting, so that they can no longer have any effect 

on the base line. 

A block diagram of the complete system used for the measurement of 

switching transients is shown in Fig. 5.2.2. A coaxial outside coupling 

capacitor ( 76  ) is used to supply the external voltage to the mercury 

relay switch, The purpose of the rather complicated arrangement of at-

tenuators and blocking capacitors, is to provide an accurate 50Asource 

impedance for the pulse transmission line to the measuring jig. The use 

of a trigger "take-off" system in the pulse line itself was found to pro-

duce unwanted reflections on the line. This is due to the capacitive 

effects of charge being delivered to the PET or MOST , during which time 

the transmission line termination is not a true 50.n... 

The outside coupling capacitor at the jig end of the transmission 



279 

line, is unnecessary for charging transients applied with respect to 

zero voltage, but is used to fix the device gate bias when measuring dis-

charging transients. In such a case, the system is adjusted so that the 

closing of the mercury relay switch produces a net voltage such that the 

fixed bias at the device gate is reduced to zero, thus discharging the 

gate. 

The measuring system was calibrated against a measured d-c voltage 

to produce the transient voltage of the desired sensitivity on the vert-

ical (Y) axis of the X-Y recorder. The time scale of the sampling oscillo-

scope was used to calibrate the horizontal axis of the X-Y recorder to 

time. The measured output transients were then produced directly on 

graph paper by the X-Y recorder. Measured transients for several devices 

are shown in Section 5.4. 

5.3 Switching Parameters  

503e1 Device Parameters  

Calculated and measured results are presented in Section 5.4. o 

devices representative of the types studied in the earlier parts of this 

thesis. The required switching data for each device for both the early 

computer programs and the second generation computer programs are derived 

and presented in this section. The alloyed gate germanium devices are 

represented here by device T11881-2 and TIX883-l. Device 012498-1 re-

presents the double diffused silicon planar structures, and device 2N3824,21  

the diffused epitaxial planar class of device. Some results will also 

be presented on MOST 6 to illustrate the MOST or insulated gate class of 

devices. 



280 

As indicated in Chapter 4., all the necessary switching parameters 

for eachFET are obtained fran the Q
gg 

 versus Gbh relationships, and 

from the log-log plot of 	versus Vg  . The log-log plot is unnecessary 

in the case of the MOST, however, as a result of the constant gate cap- 

acitance for these devices. Rps and Rpd  areassumed to be zero in 

accordance with earlier work, since the Q
gg 

 versus Gch relationship for 

the total device will be used. 

Switching results are presented in Section 5.4 for devices T1X881-2, 
T1X883-1, 212498-1, 2N3824-2, and MOST 6. The gate charge versus channel 

conductance relationships for T1X881-2, T1X883-1, 253824,2, and MOST 6 
have been presented and discussed in Chapter 3. The gate charge versus 

channel conductance relationship for device 2N24.98 -1 was obtained in 

the same way, and this device is used to represent the double diffused 

silicon planar FET's in this chapter. 

Figures 5.3.1 and 5.3.2 show the Qgg  versus Goh  relationship, and 

the log-log Qgg  versus Vg  relationship for device TIX881.2. The con- 

struction lines indicated on these figures are specifically intended 

to illustrate the method of obtaining datatfor the early computer pro- 

grams for models 5L and 3L for a practical device. These figures cm- 

respond to the general form of these relationships discussed in Chapter 

4., Section 4.3, and presented in Figures 1..3.2 and 4.3.3 respectively. 
Figures 5.3.3 and 5.3.4. show the Qgg  versus Gch  relationship , and 

the log-log Qgg  versus Vg  relationship for device TIX881-2. The construction 

lines on these figures are intended to illustrate the method of representing 

these relationships for a practical device for the second generation 

oomputer programs,for models 3T and 1T. These relationships thus corres- 
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pnnd to the generalized forms assumed in Chapter /f, Section 4.4. in Figures 

43442 and 1f..4..3 respectively. 

The data thus obtained for each device,and used for the computed 

results given in Section 5.4, is summarized in Table 5.3.1 for the early 

computer programs for models 5L and 3L, and in Table 5.3.2 for models 3T & IT 

for the second generation computer programs. The data for MOST 6 assumes 

that it will be used only as a depletion device. In other words, it will 

be used only with negative applied gate voltages which remove conduction 

charge from the channel)  and increase the channel resistance from the 

Vg  =0 7alue. This is comparable to reverse biasing the gate of an junction. 

PET, and is thus easily compatible with the existing computer programs. 

5.3.2 Circuit Parameters  

The jig and circuit parameters used in the calculations in Section 

5.4. were measured on the Wayne Kerr B221 component bridge with an ex-

ternal signal generator and detector. High frequency, metal oxide re-

sistors were used in the jig, but some small changes in the effective 

component values inevitably occur throughout the transient associated 

with frequency effects. A frequency of 10 Kka was used for these measure-

ments. The B221 bridge was preferred due to its very high inherent 

accuracy ( 04% ). 

The probe plus isolator were incorporated into the measurement of 

RL  and CL. It should be noted that the probe sampling diodes are con-

tinuously being switched off and on, thus changing their instantaneous 

impedance, although their "on" periods are extremely short. The repeti-

tion frequency of the pulse generator in such a system directly affects 

the average "on" time of the sampling diodes since they are turned on 
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TABLE 5.3,1  

SWITCHING DATALFOR EARLY PROGRAMS FOR DEVICES 2N3824-2, TIX881-2„ TIX883-11  

2N24.98-1, AND MOST 6 	(see also TABLE 4.3.1 ) 

Parameter Device 

2N3824-2 T1X881-2 T1X383-1 242498-1 MOST 6 

B 1.23 1.56 1.46 1.26 1.0 

BFIN" 1.23 1.56 1.73 1.26 1.0 

RO (A) 132.1 1328.0 420.0 359.7 2222.2 

Q0 (pica- 
coulombs) 

2,100 74.1 67.5 49,2 7.1 

DK (volts) 6.15 5.45 3.1 2.82 1.23 

GSDBK (mmhos) 3.29 0.49 0.66 1.45 0.0 

ROFIN (A) 87.15 1190.5 555.0 274.35 0.0 

(MIN (pico- 
coulombs) 19.1 62.2 77,5 39.5 0.0 

DKFIN (volts) 4.58 4.1P 4.24 2.15 0.0 

Drain-source - - - - 6.8 
Capacitance (pf) 
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TABLE 5.3.2  

SWITCHING DATA FOR MOND GENERATION PROGRAMS FOR DEVICES 2N3824-2, 

TIX381-2, TIX883-1, 2N2498-1, and MOST 6. (see also TABLE 4.4.1 ) 

Parameter Device 

2N3824-2 TIX881-2 T1X883-1 2N2498-1 MOST 6 

QUICK (volts) 

GO (mmhos) 

QO (pico- 
coulombs 

(A. pa a 	P , Rd- 
Ga. (mmhos) 

Ga  (mmhos) 

(mmhos ) a 
V 8,1 (volts) 

V
i 
 ( volt s) 

V2  (volts) 

Q 	(pico-. 
1 	coulaabs) 

Q 	(pico- 

Q_ (pico- 
3 	coulombs) 

Q 	(Pico- 
.4- 	couicmbs) 

Q.  (pico_ 
4  coulombs) 

Q._ (pica- 
5 	coulombs) 

Drain-source 
Capacitance(pf) 

4.56 

7.5 

19.1 

0 

6.22 

4.1 

2.15 

0.3 

0,546 

2.0 

4.5 

11.05 

15.5 

2.05 

3.45 

9.95 

- 

2 	
cculcrabs) 

5.2 

0.76 

69.3 

0 

0.49 

0.06 

0.0 
0.25 

0.62 

3.28 

26.2 

57.75 

69.25 

9.09 

18.08 

53.7 

- 

5.77  

2.38 

91.6 

0 

0.81 

0.25 

.08 

0.3 

2,0 

5.7,  
44.6 

65.o 

77.5 

13.75 

50.4 

91.6 

- 

2.65 

2.78 

45.6 

o 

1.88 

1.13 

0.28 
0.3 

1.5 

2.65 

16.a 

30.2 

36.4 

8.2 

30.0 

45.6 

- 

1.23 

0.45 

7'.l 

o 

0.0 

0.0 

0.0 
0.5 

1.23 

1.23 

7.1 

7.1  

7.1 

2.9 

T.1 

7.1 

6.8 
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once for each pulse generator pulsejith the mercury relay pulse gen-

erator used in these measurements, the repetition rate is very low (al>. 

proximately 703 pulses per second), and it was found that the measured 

RI,  and CI,  values were independent of oscilloscope control settings. The 

load capacitance CI,  in each case also includes the effect of stray cap-

acitance from drain to ground of the empty transistor can. This results 

in a slightly different value of 9r, for each device, since the can con-

figuration is different (eg. 4-lead TO-5 can and 3-lead TO-5 can). The 

same situation also applies to the stray can-plus-jig gate to source cap-

acitance, and to the stray can-plus-jig gate to drain capacitance. 

The load capacitance for the MOST also includes an additional 

component due to the depletion layer capacitance associated with the 

junction between the N-type drain contact and the P-type substrate. 

Throughout the work, the MOST's have been used with the substrate connected 

to the source . As discussed in Chapter 2, Section 2.6, the main result 

of this is an added component of capacitance between drain and source. 

This capacitance is , of course, voltage dependent, but under low level 

switching conditions, the drain-source voltage is small enough that this 

capacitance can conveniently be assumed constant at its zero voltage value. 

Small signal measurements of this capacitance were made on the 

Wayne-Kerr B221 bridge on a total of four MOST's after initially 

balancing the bridge with an empty can in the transistor socket. The 

measurements were made at zero drain to source voltage, covering amide 

range of channel resistance. The measured capacitance for each device 

was found to be essentially independent of gate bias. For MOST 6, used 

here, the drain to source capacitance was found to be 6.8 pf. 
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An outside coupling capacitor was also found to provide a con-

venient method of applying a voltage through the load resistor to the 

drain. In this case, an equivalent load resistance and applied voltage 

ware obtained and used for calculation in the models. Similarly, an 

equivalent pulse voltage E and gate series resistance were also used 

in the nalculations. 

The measured stray gate to source capacitance, and gate to drain 

capacitance for each device are summarized in Table 5.3,3. The measured 

values of RL, Rg  and CL  applying to each transient are shown on the cox.,  

responding figures. The value of CI,  varies in each case depending on 

the stray drain to source can capacitance, and also on the preamplifier 

(i. e. 187113 or 187C, which require different probe socket configurations) 

used with the sampling oscilloscope for a particular measurement. 

5.4 Calculated and Measured Results 

It is intended to present firstly in Section 5.4.2., the results 

of measurements to illustrate typical transients and to indicate the 

relative importance of the various factors affecting the switching trans- 

ients 	In addition, in Section 5.4..2, comparisons between calculated 

and measured results will be presented to study the effectiveness of the 

various models derived in Chapter 1, in representing the low level switch-

ing performance of these devices. 

As previously indicated, the main emphasis throughout is on FEL 

switching, but some results will be presented on one MOST for comparison. 

The pertinent data for each of the devices used here has been presented 

in Section 5,3. 
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TABLE 5,363  

MEASURED STRAY CAPACITANCES Cgs  AND C 

Parameter Device 

2M3824-2 T1X881-2 	T1X883-1 	2N24.98-1 MOST 6 

C 	(picofarads) 
gs 1.66 1.31 1031 2042 1.46 

ga  (picofarads) .11 0.21 0.21 0.86 0.10 
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5.4.1 Measured Transients  

For use as a, chopper, as discussed in Chapter 4., both the amp-

litude and duration of the transients associated with the switching are 

important. Two transients are produced in the output circuit during 

each cycle, one while turning the device on (i.e., discharging the gate 

of an FET), and one while turning the device off (i. e., charging the 

gate of ar FM). Fig. 5.4.1 shows a typical pair of charging and dis-

charging transients measured for device TIX881-2 under the conditions 

noted on the figure. 

The main point illustrated by Fig. 5.4..1 is that the gate charging 

transient is both larger in amplitude, and longer in duration, than the 

gate discharging transient. This is generally the case for these devices, 

though the difference between the two transients depends on the devices  

the circuit parameters, and on the applied gate voltage. The reasons 

for this will be brought oat in subsequent discussions. It is thus 

clear, however, that the longer gate charging transient is the more 

important of the two from the point of view of switching. Consequently, 

the work in this chapter is mainly concerned with the transients,associ-

Med with charging the FET gate,which increase the channel resistance 

and tend to turn the device off. Most of the results presented in this 

chapter have also been obtained. with zero external voltage applied to 

the drain. This is valid , as the small drain voltages applicable to 

the low level switching situation are normally small enough not to affect 

the switching processes in the device. Calculated and measured results 

will be presented in Section 5.4.2 to further illustrate a. discharge 

transient, and to illustrate a typical transient with an external applied 

drain voltage. 
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In order to study the switching processes further,, gate charging 

transients were measured on each of three representative FEX's (TIE881-2, 

2N2498-1, and 2N3824_2) for a range of switching voltage E, load resist-

ance R12  and gate resistance Re  A. representativetransient waveform 

is shown in Fig. 5.4.2. The transient waveforms for the MOST are similar 

in form, as will be seen in Section 5.4.2. From each of the transients, 

as indicated in Fig. 5.4.2, the peak value of the transient (Vpeak)  was 

noted, as was the time (Tpeak) at which the peak occurred, and the time 

(Trail) required for the transient to fall to 10% of its peak value. This 

information. for one of the devices (2M/4.98-1) is summarized in Fig. 5.4.3 

in the form of "trend plots". Fig. 5.4.3 shows Vpeak' Tpeak, and Tfall 
plotted against Reith the gate switching voltage E as a parameter, for 

each of three values of load resistance %. These plots are intended 

to show at a glance the relative importance of the factors affecting the 

FET switching processes, and the trends associated with changing these 

factors. The main points illustrated by Fig. 5.4.3 will now be discussed 

briefly. 

The peak value of the switching transient (Figures 5.4.3a, b, 0) is 

found to depend markedly on the size of Rg  and the gate driving voltage 

E4 and hence on the rate at which charge is delivered to the gate. The 

largest transients occur at the largest value of E, and lowest value of 

R . It is interesting to note that increasing% frau 11Cnto lOCEEC.n. has 

little effect on the peak value of the transient for E= 1.0 volt and 

1.75 volts. Further, the increase in % causes only a small increase im 

Peak for E=2.5 volts, more noticeably at the larger values of R g. 
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The time (Tpeak) at which the peak value of the transient occurs 

(Figures 5.4..3d,e,f) is relatively independent of RI,  and E at the lowest 

value of Rg  (=35..n). At a given value of RL, Tpeak  increases with. both 

E and Rg, being largest when E=2.5 volts and Rg  =MIL. Increasing RL  

from 1Kit to 100ktt. produces a relatively small increase in Tpeak for 

the lower values of E and higher values of ReTpeak increases by about 

a factor of three, however, for E=2.5 volts at R =1KIL in going from 

RL=IXn.to RL= 10.8KA. A. much smaller increase occurs as RI,  is further 

increased to 100k.a. 

In Figures 5.4.3g, hi, 1, the fall time at a given value of RL  is 

seen to be largest corresponding to the largest values of E and Rg  at 

2.5 volts and 1.0KA. At the largest value of E, Tfsil  is found to in-

crease very considerably by a factor of approximately 10 , as ILL  is 

increased from 1K.n.- to 100k.n. Thus the transient decay time is primarily 

determined by RI,  (and CL  ) at the larger values of switching voltage 

where the channel resistance is large in comparison with RL. 

The form of the "trend plots" for devices TIX881-2 and 2N3824-2 

is similar to those for device 012498-1 shown in Fig. 5.4.3. The main 

difference is one of scaling. Direct comparison between devices is com-

licated by the fact that they have different values of Irpo, Rohe  and 

1412/11 ratios. In general, however, the plots for device TIX581-2 were 

poorer than those for 2112498-1 in Fig. 5.4.3, while those for device 

2U3824-2 were generally better than those for 2N2198-1, from the point of 

view of switching. 

Thus, for a corresponding value of switching voltage E to produce 

the same ratio of R(off)/R(on)in the channel resistance of each device, 



290 

the values of P
ea,

Tpeak' and. Tfall  , were all generally larger for 

device TIA881-2 than for device 2N2 .98-1 in Fig. 5.4.3. Correspondingly, 

the values ofak Tpearc" and Tfall for device 03824,2 were generally 

smaller than those for 2g24.98-1. The "progression" in the quality of 

these devices for switching purposes, corresponds to the "progression" 

of their values of Rco' and their 1,2/11 ratios. Thus, the best switching 

device (2N3824,2) has the lowest value of 
Rcho' and also the lowest 

value of La µ ratio. 

The models derived in Chapter 4. will be evaluated in the subsequent 

section. On the basis of the results in Figure 5.4.3, it can be assumed 

that a severe test of a model representing the switching processes in a 

device occurs under conditions of a large driving voltage E with a small 

value of gate resistance R . Under these conditions, as seen in Fig. 

5.4.3, the rate of charging of the gate circuit is very high, and thus 

the rate of change of channel resistance must be very high. If a re-

latively large load resistor is also present, the bulk of the charging' 

current in the channel must flow out of the source lead, causing differ-

ential charging which can contribute to channel shape distortion as 

discussed in Chapter 4. Additionally, the size of the transient voltage 

on the drain can , by itself, be large enough under these circumstances 

to violate the assumed true low level switching conditions. 
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5.4.2 Comparison of Low Level Switching Models  

As discussed in Chapter 4, and in Section 5.4.1 above, the switch, 

ing processes in the .NET are very considerably affected by the circuit 

parameters as well as by the device parameters. Thus the effectiveness 

a given model, in representing the switching processes, particularly 

in regard to the lumping configuration, and to the number of lumps used, 

depends not only on the device, but also on the conditions under which 

the device is switchea. It is therefore virtually impossible to cal-

culate and present results from each of these models for several devices 

covering the complete range of switching conditions. 

The results in this section are presented with the following objects 

in mind. Firstly, it is intended that they should demonstrate the 

*pplicability of the charge control approach and the methods used in 

this low level switching study of field-effect transistors. Secondly, 

it is desired to present sample results to compare the effectiveness of 

the models presented in Chapter 4, with particular regard to the effects 

of the number of model lumps, and to the complexity of the lumping con-

figuration. In addition, it is desired to demonstrate the versatility 

of the approach by presenting results which illustrate the capacity of 

the models and computer programs to accommodate gate discharging as well 

as gate charging transients, transients under conditions of an applied 

drain voltage, and transients for MOST's. 

Fig. 5.4.4 shows a gate charging transient for device TI2883-1, 

measured with E= 1.75 volts, Rg  rATKI11.0  and RL  = lOkfi o The calculated 

points shown on the figure were obtained with the 5-lump "L" model 

(model 5L)„ and with the 3-lump "L" model (model 3L), described in Chapter 
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4, using the data summarized in Table 5.3.1. The results from model 5L 

more closely approach the measured curve than those from model 3L, in-. 

dicating that model 5L provides a better representation of the switch.-

ing processes in this device. The only difference between model 5L and 

model 3L is in the number of lumps (5 and 3 respectively). Thus these 

results definitely emphasize the importance of using a sufficient number 

of lumps in a switching model to represent the distributed nature of the 

device throughout the transient. 

Figure 5.4.5 is again a gate charging transient for device TIX883-1 

with E= 1.75, =dill,  IMP-, but with Rg= 125.i.. It is thus a faster 

transient than that shown in Fig, 5.4.4, and of oonsiderably greater 

amplitude. Calculated points from each of the models (5L, 3L, 3T, and 

1T ) discussed in Chapter 4 are shown for comparison. As previously 

discussed, the data used with models 3L and 5L is summarized in Table 

5.3.1, while the data used with models 3T and 1T is summarized in Table 

5.3.2. As was the case with Fig. 5.4.4, model 3L again "under'-calculates" 

model 5L at the peak value of the transient, and also , model 1T "under.-

calculates" model 3T. In this case, both model 5L and model 3T cal-

culate slightly larger values of peak  than actually are measured. The 

peak value calculated with model 5L could be expected to be somewhat 

larger if it incorporated stray capacitances, particularly that between 

gate and drain. The lowest value of Peter and generally the poorest 

representation of the transient was obtained with model 3L. The T-lumping 

configuration compares well with the L.-configuration (using a larger 

number of lumps), and appears to provide a. relatively good distribution 

of the charging currents involved throughout the transient. 
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The portion of the transient shown in Fig. 504.6 was measured 

on device TIZ883-1 with E= 1.75 volts, RL:= 101C...rt., and with Rg= 

It is intended to be a relatively severe test of the models. It can be 

seen that cmsidaralle rounding of the transient peak results fran each 

of the models 3T, 1T, and 5L shown . As expected, model 1T produces the 

poorest representation of the transient peak. Same overshoot corres-

ponding to the delayed peak occurs for models 5L and 3T, but they event-

UP-Illy  approach the measured curve fairly closely. On the whole, the 

device representation with models 5L and 3T is adequate in spite of the 

relatively large transient peak voltage (.2:1000 my). 

Figure 5.4.7 shows a gate charging transient for device 03824-2 

measured with E =4.25 volts, Rg= 125 n. and RL  = 1010C.A.. Since this trans-

ient is for a large driving voltage and a relatively low value of Rg,  

it also is a severe test of the models. It can be seen that the results 

from model 3T and 1T are quite similar, thus indicating that this device 

may have a relatively short channel length, and that distributed charging 

effects may be less important than for device TIM83-1. The transient 

voltages calculated, from model 5L are generally less than those fran 

models 3T and 1T near the transient peak and beyond. This is a device 

with a relatively low value of gate junction capacitance. Thus the 

effects of stray capacitances could have a relatively greater effect 

on the transients for this device, and could account for the difference 

between the results from model 5L and from model 3T. Also, since this 

device is switched with a large gate voltage, differences in the ability 

of the two sets of computer programs to represent the Q
gg 

 versus Gch 

and Q
gg 

 versus Vg  relationships can be expected to be more severe in this 
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case than for device T12683-1. kept for some overshoot on the peak 

value of the transient, agreement between calculated and measured results 

is relatively satisfactory. 

The transient in Fig. 5.4.8 for TI2861-2 was measured with an 

applied drain voltage of 1.8 volts through a laKilload resistor. Models 

3T and 1T show sane over-calculation of the transient peak value , but 

the interesting aspect of the calculated results shown here, is concerned 

with the initial and final values of drain voltage. The calculated 

initial value of the drain voltage is approximately correct for each of the 

=delis, being in fact slightly higher than the measured value. The final 

value of the transient is approximately correct for models 5L and 31, but 

too large a value results franinqd01.1T. 	Thus, model 1T can be seen 

to be considerably poorer than the multi-lumped models in this regard. 

These results again demonstrate the importance of the distributed nature 

of these devices, and show that a model with a sufficient number of 

lumps can be used to represent the MT under conditions of significant 

applied drain voltage as discussed in Chapter 2, Section 2.6, 

The results in Fig. 5.4.9 are included to emphasize that the 
basic approach is applicable to MOST's as well as MT's. Caution 0110w-

ever, must be used in dealing with MOST's , as emphasized by the relat-

ively poor agreement between calculated and measured results. One cf 

the reasons for this is believed to be the fact that for this particular 

transient, the polarity of the transient voltage itself is negative, which 

tends to forward bias the P-N junction between the e drain region and 

the P-type substrate. This may cause some forward conduction to occur 

in this junction, but it is likely to produce considerable changes 
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in the depletion layer capacitance associated with this junction , fram 

the value measured at zero drain voltage. Other factors, such as the 

time dependence of the charge in the surface traps, and distributed cap-

acitance effects between the channel and substrate are also expected to 

be involved in the transients associated with this device. Thus a 

more sophisticated form of model than that used here may be required to 

calculate MOST switching transients more accurately. 

Agate discharging transient is shown in Pig. 5.4.10 for device 

2R2498-1. The calculated results are in substantial agreement with the 

measured results, and illustrate the capacity of the models and computer 

programs to handle this transient as well as the gate charging transients. 

As noted earlier, the shape of both transients is similar, but the gate 

discharging transient tends to be lower in amplitude, and shorter in 

duration. Basically, the reason for this is that the initial rate of 

discharging tends to be slower because the initial value of channel re-

sistance is at some higher value than for the corresponding gate charging 

transient. Thus the peak value of the transient tends to be lower. The 

transient duration tends to be shorter for the gate discharging transient 

as a result of a progressively decreasing channel resistance, and thus 

a progressively decreasing transient time constant. 

Sample switching transients have been presented in this section 

covering a wide range of devices and switching conditions. Calculatea 

results from the various models have shown that the adequacy of a given 

device model depends on the circuit and drive conditions under which it 

is used. They have also emphasized the need for representing the dis-

tributed nature of the device during the switching process, which gen- 
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erAlly requires a multi-lump model. 

In general, the T-lumping configuration has been found to be 

superior to the simpler L-configuration. Each T-lump 	actually "dis-

tributed! the channel resistance, and indicates that possibilities 

exist for using better lumping configurations as a substitute for increas-

ing the number of model lumps. 

Differences in calculated results using different model configur-

ations, particularly with a small number of model lumps, are bound to 

occur. Some of the differences noted in the results presented here are 

due to the effects of stray capacitances which were not included in model 

5L, and also to the inaccuracies associated with measuring and using 

such small stray capacitances in the T-models. Considering the generality 

of the approach, and the variety of FET's studied, the charge control 

methods and the computer programmed techniques of solution have been 

found to work well in the calculations of the low level switching per-

formance of these devices, 
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CHAPTER 6  

CONCLUSIONS  

The main objectives of this thesis have been,first, to invest-

igate the usefulness of the charge control approach as a method of 

studying the steady state behaviour of several types of practical field-

effect transistors. Secondly, it was desired to apply the methods, de-

veloped in the study of these devices from the charge control point of 

view, specifically to an investigation of the low level transient 

switching behaviour of field-effect transistors. 

The basic charge control relationships have been derived far both 

field-effect transistors, and insulated gate transistors. True charge 

control operation for these devices corresponds to a constant slope 

(L2/i ratio ) on the gate charge versus channel conductance relationship, 

and to a constant slope (rd ) on the gate charge versus drain current 

relationship at constant applied drain voltage. In comparisons with 

Shockley's basic theory, it was concluded that his "gradual case" theory 

in effect assumed the existence of true charge control operation. 

Methods have been developed for measuring the charge control re-

lationships for ie.a's and MST's. Charge control relationships have been 

measured on several types of commercial _bAW's and MOST's over a wide 

range of operating conditions. The results of the measurements on the 

FET's have shown that the basic charge control theory applies over a 

wide range of values of drain voltage from zero to beyond pinch-off. 

Saturation in the slope (rd ) of these relationships occurs with drain 

voltage, however, and thus the effective channel voltage (\roll  ) must be 
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used in the relationships to account for this. 

A detailed study of the charge control relationships, including 

both the regions of constant slope or true charge control operation, and 

the regions where deviations in the constant slope occur, has been 

shown to provide a considerable amount of information about device oper-

ation. These results indicate that the effective voltage lich  across the 

channel remains essentially unaffected over a wide range of applied gate 

voltage. This means that the pinch-off voltage criterion as measured 

under conditions of zero applied drain voltage does not strictly apply 

to the FIT when drain voltage and drain current are present. It was 

concluded that the reason for this is the presence of a significant amount 

of majority carrier charge in the "depleted" region beyond the end of 

the open channel. 

The results of the charge control measurements on MOST's have shown 

that the true charge control or constant Td assumption only applies in 

the region of operation where the drain end of the channel is not pinched, 

off. Thus a situation similar to that predicted on the basis of classical 

theory has been observed for this device in pinch-off. In addition to 

pinch-off, a second process also occurs in this device in the enhancement 

mode of operation, which limits the drain current as gate voltage is 

increased with constant applied drain voltage. 

The charge control approach has proved to be useful as a basis for 

studying the behaviour of various types of commercial field-effect tran-

sistors and insulated gate transistors. The approach is general, and 

does not require the doping density in the gate(s) to be much greater 

than that existing in the channel. In addition , it can be applied 
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without special regard to the junction law(s), to the nunber of gates, 

to the doping density profile in the channel, to the type of geometry, 

or to the methods of fabrication. It is also important that the charge 

control approach reveals by straight line relationships, or by deviations 

from these straight line relationships, the ranges over which true 

charge control device operation is valid, or is seriously in error. 

The low level switching performance of field-effect transistors 

has been studied on the basis of the charge control approach. Switching 

models and computer programs have been developed to enable the trans-

ients associated with the switching process to be calculated. The models 

for a given device are based on the gate charge versus channel conduct-

ance relationship measured at zero drain voltage, and also on the corres-

ponding log-log relationship of gate charge versus gate voltage. 

Comparisons between calculated and measured transients for a 

variety of FET's have shown firstly that there is an important interplay 

between the circuit and the device, and that the effectivehess of a 

given model for a device depends on the circuit parameters and drive 

conditions. Secondly, it has been shown that a model must normally 

account for the distributed nature of these devices in order to represent 

the switching process adequately. Thus a multi-lump or distributed 

model is generally required. Similarly, the multi-lump models have also 

been found to represent the device more correctly in the steady state 

under collations of significant external applied drain voltage. Generally, 

the approach and the methods used in this study have been found to apply 

well to the calculation of transients for several types of FET's over a 

wide range of conditions. The main requirement is that a sufficient 
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number of lumps of a given type be used in the model. 

Two main possibilities for future work follow, which were 

considered to be beyond the scope of the present project. Firstly, a 

more detailed investigation specifically of lumping configurations could 

be carried out for the low level switching models. The object would 

be to determine which of many possible arbitrary forms generally pro-

vides the best representation of the PET switching processes with a 

minimum number of lumps. Various configurations suchas L, T, or 7c 

could be investigated, as well as various combinations of all three. The 

same techniques used in this thesis would be applicable to such a study. 

A. new subroutine ERNE would be required for each model, and if desired, 

the second generation programs could easily be extended to accommodate 

the solution of more equations. 

The second possibility is an investigation of the representation 

of the khi under high level switching conditions, such that the drain 

voltage may be beyond the saturation value. On the basis of the work 

in this thesis, it is expected that such an investigation may be extremely 

involved for practical devices with a large number of parameters to be 

considered, in addition to the distributed nature of the device. Two 

possible approaches suggest themselves. One is to use a "succession of 

steady states" approach based on a terminal charge control model as 

suggested in Chapter 3, Section 3.6. The other is an attempt to extend 

the distributed low level switching models, as used in the work here, 

into the saturation region and beyond. Such an approach would require 

a considerably more complicated, and perhaps arbitrarily specified model, 

but the techniques and computer programs used in Chapter 4  would be more 

directly applicable. 
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APPENDIX A 
Selected Data from Manufacturers' Specification Sheets 

Maximum Ratings at 25°  C Free-air Temperature 

Parameter 
Device Type 

TIX881 T1X883 2g2498 2W3824 95BFr 
Vaivolts) 
V 	(wits)as  
v 	(volts) 
gs 
Igato(ma) 
Dissipation(mw) 

25(t7P. 60) 
25(typ. 60) 
25(typ. 60) 

15 
150 

35(typ. 60) 

35(typ. 60) 
35(typ. 60) 

15 
150 

20 
20 
23 
10 
500 

50 
50 
50 
10 
300 

35 
35 

35 
- 
300 

Elec:Grlcal Characteristics at 25 C Free-air Temperature 

Parameter Test Conditions 
, 	TIX881 T1X883 
lam..Typ. Max, 	Min. Typ. Max 

ID(on)_ (ma) Vcis 	; =20V 	V sra=0 ........ 1.0 1.77 2.5 /4,0 6.0 7.5 
Dwain-Source 
Resistance (11) Ia=100pa; Ve3 - 1000 1800 . 500 1200 
Small Signal 

Vds 	; =15v 	f=1ICc/s 
Id  =1nm for TIX881 

- 	0.05 0.5 - 0.05 0 3 5 Common-Source 
Forward Transfer 
Admittance (p mhos) Iekma for T1X883 
Cummon-Source Short.. 
Circuit Input 
Capacitance (pf) 

V8,,s 0 	; Vas=20v 
f= Inc/s  

- 	26 - - 26 - 
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Electrical Characteristics at 25°  C Pres-Air Tenperature (Cont.) 

Parameter Teat Conditions 
2U2498 

Min. Max. 

/D(on)(ma)  Vds- - - 	'10. V 	=',) As -2 .6 
Drain-Source Resistance (fl.) - 800 Ids-1,00µa; V

gs
=0 

Small Signal Common-Source 
Forward Transfer Admittance(pmhos) 

Vds= -10; Id= .2ma 
f= 1Ko 

 1500 3000 

Ccmrnon-Source Short-Circuit 
Input Capacitance (pf) 

V - 0 ;Vds  = -10v gs-   
f= 140 Reis  

- 52 

Parameter Test Conditions 2N3824. 

Mk& - Mglixr 
Drain-Source Resistance 	(11) V ga = 0 ; Ida.) ; f=11Cois - 250 	• 
Oanmon-Source Short-Circuit 
Input Capacitance (pf) 

Vds= 15 v ; Vgs= 0 
f= 1 mc/s 

- e 

Drain Cut off Current (na) Vds= 15v ; Voir- -8v - 0.1 

Parameter Test Conditions 
55 MT (MOST) 

Type A Type B Type C 
Pinch-off Voltage 
(volts) 

Vds  = +20 v 
IA  = 20 µaa 

-1 to -5 ..4 to -8 +1 to +14. 

Drain Current (ma.) 
Input Resistance 

Vds= 20v ; Vgs= 0 
Vds= Ov ; Vg8=1.15v 

. 

1.0(typ.) 4..0(typ.) - 
101°  ohms 	; 	1012  ohms 

(min.) 	(typ.) 
Input Capacitance Yam= +20 v; 

Ida = lma 
11- Pf (max.) 

Mutual Conductance Vas= +20v ; 
Ids= 3ma 

1 ma/volt (min) 
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APPENDIX B  

Numerical Solution of Differential Equations by the Runge-Kuttabiethod 

The Runge-Kutta method is used in the ccmputer programs as the 

basis for the numerical solutions of the system of differential equations 

associated with each of the low level switching models. This method is 

briefly outlined here as applied to &single differential equation, in 

order to illustrate the techniques used in the programs. 

Consider a. first order differential equation of the form 

= y ' = f (t,y 
	 Al 

dt 
where to and y0  are the initial values. It is desired to find the sol- 

ution to equation Al at a new value of time (t ) such that 

t = t +6.t 	 A2a 1 	o 

Alb and 
	

yi  = Yo  +Ay 

In the Runge-Kutta method ( 	) ,this is accomplished by taking a 

weighted average of four approximate calculated values of the dependent 

variable. This is a fourth order process, and corresponds to taking the 

first four terms of the Taylor series solution. Thus, the increment for 

advancing the dependent variable is given by 

where 

ay = 1/6 (k +2k + 2k + k ) 	A3 
1 	2 	3 	4 

k
i 
 = At f(t o  ,yo  ) 	A4a 

k = Qt f(to  +1/2  At , yo 	i  + 1/2k ) 	A24:13 2 

k = At f(to  + 1/2  At , yo  + V2 k2  ) 	A4c 3 



It =At f(to +At 2  y0 + k ) 4 

The increment ([a y) for each subsequent interval is computed by the 

same formulas with (to  „yo  ) replaced by (t , y ). Thus the value of 

y for each of several values of t is obtained throughout the range of 

interest. 

The Runge-Kutta method is advantageous in that it requires no 

special methods to start the solution, and it is easily applicable to 

the solution of systems of equations. The interval length A t can be 

changed at any time during the solution. The accuracy of this method 

depends on the interval length, and is of the order of (At)5  but the 

errors involved are difficult to determine exactly. It is therefore stand- 

ard practice to check a solution with two or three different interval 

lengths to establish that a small enough interval length is being used 

to result in negligible error in the calculated results. 

320 
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ADZ C 

Print-out of Statements of Early Computer Program 

OVPP(PrUIV,WfX,Y,Z)EFORM* ((1.0-U)*U**B...(24...U•P)*P**11+11.01..P) *- 
1 X**8 ) 
OVUP(P/UIV,WoX,Y12)15FORM*.((1.0..Z)*Z**S ..(2,01.41Z)*U**11+( 

P**B ) 
VVP(PoUrV,W,X,Y,Z)EFAT*(14.4) +FAME*VD 

OVWP(P,U,V,W,X,YeZ)m((1.0...Y)/(RAT*(1.0.0()+RU))*( 	..PATA*(W•V) 
1 +FATS +FATC*Z**B 	*Y**B ) 
OVAP(P1UoVIWIX/YeliWPRIME)EFORM*((1,0...P)*P**S ..(2.09.104P)*X**S + 
1 (1.0-X)*Y**B ) 
VTP(PrUeV,WIX,Y,Z,WPRIME)m FORM*(1,0.0()*(X**B.4**B)+WPRIME 

OVZP(PrUpV,WIX.Y,2,WPRIME)m RISK*WPRIME +FATE ..(F 	+FORM*(1.0.a)) 
1 *I**8 *FORM*(1.0+1)*U**13 
OVFCH(PolieVrW,X,Ya )DRU*(1.0/(1.016(7 	))+1.0/(1.0.0( 

	

+1,0/(1.0.-(P 	))+10/(1.0=(U 	))+1,0/(1.0”(Z 	))) 
TI=0.0 

10 DIMENSION FET(2) 
10 REA0(5•25)FET,Q0,00FINOKOKFIN,ROIROFINoleJ 
/5 FORMAT(2A5,6E10.311X0I1sI1) 

K=0 
IF(I.E0.1)STOP 

OREAD(5/ 26)SOFIN,RPS,RPD,E,VD,RGINMULT2,RL,CL,F,TF,NTNCH,NMULT,NDT 
1 eGSOBK 

.26 FORMAT(7E10.3010/4E10.3,3I10,E10.3) 
NTNCH2=NTNCH+NTNCH*J/5 
IF(J.EQ.0)NMULT2m1 
B1=1.0/8 
MO1.1)2E100.0 
WRITE(6128) 

28 FORMAT(1H1,23H CHARGING GATE CIRCUIT ) 
710 OUICKm DK 

OUm(10/5.0 
RU=R0/5.0 
RmRG+RPS 
RATxRPS+RPDRPS**2/R 
RISK=RPS/R-1.0 

	

FORM = R*F/RU 	 4 

FAT=R*F*0(1/(QUICK*R1.*CL) 
FAME=R*F/(QUICK*RL) 
FATA=OU*R*F/(CL*QUICK)- 
FATEInF*RPS*E/OUICK 
FATCRIRISK*R*F 
FATOnR*F 
FATE m F*E/QUICK 
:GO TO 890 

OPPI=VPP(PItUI,VIfiWIPXIFYIal) 
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11P1=VUP(PItUltVI,WItX1tYItZ1) 
VP1sVVP(PItUIrVItWI,XItYltZ1) 
WPI=VWP(PItUIrVIrWItXItYltZT) 
XPIsVXP(PItUIrVIrWItX1tYltZirWP1) 
YPI=VYP(PItUltVIIWItX1rYltZirWPI) 
ZPIsVZP(PItUirVIIWIoXItYlrZitWPI) 

•40 DT=FLOAT(NDT)/1000,0 
NTInII*1000,0 
RCHOs VFCH(PitUirVIIWItXTrYirZ1) 

7300WRITE(6,61)PETtWIIXItTItZIrWPItXPItYPItZPItTlITFOTOOtDKrEtROrRL 
1,RPS, 	RGrOUICKtRPDIRCHO 

610FORMAT(1HOt 6HFEY'.■ t2A5r2X0HWIstF6.3,2Xr3HX1stF6.3,2Xt3HY188,F6,3, 
1.2X i3HZIstrF6.3,2X,4HWPINI,F14.9,2X 4HXPI• F F14.9,2Xf4HYPINIF14.9/1H 
214HZIDIstF14090Xt3HTIsrF6s3r5Xt3HYFetE14,415X0HDTstE14,4,5X, 
3 3HQ0=1E14.40Xr3HDKIatE14,4/ 1 H r2HE=rE14,415X0HROstE14.4,5X1 
4 3HRLstE14.415Xr4HRPSstE14,415X0HROstE14.4/ 1 H e 6HOUICKstE14.41 1 
5 5Xt4HRPOstE14.4,5Xt5HRCH0srE14.4) 
WRITE(6,930)1-2,VAOrVB0tVCOrVLOrVDIBFINtCL tVD0rVED 

9300FORMAT(1H t 3HL2stI4t 	5X, 4HVAOstE1401,5X, 4HVB0srE14.4t5X, 
1 	4HVCOstE14.405Xt 4HVL0stg14.4,5X14HVDSspE14,4/1 H r2Xt5HBFINst 
2 E14.4t5Xt3HCLstE14.4t5Xt4HVDOstE14.40Xt4HVE0stE14.4) 
WRITE(6,55)00FINOKFINFROFINtBrNMULT2tFrNINCHAMULTOSDBK,NINCH2 ' 

150FORMAT(1H r5HOOFINtE14.40)06HOKFINstE14,40X16HROFINstE14,4t5Xt 
2HB=tE14.4,5Xt7HNMULY2sr110 /1H 02HFstE14.4,5Xt6HNINCHst110t5Xt 

2 6HNMULYst110,5X,6HGSDBKatE146415Xt7HMTNCH2st110) 
10 POsPI 

tO=U1 
VOsVI 
mOaWT 
X0=XT 
YO=Y! 
ZO=ZI 
NTO=NTI 
PPO=PPI 
VPO=UPI 
100=vPI 
wPO=WPI . 
XPOttxPI 
yPO=YPI 
ZPO=ZPI 
NBs200 
WRITE(6,62) 

.620FORMAT(1140,129HT(NORM) 
	

WPRIMED 	X 	XPRIMED 
YPRIMED 
	

Z 	ZPRIMED RCH(K) VDS(M, 
2V) 	T(N...SEC) I. 

70 'NTN1=NT0 
13,41,450 
4.1N1sUO 
VN1sVO 
•WN neWO 

 

XN1sX0 

 

  

• 
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YN1=Y0 
2N1=Z0 
TPN1=PPO 
UPN1=UPO 
VPN1=VP0 
WPN1=WPO 
XPN1=XPO 
YPN1=YPO 
ZPN1=ZPO 
PN2=PN1+PPN1*(OT/2,0) 
XN2=XN1+XPN1*(DT/2,0) 
VN2=1IN1+VPN1*(DT/2,0) 
WN2=WN1+WPN1*(DT/2,0) 
UN2=UN1+UPN1*(DT/2,0) 
YN2=YN1+YPN1*(DT/2,0) 
ZN2=7N1+ZPN1*(DT/2,0) 
PPN2=VPP(PN2FUN20/N2rWN2rXN2rYN2aN2) 
WN2=VUP(PN2IUN21VN2tWN2,XN2rYN2aN2) 
VPN2=VVP(PN2fUN20VN2,WN2,XN2pYN2aN2) 
WPN2=VWP(PN20.1,412.VN2rWN2,XN2tYN2oZN2) 
XPN2=VXPIPN2/UN2IVN2,WN20(N2oYN2aN2sWPN2/ 
YPN2=VYP(PN2tUN2,11N2FWN2,XN2FYN2,ZN20WPN2) 
ZPN2=VZP(PN2,UN2,1/N2rWN201N2lYN2aN2,WPN2) 
1,N3=PN1+PPN2*(0T/2,0) 
XN3=XN1+XPN2*(DT/2.0) 
VN3=1/N1+VPN2*(DT/2,0) 
WN3=1.4N1+WPN2*(DT/2,0) 
AJN3=UN1+UPN2*(DT/2,0) 
YN301YN1+YPN2*(1)172,0) 
ZN3=ZN1+ZPN2*(DT/2,0) 
PPN3=VPP(PN3,UN3,VN3rWN3rXN3rYN3rZN3) 
11PN3=VUPIPN3/UN3,VN3,WN30(N3FYN3,ZN51 
VPN3=VVP(PN3rUN3,VN3,WN30(N3tYN3rZN3) 
YPN3=VYP(PN3DUN3,VN3IWN3IXN3tYN3aN3,WPN3) 
2PN3=1/ZP(PN3,UN3,VN3pWN30(N3tYN3rZN3,WPN3) 
eN4=PN1+PPN3*OT 
XN4=XN1+XPN3*DT 
VNI1421/N1+VPN3*OT 
WN4=WN1+141PN3*OT 
UN4=UN1+UPN3*DT 
YN4=YN1+YPN3*DT 
ZN4=ZNI+ZPN3*OT 
.PPN4=VPP(PN4,UN4cVN4oWN4,XN4rYN4IZN4) 

 

UPN4=VUP(PN4,UN4,VN4eWN4FXN4FYN4oZN4) 
VPN4=VVP(PN4,UN4oVN4rWN4rXN4rYN4aN4) 
WPN4=VWP(PN4tUNII,VN4rWN40(N4ON4,ZN4) 
XPN4=VXP(PN4rUN4,VN4rWN4,XN4rYN4aN4,WPN4) 
YPN4=VYP(PN4PUN4,VN4FWN4rXN4PYN4aN4,WPN4) 
ZPN4INZP(PN4rUN4,VN4DWN40(N4ON4aN4,WPN4) 
'On(DT/6:0)*(PPN1+2.0*PPN2+290*PPN3+PPN4/ 

 	'DX IR(DT/6.0 )01( XPN1+2,0*XPN2+2,0*)(PN3+XPN4) 

• 
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OVN(oT/6.0)*(VFN1+2.0*VPN2+2,0*VPN30/FN4) 
01011(DT/6.0)*(WPN1+2.0*WPN2+2.0*WFN3+WPN4) 
IDWicoT/6.0)*(UPN1+2,0*UPN2.02.0*UPN3fUPN4) 
DV m (OT/6.0)*(YPN1+2.0*YpN2+2.0*YPN3*YpN4 ) 
.OZ=(DT/6.0)*(•ZPNI+2.0*ZPN2+2.0*ZPN3.02FN4) 
NTN#NTNi+NDT 
IN:0FLOAT(NTN)/1000.0 
PN=PN1+DP 
141:XN1+0X 
VNION1+DV 
WN=WN1+0W 
.1.161=UNI+OU 
YNnYN14.DY 

.2N=ZN1+DZ 
TFN=VFP(PN,UNFVN,WN,XNrYNaN) 
UFN2i/UP(PN,UNiVN,WN,XN,YNaN) 
ON=VVP(PN,UN,VNOIN,XN,YN,ZN) 
WFNIINWP(PN,UN,VN,WN,XN,YNaN) 
XFNOIXP(PNrUN,VN,WNO(NONaNeWPN) 
YPNWIT(PN,UN,VNeWN,XN,YNaNeWPN) 
ZNOVZNPN,UNIVNIWN,XN.YNaNeWPN) 
IF(NTN.EQ.NTNCH) GO TO 970 
1F(NTN.EQ.NTNCH2) GO TO 980 

100 IF(NTN.LE.100)G0 TO 85 
IF((NTN-N8).NE.0)G0 TO 90 
N8aN8+200 
IF(NTN.GE.1000)N812/418+800 
IF(NTN,GE.20000)NBEINB+4000 
IF(NTN.GE.100000)NG=NB+45000 

85 ROH=VFCH(PN,UNoVN,WN,XNrYNaN)/1000.0 
VDS=1000.0*(RL*QUICK*VPN/(R*FMD) 
TREAL8TN*R*QU*1000000000.0/QUICK *F 
WRITE(6187)TN,WN,WPNO(NIXPN,YNOTNIZNIZPNeRCH,VOS,TREAL 

87 FORMAT(1H ,F6.218F12.8,3F9.31 
190 IF(TN.GT.TF )G0 TO 120 

GSDNE101.0/VFCH(PNiUN,VNeWN,XN,YNaN) 
IFUGSDOLD,..GSOBK).GT.0.0.AND.(GSDNEW...GSD8K).LE.0.0) GO TO 950 
IFI(GGOOLO-G6OBK),LT.0,0,ANO.(GSDNEW-GGD6K),GE.0.0) GO TO 960 

700 ODOLDsGSDNEW 
100 NTO=INTN 

.TOmpN 	. 
x0=XN 
110=VN 
WOEWN 
110=UN 
YO=YN 
20=ZN 
TFO=PPN 
POWN 
VPONVPN 
*P0=1412N 
_ _ _  



UPO=UPN 
YPO=YPN 
2P0=ZPN 

110 GO TO 70 

• 

120 	IFIJ.NE.14G0 TO 20. 
GSDOLD=0:0 
NOT=NDTST 
K=K+1 
IFIK.GT.1)00 'TO '20 - • 
WI=WN 
V1=VN 

.PI=PN 
)(1=XN 
111=UN 
YI=YN 
2I=ZN 
RA=RU/(1.0(TI )) 
RB=RU/(1.0(X1 )) 
RC=RU/(1.0.-(PI )) 
R0=RU/(1.0.-(UI )) 

4 

RE=RU/(1.0•.(21 )) 
RIO=VD/(RA+RB+RCODOE.RPS+RPO+RL) 
VEO=RIO*RPS+E 
VOO=VE0+RIO*RE 
VCO=VD0+1110*R0 
VB0aVCO+RIO*RC 
VAO=VB0+RIO*RB 
VLO=RI0*RL.40 
E=0,0 
FATB=F*RPS*E/QU1CK 
FATE = F*E/QUICK 
WRITE(6o130) 

130 PORMAT(1H1,30N DISCHARGINGIATE.CIRCUIT 
.G0 TO 30 

890 RIO=VD/(RO+RPSOPD*RL) -- 
VEO=RIO*RPS 
VDO=VEO+RIO*RU 
VCO=VDO+RIO*RU 
VB0=VCO+RIO*RU 
VAO=VB0+RI0*RU 
V1025...R10*(RPSOPP+. R0) 
44LEVEL=0.1 	-- 
L2=0 
ERROR=0.005, 
VC00=0.0 
VE00=0.0 
VB00=0.0 
V000=00 
VA00=0.0 
VLOON04, 
N1=0:0 • 

325 
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920 PI=(VCO/OUICK)**BI 
WI=VLO*CL/OU 
AlIal(VDO/OUICK)**131 
XI=(VB0/OUICK)**81 
YIn(VAO/OUICK)**81 

. 2I=(VEO/QUICK)**81 
IF(ABS(VD).LE.HLEVEL)G0 TO 30 

OIF(ABS((VCO.VC00)/VC0),LE.ERPOR.AND,ABS((VBOVBOO)/V60).LE.ERROR 
I .AND.A9S((VA0..VA00)/VA0).1.E.ERROR,AND,ABS((VLO"'VLOO)/VLO).LE: 
2 ERROR.AND.A9S((VDOftV000)/VD0).LEsERROR.AND,ABS(.(VE0.4E00)/VED) 
3 .LE.ERROR)GO TO'30 
L2=1.2+1 
VCOO=VCO 
VDOO=VDO 
VB00=VB0 
VE00=VEO. 
VA00=VA0 
VLOO=VLO 
RIO=VD/(VFO(PIFUI,VI,WI,XIOIPZI) OPSORPD*RL) 
VEOaRIO*RPS 
VpOnVE0fRIO*RU/(1.0"(ZI 	)) 

KOEIVDO+RIO*RUI(1.091(U1 

VB0=VCO+RIO*RU/(1,0"(PI 	)) 

VAO=VB0+RIO*RU/(1.0•(XI 	.)) 
VLOaRIO*RL—VD 
GO TO 120 

150 EST=B 
ALPHA=QU/QUICK 
DKST=DK 
4097=00 
ROST=R0' 
BaBFIN 
B1=1.0/B 
QUICK= DKFIN 
..OU=00FIN/5.0 
AU=ROFIN/5.0 
RENORM=0OST/(:OU*5,0) 	;(s 

190.PN=PN*RENORM 	,„  

'UN=UN*RENORM  
VNaVN*RENORM 
WN=WN*RENORM 
XN=XN*RENORM 
YN=YN*RENORM 
2N=ZN*RENORM 
FORM a R*F/AU 
FAT=R*F*OU/(OUICK*RL*CL1 
FAME=R*F/(QUICK*R0 
FATA=QU*R*F/(CL*OUICK) 
FATBaF*RPS*E/QUICK 
TATC=RISK*R*F 

	 FATD=R*F 

• 



FATE = F*E/QUICK 
TPNERVPP(PNoUN,VNeWNeXN,YNaN) 
'UPN=VUP(PN►UN►VN►WN.XN►YN►ZN) 
ON=VVP(PNIUN,VN,WN,XN,YN,ZN) 
WPN=VWP(PN,UN,VN,WNIXNFYNaN) 
XPN=VXP(PN,UN►VN►WN►XN►YN►ZN►WPN) 
YPN=VYP(PN►UN►VN►WN►XN,YN►ZN,WPN) 
ZPN=V2P(RNIUN,VN►WN►XN►YN►ZN►WPN) 
NTNF=FLOAT(NTN)*ALPNA*QUICK/OU 
L3=NTNF/NOT 
NTNA=L3*NOT 
laNB=NTNA+NOT 
IF(ABS(NTNF-NTNA).LE.ABS(NTNF-NTNB))NTN■NTNA 
WPN3=VWP(PN3►UN3►VN3►WN3►XN3►YN3►ZN3) 
XPN3=VXP(PN3►UN3►VN3►WN3►XN3►YN3►ZN3►WPN3) 
IF(ABS(NTNF•NTNB),LTRABS(NTNFPNTNA))NTNeNTNB 

195 IJUDGEINNB-NTN 
IF(JUDGE.GT,O) GO TO 700 
IF(NTN.LT.100) GO TO 700 
AB=NB+200 
IF(NTN.GE.1000) NBRNB+800 
IFCNTN,GE.20000)NB■NB+4000 
IF(NTN.GE.100000) NBENB*45000 
GO TO 995 

960 B=BST 
ALPHA=QU/•QUICK 
elist.on 
luicK= DK 
,OU=OOBT/5.0 
liU=ROST/5.0 
RENORM=Q0FIN/(QU*5.0) 
GO TO 990 

970 NOTST=NOT 
'NDT=INDT*NMULT 
,DT=FLOAT(NDT)/1000.0 
GO TO •200 

.160 'NDTaNDT*NMULT2, 
0T=FLOAT(NOT)/1000,0 
GO TO 200 - 

'END 
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APParDIX D 

Print-out of Statements of Second-Generation Computer Programs 

10 DIMENSION FET(2) 
COMMON/ONE/S1eS2tS3tS4tBK1pBK2tBK3tSX/SYISZtBKSX0KSY,BKSZ 

OCOMMON /TWO/FI,F2tF3tB1tB2tE13,BK4tBK5,FX/FY,FZtBX,BYOZ,BKPX, 
113KPYIEIKPZ,Dit02,03:04,0)(tOYOZ 
OCOMMON /THREE/LUMPO0R01,02,03,04,Q5tGOtG1tG2,G3tQUICK,V2tV1tV34, 
1034 
OCOMMON/FOUR/RPS,RPD,RO,RAA,RBB,RCC,ROD,QU, R, RAT, RISK, ROT,RUT,ROPE 
1,RUN,FORM,FtSIXXlItL2tNOW,NEXTtERRORtEDOWN/VA00/12.0tVCOtVE0tVPO, 
2 VLOtliDtRLtEtRG,CL,CGS,CGOtAltA2tA3tA4tA5tA6,A7tA8t A9tA10 
TI=0,0 

20 READ(5,25)FETtQUICK,G0tOOtRPStRPOtVDtItLUMPtLOISCH 
'25 FORMAT(2A5,6E10.3t1X,311) 

K=0 
IF(I.E0.1)STOP 

OREAD(5s26)61,G2tG30.034tV1tV2,01102, 
1 	(13,034,04;05tEtRGtRL,CLI 
2 CGS,CGD,F,TF, NTNCH , NTNCH2 ,NOT /NOT! t NOT2 

'26 FORMAT( 8E10,3/ 8E10,3 / 4E10,3 t 2110, 315 ) 
IP(LOISCH.E0.1)G0 TO 35 
WRITE(6t28) 
EDOWN=0,0 

28 FORMAT(1H1,23H CHARGING GATE CIRCUIT ) 
GO TO 710 

35 WRITE(6,29) 
29 FORMAT(1H1t 24HOISCHARGING GATE CIRCUIT ) 

EDOWN=E 
710 R0=1,0/G0 

OU=Q0/FLOAT(LUMP) 
CALL INITIL 
CALL SET (PI,UltV1tWItX1tYI,71) 

30 CALL PRIME (PPItUPIIVPItWPItXPItYPItZPItPItUIIVIrWI,XItY1a1) 
40 DT=FLOAT(NDT)/1000,0 

NTI=TI*1000.0 
RCHO=RAA+RBB+RCC+ROD-...RPS.,RPO 

7300WRITE(6,61)FETtPIO(ItY1,ZI,PPItXPItYPItZPIITItTFt0Tt00:0K,E,R0tRL 
j,RPS t 	RG,QUICK,RPD,RCHO 

610FORMAT(1HOt 6HFET 	,2A5t2)63HP1=sF6.3,2Xt3HX1=tF6.3,2X,3HY1=tF6,2 
1,2Xt3HZI=tF6.3,2)04HPP1=,F14,9r2Xt4HXPI=tF14.912)04HYPI=tF14.9/1H 
2t4HZP1=tF14.9,5)(t3HTI=tF6.315Xt3HTF=tE14,4t5)(13HOT=oE14.4,5X, 
3 3H00=tE14.4,5)(t3HOK=tE14,4/ 1 H t2HE=,E14.4t5Xt3HR0=,E14.4t5X t  

• 4 3HRL=tE14.4,5)(t4HRPS=tE14,4,5X,3HRG=tE14,4/1H 	6HQUICK=rE14.4, 
5 5X,4HRP0=,E14.4t5Xt5HRCH0=,E14.4) 
OWRITE(6,930)L2tVAO,VBOIVC0tVLO,VD,CLtF,LUMPtTFtNOTtN0T1tN0T2, 
1 NTNCH,NTNCH2 

__:9300FORMAT(1H OHL2=t14o3Xt 4HVA0=tE14,40Xt4HVB0=tE14s4t3Xt 4HVC0c,. 
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E14,4t3X, 	4HVLO= t E1464,5X1 	4HVDS=rE14,4/ 1 H 	r2X 1 	3HCL=tE14.4t2Xt 
2 2HF=rE14.4,3Xt 6HLUMPS=tI5t3Xt 	3HTF=1E14.4,3Xt 	4HNDT=tI5r3Xt 
3 5HNDT1=tI5r5Xt 5HNDT2=rI5t5X/1H 	t 	6HNTNCH=s110r5Xt 	7HNTN0H2=0 
4 Ii0t5X 	) 
WRITE(5,931)S1tS2tS3tS4tB1tB2,53,F1tF2,F3tBK1tBK2IBK3 

9310PORMAT(1H r 3HS1=tE9,3,5Xt 3HS2=tE9,3,5X. 3HS3=tE9,3t5)63HS4u, 
Eg„3/5Xt3HEI1=0E9.3,5X1 3HB2=tE9,3t5Xt 3HB3=tE9.3t5X /1H r 

2 3HF1=tE9.3r5X, .3HP2=tE9.315Xt3HF3=tE9,3t5Xt 4H5K1=tE9,3,5X# 
3 4HBX2=tE9.3.t5Xt 4HBK3=tE9.3t5X ) 
WRITE(6032) 01,021031044XIDYrOZ 

932 	FORMAT(1H t 7E15,4) 
C INITIALIZATION FOR CALCULATIONS AT START OF T LOOP 

,50 PO=PI 
UO=UI 
X0=X/ 
YO=YI 
ZO=ZI 
NTO=NTI 
PPO=PPI 
UPO=UPI 
XPO=XPI 
YPO=YPI 
ZPO=2PI 
N5=200 
WRITE(6,62) 

620FORMAT(1H0,129HT(NORM) 	P 	PPRIMED 	X 	XPRIMEE 
YPRIMED 	Z 	ZPRIMED 	RCH(K) 	VDS(ii 

2V) T(N...SEC) ) 
70 NTN1=NTO 

PN1=P0 
UN1=U0 
XN1=X0 
YN1=Y0 
ZN1=20 
PPN1=PPO 
UPN1=UPO 
XPNI=XPO 
YPN1=YPO 
2PN1=ZPO 
PN2=PN1+PPN1*(DT/2,0) 
XN2=XN1+XPN1*(DT/2.0) 
UN2=UN1+UPN1*(DT/2,0) 
YN2=YN1+YPN1*(07/2,0) 
ZN2=ZN1+2PN1*(DT/2,0) 

OCALL PRIME (PPN2rUPN2tVPN2rWPN2tXPN2tYPN2sZPN2IPN2rUN2tVN2,141N2t 
1 	XN2tYN2rZN2) 
PN3=PN1+PPN2*(DT/2.0) 
XN3=XN1+XPN2*(DT/2,0) 
UN3=UN1+UPN2*(DT/2,0) 
YN3=YN1+YPN2*(DT/2,0) 
2N3=ZN1+ZPN2*(DT/2,0) 
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OCALL PRIME (PPN3rUPN3,VPN3rWPN3rXPN3rYPN3aPN3FPN3tUN5oVN3tWN3r 
I 

	

	XN3rYN3rZN3) 
pN4=FN1+PPN3*DT 
XN4=XN1+XPN3*DT 
UN4=UN1+UPN3*DT 
yN4=YN1+YPN3*DT 
7N4=ZN1+ZPN3*DT 
OCALL PRIME (PPN4rUPN4FVPN4IWPN4rXPN4rYPN4rZPN4rPN4rUN4/VN4oWN4, 
1 	XN4ON4r2N4) 
FD=(OT/6,0)*(PPN1+2.0*PPN2+2.0*PPN3+PPN4) 
XD = (DT/6.0)*(XPN1+2,0*XPN2+2.0*XPN3+XPN4) 
U0=(07/6.0)*(UPN1+2.0*UPN2+2,0*UPN3+UPN4) 
y0 = (DT/6.0)*(YPN1+2.0*YPN2+2,0*YPN3+YPN4 ) 
ZO=(DT/6.0)*(ZPN1+2,0*ZPN2+2,0*ZPN3+ZPN4) 
NTN=NTN1+NOT 
TN=FLOAT(NTN)/1000.0 
FN=PN1+PD 
XN=XN1+XO 
UN=UNI+UO 
YN=YN1+YD 
7N=ZN1+ZD 
OCALL PRIME (PPN rUPN ,VPN ,WPN ,XPN ,YPN ,ZPN ,PN ,UN OM rWN , 
1 	XN rYN oZN ) 
IF(NTN.LT,NTNCH)G0 TO 200 
NTNCH=NTNCH2 
ONCH2=1000000 
NOT=NOT1  
NOT1=NOT2 
OT=FLOAT(NDT)/1000.0 

200 IF(NTN.LE.100)GO TO 85 
IF((NTN^N8).NE,O)G0 TO 90 
NB=NB+200 
IF(NTN,GE.1000)NB=NB+800 	 __ 

/F(NTN.GE.20000)NB=NB+4000 
/F(NTN.GE.100000)NB=N8+45000 

85 	RCH=(RAA+RBB+RCC+RD00.RPS..,RPO)/1000.0 
' VOS=(SIXX.-VD)*1000.0 

TREAL=(OO*R*F*TN/OUICK)*1000000000.0 
C RCH IS IN K-OHMS, VOS IS IN MILLIVOLTS AND TREAL IS IN NANOSECONDS 

WRITE(6,87)TN,PN,PPN,XN,XPN,YN,YPN,ZN,ZPN,RCH,VOS,TREAL 
87 FORMAT(1H ,F6.2,8F12.8t3F91,3) 
90 IF(TN.GT.TF )G0 TO 20 

IF(LOISCH.E0.1)G0 TO 700 
CALL BKUPS(XN,YN,ZN) 
CALL BKUPP(XNeYNiZN) 
GO TO 100 

700 CALL BKONS(XNrYNaN) 
CALL BKONP(XNrYNeZN) 

100 NTO=NTN 
PO=PN 
X0=XN 



331 

U0=uN 
YO=YN 
ZO=ZN 
pPO=RPN 
XPO=XPN 
uP0=uPN 
yP0=yRN 
ZPO=ZPN 

110 GO TO 70 
END 

SUBROUTINE SET(P ,U ft/ ,W 	,Y ,Z ) 
COMMON/ONE/S1rS2rS3rS4rBK1rBK2rBK3rSX,SY,SZ,BKSXDBKSYrBKSZ 
OCOMMON /TWO/F1tF2rF3rB1,8203303K4r8K5tFXsFY,FZsBX,BYrnreXPX, 
18KPY,BKPZ,D1tD210304,DX,DYrDZ 
()COMMON /THREE/LUMP,00,111,02.0304.125,GOrG1rG2,G3sQUICK,V2rV1eV34, 
1034 
OCOMMON/FOUR/RPS,RPD,ROrRAArRBB,RCCIRDDrOUrRrRATrRISK,ROT,RUTrROPE 
trRUN$FORM/FISIX)01,1.21NOWINEXTrERRORrEDOWN/VAOrVB0rVCOIVEOrVFOr 
2 VLOrVD,RLtErRG/CL,CGS,CGDrA1rA2rA3rA4sA5rAfirA7rA8rA9tA10 	11 

ERROR=0.005 
L2=0 
NEXT=1 

C 	CAN SET W=0 
W =0.0 
V =0.0 
VA00=0.0 
VB00=0.0 
v000=0.0 
vE00=0.0 
VF00=0.0 
VA0=EDOWN 
VBO=EDOWN 
VCO=EDOWN 
VE0=EDOWN 
VFO=EDOWN 
VLO=.-VD 
VLOO=0.0 
IF(EDOWN.EQ.E)A1=0.0 
IF(EDOWN.EQ.0.0)A1=E 
IF(EDOWN.GT.V2) GO TO 1 
IF(EDOWN.GT,V1) GO TO 2 
FX=F1 
FY=F1 
FZ=F1. 
EIX=R1 
BY=B1 
BZ=B1 
GO TO 100 
FX=F3 
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FY=F3 
FZ=F3 
EX=R3 
BY=83 
EZ=B3 
GO TO 100 

•2 	FX=F2 
FY=F2 
FZ=F2 
BX=B2 
BY=82 
BZ=B2 

100 BXR=1.0/BX 
BYR=1.0/BY 
BZR=1.0/BZ 
IF(LUMP.EQ.1) GO TO 10 
P=VEO*CGS/OU 
U=VFO*CGO/OU 
X = (VA0/(FX*OUICK))**BYR 
Y = (VB0/(FY*OUICK))**BYR 
Z = (VCO/(FZ*QUICK))**BZR 
GO TO 20 

/0 X = (VA0/(FX*OUICK))**BXR 
Y=VEO*CGS/OU 
Z=VFO*CGD/OU 
p=0.0 
U=0.0 

20 	/F( BKSX.GT.X.AND.BKSY.GT.Y.AND.BKSZ.GT.Z)G0 TO 40 
CALL BKUPS (xsylz) 
GO TO 20 

40 	IF( BKPX.GT.X.AND.BKPY.GT.Y.AND.BKPZ.GT.Z)G0 TO 50 
CALL BKUPP (X,Y,Z) 
GO TO 40 

500IF(ABS((VAO—VA00)/VA0).LE,ERROR.AND,ABS((VBO-VB00)/V80).LE.ERROR 
i.AND.ABS((VCO-NC00)/VC0).LE.ERROR.AND.ABS((VEO-VE00)/VE0).LE.ERROF: 
2.AND.ABS(IVFO-VF00)/VF0).LE.ERROR.AND.ABS((VLO-VLOO)/VLO).LE.ERROF. 
3 ) RETURN 
CALL PRIME (PPIUP,VP,WPFXP,YPIZPIPrUFV,WfX/Y,Z) 
VA00=VA0 
vB00=VB0 
VCOO=VCO 
VE00=VE0 
VFOO=VFO 
VLOO=VLO 
L2=L2+1 
RIO=VD/(RAA+RBB+RC0+RDD+RL) 
VCO=EDOWN+RIO*RDD 
VB0=vCO+RIO*RCC 
vA0=VB0+RIO*RBB 
VEO=EDOWN 
VPO=VAO+RIO*RAA 
VL0=—VFO+EDOWN 
GO TO 100 
END 
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SUBROUTINE BKUPS(X,Y,Z) 
COMMON/ONE/S1,S2,S3.S4,BK1,BK2.8K3pSXISY,SZrBKSX,BKSYrBKSZ 

()COMMON /TWO/F1,F2,F3,B1,82,B3,BK4,BK5,FX,FY,FZ,BX,BY,BZ►BKPX, 
18KFY,BKPZ,01/02,03,04,DX,DY,DZ 
/F(BKSX.GT.X) GO TO 10 
IF(BKSX-,BK2)20,30,40 

20 BKSX=BK2 
SX=S2 
GO TO 10 
DX=02  

30 BKSX=BK3 
SX=S3 
DX=03 
GO TO 10 

40 BKSX=1.0 
SX=S4 	• 
DX=D4 

	

10 	IF(RKSY.GT.Y) .G0 TO 50 
IF(RKSY...BK2)60,70.80 

60 BKSY=BK2 

	

' 	SY=S2 
DY=02 
GO TO 50 

70 BKSY=BK3 
SY=S3 
DY=03 
GO TO 50 

80 BKSY=1.0 
SY=S4 
019 =04 

	

50 	IF(BKSZ.GT.Z) GO TO 90 
IF(BKSZ-BK2)100,110.120  

100 BKSZ=BK2 
SZ=S2 
OZ=D2 
GO TO 90 

110 BKSZ=BK3 
SZ=S3 
DZ=03 
GO TO 90 

120 eKs7.=1.0 
sz=s4 
10Z=04 

'90 RETURN 
END 

I 
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SUBROUTINE BONS (X,Y,Z) 
COMMON/ONE/S1,S2,S3,S4rBK1,BK2,BK3,SX/SYDSZ,BKSXIBKSYOKSZ 

OCOMMON /TWO/F1,F2,F3,81,B2 / 133,BK4,BK5/FX1FY,FZDBX/BY,BZ/BKPX, 
1BKPY,BKPZ/01/02,03,04/DX,DY,DZ 
IF(BKSX,LT.X) GO TO 10 
IF(BKSX....BK2) 20,30,40 

20 	BKSX=0.0 
SX=S1 
DX=Dt 
GO TO 10 

30 	BKSX=BK1  
SX=S2 
DX=D2 
GO TO 10 

40 	BKSX=BK2 
DX=D3 
SX=S3 

10 	IF(BKSY.LT.Y)G0 1050 
IF(RKSY...BK2)60/70/80 

60 	BKSY=0.0 
SY=S1 
DY=D1 
GO TO 50 

70 	BKSY=BK1 
.SY=S2 
DY=02 
GO TO 50 

80 	BKSY=BK2 
SY=S3 
DY=03 

50 	IF(BKSZ.LT.Z)G0 TO 90 	 c 
IF(BKSZ...BK2 )100,110,120 

100 BKSZ=0.0 
SZ=S1 
OZ=D1 
.GO TO 90 

110 	BKSZ=BK1 
SZ7=S2 
DZ=02 
GO TO 90 

120 BKSZ=BK2 
SZ=S3 
DZAD3 

90 	RETURN 
'END 
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SUBROUTINE BKUPP (X►Y►Z) 
()COMMON /TWO/F1,F2,F3.B1,8203tBK403K5tFX,FYFFZIBX/BY,BZ. 
18KPY,BKPZID1102,0304,DX,DY/DZ 
IF(BKPX.GT.X) GO TO 10 
iF(BKPX.E0.8K4) GO TO 20 
BKPX=1.0 
FX=F3 
BX=83 
GO TO 10 

20 BKPX=BK5 	 , 
FX=F2 
BX=B2 

10 	IF(EWPY,GT .Y) GO TO 36 
IF(BKPY.EQ.BK4) GO TO 40 
BKPY=1.0 
FY=F3 
BY=B3 
GO TO 30 

40 BKPY=BK5 
FY=F2 
BY=82 

30 	IF(BKPZ.GT,Z) GO TO 50 
IF(BKPZ.EQ.BK4) GO TO 60 
BKPZ=1.0 
FZ=P3 
B2=83 
GO TO 50 

.60 BKP2=BK5- 
F2=F2 
BZ=82 

'50 RETURN• 
END 

BKPX► 

SUBROUTINE BKONP(X,Y,Z) 
()COMMON /TWO/F1FF2,F3,B1032tB30K4,8K5,FX,FY,FZ,6X,BY,SZOKPXo 
iBKPY,BKPZ,D1,020304,DX,DY,DZ 
IF(BKPX.LT.X)GO TO 10 
IF(BKPX.E0.8K4)G0 TO 20 
BKPX = BK4 
FX=F2 
BX=B2 
GO TO 10 

20 	SKPX=0.0 
FX=F1 
BX=B1 

10 	IF(BKPY.LT.Y)GO TO 30 
IF(BKPY.EQ.BK4) GO TO 40 
BKPY=BK4 



FY=F2 
BY=B2 
GO TO 30 

40 	BKPY=0 .0 
FY=F1 
BY=B1 

30 	IF(BKPZ.LT.Z)00 TO 50 
IF(BKPZ.E0.8K4)G0 TO 60 
BKPZ=BK4 
FZ=F2 
BZ=B2 
GO TO 50 

60 	BKPZ=0.0 
FZ=F1 
BZ=B1 

50 	RETURN 
END 	• 
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i! 

SUBROUTINE INITIL 
COMMON/ONE/S1oS2pS3rS4,BKI,BK2rBK3sSX/SY,SZ/BKSXtBKSY,BKSZ 

OCOMMON /TWO/F1iF2rF3s61,82,B3,8K4rBK5rFX,FY,FZIBXsBY,BZ,BKPX, 
18KPY►BKPZ,D1,02,03,04,DX,DY,DZ 
()COMMON /THREE/LUMP,00,01102,03:04/05,G0,G1,G2,G3r0UICK,V2tVI,V34, 
1 	034 	' 	. 
BK1=01/00 
BK2=02/00 
BK3=03/00 
BK4=04/00 
BK5=05/00 
S1=(GO*01)/((G0...G1)*00) 
D1=01/(00*(GO...G1)*FLOAT(LUMP)) 
IF(G1.E0.G2) GO TO 50 
S2=(1.0/00)*(G1*(02.-.01)/(G1..G2)+01) 
02=(02.-.01)/(00*(G1r,G2)*FLOAT(LUMP))  
1F(G?.EQ.G3) GO TO 60 
S3=(1.0/00)*(G2*(03,,Q2)/(G2...63)+02/ 
D3=(03...Q2)/(00*(G2...G3)*FLOAT(LUMP)) 
IF(G3.EQ.0.•) GO TO 70 
S4=1.0 
D4=(00.-43)/(00*G3*FLOAT(LUMP)) 
GO TO 80 

	

50 	S2=Si 
D2=01 

	

60 	S3=S2 
03=D2 

	

70 	S4=S3 
04=03 

	

.80 	A1=ALOG(QUICK) 
A2=ALOG(V2) 
A3=ALOG(V1) 
A4=ALOG(V34) • 
A5=ALOG(00) 



337 

A6=ALOG(05) 
A7=ALOG(04) 
A8=ALOG(034) 
B1m(A3-A4)/(A7•A8) 
IF(A6.EQ,A7) GO TO 2 ' 
B2=(A2-A3)/(A6-.A7) 
IF(A5.EQ.A6) GO TO 3 
83=(A1.-A2)/(A5,-A6) 
GO TO 4 

2 	B2=Bi 
3 	83=82 
4 	F3=1.0 

F2=((05/00)**83)* (00/Q5)**82 
F1=((05/00)**83)*((Q4/05)**B2)*(00/Q4)**B1 
sx=s1 
SY=S1 
SZ=S1 
	 1 

DX=01 
OY=01 
02=01 
FX=F1 
FY=F1 
FZ=Fl 
BX=B1 
BY=B1 
BZ=81 
BKSX=BK1 
BKSY=BK1 
BKSZ=BK1 
BKPY=BK4 
BKPY=BK4 
BKPZ=BK4 
IF(LUMP.E0.1) GO TO 10 
RETURN 

10 BKSY=10.0 
BKSZ=10.0 
BKPY=10.0 
BKPZ=10.0 
RETURN 
END 
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Subroutine PRIME for 3-Lump Model 

SUBROUTINE PRIME (PPrUPrVP,WP/XPrYPrZP,PIU,VrWrX,YrZ) 
COMMON/ONE/S1rS2rS3oS4,BK1,BK2rBK3,SX/SY,SZIBKSXIBKSYrBKSZ 
OCOMMON /TWO/F1,F2rF3,131,82,B3rBK4,BK5,FX,FY,FZ/BX,BY,BZ/BKPX; 
18KPYrBKPZ/010:12,03,04,DX,DYrOZ 
OCOMMON /THREE/LUMP,00,01,02,03.(141Q5rGO;G1oG2,G3rQUICK,V2rVIrV34, 
1034 
OCOMMON/FOUR/RPS,RPOrRO,RAArRBB/RCCFRODOUrRiRAT,RISK,ROTrRUTIROPE 
1,RUN,FORM,F,SIXX,I,L2oNOW/NEXTrERRORrEDOWN,VAOrVB0sVCO,VEO,VFOr 
2 VLOrVOrRLrErRG0CL,CGSrCGD,A1,A21A3rA4rA5rA6rA7rA8,A9,A10 
GO TO (7,8),NEXT 

7 	NEXT=2 
R=R0 
FORM=F*R*FLOAT(LUMP)/OUICK 
C= CGD/CGS + CGD/CL 
0= 1,0/(1.0+C) 
F/1=0*(1.04.CGO/CL) 
RAT=FORM*F11 	• 
RISK=FORM*(1.0/RL)*(D*(CGS/CL+(CGS/CL)*(CGD/CL))•CGS/CL) 
.POT=FORM*(0*(1.0+CGS/CL+CGD/CL+(CGS/CL)*(CGO/CL))•CGS/CL) 
RUT=FORM10*(C6D/CGS) 
RUN =FORM* C*D 
ROPE=FORM*D*(CGD/CL)/RL 
WRITE(6 / 1 0) PORM,F11oRAT,RISK,ROTrRUT,RUN,ROPE 

10 	TORMAT(1H ,8E14.4) 
8 	'RAA=RPD4.0.5*DX/(SX•X) 

RBB=0.5*(DX/(SX•X)+0Y/(SY•Y) ) 
ROC=0.5*(DY/(SY•Y)+DZ/(SZ•Z)) 
ROD=RPS+0.5*D2/(SZ•Z) 

20 	VA=OUICK*FX*X**BX 
VB=OUICK*FY*Y**BY 
VC=OUICK*FZ*Z**EZ 
VE=OU*P/CGS 
VF=OU*U/CGD 
ONEE=(VA—VF)/RAA 
TWOO=(VB—VA)/RBB 
'THRE =(VC—VB)/RCC 
;FOU = (VE—VC)/RDD 
FIV=(Al•VE)/RG.• FOU 
SIXX= VE—VF+VD 
XP = FORM*(TWOO.ONEE) 
YP = FORM*(THRE 	TWOO) 
ZP = FORM*(FOU 	THRE ) 
PP =RAT*FIV +RISK*SIXX+ROT*ONEE 
UP,=RUT*FIV +ROPE*SIXX+RUN*ONEE 
RETURN 
END 
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Subroutine PRIME for 1—Lump Model 

SUBROUTINE PRIME (PP,UP,VPfWP,XPIYPFZP,PpUIVrWtX,Y,Z) 
COMMON/ONE/SirS2,53.S4,BKirBK2rBK,SX,SY,SZOKSX,BKSY,BKSZ 
OCOMMON /TWO/F1eF2,F3,B1tB2s83,B1(4,BK5,FX,FY/FZ0X/BYtBZ.BKPX, 
1BKPY/BKPZ.D1,0203,04/DX,DY,D7 
OCOMMON /THREE/LUMP,00,0102,Q3,04.Q5/GO,GleG2sG3tOUICK/V2eVIFV34, 
1034 
OCOMMON/FOUR/RPS,RPD/ROIRAADRBBoRCCDRODFOU'ReRAT,RISK,ROT,RUT,ROPE 
1,RUN,FORM,F,SIXXII/L2/NOW:NEXTrERROR,EDOWN;VA0tVB0,VCO,VEOIVFO, 
2 VLO,VD,RL,ErRGeCL,CGSFCGOcA1sA2,A3,A4,A5gA6pA7PA8rA9oA10 

C 	'ONE LUMP T MODEL 
GO TO (7,8).NEXT 

7 	NEXT=2 
R=RO 
FORM=F;IIR*FLOAT(LUMP)/OUICK 
C= CGD/CGS + CGD/CL 
D= 1.0/(1.0+C) 
F11=1)*(1.0+CGD/CL) 	. 

RAT=FORM*Fli 
RISK=FORM*(1.0/RL)*(D*(CGS/CL+(CGS/CL)*(CGD/CL))..CGS/CL) 
ROT=FORM*0*(1,0+CGS/CL+CGD/CL+(CGS/CL)*(CGD/CL)).,CGS/CL) 
RUT=FORM*D*(CGD/CGS) 
'RUN =FORM* C*D 
ROPE=FORM*D*(CGD/CL)/RL 
WRITE(6r10) FORM,FiloRAT,RISKtROTiRUT/RUNFROPE 

10 	FORMAT(1H ,8E14.4) 
8 	RAA= RPD+0.5*DX/(SX.X) 

.RBB = 0.0 
RCC = 0.0 
RDD 'LT. RPS+0.5*DX/(SX...X) 

20 	VA=OUICK*FX*X**BX 
VE = OU*Y/CGS 
VF = QU*Z/CGD  
ONEE = (VE-.VA)/RDD 
TWOO = (VA—VF)/RAA 
THRE =(At....VE)/RG 
SIXX = VE—VF+VD 
PP= 0,0 
VP = 0.0 
XP = FORM*(ONEE-TWOO) 
YP = RAT*(THRE-iONEE) + ROT*TWOO + RISK*SIXX 
ZP = RUT*(THRE...ONEE) + RUN*TWOO + ROPE*SIXX 
RETURN 
END 
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