
p



S

~~~~~~1



(I
~~~~~

- .-- —~~~---



U CItSIii fiedL
$tCu~~ VY CI..AI$I~ ICATION O~ THI S PAGE (U8,.., D.i. 5nI.v•~~ _________________________________

REPORT DOC1JM~NTATION PAGE 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~

ç

cIPIeNT hs CAt ALOG NUMS (R

+ - ~T ~~~~~~ai~~~~~~~~~~~TThe Ailomalous Vo it age Re sponse of t~e ~ftJu ••1 
~~~~~ ~~~~

S. ONTRACT OR GRANT NUMW~ R(.)

10 ~: ~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
•

I. P ORM$1SO ORGANIZATION IIAMI AND ADORtIS 10. PROGRAM tt.EMtNT. PROJICT . T ASK

II. CONTROLLING OFFICE NAME AND ADDRESS
U. S. Army Research Office Dec 

_____________P. 0. Box 12211 •_g,,~,,,  A
Research Triangle Park , NC 27709 2l1~AOORtU(H~~ k.. ContioIIh ’4 Offic.) IS. stcu rn~ y CLA J L~I L1~QAXT 

~3J9’1 unclassified

ES.. OECLASSIFI CATION/DOWNGRADING

IS. mITRIROTION StATEMENT (.1 thIs *.pIIf )

• Approved for public release; distribution unlimited.

I
• $7. DIITRISIJTION StATEMENT (.1 ffi. .b.1,.cS ,t.r.d M GS.ck 20, SI au.v~ ,e I,.. R.pow ~

$s. SUPPL. IMINTARV NO TE S

The findings in this report are not to be Construed as rln official
Department of the Army position, unless so designated by other authorized
documents.

II. KEY WORDS (C.nShiu. . r~~~~•~ ~Sdi II fl.e•a~~~y ~~d S PIUSSy by ble.ck n~m.b.,)

~~ if

as. ASIT RAC ? (C~~ff i u.a t.~.ra. .S~~ If ..c.. . v .. IS& a, bS•cb .i~~sS.r) umerical simulations a~d ~~~e lmenta]~measurements have been carried out to tudy the transient behavior of the P~N ! 1~J s ructurel
under different levels of injection I both the reverse and the forward pulsed dir ctions .j
A major part of this research is dcv ed to the expiGnation of the anomalous volt s a j
that appears across the diode t.rmi vhe~g pu1sefl~jtn the forward direction with

• current densities in the range of 0 o 10 amp/~j7. A numerical iterat ive metho of
• solution of the one—dimensional basic two—carrier transport equations , coupled wit ‘1

Maxwell’s and Poisson ’s equations, d $ lb t behavior of the semiconductor ice”

~~~J~1~4~ICO ~~~~~~~ 1473 EDITION O F ’  NOV 51 Is OSIQI.ITt 11n~~1~~c~~ ~~~~~ ____________________

~~~~~~~ ~-~~~~- — - -~~~~
--- — 

~~~~~~~~~~~~~



_ I _
~--_~~~~~

-. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ‘ - ‘ • - ‘ -

~~~~~~~ ~~~~~~~
•• • • —

~

-

I ~~ III Il l I ui.IU ~~,P,J_L ~~~~~~~~~~~~~~~~~~~~~~~~~ 

- • 
- ~~~~ ~~~~~~~~~~ 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

vr~ciu~~SiL1eu
SECURITY CLASSIFICATION OF THIS PAGE(Sh.u, ~~ l~ 322. 1—A—EL

.
‘~-

•i~• •• ’ ‘I

• 20. AB3TRA~T CONTINUED 
•

~ Is presented. The pure Implicit technique along with the Newton-Raphson iterat on
are used to solve the equations, while the explicit technique is used to obtain
a first guess to start the iterative solution. A numerical method is arrived

• at for the determination of effective transient lifetimes in the case of excess ~- 
•

diffusion due to very high current density.

UnclaspjfjGd
SECURITY CLAU4PICAtION OF THIS PAG((~~ .n 0 .  in~,e.d~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~ 
—

~~~~~
-

~ 
•.



___________________________ 
_____ 

~~ - ‘ • - , • • , , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •• = ~~~~~~~~~~~~~ —.~ -

I
D -

— .—•. - 2

_ _ _

• $*t$iUT1I1/AU~Mmly
£

~\ THE ANOMALOUS VOLTAGE RESPONSE OF THE
- P4 N N~ DEV iCE AND ITS EFFECTS

ON SECOND BREAKDOWN

G. W. Neudack

1. R. Razouk

TR-EE 77—’fO

December 1977

D DC
(
~ ~
,-/ LI’ / 7 / fl9~f P (~i1P fl fl fli~ ~ I

- U MAY 4 1918 1
1.~1bUU1~

D

This worLwas- sponsored by the D~~cnse, ,
, Ni~c1c.ar A ency

under: •“Subtask Code Z99Qft~XTBO87 and Work Un it
—• 

~ .:

1 DISTR1BUT~ON STATEMENT Al
Appr oved for public releou

L

1
~~ rnth~~~n unliu~ .d _ _ __ _J~

~j



—~~~~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—~11—

ACKNOWLEDGEMENTS

The authors are pl eased to acknowl edge the assistance, the advice, and

the constant support provided by Dr. Dave Mathews and the U.S. Army Missile

Research and Devel opment Command Redstone Arsenal , Al abama. Al so the U.S.

Arm y Research office, Research Trian gl e Park, North Carol ina.

-i

L ~ • - ~~~~~~~
• •

~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

— ill—

TABLE OF CONTENTS

LIST OF TABLES .... v

LIST OF FIGURES.... a • . . . . . . a . . ..s . .. .  .. ... . . . .S  .e .. . a.  . . . Vi

ABSTRACT. .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . *‘i 1

CHAPTER I. INTRODUCT ION...... ............................ .... I

CHAPTER II. MATHEMATICAL EQ&IATIONS .................. .... 4

The dielectric relaxation time constant “ “ 7
The transit time “ “ ..~~~~~~~~ 9
Mathematical equati~ns to be solved.......... 12
Normalized basic equations  13
Type of equations...... ........... S ••~~~~e • S e a ~~~~• S S  ... 17
Numerica l Techniques used to solve the equations.. 19
The pure impl icit technique 21
Newton—Raphsor, iteration method  26
The expl icit technique.......  35.
Literature review for different

numerical techniques. ................ .... ...... 38
CHAPTER III. THERMAL EQUILIBRIUM CONDITION........ ...... 48

Using the same points as space charge points
and fiel d points..  . .  56
Ci) using Poisson’s equa tion  57
(ii) using the current equation  58

Different charge points and field points ..... 58
Ci) using Poisson’s equation  58
(ii) using the current equation  59

Device under considera t ion  . 59

CHAPTER IV. REVERSE PULSED CASE ...... 68

CHAPTER V. FORWARD PULSED CASE . ..... 109

External excitation in the form of a low
C ur rent stop. . . . . . . . . . . . . . . . . . . .  . . . . . 1 1 4

Externa l excitation in the form of extremely
hi gh current step.... ........... ...... 121

The excess diffusion stage and the transient
lifetime prediction.. .....~~~....  ....... 135

The impac t ioniza tion stage ....... 138
Near steady state stage.  ........ 140
The use of transient lifetim e and band—to—band

recoabination in case of an extreme current
step . .. . . . . . . .  . . . . . 140

External excitation in the form of high
current step. ..•••....• ...... .,. . 155

—

~

‘

~ 

—~~~~
.‘-•---~~• - .••- - -— ~~~~~ A ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -,‘--•- ‘ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~--~--. ,_,~-,



— •; — 

-‘ 
~~~~~~~~~~~~~~ ~‘ - — -w~~~~— ~~-“.——.‘~

---—
~ ~~~

.-‘--
~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ________

CHAPTER VI. EXPERIMENTAL RESULTS..... ................. ........ 170

Diode Fabrication Procedure............... ........ 171
MOS—C Fabrication Procedure. ...................... 172
ND from MOS Measurements.. .................... .... 173
N from Diode C—V Measurements.......... .......... 177
TRe Width W.... ................. ....... .......... 183
Diode Testing Results....... .. ......... . .......... 185
Comparison between theory and experiment.5....5.55 187
Reverse pul sed case.. ..... .......... ......... .,... 189
Forward pul sed case . .. ... . . . ~~5 ~~5 . . . . .. . 190

CHAPTER VII. SUMMARY, CONCLUS IONS, AND RECOMMENDATION S
F OR FURTHER STUDY..... ............ ...... ....... 196

LIST OF REFERENCES .......................................... .... 201

GENERAL REFERENCES .......................... .......... ........ .. 202

APPENDICES

A. THE FORMULATION FOR THE CONSTRUCTION OF THE
MATRIX ELEMENTS IN THE IMPLICIT METHOD..... 205

B. THOMAS ALGORITHM FOR TRIDIAGNONAL MATRIX...... 209

• C. ALGORITHM FOR TRI—TRIDIAGONAL MATRIX .... 210



- ~~— . ~- - --~---- ‘~~ ——.~~~~ • • - -.
~ -, .-~~~~~~~~~~~ - ~~~~~~~~~ •~~~~~~~~~

—•
~~ ~~

-‘ - •• ‘
_ • • •-~~~~~• • -• -• ‘ - - -__________ •

!~~~~
‘ J_L 

______

-v-

LIST OF TABLES

Table Page

I Normalized Parameters for Si l icon........................ 14

2 Output Voltage as a Function of Time for Figure 19 93

3 Output Voltage as a Function of Time for Figure 39....... 107

4 Specifications of the Si l icon Wafer.... .................. 171

5 MOS Ana l ysis of ND for Starting Material 177

• 6 Results for ND Using Differen t Methods 181

7 Angle Lap and Stain Data............  . 185

8 Results of Pulsing the Diodes in the Forward Direction... 187

I

4’ 

•• ~~~~~~ • • • ~~~~~~~~~•~~~~~• •  ••~~



_________________________________

F !

—vi—

• LIST OF FIGURES

• Figure ‘ Page

1 Minority carrier distribution in a short base under
low l evel injection condition... ......................... 11

2 Time—space mesh for the imp licit method..... 20

3 Elec tron and holemovements..... .......... .... 23
(a) for negative electric field
(b) for positive electric field

4 Newton’s Method to sol ve FCx) = 0 27

5 Time—space mesh for the exp l icit method  36

6 Limi tation of the explicit method ......~~ 37

7 Time—space mesh for the generalized pure impl icitscheme... . . . . . . . . . . . . . . . . . .. . . . .5 . . .. . . . . .. . . . . . . . . 40
8 Band diagram and potential variation for P’—N structure.. 49

(a) el ectron band diagram
Cb) potential variation with distance

9 Donor and acceptor l evels................... .. 51
(a) for N—type
(b) for P—type

10 Spacial steps for therma l equi l ibrium case............... 54

11 Using the same points as space charge points and
f Ic I d points. . . . . . a . a . . S S • • 56

12 Different space charge -)oints and field points 54

• 13 Cross section of a ty ical P+N
_
P+ junction 60

14 Uniform time—space msh . • 63

15 Electric field distribution at therma l equi l ibrium
for diode #1....... ,.............. .... . 64

16 Electron and hol e density distribution of therma l
equilibrium for diode #1.. .... ............ 65

1? Electric field distribution at therma l equilibrium
for diode #2. .. ....... .. • .. •.• .. s . s S  . . . .. s. ..... . .. .  . . . . 66

18 Electron and hole density distributions at therma l
egull ibrium for diode #2............... ............. ..... 67



• — vii—

19 Output vol tage for the reverse biased case (first device) 70

20 Elec tron and hole current density distributions for time
instants t1 to t6 as shown in Figure 19.......... . 71

21 Dis p l acement curren t densit y distr ibution for time -
‘• instants t1 to t6 as shown in Figure 19...... ...... 72

22 Elec tron and hole densities for time instants t1 to t6as shown in Figure 19.......... ............ . 73
• 23 El ectric field distribution for time densities t1 toas shown in Figure 19  74

24 E l ect ron and hole  cuPren t dens ity distribu t ion for
t ime instants t7 to t13 as shown in F igure 19... ........ . 76

25 Disp l acement curren t densi ty d istribu tions for t ime
instants t7 to t13 as shown in Figure 19 ..... 77

26 Elec tron and hole density distributions at time instants
t7 to t13 as shown in Fi gure 19 ... .. 78

27 El ectric field distribution at time instants t7 to t13
4, as shown in Figure 19.......................... 79

28 Elec tron and hole current density distributions for
time instants t14 to t19 as shown in Figure 19......... .. 81

29 Displ acement current density distribution for time
instants t14 to t19 as shown in Fi gure 19........ ........ 82

30 Electron and hole density distributions for time
instants t14 to t19 as shown In Figure 19. .... 83

31 E l ectr ic fie l d dis tribution for t ime instants t14 to
• t19 as shown in Figure 19...... . .............. 84

32 El ectron and hole current density distribut ions for time
instants t20 to t22 as shown in Figure 19....... ........ . 85

33 Displ acement current density distribution for time
ins tants t 20 to t22 as shown in Figure 19... ............. 86

34 El ectron and hole density distributions for time
instants t20 to t22 as shown in Figure 19........... ..... 88

35 Elec tric f ie l d dis tribu tion for time instants
• t20 to t22 as shown in Figure 19........... ........... ... 89

36 Elec tron and hole current density distributions for
time instant t23 as shown in Figure 19............. ...... 90

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ - ~~~~ , •



—~~ - 
_ —..——

~
,• 

~~~~~~~ 
-, r.r - — -~ ~~~~

—viii —

37 Elec tron and hole density distributions for time
instant t23 as shown in Figure 19..... ... . 91

38 Elec tric field distribution for time i.. ;tant t23 as
shown in Figure 19 . 5 5 . S . . . .  ....... 92

• 39 Current density and output voltage for the reverse
biased case (second device).......... ............. 95

• 40 Electron and hole current density distributions for
time instant s t1 to t5 as shown in Figure 39 96

• 41 Displacement current density distribution for time
instant t1 to t5 as shown in Fi gure 39 97

42 Elec tron and hole  dens ity distr ibutions for t ime
instants t’ = 0 to t5 as shown in F igure 39. 98

43 Elec tric field distribution for time instants t = 0
tot 5 as sI~own ;~ Figure 39 ... 99

44 Electron and hole current density distributions for
time instant t6 as shown in Fi gure 39 100

45 Displacement current density distribution for time
instant t

6 as shown in Fi gure 39 . 101

46 Elec tron and hole density distributions for time
instant t6 as shown in Figure 39 102

47 E l ectr ic f ie l d distribu tion for t ime instant t6as shown in Fi gure 39 ..... 103

48 Electron and hole current density distributions for
time instant t7 as shown in Fi gure 39 . 104

49 Electron and hole density distributions for time
instant t7 as shown in Fi gure 39 105

50 E l ec tr ic f ie l d dis tribu tion fo r t ime ins tant
t7 as shown in Figure 39 106

51 Pure implicit technique flow chart.... .... 108
52 Electron and hole drift velocity vs. electric field

for pure samples of Ge and Si.........  111

53 J(t) and V (t) for a relativel y l ow curren t step
in the forward direction .  116

54 El ectron and hole current density distributions for
• time instants t1 to t6 as shown in Figure 53 117

___________



• —•-~
. -•- • - - - -•-.-—- ~~~~~~—•-• =.~~

_ -•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i ’ ~~~~
—,’—~-

S

55 Displacment current density distribution for time
• instants t1 to t6 as shown in Figure 53.................. 118

56 Elec tron and hole density distributions for time
instants t1 to t6 as shown in Figure 53.................. 119

57 Electric field distribution for time instants t1tot 6 as shown i n F igure 53 120

58 V (t) for an extremely high current step using the
equi I ibrium I i fetime. .............. . . ~~s • s ~~~~~s • •  ........... 123

59 Electron and hole current density distributions
for time instants t1 to t3 as shown in Fi gure 58 124

60 Dis p l acement current density distribution for
time instants t1 to t3 as shown in Figure 58 125

ul Electron and hole densities for time instants t = 0
to t3 as shown in Figure 58........... ... 126

62 Elec tric field distribution for time instants t = 0
tot 3 as shown in Fi gure 58 127

63 Elec tron and hole current density distributions for
time instants t4 to t7 

as shown in Figure 58 128

64 Dis p l acemen t curren t densi ty dis trib U tion for t ime
instants t4 to t7 as shown in Figure 58 129

65 Electron and hole density distributions at time
instants t4 to t7 as shown in Figure 58. .. 130

66 E lec t r i c  f i e l d  dis tribu tion for time instants t4to t7 as shown in Figure 58 .. .... 131

67 E l ectron and hole  curren t densi ty d istribu tions
for t ime -instants t8 and t9 

as shown in Figure 58 132

68 E l ectron arid hole densi ty di stribu tions for time
instants t8 and t9 as shown in Figure 58 ... 133

69 E l ectr ic f i e ld  dis tr ibution for time instants t8tot 9 as shown in Figure 58 ......... .134

70 The l i fe time varia t ion ins ide the
structure ... .. ...... .. 139

71 V (t) for an extremely high current step using the
transient lifetime and band—to—band recombination........ 142

72 Electron and hole current density distributions for
t ime instants t 1 to t5 as shown in Figure 71 143

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~•-• ~~~• _ • .-• _ ~~~~ •~~~~ •~~.~~_ ••• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~;•• -•~ •~~• •- -_  •~~-~~~~~•-.~• - - -



,—,~~-r~~-~~
_
~
___•_ 

~~~~~~~~~~ — ~-.~-,.-‘—.—.- -,~-.- 
—-•

~-
-——.-• —.•— —

_________ - - —

-x-

•• 73 Displacement current density distribution for time
instants t1 to t5 as shown in Fi gure 71 144

74 El ectron and hole density distributions for the
instants t = 0 to t5 as shown in Figure 71....... 145

75 Electric field distribution for time instant t = 0
tot 5 as shown in Figure 7l  .146

76 Electron and hole current density distributions for
time instants t6 to t9 as shown in Figure 71 147

77 Dis pl acmen t curren t densi ty d istribu tions for time
instants t6 to t9 as shown in Figure 71  148

78 E l ectron and ho l e densi ty dis tribu tions for ti me
instants t6 to t9 as shown in Figure 71 149

79 Elec tric field distributions for time instants t6tot 9 as shown in Figure 7l..............  150

80 E l ectron and hole curren t densi ty d istr ibutions for
• time instants t10 to t12 as shown in Figure 71 151

81 Disp l acement current density distribution for time
instants t10 to t12 as shown In Fi gure i1 152

82 Elec tron and hole density distributions for time
instants t10 to t12 as shown in Fi gure 71 153

83 El ectric field distribution for time instants t10
• to t12 as shown in Figure 71.  154

84 V(t) for a high current step with different
lifetimes.... ... .. . .......... S 156

85 El ectron and hole current density distributions for
time instants t1 to t7 as shown in F igure 84 157

86 Dis p l acemen t curren t densi ty dis tribu tion for t ime
instants t1 to t5 as shown in Figure 84........... 158

87 E l ec tron and hole densi ty d istribu tions for time
instants t = 0 to t7 as shown in Figure 84. . 159

• 88 Electric field distribution for time instants
t = 0 to t7 as shown in Figure 84. .. ... 160

89 Electron and hole current density distributions
for t ime instan ts t8 to t12 as shown in Figure 84........ 161

90 Displacement current density for time instants
t9 to t11 as shown in Figure 84.......... ................ 162

I., — - • — - —-..—----- • - _ _ _ _ 
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••.:_—.-~ • - , ~~~~~~~~~ - ~~~~~ --- ‘- ~~‘ 

--
~~~-~~-~~~~~~~~~--——~



~~ _ _

—xi —

91 Elec tron and hole density distributions for time
Instants t = 0 to t12 as shown in Figure 84.............. 163

92 Electric field distribution for time instants t = 0
to t12 as shown in Figure 84................. ............ 164

93 Electron and hole current density distributions for
time instant t13 as shown in Figure 84.. ............. .... 166

94 El ectron and hole density distributions for time
instant t 13 as shown in Figure 84................ ...... .. 167

• 95 Elec tric field distribution for time instant t1 as
shown in Fi gure ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 168

96 MOS Capacitor Geoaetry.. ........ ............... ....  174

97 Capacitance for MOS Wafer #3 175

98 Capacitance vs. Voltage for Diode Wafer #3 178

99 Log C vs. Log V for Diode Wafer #3 179

100 1/C2 vs. volt for diode wafer #3 182

101 Geometry of Angle Lap and Stain...  184

102 External appl ied current and output voltage
for experimental data.. . . U  S 5 5 S S ~~~S ~~~~~~~~~~~~~~~ ... .5 ~~ 5a ~~ . 186

103 Pul sed reverse biased characteristics for diode
wafer #3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

104 V (t) obtained experimentally for diode #3................ 191

105 Computer simu i q~ion result for v(t) using

0 = 3.1 x 10 sec. .. ... ... ......... .......• ....... •.• 193

106 Computer simu l ation result for v(t)1~Jsing the
transien t l i f e time and 0 = ~ x 10 sec . .............. 194

,
~~~

- • -.
~
-•—. - -• ~~~~~~

_ _
- --~~~~~~~~~-~—~~~ •—-- - . - - .  .--



‘~~~~~ — ‘ ~~~~~~ ‘.“ ‘~~~~~~~~
‘ _

~~~~~- ‘—~~~‘ ‘ ~ -~~~ r - V -  ~
- ‘ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• — —
~
-- -

- 
- “ -niufun: 

—xii-

- ABSTRACT

Numerical simula tions and experimental measurements have been carried 
•

Out to study the transient behavior of the P+_N _N+ structure under dif—

ferent l evels of injection in both the reverse and the forward pul sed direc-

tions. A major part of this research is devoted to the expl anation of the

anomal ous voltage that appears across the diode term inal s when pul sed in the

forward direc tion with current densities in the range of ~~ to 106 amp/cm2.

A numerical iterative method of sol ution of the one—dimensional basic

two—carrier transport equations, coupled with Maxwell’ s and Poi sson ’s equa-

tions, describing the behavior of the semiconductor device is presented.

The method is of a very general character, wi th none of the conventional as-

sumptions and restrictions introduced, and freedom i s avai lab l e in se l ec ti ng

• the doping profile, generation—recombination law, mobi l it y dependencies, and

inject ion l eve l . For a specified arbitrary current excitation, the solution

yields the terminal voltage and all the quantities of interest throughout

the entire device as functions of position and time.

The pure impl icit technique along with the Newton—Raphson iteration are

used to so l ve the equa tions, while the expl icit technique is used to obtain

a first guess to start the iterative sol ution.

A numerical me thod is arrived at for the determina t ion of effec t ive

transient lifetimes in the case of excess diffusion due to very high current

density. As the transient Solution approaches steady state, the transient

life times reduce to their equi l ibrium values.

• The use of band—to—band Auger recoubination as a process compl e,,,~ntary

to the impact ionization process, al ong with the transient lifetimes explain

the large terminal voltage across the diode structure when pul sed with in—

tense current density in the forward direction.
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INTRODUCTION

Present semiconductor device modeling of the vol t—ampere characteris—

tics, transient response, and ava l anche breakdown is adequate for predict—

ing the response of junction devices in the normal region of operation. For

very high injection l evels, such as diodes operating under intense current
- u  pul ses in the forward biased direction with current density of ~~ amp/cm2

to ia6 amp/cm2, these models are no l onger adequate and do not predict the

anoma l ous voltage that appears across the terminal s of thed device.

In order to achieve anal ytical results for a diode in a closed form

solution, a number of assumptions are usual l y introduced. These assumptions

l imit the sol ution to specific dev ice structures and operating conditions.

Some of these assumptions are as follows: -

(a) The separation of the device into different regions: either a

space—charge l ayer that is fully depleted of mobile carriers or

quasi—neutral regions.

(b) The neg l ect ing of the ma jori ty carrier  curren t in the lo w dopi ng

region.

Cc) The l imitation of the doping profiles to abrupt junctions or to

linearl y graded junctions.

Cd) The assumption of constant mobi lities.

Ce) The use of a linear low l evel recombination rate.

Most of these assumptions are not val id for high—injection l evels.

Numerica l techniques, with the aid of high speed digita l computers,

represents a~i alternative approach to the problem. This is accomplished by

solving the one—dimensional two carrier transport equations, along with

-
• 

Maxwe ll ’s and Poisson’s equations. By using either the imp li cit or expl icit

• ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • •~~~~~~~~~ -~~~~
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numerical techniques, one can obtain the transient and the spatial distribu—

• tions of a ll the physical quantities of interest such as the electric field ,

the hole density, the electron density, the current densities, etc. - .

A. Dc Man El] solved this set of coupled second ordered non—l inea~

equations assuming constant electron and hole mobilities, absence of a

generation—recombination term, and wi th the application of external excita-

tions of low to moderatel y high current density values. Scharfetter and

Gumme l [2] solved a similar set of equations for a Silicon N’~N~P struc ture

operating under reversed bias conditions as a Read diode oscillator. Lee,

Lomax, and Haddad [3] developed a computer program to simulate a Silicon

N~-P—N
4 

structure operating as an avalanche diode oscillator. All of these

authors used different numerical techniques, and different boundary condi-

tions to achieve a numerical solution to the set of equations.

It is the purpose of this work to deve l op a solution to the set of

equations that is free from any of the traditional assumptions and thereby

simu l ate the transient behavior of a current driven one—dimensional solid

state structure starting from the thermal equi l ibrium condition (or a known

steady—state condition). This computer simulation is used to explain and to

• predict the unexpectedly l arge transient voltage, which appears in the ex—

penimental measurements of diodes that are pul sed with a very narrow and 
-•

large current pulse in either the reversed or the forward directions.

Chapter II presents the mathematical equations to be solved numerical l y

and the literature review for different numerical techniques, alon g wi th the

methods used in this research . It also exposes the various sources of er-

rors that coul d result in divergence or instability. Chapter III describes

• a numerical method to obtain an accurate sol ution of the thermal equilibrium

ease. The therma l equilibrium solution is necessary since it serves as the

- — ~~~~~~~ — ,,•
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initia l conditions for the transient probl em. As an example of the numer—

• ical cal cul ations, the transient sol ution for the reverse biased case is

illus trated in Chapter IV. In Chapter V, the theory of the forward biased

• case under different l evels of injection is discussed in detail along

wi th a numerical method to predict an effective transit life time. The

transient solution is also presented. Chapter VI describes the experimental

• resu lt s, the diode fabrication procedure, and the method used to measure the

physical parameters such as the doping profile and the width of the low dop—

- ing region. It also contains a comparison between the theory and experi—

merit. In the appendices (A to C) are gathered the formulation for the con— 
-

struction of the matrix coefficients, the al gorithms to solve a tridiagonal

matrix , and the tri—tridiagonal matrix.

I

L
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CHAPTER II

MATHEMATICAL EQUATIONS

It is the purpose of this chapter to present a numerical method for

the transient sol ution of the one—dimensiona l two carrier continuity equa-

tions coupled with Maxwell’ s equations and with Poisson’s equation. The

method is of a very general character. It allows for the freedom of

choosing the generation recombination l aws, the doping profile, and the mo—

bility dependencies. The transient solution results in a knowl edge of all

the physical quantities, between the device contacts, as func tions of di s-

tance and time. The pure imp lici t technique is used to iteratively solve

for the elec tric f i e l d , the electron density, and the hole density at

each instant of time. The explicit technique is used to initiate the

iteration. A literature review for different numerical methods is also

includ ed for comparative purposes.

The fundamental equations that govern the one—dimensiona l behavior of a

• semiconductor material are

Ci) Maxwell ‘ S Equations

J(t) = J~ (x,t) + J~ (x~t) + 
a E(x,t) (1)

(2)

• 

which shows that the total current density may vary with time but is con-

stant wi th distance. The third term of equation (1) is the displ acement

current. The first and second terms are the electron and hole currents

res~~ctivel y. Their current flow equations are

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••~ -~~~~~~~,m-•~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~—-——~~~~~ • -~~~~
---—.-~~
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and 

Jn~~~
t) = e UnCX lt) nCz,t)E(x,t) + C D,~(x,t) an (x,t) C3)

J~(x1t) = e ~~~~~~~~~~~~~~~ 
— e D~,(x,t) 

aPCx,t) (4)

The above two equations show that electron and hole currents consist of

drift and diffusion components. The dependence of mobi lities and diffusion

coefficients (p(x,t) and D(x,t)) on distance and time follows from their

dependence on the electric 1~ieId E(x,t) as follows

- 1(1 - KT

= IV pFE~ Un IV~
/EI

where

v~ = 1500 E cm/sec for E < 3.5x103

v~ = 1.45x106 E0 1525 cm/sec for 3.Sxl03 < E ( l.4x105

v~ = 9x106 cm/sec for E > 1.4xlO~

= 600 E ca/sec for E < 3.5x103

V
P 

= 4.68~I0~ E°
4’5 cm/sec for 3.5x103 < E < l.4x105

= 9x106 cm/sec for E > 1.4x105 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~-~~~~- — ._~~~~~ - •uf~~-•—-- ‘~ -‘ - -~~~ -~~~ ‘ _ ~~~~ “ — —  ~~ ~ ~~~~~~~~~~~ ~~~~
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Cii ) Poisson’s Equation

fl(x,t) 
= ~~ EpCx,t) — n(x,t) + N Cx) — N~(x)] (5)

where, N Cx) and N (x) are the ionized donor and acceptor impurities/cm3

Ciii ) Continuity Equations

an (x,t) = — UC x,t) + ~ 5J~ (:,t) 
+ G(x ,t) (6)

aPCx,t) 
= - U(x,t) - ~ 

5J~ (x~t) 
+ G(x,t) (7)

where UCx,t) is the net hole—electron recoabination, typically given as,

• np — n ~U(x,t) = r~0Cn+n 1) +

If the l ife t imes are equal , then = t
po# and the recoabination term

reduces to the following:

n p — ni
2

U(x,t) =

The minority carrier lifetime is a function of the doping density in the

diffused region and is therefore shorter than that of the bul k region. The

relation between the lifetime - and the doping density is as follows (4] (5]:

T b
n NB1 + •AWT

• -~~~~~~~~~~~ 
- -

~~~~~~• • •—
~~~ ~~~

—
~~~~~~~~ - _ _ -- ~~~~~~~~~~~~~~~~~~~~~~~ 
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where

• tnb is the low doping region lifetime

• NB is the doping density

AN 1 is a constant typi c a l l y  1.894 x 1&4/cm3

The generation term, wi th no l ight on the sample, is

G(x,t) = a ‘a n’ n + J~~ P

where

a = 3.8 x 106 exp (I.75x 10
6)

= 2.25 x I07 exp (3526E
x 106) 

-

are the ionization coefficients for the electrons and holes.

At this point it shoul d be noted that onl y six of the above seven equa—

• 

tions are independent since equation (2) can be derived from the remaining

six equations.

With the appl ication of a current pul se to a P~—N diode (i.e., chan ging

the current density with time) the transient behavior of E(x,t), p(x,t), and

nCx,t) becomes of primary interest. In order to fu lly understand the time

variation of these quantities, one must pay special attention to the

diel ectric rel axation time and the transit time.-

~i) 
The dielectric relaxation time constant “!.~

“:

This quantity cotnrol s the variation of the electric field with time

in •the case of constant electron and hole densities. An approximate value

for the diel ectric relaxation time can be derived if one assumes that the

hole and el ectron mobi lities are independent of the electric field.

- -  ~~~~~~
‘
~~~~~~~~~

‘ _ ‘ 
~~~~~~~ __________ ~~~~~~~~ ~~~~~~ , • • • • • • • ,~~~~~~~~~ •
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• Combining equations (1), (3), and (4) for the displacement current di—
vided by F~

= 3 t.ict s — J~(x) — J~(x)] 

•

= 3 CJ(t) — e(u
~
n(x) + U~P(x))E(x~t)

+ e(D ~PCx) — Dn 
Sfl( X ) )]

= 3 j t i  — a x  ECx,t) + D(x)]

where

aCx) = eCUn n(x) + PCx))

D(x) = e(D~ 
SP(x ) 

— D Sfl (X))

or,

aECx,t) 
+ E(x,t) = 3 (J(t) + D(x)] (8)

If a positive current step of magnitude J~ is appl ied, the sol ution of equa—
tlon (8) becomes

oCx)
E(x,t) — E(x,t 0 )  = — 

oCx) El 
— e ~ ]

where

E(x,tz0 )

The diel ectric relaxation t ime cons tant is then

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - _________
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= a(X) 
= 

C(U~ fl (X) + P(x))

Therefore, if one considers a P’~N diode with the fol l owing parameters:

NA = io18 p(x)

“p
a 200

ND = 1O~ n x

Un 1500

11.8 x 8.854 x iO 14

e = 1.602 * io
19

In the P side:

3.261 x lO 14sec.rp eufl
NA

and, in the N side:

c 4.347x10 12sec.rn eu nND

(2) The transit time “~~~“:

Ti,is quantity control s the time variation of the minorit y carriers in a

semiconductor region of width (W), with a time invariant electric field.

The general definition of the steady state transit time is:

____________ ~~ -~~ -~~~~~~ _ _ _ ,  ~~~ -•••• u,~~ ~~~~~~~~~~ —.~—-- ~-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ —~~~ — —  ~~~~~~~~ _— -. L•
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~

where

is the minority carrier charge contained in W, and

is the current density of minority carrier.

The above transit time can be approximated in simp le cases:

(i) For a short base P+_N diode under low l evel injection conditions,

the minority carrier distribution in the N region can be approximated as in -
•

Fig. 1. In this case,

e W

~n 
~ 2 ~ n~

0
~ 

— 

~no~ 
+ e WnPno

is the diffusion current and is given by:

— 

~no~

Therefore,

— 

W~ 
+ 

W~~p~0 £ _ _ _— 2 D~ D~ (~~(O) — 
— 

2

In the case where Wn = 10 x 10~~ cm and D~ = 15.54

= 3.22 x io 8 sec.

(ii) For a P’—N diode, with an N region under avalanche conditions, the

base region is under very high— l evel injection and the minority carrier

density can be approximated b)’ an average value throughout the width W~.

The minority current is considered as a drift current, and the minori ty car— 

• ~~~~ . - ~~~~~~~~~~~ ~~ uu -~~- - - - ‘ -~
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p
n I

I
~~P (o) 

I

I 

~~ 

~~~~~~~~ 
— 

~~~~ x

Distance 
W

Figure 1. Ulnority carrier distribution in a short
base under low level injection condition
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n c r  veloci ty is taken as the sca tter ing l imited saturation velocity (v 5).

Therefore,

& ep Wm n f l

a epnvs

t W/ vtf n s

The above is the ful l trans it time, the average transit time is about one

hal f this va l ue,

I
t 

= .
~
J.— 5 x 1O~~

1sec.

As shown from the above calcul ations, the relaxation time is smaller than

the transit time. Therefore, the time variation of the minority carriers

follows the time variation of the el ectric field.

Mathematical Equations to be Solved

From the prev ious d i scuss ion, it is obvious that the electric field E

and the carrier densities are all functions of distance and time. These

quantities cannot be sol ved in the N region alone because the boundary con-

ditions near the transition region have an unknown time dependence. There-

fore, one must try to sol ve for n, p, and E for the entire P+_N device as-

suming the ohmic contacts as boundaries on both sides of the device.

To reduce the redun dant ca l cu l ations, the parameters of the basic equa-

tions are normalized. The normalization factors used here are the same as

• - -
— - ~~~~~~~~~~~~~~~~ - - -~~~~~~~ -~~~~ 

u— —- —
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those used by A. De Man Ci). The following definitions have been made:

= unit of carrier diffusion constant (cm 2/sec)
F 

Dn(Dp
) = diffusion constant

—e = electron charge

K = Bo lt zman ’s constant

= intrinsic debye l ength

n~ = intrinsic carrier density ( 1.18 x 1010 for Si)

V
t 

= thermal voltage C— ~~1 = 0.0259 volt)

£ = permitivity ( 11.8 x 8.85 * F/cm for Si)

= mobi l i ty of carr iers

Table 1 lists the symbol s, units, and their values for silicon at room tem-

perature. The basic equations (1) to (7) can be normalized and rewritten as

fo l l ows :

Normal ized Basic Equations

V
(9)

V
(10)

~~~~
P — n + N D — N A (ii)

-

~~~~~ 

= a IV nJ n + ~v~p - t~(~+n+~) 
- 

aJn (12)

• • -  -•~~~~~~~~~~~ -~~
_
~~~~~~~ -—• -— 
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= a~V~( n + BIV PIP 
— 

r~t2+n+~) 
+ (13)

• J(t) = J~, + J~, 
— (14)

where a ll the variables are now the normalized variables .

Substituting equations C9) and (10) into equation (11), we get equation

(15). Al so, the substitut ion of equation (9) into equation (12), and of

• equation (10) into equation (13) yields equations (16) and C17).

= -i-h- (Iv~I .
~~~~~ 

- Iv~I -~~
] - V~ n 

- V~ p 
- J(t) (15)

— 

Vn a2n Vn 1 dv,., aE an

~~~~~~~~~~~~~~~~~~~~~ 
—

~~~~~~~
3 i-

~ii-

+ (.~~!L}~. + czlV I] n + aIV~IP — 

~~~
:;
~+P) 

(16)

+ C — + ~)V~I]P + GIVn Ifl — r~~2+n+P) 
(17)

Where

—2.555x10~
a l.436x104 e JE I (18)

• ~~~-— ~~~ •- - —~~ _— -. -— ~~~~~~~~~~~~~~~~~~
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—4.76*1
B = 8.51 x IO~ e 

IEI (19)

= 37.3 E for E < 5.ilxlO2 (20a)

= 7.351 * ~~ E 1525 for 5.ilxiO2 < E < 2.2~10~ (20b)

Vn = 3~4 x 10
k’ E > 2.2x104 (20c)

= 12.3 E for E < 5.11x102 (21a)

v~, = 4.16 x io2 r445 for 5.11*102 < E < 2.2xi04 (21b)

V~, = 3.4 x 10~ for E > 2.2xi04 (21c)

Equations (15), (16), and (17) are the three second ordered coupled non-

linear differential equations that have to be solved numerically to deter-

mine E(x,t), n(x,t), and p(x,t) at each point in the structure at each in-

stant of time. Once this is accomplished, then the electric field E(x,t)

can be integrated at each instant of time to obtain the terminal voltage

across the device at each instant.

The boundary conditions are obtained from the assumption that perfect

ohmic contacts are made to the ~~ region and the N region. One contact is

at x = 0, the other at x = L. Therefore, the norma li zed boundar y conditions

_ _ _  
-
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for the particle densities are as follows:

n(O,t) = i/NA 
(22a)

p(O,t) = NA 
(22b)

n(L,t) = ND 
(22c)

p(L,t) = I/ND 
(22d)

The electric field is chosen at the boundaries so that the total current

equals the external appl ied current.

The initia l conditions are assumed to be the thermal equi l ibrium dis-

tributions for E(x,O), n(x,O), and p(x,O).

Type of equations

Before discussing the numerical methods used to solve the three coupled

non—linear differential equations, we first discuss the type of equations.

The general form of a second order linear partial differential equation in

two independent variables * and t may be written as follows :

A .i4+ 2B + CL4 ~~~~~~~~~~~~~~~~~~~ Z, x, t)

The type of equation is determined by the quantity:

Where a is the discriminant of the partial differential equation (P.D.E.)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- •~~~~~~~~~~~~

- •
~~~~~~~~~ •~~~~~~~ •
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(a) If a > 0, the equation is said to be hyperbolic

(b) If a = 0, the equation is said to be parabolic

(C) If a < 0, the equation is said to be ellip tic

It is clear that equations (16) and (17) are parabolic non—l inear equations

s i n c e C = B = 0 .

Therefore, the parabolic equation can be written in the following form:

az ~~ az
— F (—~~, ~~~

-, Z, x, t) (23)
ax

To sol ve this equation one needs to know its open boundary conditions, i.e.,

the value of ZCx,t) has to be known on three sides of a rectangle described

as follows:

* = 0, and t > 0

x L ,an d t > 0

t 0 ,a n d 0 < x < L

The obtain a numerical sol ution, the * and t axes have to be divided

into uniform or non—uniform spatial and time steps (ax and at). Then the

spatial and time derivatives are approximated by one of several differential

equation schemes at each space and time point. This procedure reduces the

partial differential equation to a set of al gebraic equations to be solved

simultaneousl y.

Convergence and stability are the two prob l ems of major d i f f i c u lty in

the numerical sol ution. To understand what they mean, the fol l owing terms

• - are defined:

• D = exact sol ution of the partial differential equation

a = exact sol ution of the partial difference equation

generated by the difference equation scheme
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N = numerical sol ution achieved from the partial difference

equation

D — a = disc retization error

a — N = numerica l error

The disc retization error or the truncaton error Is a result of the fin-

ite sizes of the time and spatial steps. The convergence probl em deals

with the conditions under which D — a —> 0, for ax and at —> 0. The

stability ~problem deals with the condition under which a — N is sma ll

throughout the entire region of solution (space and time).

Numerical Techniques Used to Solve the Equations:

The normalized set of equations to be solved are as follows :

aECx,t) 
= JnC*~

t) + J~(x1t) 
— J(t) (24)

SP(x,t) 
= G(x,t) — R(x,t) + 

aJP(x,t) (25)

3n(x,t) 
= G(x,t) — R(x,t) — 

a JnCx,t) (26)

aE~x,t) = P(x,t) — N (x,t) + ND(x) (27)

To solve the equations numerical l y, the x—a*is and the time axis are

divided into spatial and time steps (ax and at). The spatial and the time

derivatives are then approximated by a difference scheme. This procedure

reduces the non—l inear partial differential equations to a set of al gebraic

equations to be solved numerically.

The time—space mesh that is used to derive the difference equations is

shown in FIg. 2. The one—dimensional semiconductor device is divided into

JW partitions. At both ends of each partition, there are space charge

~

• • •  ~~~• • •~~~~~~~~~~~ ~~~~~ •~~~~~~~~~~~~~ • • • • •~~ 
•• .

~~~~~~~~~ • .  •~~~~~~~~~~~~~~~~ •
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• points where the hole density, electron density, and doping density are de—

fined. In the middle of the two space—charge points there are field points

I, where the electric field intensity, hole current density, and electron

current density, and all the parameters which are functions of the electric

field intensity are defined.

Two methods coul d be used to transform the non—linear partial dif-

ferential equations into difference equations: the expli cit method and the

impl icit method.

In the ex pl ici t me thod, if all the variab l es are known at any time 1 ev—

el tKF then the var iables  can be ca l cu l ated direc tl y (that is explicitl y) at

the time l evel tK+1 by evaluating the spatial derivatives at time l evel

The implicit method is a more compl icated procedure. It consists of

representing the spatial derivatives by a finite—difference form evaluated

at the advanced t ime l evel tK+1 ins tead of tK as in the explicit method.

This resul ts in a system of simul taneous nonl inear equations in the unknown

variab les at time l evel tK+1~ 
The pure imp l i c it techni que is used here,

with the aid of the Newton—Raphson Iteration method to solve the equations,

while the expl icit technique is used to calcul ate a first guess for the

unknown variables in order to start the Newton—Raphson iteration. The basic

reasons for this choice wi ll be discussed in a l ater section of the report.

The pure impl icit technique:

The time—space mesh of Fig. 2 is used to convert the partial differen—

tials into algebraic equations in a difference equation form. It is assumed

that the three variables of interest, (the elec tric field, the hole density,

and the electron density) are known at time l evel tK and at a l l the previous

time l evels. In the rest of this chapter, the time index is assumed to be 
F

K + 1, unless otherwi se specified. For example, EU) means the electric

• —— —--—- ———---.- ‘-F.-- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A.
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field at point (I, K + 1), while E~(I) means the electric field at point

(1,10. Keeping this notation in mind, the different quantities in equations

• (24), (25), and (26) are eva l uated at points (J, K + 1) and (I, K + 1) as

follows:

aE(I) 
— 

ECI) — EK(I) (28)at — at

aP(J) 
— 

p(J) — 
pK(J)

at — at

aN (J) — 
N (J) — NK(J)

• at — at

The drif t components of the hole and electron cur rent densities at

• point (I) depend on whether the electric fiel d is positive or negative as

expl ained in Fig. 3.

For negative e l ectr ic f ie l d, the drif t curren t components depend on

N(J) and P(J2), while in the case of a positive electric field 1
~hey depend

on P(J) and N(J2). Using a central difference for the diffusion current

densi ty terms, the difference equations for the current densities become:

For E(I)>0

JN(I) = —VN (I)•N (J2) — f~ )( 
.
~~~~

. CN(J2) — N(J)3

JP (I) = —VP (I)’P(J) + 
~~~~ 

-
~~~~~

. EP(J2) — P(J)] (29)

For EU) < 0

JN(1) = —VN (I) N (J) 
~~~~~~~~~~~~~~~~~~ ~~~~~~ 

EN(J2) — N(J))

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ —• -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -——.--  -
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JP(I) = —VP (I) P(J2) 
_~~)J •1~

. (P(J2) — P(J)] (30)

The generation term at the Jth point is approximated by its average value

between the Ith and the (I — 1)th point (I and Ii) as shown in Fi gure 2.

G(J) = (6(11) + G(I))

= .
~~

- C~(I1)’(JN(I1)l + B (I1)’IJP(Il)I]

+ .
~~
. Ea(I)’IJN (I)I + B(I) IJP(I)I] (31)

W h i l e

R( ) — 
N(J)•P(J)—1 (32)J — t 0E2+N(J) + P(Jfl

aJP (J) 
= — JP(I1)] (33)

aJ~ (J) 
= .

~~~~

. EJN(I) — JN(I1)] (34)

It is clear that the quantities in equations (28) through (34) depend

direc tl y or indirec tl y on the electric field , the e l ectron, and the hole

dens it ies, a ll of which  are define d at po ints Ji, Ii, J, I, J2, and 12.

Therefo re, the vector of unknowns in equations (24), (25), and (26) at

points I and J is defined as follows :

CX] = CE(I1),N(J1),P(J1),E(I),N(J),P(J),E(12),N(J2),P(J2))T (35)

By writing equations (24) to (26) in a difference form, and by moving all

• terms in the three discrete equations to the right hand side, and by using

equations (28) through (30) to show the dependency of each term on the vec—

• - ~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~ 
. • • • .  

~~~~~~~~~~~~~~~~~~~~~~ •
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tor CX], we obtain the fo ll owing three disc rete func tions:

FlI = 
E(I) k_E(I) 

+ JN(I) EE(I),N(J),N(J2)]

+ JP(I) [E(I),P(J),P(J2)] — J(t) = 0 (36)

F2J = 
PK(J)

a; 
~~~~~~~~~ + .~~

. G(I1)EE(I1),N(J1) ,P(J1) ,N(J) ,P(J)]

+ -
~~~ 6(I)EE(I),N(J),P(J),N(J2),P(J2)] — R(J)(N(J),P(J)]

+ -
~~~~~ CJP(I)CE(I),P(J),P(J2)] — JP(I1)[E(I1),P(J1),P(J)]} (37)

F3J = 
NK(J)

a; 
N(J) 

+ G(I1)(E(I1),N(J1),P(J1),N(J),P(J)]

+ .
~~

. G(I)(E(I),N(J),P(J),N(J2),P(J2)] — R(J)(N(J),P(J)]

— .
~~~~
. CJN(I)EE(I),N(J) ,N(J 2)] — JN(I1)EE(I1),N(J1),N(J)]} (38)

The one—dimensiona l semiconductor device contains a total number of “N”

spage—charge points, and “N—i” fiel d points, inc luding the boundaries J = 1

and J = N.

At time l evel K + 1, equation (36) will be written once for each point

2<I<N—1, while equations (37) and (38) will be written for each point

2<J<M—1, resulting in a system of 3(N—1) simultaneous equations in the

• 3(N—2) unknowns, 

-- — .- ~-- ---.- — -- • -•-— •a_ •_ - - • • -__,________•__ • • • • -  - - - - - - • -
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E(I),N(J),P(J), whe re 2 < I, J < N—i .

The boundar y condi tions for the par ti c l e  dens it ies are obta ined from

the assumpt ion tha t perfect ohmic contacts are made to the device termi-

nals. One contact is at x = 0, the other is at * = L. Therefore, the nor-

malized partic le densities at the boundary are:

N(0,t) = N(i) = 1/NA /

P(0,t) = P(1) NA

+N(L,t) = N(M) ND

P(L,t) = P(M) = 1/ND ’

The electric field is obtained iteratively through the solution of

equations (36) to insure a constant total current at the boundaries, and

throughout the whole device.

Newton—Raphson Iteration Method

To solve the system of nonlinear 3(M—1) simul taneous equations, the

Newton—Raphson iteration method was used. In order to have a better under—

standing of this procedure, New ton ’s Method for solving a sing le non—l inear

equation is discussed first .

Th i s method is illustrated graphica l l y in Fi g. 4. If this fi gure, if

F(x) = 0, then x = a is the required solution. If an initia l approximation

*
1 
to the root a is provided, a sequence 

~~~~ ~~~~~~~ 
may be defined by

the recursion relation

aF (x) — 

F(x~)

ax x=X l 
—

or

____ ~~~~~~~~~~~~~~~~~~~~~~
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y
•

y = F (x )  I

x a

• xi+3 
x i+2 x l+l X

I 
X

Figu re 4. Newton ’s Method to solve F(x) 0

L -- 
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• F’(x 1) (*~4~ 
— x~] = —F (x1) (40)

We draw a tangent to the curve y = F(x) at the point (x ,,F(x .)) . This

tangent meets the x—axis at the point (x
~+i,O). If, then, the curve crosses

the x—axis at a point (a,0) sufficient ly near (x 1,F(x ,) ), it may easil y be

• seen that the number * 1+1 is nearer a than x
~
. A criterion for terminating

the iterative procedure of (40) is:

x i + 1 — x i
< Cx i + i  
—

Here c is a small positive number. For c = l0~~, the f ina l va l ue of ~~~

should  be accura te to approxima te l y  N signif icant f igures. It shoul d al so

be noted that Newton ’s method may f a i l  to converge to a root, if  given a bad

starting value .

The concept behind the Newton—Raphson Method is identical except that

it applies to solving a set of simultaneous nonlinear equations. Therefore,

equation (40) wi ll take the form of a matrix equation as follows:

(
(1) 

— 
(i—I )) = ~F(x~~~~~) (41)

where is the old approximation of the 3(M—2) arrays of unknowns,

while is the better approximation.

F(x C1_
~~) is an array of 3(M— 2) functions similar to equations (36),

(37), and (38) evaluated according to the old approximation
• 

aCFf 1
is a square matrix of 3(M—2) dimension, whose e l emen ts are

described by equation (42).

— -••~~~~~~ ~ -•••~~~~~ •- •‘•-• - -
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- 

aF~ ()~~ where 2 < L < N-I
FLK(X 

— ax~ and 2 ~~~ K < N-i 
(42)

Wi th the above notation im mind, equation (41) is appl ied to equations

(36), (37), and (38) to eva l uate the correc t ions in the array CX] of equa-

tion (35). Therefore, the discretized equations at points I and J yield the

following matrix equations:

~E(Ii)~ . -

AN(J 1) i—i
a1 a2 a31 b1 b2 b3 1 C 1 c 2 C3 

LP(Ji) 
F I(X )

a a a 
~ 
b b b ~c c c aN (J) = _F2J(X1~~) (43)

4 5 6i 4 5 6 4 5 6 aP(J)
a7 a8 a91 b7 b8 b9 c7 c8 c9 ~~~~

• £P(J2) - -

Equations (36), (37), and (38) show the dependency of FlI, F2J, and F3J

on the elements of the X array. Therefore, the Matrix elements in equation

(43) are defined as follows:

a1 = = 0 (44a)

a2 ~~~~~~~~~~~~~~~~ 

= 0 (44b)

a3 = aP(J1) 
= 0 (44c)

— 
a F2J — I aG(Il) 

— 
I aJPU1) (44d)a4 — aEfli) — 2~ aE(Ii) ~i aE(I1)

aF2J 1 aG(I1) (4 e)a5 = aNU1) 2 aN(J1)

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ . 
- 

~~~~~~~~•
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— aF2J — 1 36(11) 1 3JP(Il)a6 
— 3P(J i) — 2 3P(J1) — Xi 3P(J1) (44f)

— 
3F3J _1 36(11) 1 3JN (I1)a7 — 3E(I1) 2 3E(II) — Ax aECIl)

— 
3 F3J — 1 36(11) 1 3JN (I1)a8 — 3N(J1) 

— 

~~~ 3N(J1) 
— Ax 3N(J i) (44h)

— 3 F3J — 1 36(11) -a9 
— 
aP (J1) — 2 aP(J1)

— 3F1 I —1 3JN(I) 3JP(I)b1 
— 

3E(I) — + 3~(~) 
+ 

3~~(j) 
(45a)

b — aFlI — 3JN(I)
F 2 

— 3N(J) — 
3N (J) (45b)

— 3FII 3JP(I)b3 — 3P(J) — (45c)

— 3F2J — 1 36(I) 1 aJP(I)
— 

b4 — 
3E(I) 2 aE(I) + ~~~a~E(I) (45d)

— 3F2J — 1 36(11) 1 aG(I) aR(J)b5 — 3N(J) — 7 aid .j + 7 iW(J) — 3N(J) (45e)

— aF2J — —i 1 aG(I1) 1 aG(I) aR(J)b6 — 3p(J) — + •=j aP (J) + 
~ 3~ (J) — 3p(J) (45f)

+ 1 
ajpw 

— 
1 3JP(I1)

Ax 3P(J) ax 3P(J)

— 3 F3J — I 36(I) 1 3JN(I)b7 
— 3E(I) — 2 3E(I) — Xi 3EUY (45g)

— 3F3J —1 1 aG(Ii) 1 36(I) 3R (J)b8 — 3N(J) = If + 7 3N (J) + 7 aN (J) — 

)N(J) (45h)
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— I aJN(I) + I 3JN(I1)
Ax 3N(J) ax SN(J)

— 
3F3J — 1 36(11) 1 36(I) 3R(J)

b9 — — 7 3p (J) + 7 ~p(J) 
— 3p(J) (45i)

C1 = ______ = 0 (46a)

— aFl I — 
3JN(I) (46b)C

2 
— iw J2 

— aN(J 2)

3FI I 3JP(I)
C
3 

= a P J 2) = 3P(J2) 
(46c)

— 3F2J .~~~~~~C4 
— aE(12Y — (46d)

aF 2J — 
1 36(I)

— 
3f4~ j~~ 

— 7 3~ (J~) 
(46e)

— 3F2J — 1 aG (I) - 1 3JP(I)
— aP cIJ~Y — 7 aP(J2) + ~i 3P(J2) 

(46f)

• — 3F3J _i 36(I) 1 3JN(I) (46h— 3N(J2) 7 3N(J2) Xi 3N(J2)

3F3J — 
1 36(1)

— iP(J2) — 2~ 3P(J2) 
(46i)

A detailed calcul ation of these element s is found in Appendix A.

Poisson ’s (equation (27)3 is used to eliminate the AE (Ii) coefficients,

a1, a4, and a7.

The discretized form of Poissons ’s equation is:

__________________ - - - F - ---— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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E(I) E(I1) 
= P(J) — N(J) + 148(J) (47)

If for any reason, the values of N(J) and P(J) were changed by AN (J) and

AP(J), the changes of aE(I) and AE(I1) will be related by equation (48)

aE(Ii) = AE(I) — Ax CAP(J) — aN(J)] (48)

Therefore, the coefficient AE (Ii) will be distributed to the coeffi-

cients of AE (I), AP(J), and AN(J) as fol l ows:

a4AE(I1) = a
4
AE(I) — (a

4Ax) 
[Ap(J) — AN(J ) ]

a7 AE(I1) a
7
AE(I) — (a7Ax ) CaP(J) — AN (J)]

This will change the elements, a4, a7, b1, b5, b6, b7, b8, b9 as fol—

lows:

a4~~~0 (49a)

a7 +0 (49b)

b4 -‘ b4 + a4 (49c)

b5 -‘ b5 + (a4ax) (49d)

b6 + b6 
— (a4ax) (49e)

b7 . b7 + a7 (49f)

~ 

_______
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b8
.b 8 +(a~Ax) - (Ii9g)

b9 + b9 
— (a 74x) 

(49h)

Rewriting equation (43) usIng equations (44), (45), (46), and (49) resu lts

in equation (50).

hECIl) - -

AN (JI) i—i
0 0 0 b b b 0 c c ap(Ji) F11(X

1 2 3 2 ~ AE(I)
0 a a I b bC b I 0 c~ CL AN (J) = —F2J (X~~’) (50)

5 6, 4 ~ 6, 
~ AP(J)

0 a8 a91 b7 b8 bf 0 C8 c9 _F3J(~
1 1 )

£P(J2) -

By defining the submatrix (A 1], (B 1], and (C~
]~ as fo l l ows,

~ 0 0 b1 b2 b3 0 c2 c3
(A 1] = 0 a5 a6 , CB

~
] = b4 b5 b6 , 

(Ci] = 0 c5 C6 
(51)

0 8 a9 b7 b8 b9 0 c8 c9

and by repeating equation (50) for a ll the spatial points 2 < I < N—i, and 

-- - --~~~~~- • - • ~~~---~~~~~~~~~~~ ---------- —- -—- — - - —‘- - -  _ _ _
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2 < J < N—i, at time level of K + 1, we obtain the fol l owing equation:

AE(2) —F12
aN(2) —F22

AP(2) —F32
tB2] CC 2] 

• 

—F13

(A 3
] (B3

] [C3] 
. —F23
. —F33

(A 4
] (B

4
] (C

4
] .

CA 1) CBS] (C1
] AECI) 

= —F 1I (52)

A N(J) -F 2J

~ , AP(J) —F 3JCA
~..2J CBM_2] ~~N—2~ S S

(AM 1 ] EBM_l] .

— aE(M—1) —F1(N—i)

- 
~• AN (M—i) —F2(M—i)

aP(N—1) —F3(M—1)

• or

(J] [Ax~ ’~] = [f(1~~~] (53)

where CJ] is a Tri—tridiagonal Matrix with a dimension of 3(N—2). Al so CA 2]

and (CM_i] were el iminated due to a knowl edge of boundary conditions.

Equation (52) is solved at each Newton—Raphson iteration. The al go-

rithm of solving this equation Is includ ed in Appendix B (9].

The solution of equation (52) gives [Ax (1)], wh ich is the di fference

between the two iterations i and I—I . When this difference reaches a very

sma ll number, we consider that the solution for the instant of t i m e  tk+i is

satisfactory. using this solution, we proceed to solve for the next instant

of time.

L. • • ~~~ 
_  _ ________ — a____________ 

~•~~ _~•~_ •_•..~_••_~~• _,-_ •_ ~~~~~t ~~~~~~~~~~
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To start the iteration procedure at any instant of time, a first esti-

mate for the array of unknowns is calcul ated using the explicit tec hnique.

The expl icit technique.

The space—time mesh used for the expl icit technique is shown in Fi g. 5.

In th i s  me thod, the right hand side of equations (24) to (26) are evaluated

at the t ime l evel tKs The definitions of JN, JP, 6, and R are the same as

in the implicit method. This al l ows us to directly cal cul ate the different

variables at time l evel tK+1~ 
from a knowl edge of their values at the pre-

vious time level tK~ 
Therefore, Maxwe ll’ s equation and the two continuity

equat ions for points I and J, can be written as: •

E~~~(I) = EK(I) + at(JNK(I) + JpK(1) - JK(t)) (54)

~K+l(J) = ~K(J) + at(Gk(J) — RK(J) + 1.. (jp K(1) — JpK(11))] (55)

NK~
t (J) = NK(J) + at(GK(J) — RK(J) + 

~~~~~~ 

(JNK(I) — JN K(I1))] (56)

• It Is clear that the value of E(I) at time l evel tK+i depends onl y on

the va l ues of N(J), P(J), E(I), N(J2), and P(J2) at the l evel tK~ 
while the

values of N(J) and P(J) at the l evel tK+i depends on N(Ji) , P(Ji) , E( 1),

• N (J), P(J), E(I), N(J2), and P(J2) at time l evel

Referring to Fig. 6, onl y those variables within the pyramid—shaped

area A can have any influence on the value of E(I), P(J) , N (J) at time l evel

tk+lp whereas It is known that the so l ution of the par t ial di f feren t ia l

equations depends also on the variable values in B for times earlier than

tK+I~ 
Therefore, this method Is used here onl y to calcul ate a first guess

• of the variables to start the Newton—Raphson iteration at time l evel tK+l.

- - • • •  flfl ~~~~~ F • : - - -• — • •
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To start the transient sol ution, an accura te in iti a l condit ion is a l so

required as a boundary condition, which describes the spatial distribution

of the elec tric f ield, the hole density, and the electron density at time t

= 0~. The initial conditions used here are the thermal equi l ibrium condi—

tions Chapter III explains in detail the method used to obtain the thermal

equi l ibrium conditions along with some computer generated results .

Literature review for different numerical techniques

A. be Man Ci] solved a similar set of coupled non—linear differential

equations using the following assumptions:

(1) constan t ho l e and e l ectron m o b i l i ties, i.e., the region where

the hole and electron velocities are linearl y dependent on the

e l ectr ic  f ie l d, was considered.

(ii) the absence of the recombination—generation term.

(ii i) external current excitation in the form of a current step with

a max imum va l ue of curren t dens ity sma ll er than wha t is con-

sidered for this research.

Using the generalized pure implicit scheme, equation (23) was represented by

the following difference equation :

kZi ;~~_i
ZI 

= k Fi = F {kt( 2 ]* i,kt( ax ’ ) * I,z(*~
t k))

where

K Is the index ident ifying the instant of t ime tK
i is the index identifying the spatial point x

- -- — ~~~~~~~~~~~~~~ •~~ • - • - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - • — - - • ~-



~~~~~~~~~~~~~~~~~ T~~’-’F-V~~~~~ ’ ~ 

- 

~~~~~

F
-

~~~~ 1~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r~~~~ .--F.,,F.’--- •~~~~ ‘-F-~~~•~~~~~~~ •~~~~~~~ ~~~~ _~~~~F . F - F . _ F.’-~~~ - ’_ _~~~~~

KAt = tK — tK . 1 is the magnitude of the time step at the instant K.

In DeMani ’s wor k a non—uniform two—dimensional mesh in the position and

t ime coord inates, as shown in Fig. 7, was used. The assigned boundary and

ini tial conditions specify all the quantities at I = 1, I = L, and K = 0.

The boundary conditions used for the particle density were the same as

presented in equation (22). As for the electric field , charge neutrality

was assumed at the ohmic contacts. This boundary condition can be derived

from equation (5) to give the following equation:

aE(0,t) = 
aE(L,t) = 0 (57)

3 * 3*

The in it ia l condi tions for n, p and E were either the thermal equilibrium

distributions or an arbitrary steady state distribution . Therefore, the

three non—linear equations generate the following system of difference equa—

tions:

KEi — k_l Ei 
= k~~~~i (58)

kAt

Ln . , 4 n.
1 r~ i 1 

= k~
FII

~i (59)
kAt

k~l — k_1~~ ‘FTII)= k ’’ 1 (60)
F kAt

Quantities at instant of time t < tK_i at any spat ial point 0 < x 1 < L are

assumed known. An Iterative procedure is employed at each instant of time

to determine the unknown quantities. Therefore, a third index j was intro—

duced to iden t i f y  the cycle of it era t ion, wh ile the correction for the elec—

• ~ ~~~ ~~~~~ ~~~ -
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tron and hole densities an and Ap were defined as the difference between

densities corresponding to two successive iterations.

= Kn~ 
— K~i 

(6ia)

(j +i )  
— 

(j + i )  
— 

(j )
KaPi — 

k~i k~i

The quantities labeled K in equation (59) and (60) were identified with the

subscript (j+i) and by us ing re l ations (61), the following equations were

obtained :

K(Tn
) 

Kan = K~~n~ 
(62)

K(Tp) K~~ 
= K~~p~ 

• (63)

KEQ = K~~E~a (64)

where T~ and T~ are tridiagonal matrices. The quantities an, ap, F,,, and
are the vec tors:

n2 p2
IF

an3 Ap3
An • ap=

S S

S S

• ~~~~~~~~ ~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~ - ~~~~~~~~~~~~ -— • _ •
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(Fn)
2

’

F 
( F )

3 
(F~)

3
F = Fn -

S S

• (F
~
)t.i

Since the iterative procedure is repeated at each instant t, the ind ex j was

set to zero each time consistency was reached at one instant. ~uantities

l abel ed with the subscript j = 0 are then the trial distribution required to

initiate the iterative procedure at the next instant of time.

Scharfetter and Gumme l (2] solved a simi lar set of equations for a sil-

icon Read diode oscillator. Their equations did not directl y contain a dis-

p l acement current component. Therefore, after using the difference approxi— F

ma tion in Poisson ’s equation and the continuity equations, the following set

of equations were obta ined :

d~(N) 
= g(N) — EJ~ (M) — J~ (M— 1))/Ax (65)

d~(N) 
= g(N) + CJ~(M) — Jn

(M
~
i)]/A* (66)

E(M) - E(M~1) 
= ~~~ (p(N) — n(N) + ND(N) — NA (N)] (67)

where the Mth point is located midway between the major mesh points N + 1

• and N. The current equations were taken as:

= q M~PE — KT -~~~~~ 
(68a)

• 
~n = q 

~~~ 
+ KT Un (68b)

It was noted that substituting expressions (68a) and (68b) in (65) and (66)

_______________________
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l eads to a numerical instability whenever the voltage change between mesh

points exceeds 2KT/q. Therefore, equations (68a) and (68b) were treated as

differential equations in p and n with 
~n’ 

‘pp’ ~n’ 
11p’ and E assumed con-

stant between mesh points. The so lution of these then relates 
~n 

and J~ to

the other variables as follows:

P(N)U (N) P(N+1)~ (N)
I F~~~~ — elMs r P + __________________
“p”1 — 
“ ‘(i—exp(—E(M)Ax)) (1—exp(E(M)ax))~ 

w7a

fl(N+l)Un
(M) fl(N)u~(M)

= E(M) (1—exp(—E (M)&x)) + (I—exp(E(M)~x)) 
(69b)

The hole and electron concentrations were presented by the two component

vector Y; where,

0
Y=f (Y ) -

i.e., the t im e derivative of Y equals some ~~~~~~~ function of y. If

is the initial va l ue of Y, and ~Y is the deviation from this value as time

increases; and,

y(t) = y
0 + ay(t ) (70)

If N, f, and 6Y were ordinary numbers, the sol ution of (44) is:

6y(t) = (eMt_l) f/N

or 

—~~~~~~~~~~~~ -- -~~ F. _ • - -~~~~ - - — - - — 
-
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6y(t) = f•t(I + Nt/2 + (Mt)2/6 + .., )

For sm& l but f ini te  t ime step this can be wri tt en in the fol l owing form:

6y(t) = 
f t

1-~~~

or

(1 — .~~ .!. ) Ay = ft (71)

yl
The vector 

~n 
was defined as: = y2 where y1, y2, y3 are deviations in

the hole concentration, elec tron concentration, and el ectric field. The

right hand side of the continuity equation is defined as the vector as

f
fo ll ows: f = The vector equa tion tha t was so l ved for each incremen tN 2
of t ime is:

— M
N
) 

~
‘N~ 

= 2
~~0~N (72)

where

af
N =— ~~N

The matrix element s of N are defined by the expanded form of (72) shown

be l ow:

y y y
(XL) ( 1) + EXN] 1 + (XR] 1 + (73)N y2 N—i N ~2 N y2 N+1

+ (FL)M y3 
+ (FR)N y3 

= (RH)
N N
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where: (RH)N = 2
~~o~N’ 

the 2 x 2 matrices XL, XN, and XR are obtained by

taking the partial derivatives of with respect to y1 and y2 at mesh

points N—i, N, and N+1 respectivel y, while the two component vectors FL and

FR are obtained by taking the partial derivatives of with respect to y3

at mesh points N and N—i .

The boundary conditions were introduced by requiring that 
~n 

in equa-

tion (68b) is equal to the terminal current density at the N—contact and

that in equation (68a) is equal to the terminal current density at the

P—contact. In addition, the electric field at the two end meta llic contacts

is assumed to be zero.

Lee, Lomax, and Haddad (3] also sol ved a similar set of equations for

Si aval anche—diode oscilitors, using the implicit and expl icit techniques.

The recombination term was ignored in using the impli cit technique. In the

explicit method, the time space mesh shown in Fig. S was used to derive the

difference equations. The unknown parameters at the instant t = ~~~ were

obtained as follows :

Ku 
~

K + a t  5pj 3 t t K

K+i K 3N~N~ — N ~~+ A t  
~1 T t — K

— EK’~ + (li]
I — 

I—i * 3x t K+i

For each time advancement, the time step At is not a constant. It has to be

determined at each time step to satisfy certain numerical stability condi—

tions in order to insure that the numerica l mode l does not resu lt in oscil—

latory behavior and diverge.

_________________________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~
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In the impl icit method, the time space mesh shown in F ig. 2 was used.

The vector Q and the vector F were defined by:

(F] — FP — SP/at
FN — 

SN/a t

The objective was to find a difference equation to approximate the continui—

ty equation eval uated at the instant of time hal fway between the Kth time

step and the (K+1)th time step or:

(SQ]K+1/2 = CF)K4’~’2 = (f]K + .~~(F]K AQ (74)

a K AE+ - ~~~EF] ‘ -~~-

[aQ] _ frCF)
K . (aE] = 2[F]K (75)

Equation (75) is identical to equation (73) of Scharfetter and Gummel ,

althoug h the argument used 
- 
in deriving equation (75) was different . The

above equation is solved for each instant of time.

At the boundaries, it was assumed that the surface state density is

• high enough so that surface recombination velocity is infinite and the sem-

iconductor is extrinsic; hence the particle densities at the boundaries as-

sumed their thermal equilibrium values. For D. C. solutions with constant

curren t, the value of the electric field at the boundaries was chosen itera—

tivel y such that the space average of particle density over the active re-

gion of the dev ice was equal to the specified b C. cur rent .

As a conclusion, the expl icit method is very inexpensive for each ad—

vancement of at but because the size of £t is l imited by the stabil i ty con—

-— • ~~~ - - - - ~~~ $r~~~~~~~~t ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ - - — F- A.
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ditions, it may become expensive when the partic le densities are high, the

mobil ities are high, or when the simul ation is to be carried over a l ong

time durat ion. The implicit method is complicated and is more expensive for

each At, but it is more stable numerical l y. Al so, the time step At can usu—

ally be made very l arge. It has been observed that if the initial guess is

F not good the impl icit method sometimes becomes unstable when £ t equals in—

finity, i.e. for steady state cal cul ations. 

- • 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  - •  •. -- 
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CHAPTER Ill

• THERMAL EQUILIBRIUM CONDITION

This chapter describes a numerical method used to obtain an accurate

distribution for the electric field, the hole density, and the e l ectron den-

sity at therma l equi l ibrium . The therma l equi l ibrium sol ution is used as a

boundary condition for the transient problem as discussed prev iously in

• Chapter II.

In this formul ation one has compl ete freedom of choosing the semicon-

ductor device structure between the two ohmic contacts. Thi s accom-

pl ished by specifying the acceptor and the donor impurity distribution .

Although the formul ation presented could easily be modified to includ e de-

genera te sem i conduc tors, Bol tzmann statistics are assumed.

The thermal equil ibr ium cond it ion is, by definition, with no appl ied

voltage and no net current f low.  The solution is obtained by accuratel y

solvi ng Poisson’s equation:

— 
32V (x) 

= EP(x) — N(x) + N (x) — N~ (x)] (76)
3x2

A semiconduc tor device consists of bul k regions and transition reg ions.

As an examp le, Figure 8 shows the electron energy band diagram, and the po—-

tential variations wit h distance for a p+_N structure. By using the follow—

ing definitions:

= V (x) = EF(x) — E1(x) (77a) F

and,

-

~ 

--- F- •~~~~~~~~ F - - - ~~~~~~~~~~~~~~~~~~~ 



- 
~~‘- - •___-rF-

~~ fl•• • - _
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -- F- —---- F. - -
~~~~~

— 49 —

F 
P ti

E

—Th 
F.

(a) —- — ,~~~~~~
, ,

~~~~~~~

~~

—————— - - -

v (x) Er(x)
_E
~
(x)

(b) _ _ _ _ _ _ _ _ _ _ _ _ _

Figure 8. Band diagram and potential variation for

P~~t1 structure

(a) electron band diagram
(b) potential variation with distance

_____________________ 
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•(x) 4~ 
=$,,(x) (77b)

VT = KT/q (77c)

Each term of equation (76) is written as a function of •(x) as fol lows :

— ~
2V(x) 

= — 

a2:(x) 
= — VT ~~~~~~~ 

-- 

(78)

P(x) nj e (*) (79)

N(x) ~ ~~~~ 
(80)

N~(x) = ND
(x) (EF 

— E ) 
(81)

D

N~ (x) = NA (x) CE A 
- E

F)] 
(82)

t 
4+exp 

~~

where ED and EA are the donor level and the acceptor level as shown in Fig.

9. Al so,

EF — ED = (ED — Eg/2) + •(x) (83a)

and

EA 
— EF = (EA — Eg/2) — •(x) (83b)

Therefore equations (81) and (82) can be rewritten as:

-F- - • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~ • •• F- -F., • -- -~~
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(a)

Ec
E~~~4

• —— —— E
~ E /2

• E ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
ED 

g
A

1 (b)

FIgure 9. Donor and acceptor levels -

(a) for N-type
(b) for P—type
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N (x) = N
D
(x) 

[~ 
+ ~~ e~~

’
~] 

- 

(84)

N~(x) = NA (x) 
+ b e ~~~*)] 

(85)

where

a = e T~~
t) — Eg/2)

and -

~~ 
(E~ — Eg/2) -

b =  e

By substituting equations (78) to (80), and (84) and (85) into equation

(76), equation (86) results:

— ?.ft~
x) 

= (e~VT) 
(86)

[nie
_
~~*) — ~~~

,(x) 
+ 

~ + 
— 

4

In order to solve equation (86) numerical ly, the device is divided -into j
CM—i) spatial steps. The second order derivative is approximated by the

three—point finite difference formula. Therefore, for point .1 in Fig. 10,

equation (86) reduces to the fol lowing: • 

-

~~~~~~~~~~~~~~~~~~~ 
—~~(J1)HCJ) H(J1) = q

H(J) + H(J1) (e.VT)—U--;

~~~~~~ - -
~

----~~‘~~~~ 
F-F-F 41 ~~~~—~~~~-— -— —--—~~~- —--~~ - ~~~~~~ ——~~~~~~~~~ - - ~-~-
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e~~~~~- ~~ + 
ND(J) 

- 

4NA (J)

L1 n~e 1+2ae~~~ 4+be~~~~

or

= 0

= H(J)$(J1) — (H(J)+H(J1)),(J)+H(J1)~ (J2)

+ 
qH(J)H(J1)(H(J)+H(J1))

2.c .VT

F 

x ~~~~~~~ - ~~~~~ + __!~D~~ - 

4NA
(J) 

1 (87)

L ’ 
1 1+2ae”~~ 4+be ”~~J

Equation (87), for al l points 2 < J <N—i, is sol ved using a Newton—Raphson

iteration method. To start the iteration procedure, a first guess for •(J)

is required at each spatial point. This guess is obtained by assuming

charge neutrality throughout the who le device. Although this assumption is

not valid outside the bul k tegions, the solution of •(J) in the transition

regions will be corrected aft ’ r a few iterations.

Therefore at each spatial point the fol lowing non—l inear equation is

so l ved us ing Newton ’s Method.

— ) 
N (J) 4P4A (J)

FE+(J)] = n1e ~~~ —n~e
’ + D — 

— (J) = 0 (88)
1+2ae 4+be

A f i r s t guess for New ton ’s method i s easi l y obtained as fo l l ows :

For 
~~~~~ 

regions, ND(J) ~ N(J) and NA (J) = 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~ - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
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J—l J J+1
—~J1 —J2

Figure 10. Spacia l steps for therma l
equilibriu m case

- ~~(J1) oq (J )
______

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

•(J) •(J2)

Fi r

Figure II. Using the same points as space
charge points and f ield points

• ~ +(J) 
-

~
• •(J) •(J2)

0 -.

J I J2

FIgure 12. DIfferent space charge points
and field points
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N (J)
•(J) = ln( ) (89a)

ni

whi l e  for P—type regions, NA(J) 
P(J) and ND(J) 

= 0

•(J) = ‘
~~N (J)~ 

(89b)

Starting with either equation (89a), or (89b) the correction in ,(J), for

each iterat ion is:

a • (J) =
K+1

The iteration is repeated until a.K(J)/$K+l
(J) is very small. Then having

the space charge neutrality sol ution, the Newton—Raphson method is applied

to sol ve equation (87) as follows :

a~(J1) 
A~(J1) + a:CJ) A~

(J) + ao(J 2) A,(J2) = —G (90)

or

A~A$(Ji) + B~as(J) + C~as(J2) = D~ (91)

This procedure is repeated for CM—i) spatial points. Using the boundary

condition of .}
~
. = 0 at the ohmic contact or:

a~(i) = a~(2) (92a)

= a,(M—i) (92b)

The following matrix equation results:

_ _ _  
-F— - - -~~~ -~~~-~~~~ -~~~~~ - -— 
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a~(2)
B2 C2 a~(3) 

D2

A3 B3 C3 
.. .

A~ B~~ C,~ a~ (J) = 
D~

A~ .1 BM_i .

A,(M—i) D
- N-i

Equation (93) is solved for each iteration by using the algorithm of Appen-

dix B. The iteration is continued until A~(J)/~(J) reaches a very sma ll

number for 2 < J < N—i . Knowing the exact spatial distribution of •(x), the

el ectron and hole distributions are easil y obtained from equations (79) and

(80).

To cal cul ate the electric field, one has to keep in mind that the zero

el ectron and hole currents are the main numerical constraint for thermal

equi l ibrium. At this point we have to make a decision on whether to use

different space—charge points and field points, or to consider a ll points as

space charge and fiel d points. Al so a decision has to be made on whether to

calcu l ate the electric field direct ly from Poisson’s equation, or to calcu-

l ate It from 
~n 

= 0 and J~ = 0. In the following discussion, these four

possibilities are investigated and compared with each other.

(a) Using the same points as space charge points and field points:

The following quantities are defined according to Fig. ii.

•CJ) =

- - - - F - - --  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •  —~~~~~~~~~~~~~--- -- 
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a,(J1) = •(J) — •(J1)

A~CJ) = •(J2) — 6(J)

SN(J) — -N (J2) — N(J1) — 

n1 16(J) + 86(J) •(J) — a$(J1)
ax — 

28* 

_
~~~~L

e — e

= ~~~~~~~ [e~~’~~ — e t
~6(h1)] (94)

3p(J) 11i r— ,CJ ) — a,(J) —e (J) + A, (J1)1
Sx — e  

J

= ~~~~~j ) 
[e

_86 (D — e86(u1~~] 
(95)

VT’N(J) 4A (J) _AA (J1)
- JN(J) = qu~(E(J)1N(J) + 2ax Ce ‘ —e ‘ )) (96)

JP(J) = qp~(E(J)’P(J) + VT•PCJ) (e86C
)_e 8~~

hJ))) (97)

(I) Using Poisson’! Equation:

E(J) = = _viC46U~~8 ~~~~~ (98)

If a~(J) and A6(J1) << 1, the exponential terms of 
equations (96) and (97)

can be approximated by a linear term and onl y then JN and JP w ill have a

zero value.

The total potential variation across a typical transition region, as

shown in Fig. 8, Is about 0.8 volts, if this region is divided into a 100

spatial points, the average value of a,(J) will be given by:

F.
~~~~

-F-•_ ~~~~~~~~~~~~ - • • 
~~~~~~~~~~~~~~~~~~~~~ - -
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As(J) • 0.3 which is not << 1

Therefore, this method requires a very l arge number of spatial points, which 
F

makes it difficul t to use.

(ii) Using the current equations:

In order to calcu l ate the el ectric field from equations (96) and

(97) so that JN = JP = 0, A6(J) has to be equal to A6(J1), which is not the

case, ex pe c i a l l y  if a non—uniform mesh is used.

(b) Different space—charge points and field points:

Followi ng the same argument as in (a) and using Fig. 12, we get:

aNd ) 
= ~~ ce~~~ 

+ 86(J) 
— ~~~~ (99)

F = 
N(J) te 86

~~~ — 1]

aP(I) 
= 

fl j 

~~~~~ 
— e~~~

’2
~ 
+ 8$(J) 3 (100)Ax

P(J2) 
~ —

f o r E < 0 :

JN(I) = q~i~EE(I)’N(J) + 
VT N(J) (eA

~~
D_l)] (101)

JP(I) = qp~(E(I) P(J2) + VT~~~J2) (e8~~~~—l )] (102)

(1) Using Poisson’! Equation:

- - F - - F - - F -F- ~~~~~~ -- - - •  F- - - -
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E(I) = -.~~~Ia,(J) 103

As in case (a— i) , the use of Poisson’s equation requires a very l arge

number of spatial points to insure that JN = JP = 0.

(Ii) y~j~j  the current equations:
From equations (101) and (102), one can easily obtain a va l ue for

the electric field to satisfy the zero current requirement

E(I) = 
VT (1 — e8~~~~) (104)

F Therefore the el ectr ic field is cal cul ated using equation (104) .

It should be noted that for smal l values of A~(J), equation (104) can

be approximated by equation (103). Therefore, In order to satisfy both the

zero current condition and Poisson’s equation, A4(J) shoul d have a smal l

value inside the P’~N transition region. As a resul t, a uniform space—mesh

is safe to use in the case of a low doped N—region, w h i l e  for hi gh doping

where the potential variation in the P —N transition region is large, a

nonuniform space—mesh is necessary.

Although all the formul ations and numerical methods appl y for any two

termina l one—dimensional semiconductor device, from now on we w i l l  be con-

cerned with discussing and presenting the results for the P’—N—N ” d iode

structure.

F Device under consideration:

The typical construction of a semiconductor P”—N—N” diode is illustrat—

ed in Fig. 13. The junction may be circul ar with a diameter of 3 m ils to 5

mils. The l ightl y doped IC bul k semiconductor may be doped from iO 14/cm3 to

1016/cs3 and has a thickness (w) from 10 microns to 300 microns. The

P’—region is heavily doped fro 1018/cm3 to- 1020/cm3. The N
4—region is 

- - .,~ --F- — —‘-—-‘-.—~~ ~~. -• -— --— - - -  - • - 5- ~~~~~~~~~~~~~~~~~ •, __~~~~ ~~~
__
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FIgure 13. Cross section of a typ i ca l P+N
_
P
+ 
Junction. 
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doped at about 1019/cm3, and its thickness (b) may vary between 10 and 25

mils.

The doping profile of both the p~ and the N’ regions is approximated by

the complementary error function distribution as in equation (105).

C(x,t) = C erfc C ~ ) (105)
2~~~~

where:

C~ is the constant surface concentration

D is the diffusion coefficient

t is the diffusion time required for C(x,t) to

reach the doping concentration of the N—type

at the physical junction location x.

In this chapter, the thermal equi l ibrium solution is presented for two

device structures. The first device has a low doped N region of iO’14/cm3

and a total l ength of 10 microns. The meta’l urgical junction of the

transition region is located at a distance of 1.6 microns. Figure 14 shows

the uniform space mesh used with 198 spatial steps, 198 f ie l d po ints, arid

199 space charge points; only the space charge points are indicated in Fig.

14. Figures 15 and 16 show the electric field spatial distribution and the

carrier density distributions.

The second device has a total length of 20 microns. The doping density

of the N—region is chosen to be equal to 2.64 x 1015/cm3 in order to ma tch

the fabricated device discussed in Chapter VI. A non—uniform space-mesh is

used with 239 spatial steps, 239 field points, and 240 space charge points.

As discussed before, the point density -is highest inside the P1—N transition j
reg ion, to insure a smal l potential variation “8

~r~~~” 
Figures 17 and 18

show the electric field distribut ion and the carrier density distribut ions

F- 
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of the second device.
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FIgure 14. Uniform time—space mesh . 
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CHAPTI R IV

REVERSE PULSED CASE

In this chapter, the numerica l techn ique and the formu l ati ons of

Chapter II are used to sol ve for the transient behavior of the two

structures previousl y considered in Chapter III.

The dev i ce of 10 m ic rons l ength and 1O ’
~
4/cm3 doping density is con-

sidered first . The thermal equi l ibrium conditions of Figs. 15 and 16 in

Chapter III are used here as the initial conditions. The external excita—

tion is -in the form of a negative current step, of —10 amp/cm2 amp i itude,

and 0.1 nanosecond rise time. The numerica l sol ution simul ates the device

trans ient behavior, between the therma l equi l ibrium and-the steady state.

The time step “A t” is chosen, when im pl ement ing the computer program, in

such a wa y tha t a converged so l ution is obta ined af ter a max imum of f ive

iterations for each instant of time. If not, a new At is chosen.

Fig. 19 shows the appl ied current density vs. time, along with the

ouput voltage vs. time. The time axis is divided into three regions, A, B,

and C. Region A describes the behavior between therma l equilibrium and

punch through of the N —region . Region B is the period between punch

throu9h and the beginning of impact ionization. Region C describes the

avalanching period unit l a steady state sol ution is reached . 
—

The spatial distributions of the electrons and holes, displacement

current density, carr ier curren t dens iti es, and electric field for the in— —

stants of time indicated in Fig. 19 are shown in Fi gs. 20 through 38.

The transient sol ution of region A is shown in Figs. 20 to 23. Immedi—

.s.Iy after the current step application , the electric field will change in

~~i sr~od of time In order to support the total current . Therefore,
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the displ acement current component will be equal to the total cu r rent

throughout the whole device according to the followi ng equation :

J(T=0’) =

Shortly after the step application , the build—up of ohmic voltage across the

heav i l y doped P’—region causes the total current to be carried by the major-

ity carriers (holes) instead of being carried by the displacement current .

Simi l ar l y, in the N — N ’ region, the total curren t wil l be carr ied by ma jori-

ty carriers (electrons). In the P+_N depletion region, the carrier densi-

ties are very sma l l, too sma ll to support any current . Therefore, the total

cur rent will still be carried by the displacement current component as shown

1in Fig. 21. At this stage, the .~~ . 

~~~~~~~~ 
term of the electron continuity

equation near the dep le tion region is negative in the N —  region. Also , the

1
aj +

— .~~ . . E  term of the hole continuity equation is negative between the P —

region and the dep le tion region as shown in Fig. 20 for times t1 to to.
Mathematically this causes recombination of majority carriers near the de—

pletion region. Physically it represents extraction of majority carriers,

or in other words, depletion . This carrier depl etion is shown in Fig. 22

for region A. As the N —region continues to deplete, the disp la cement

current component replaces the electron current component. Therefore, the

el ectric field increases negatively in the depletion region until punch—

through at time t6. These electric field distributions are shown in Fig. 23

for region A.

In Region B, the curren t is m ai nl y carr ied by the d ispl acemen t curren t

in the N —depl eted region as shown in Fig. 25. The carrier depletion con—

tinues at a much slowe r rate as shown in Fig. 25. The el ectric field con-

tinues to increase negatively until It approaches the avalanching val ue of
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about —2x105 volt/cm at time t13 as shown 
in Fig. 27.

Region C describes the avalanching part of the transient behavior as

expl ained graphically in Figs. 28 to 35. In the first part of this region,

the electron and hole impact ionization coeff ic ients increase very rapidl y

as the electric field continues to increase .

At this point, it shoul d be noted that since no acceleration terms are

present in the equations, the response of the carriers to the electric field ‘

in a computer simulation is instantaneous. Whereas, it is known that some

time del ay does occur due to the fact that a particle needs time to ac—

celerate and fu lly respond to the appl ied field.

Therefore, the rapid inc rease of the impact ionization coefficients

causes the carrier densities to reach a high l evel . These large carrier

densities combined with the high electric field result in the particle

current density components assuming values which are higher than the exter—

nall y appl ied current density. This in turn causes the displ acement current

to switch to a positive value . This situation is illustrated by the curves

of the time instant t19 in Figs. 28 to 31.

As soon as the magnitude of the electric field drops, the impact ioni-

zation coefficients and the particle currents decrease, and again a large

portion of the total current is carried by the disp l acement current corn—

ponent as illustrated by the curves of the time instant t20 in Figs. 32 to

35. This trade—off between the partic le currents and the displacement

current causes the output voltage to fluctuate around an average value as

shown in Fig. 19 untIl near steady state where the particle 
current densi—

F 

ties repl ace the disp l acement cur rent component as shown In Figs. 32 and 33.

At steady state, the displ acement current component vanishes throughout the

whole device. Al so, the generation rate due to the avalanching mechanism is

Ill

_ _ _ _ _ _ _ _  -~~~ .~~~~~~~~~‘ 
F- F- F- - - F--

~~~~~~~~~~~~~~~ - -- --‘ -- -,~~4aL.g... sa.. - - - - &_~~ A~~~~~ 

_5_F~~_5___ -5F-~~~~~ -F-5--F- F-~~~ -F-’- —-‘ - — ‘ ~ ~~~~~~~~~~~~~~~ ~~.- ~~~~~~~~~ •F-F-SF-••j• I& -



_____ 5-~~~~~~~:’ F---F-~~~~~~~~~~~~~ ’ -

- - 76-

-2.00

N .3.00~ 
- I

I ,I I
~

~~~7.33J

I I 

I

.00 1.00 2.60 
~~ DEVI~X LENG~.M It. MtC~

’
~ .S 

7.00 6.0* 9.00 IC.CC

Figure 24. Electron and hole current density distribution for
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ba l anced by the rate of carriers extraction, and the Shock (ey—Read—llall

recombination rate. In other words, the two continuity equations reduce to

the following two equations.

aJ
G — R +~~ ~

_
~!i (106)

aJ
G — R — 1  ~~ (107)q 3x

where:

G = aJJ n J + aIJ~ I

— 

pn — r 4
R — T0

(~+n+2n~
)

From equations (106) and (107), it is clear that at steady state the

following condition has to be satisfied

aj aj

-~~~~~~~

The steady state sol ution is shown in Figs. 36 to 38. The solution in

Fig. 19 is obtained by dividing the time axis into a thousand non—uniforml y

spaced time steps. The time steps have relative l y smal l values ir~ regior A,

where the time variations of all the physical quantities are chang ing ve ry

rapidly. In region B, the time steps are made larger since the e lectr ic

field is mainl y the variable quantity. In region C, the time step is re—

duced again In the avalanching period. As the steady state approaches, the
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time step coul d be adjusted to a very l arge value without any l oss of accu-

racy. This is one of the very important advantages of using the iterative

impl icit technique.

The time l evels of the different points indicated in Fig. 19, along

with their time step number and the output voltage are summarized in Table

2.

Similarly, the transient behavior of the second device of 20 microns

length and 2.64 x 1015/cm3 doping density is presented in Figs. 39 to 51.

The therma l equi l ibrium conditions of Figs. 17 and 18 in Chapter III are

used here to initiate the transient solution . The external excitation is in

the form of a negative current step of —100 amp/cm2 amplitude, and 0.1 nano

second rise time.

Figue 39 shows the external appl ied current density vs. time, along

with the output vol tage vs. time. The spatial distributions of the electron

and hole current densities, the displacement current density, the carrier

densities, and the electric field for the instants of time indicated in Fig.

39 are shown in Figs. 60 to 51. There are main ly three differences between

this device and the first device previously considered:

(1) l onger device

(2) higher doping in the N —region

(3) l arger ampl itude of the externally appl ied current step.

The second difference causes a slower rate of the N —region depl etion,

which is combined with the first difference result in a partia l depletion of

the ~C—reglon at steady state. The second and third differences are respon—

sible for the higher el ectric field, and for more voltage fluctuation near

steady state. -
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Table 2. Output voltage as a function of t’me

‘eg Ion Time Level Time In Numbe r of Outpur Vo tage
Nano Seconds Time Steps in Vo l ts

t1 0.2 20 — 0.606

t2 04 40 - 1.38

0.6 60 - 2.38
A

0.8 80 — 3.62

1.0 100 — 4.99

_ _ _ _ _ _  

t6 1.2 120 — 6.4

t7 
1.5 180 — 8.56

t8 2.1 240 - 12.93

- t9 3.0 360 — 19.58

B 3.8 400 — 25.56

11.4 520 — 83.84

t12 14.4 
- 

580 -107.31

19.5 750 — 14 7.5 8

t14 23.5 800 -179.43

- 
I t15 24.5 810

t16 25.5 820 -194.63

t17 26.5 830 —202 .65

C t18 27.5 840 —210.68

28.5 - 850 —?18.44

t20 29.5 860 —210.68

t21 31.5 880 —212.24

37.5 940 —213.05

steady 38.0 945 —213.04

state t24 43.5 1000 —213.04
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Figures 40 to 43 demonstrate a very interesting phenomena in the sense

that after time t3 (=1.8 nanoseconds) both carrier depl etion and avalanche

mu ltiplication are simultaneousl y present. This is due to the triangul ar —

shape of the electric field. Therefore, the hi gh electric field near the

meta l lurg ica l juncti on causes ava l anche mul tip l ica tion, while the negative

terms of .
~~~ ~~~~~~~ 

and — 
~~~ ~ in the 1 o-w field regions, away from the junc—

tion, cause carrier depletion . This is very clearl y illustrated in the

curves of the time instant t5. Figs. 44 to 47 show the spatial distribu—

tions of the different quantities at one of the voltage fluctuating time in—

stants t6 (= 4.8 nanoseconds), while Figs. 48 to 51 show the steady state

sol ution at time instant t7 (=8 nanoseconds). The time l evels of the dif-

ferent points indicated in Fig. 39, along with their time step number and —

the output voltage, are summarized in Table 3.

To summarize the reverse pul sed conditions, the device with low doping

density and short W—region depletes at a relativel y fast rate until punch

through is reached. The el ectric field increases uniformly in the

N —region, until the onset of ava l anche by impact ionization. On the other

hand, the device with high doping density and l ong N —region does not ful l y

deplete. In this case the electric field increases while keeping its t n —

angul ar shape in the depl etion region until it reaches avalanche. In both

cases, the steady state condition is satisfied when the rate of generated

carr iers via avalanche mu ltip li ca tion is ba l anced by the recomb ination and

depletion rates as shown in equations (106) and (107).
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as shown in Figure 39
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Table 3. Output voltage as a function of time for Figure 39

Time Level Time in Number of Output Voltage
Nano Seconds Time Steps In Volts

0.6 60 — 7.913

• 120 — 22.895t2 1.2

t
3 

1.8 180 — 45.16

t4 3.0 240 —117. 86

t
5 

3.6 300 —166.68

4.8 420 —142.99

t
7 

8.0 560 —150. 2

I

-

-

- I
-4

- 
— —_•-_ --—.—- - --—-— 

~~
- - — —

~~~~~~~~ 
- ••— ~~~~~~~~~~~~~~~~ - - .. • —••. _. - -•——-_ — - - - - -  -



_~~ • _ • _ ~~~~~~~.~~~~~~
, _ _ _ . _ _ ..~~

__.

— 108 -
Ep~T1 /

FSE T K — K  ~1
‘I,

- 

L.~!T_X — IPI1TIAL COPIDITIOH 
-_________________

~~~~1 u O

4’
USE EXPLICIT METHOD TO COMPUTE IN ITIAL GUESS

FOR

USE TO CALCULATE DER IVATIV E REPLACE~IE1~T
OP ERATORS 

-

PLUG OPERATORS TO GET 
-

F(X ~~1)

If
CALCULATE J(x~~) I

ISOLV E J(X~~ 
- F(X~~~) 1

C ON V E RG ED?
NO 

1K K + l J
YES - uo

E(X)dx — V( t) 
____

PRINT 
K ~ ~~~

Figure 51. Pure implicit technique flow chart 

•~~~~~~ •_ ~~~~~ _ _ __ _ _ _  ~~~~~~~~~~ 



-_.-- ~~~
-w____ 

~~~~~~~~~~ ~~~~~~~~~ 
-,--••_, _

~~~~~
—

~
— -

c;A:::R v 

/ /

- 
FORWARD PULSED CASE —

The iaain purpose of this chapter is to explain the unexpectedly hi gh

voltage which appears across the P’~N~~N
’ structure when pulsed with extreme

current densities in the forward pul sed direction . A qualitative discussion

is presented first, followed by the computer simul ation results using the

conventional Shock ley— Read— Hall recombination term in the two continuity

equations. Discussion of the resu 1ts leads to the prediction of an effec—

tive transient lifetime which varies with t ime and reduces to its equilibri-

um value near the steady state condition.

In the P+_N__N+ structure, there are four regions wh ich may give rise

to the unexpected high voltage acr oss the device, the heavil y doped p~ and

N+ regions, the P’—N t ransition reg ion, and the N region. The heavil y

doped regions operate under low l evel injection conditions; therefore, their

ohmic voltage drop is almost nonexistent. The voltage across the

transition l ayer is very small due to the forward biased condition . There-

fore, the l ow—doped N region must be considered the cause of the l arge vol—

tage. This can be explained by considering the behavior of an N—type scm—
— iconduc tor at an ex t reme current density. At relativel y low current densi—

ties bul k silicon will obey Ohm’s Law and the current density is given by

equation (109) and (110).

=

(109)

(110) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where,

N = electron concentratIon, #/cm 3

q = 1.602 x ~~~~~~~~~~~~~~ coulom b

= mobi lity, cm2/v—sec

t = electric field , v/cm

V
d 

= avera ge dr i ft ve l oci ty of the carr iers, cm/sec

This relationship is valid at low values of electric field. At larger elec-

tric fields (or current density) the mobility will become field dependent

[5) as shown in Fig. 52.

At el ec tr i c fie l ds below the cr iti ca l va l ue for ava la nc he breakdown,

the electron concentration is constant. The resistance of the bul k region,

therefore, increases as the electric field increases. Since Fig. 52 is for

very pure material , for doped ma ter ia l one woul d ex pec t the slope to be —

smaller at low va lues of the el ectric field. However, in both cases at an

e l ec tric fie l d of about 2 x ~~ v/cm the electron velocity approaches a

scattering—limited value of about iO~ cm/sec. Much higher electric fields

are required for ho l es in s i licon, 2 x 1O5 v/cm before the scattering l imit—

ed ve locity is obtained. For N—type si l icon an app lied f ield in excess of

v/cm, the velocity being scattering— limited , Imp l ies a large resistivi—

ty. Or, looking at it from the current standpoint, by using equation (110), 
-

_ _ _ _  ~~ ~~~~~~~~~~~~~~~~~ -
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• 

= qN~~ = x 1.602 x IO~
19 x io~ = 160 Amp/cm

2

in the hi gh resis tance region, for an N—region doped at 1O 14/cm3, where

N 
~ 

ND, below avalanche. This impl ies that the lar9er the N—reg ion is

doped, the l arger the current density needed to p lace it in the high resis—

tance region. If the bul k N—reg ion is 7 micron s, then,

V = 2 x 1 0 4 v / c m x 7 x l O 4 = l 4 volts.

This voltage appears across the bul k region alone, independent of the junc-

tion being forward or reverse biased.

At current densiti es l arger than 160 Am p/cm2, vd cannot increase;

therefore, the electric field increases to the avalanching value to generate

enough carriers to support the larger current density. This occurs at an

el ectric field of about 1.5 x 1O~ V/cm for electrons in silicon . In this

case, the vo lt age across the bul k region is at l east,

V~~~1.5 x 1O5 x 7 x 1 O 4 105 volts .

In the diode struc ture, these bul k effects are coupled with the junction ef-

fects. As discussed in Chapter II, the time variation of the minority car-

ries follows the time variation of the electric field due to the relaxation

time constant being shorter than the transit time.

To study the behavior of a P~—N—N
” diode following the application of a

• low l evel current pul se, we assume that the diode is init ially at therma l

equi l ibrium. To insure that the device w i l l  reach a fina l steady state be—

fore the pul se end, we assume that the pul se width is greater than five

times the transit time of the N region. Immediately after the pul se appl i-

cation, the electric field wil l change in a short period of time in orber to

support the total current . Hence, the displacement current component will

~ 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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be equal to the total current throughout the dev i ce according to the fo ll ow-

ing equation:

J(t = O~) = £ 
~~~~~ 

(111)

As time proceeds, one can investigate four separate regions. After a

time of the order of the dielectric relaxation time constant in the two

heavil y doped regions, the build—up of ohmic voltages causes the total

current to be carried by the majority carriers (holes in the p+ region and

e l ec trons ir the N+ region).

Similarly , in the l ow doped region, the majority carrier current will

repl ace the disp l acement current after a period of time of the order of the

dielectric relaxation time constant in the N —region. In the P”—P ( trans i-

tion layer, the minority carriers start to diffuse and charge the transition

la yer capacitance. This phenomena needs a period of time in the order of

I I the transit time, during which the hole and electron currents repl ace the

disp l acement current in the transition l ayer. 
+ — + . .If a l arge current pulse is appl ied to the P —N —N diode, ini tiall y

the voltage that would appear across the diode will be the sum of the vol—

tage across the transition region and the ohm ic vol tage drop across the N

region, as discussed in the low current pulse case, except that the ohmic

drop in this case is much l arger due to l ower mobility of the carriers at

the higher electric field . As the minority carriers start to diffuse, the

N region wi ll operate under high Injection conditions, conductivity modul a—

tion wil l start, and the voltage across the N —reglon will begin to decay

with a time constant approximatel y equal to the transit time.

If an extremely Intense current pul se is appl ied, the l arge current

density wi ll initially be carried by the displ acement current component.

L _ _  
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The majority carriers in the N region w ill not be sufficient to repl ace the

displ acement current; therefore, the electric field increases very rapidl y

to crea te ava l anche, which in turn generates enough majority and minority

carr iers to repl ace the displacement current. In this case the N region is

under hi gh l evel injection, and yet the vol tage appea ring across the dev ice

is very high. As the injection and diffusion process has time to take

place, the electric field necessary to support the current decreases.

In the remainder of this chapter the numerical method of Chapter II is

used to solve for the trans ient behavior of the P+_N_N+ struc ture, with

external excitations in the form of current steps with different amplitudes

and rise times.

The device under consideration is the first device presented in Chapter

III w ith a l ow doping region of 1014/cm3, and 7 microns width. The total

device l ength is 10 microns. The N —reg ion “life time” is 4 x IO~~ seconds.

External excitation in the form ofa low current step

A relat ively low current step is first appl ied to the device initiall y

under therma l equi l ibrium . The therma l equilibrium solution is described by

Figs. 15 and 16 in Chapter III. The current step has a rise time of 1.25

nanoseconds, and an ampl itude of 1 ampere/cm2. The response of the device

is il lustrated in Figs. 53 to 57. The termina l voltage v(t) as a function

of time is shown in Fi g. 53 along with the externa l excitation J(t). Figs.

54 to 57 show the electron and hole current density components, the dis-

placement current density component, the carrier densities, and the e l ec tr ic

field as functions of position for various Instants of time .

Immediately after the current step appl ication, the current will be to-

tally carried by the disp l acement current component according to equation

(111). As soon as any electric field is established In the heavily doped 
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regions, the current wi ll be carried by the majority current component.

This situation is illustrated in Figs. 54 and 55 for the time instant

where the total current is equal to 0.2 amp/ cm2. At this time l evel , the

current is partia lly carried by the majority carrier component, and partia l—

ly by the disp l acement current component in the low doped region, while it

is totally carried by the displ acement current component in the depletion

region. A positive disp lacement current means an increase in the electr ic

field, or l ess negative value as shown in Fig. 57. After a short time, the

current in the N —region will be totally carried by the majority carrier

component. This occurs within a period approximatel y equal to the dielec-

tric relaxation constant of the N —region. This is illustrated by the

curves of the time instant t2, where the displacement current is still equal

to the total current in the depletion region. At time l evel t3, the dep le—

tion region becomes narrowe r due to the increase in the electric field , and

to some carrier diffusion across the junction. This causes the electron

current component to further repl ace the disp l acement current component on

the right side of the depl etion region. At this point, it shoul d be noted

that one of the ma in di fferences between a forward biased junction and a re-

verse biased one, is the sign of the spatial derivatives of the electron and

hole currents near the depletion region. In Chapter IV it was shown that

these two terms cause carrier recombination or in other words carrier deple—

tion near the reverse biased junction. From Fig. 54, it is clear that the

! and — 

~~ ~~~~~ 
terms of the partic le continuity equations are posi-

tive near the depletion region. This causes electron diffusion from the

N —region to the P1
—region, and hole diffusion from the p~—region to the

N —region. As time proceeds, these carrier diffusions increase and cause

the electric field to decrease in the N —region and al so cause the displace— 
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ment current to decrease in the depletion region. This process continues

unti l steady state, where the disp l acement current goes to zero throughout

the enti re dev ice, and the tota l current is carr ied by both e l ec trons and

holes as illustrated by the curves of the time instant t6 (which is near

steady state). It should be noticed that after a time of the order of t2,
the disp l acement current in the N—region is almost non—existent compared to

that in the depletion region. Therefore, any time variation of electric

field inside the N —reg ion does not affect the output voltage for this l evel

of injection .

External excitation in the form of extremel y high curren t step

An extremel y high current step of 1O~ Amp/cm
2 amp l itude and two pico

seconds r ise time is app l ied to the P+_N _N+ structure. The computer simu-

la tion results are ii t ustrated in Figs. 58 to 69 for nine instants of time.

Shortl y after the step application Ct 1 and t2
), the current in the heavil y

doped regions is carried by the majority carrier components, while the dis-

placement current equals the total current in the low doped and the deple-

tion regions. As shown in Fig. 59, both quantities — ~f~.!j near the

P+_region, and 1 near the N’— reg lon are positive and have very l arge

values due to the high current l evel . On the other hand, the quantities

— j near the N~—region and 
~ 

I.~~
.!.!

I 
near the P+_region are very sma ll.

This causes a ver y l arge number of ho l es to di ffuse from the P+_region to

the tC—region, and a sim i l a r  amount of e l ectrons to d i f fu s e f rom the

N”—region to the N —region. In other words, the P’—N and the N~—N transi-

tion regions show identical behavior. This increase of the diffused car-

riers causes the hole current to repl ace the displ acemen t curren t in the

left side of the N —region, whi le the electron current repl aces it in the

ri ght side. Al so it Is clear from Fig. 62 that the electric field increases

- — - --...-- — _ -- --- - -.——‘-- - -  — - - ~~— — -  — - ---~~- ---~~~—~ - —.---—— — —--~~~~——--~~‘ 
- - - ‘.
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very rapidl y with time, due to the large disp l acement current value, until

it reaches an avalanching val ue. At first Ct1 and t2) the avalanche mu lti—

plication effect is noticeable in the hole increment . As the electric

fiel d, the e l ec tron current, and the hole current increase, the ava l anche

multi p l ication gets l arger. As a result, the ava l anched carriers star t to

play a role in current transport as shown for time instant t3. This process

continues in Figs. 62 and 64. The carrier l evels increase due to diffusion

and avalanche mult ip l ication, the par t ic l e currents increase, and as a

resul t, the di spl acement current decreases, then switches to a negative

va l ue as the particle currents become larger than the external app l ied

current. This causes the electric field to decrease In the N ’-region, and

consequentl y, the output voltage decreases as shown in Fig. 58.

To reach a steady state, the displ acement current and the time varia—

tion of both holes and electrons should go to zero values or,

JN + JP Jt (112)

2PN — n.
r0(P+N+2n~

) 
= — .

~~

. F}i~1 
= 13JN 1 (113)

equation (112) is satisfied for time instants t8 and t9 as shown in Fig. 67,

but the condition of the fol l owing equation is also satisfied,

2
4 ,~~~ 

,, ,~~, 
P N — n 1

.!. ~~~. = ! .  .!.~~ > >  ‘ (114)
q ax q ax r0

(P+N+2n
~
)

This is again due to the high current values. Equation (116) causes

the carrier l evels to keep risIng throughout the ent i re device until the

minority carriers in the heavily doped regions become comparable to the dop—

___  
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Fi gure 59. Electron and hole current density distributions for time
Instants t1 to t3 

as shown In Figure 58
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FIgure 60. Displacement current density distribu tion for time instants
t1 to t3 

as shown In F gure 58
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ing density, which causes the current at the ohmic contacts to be carried by

both ~he minority and the majority ca rriers,, in such a way as to reduce the

par t i cle current derivatives and to satisfy equation (113). This situation

continues until t9 where the output voltage drops to a value of 2.1 volts

without reaching a steady state.

From the results presented previousl y, it is clear that although the

present formul ations are adequate in exp laining the transient response for

rel atively low current densities, it fails to give a physical exp l anation

for extreme current levels , where the device is too far from the equilibrium

condi tion. This is mainly because in the forward bias case, the present

formu l ation does not provide a means of ex trac ting any pl asma formation in

the N —region. Having that in mind, the transient response of the previous

sec tion is reana l ysed dur ing three stages, the excess diffus ion stage near

t 0, the impact ionization stage, and near steady state where the displ ace—

ment current is very sma ll .

The excess diffusion stage and the transient lifetime prediction

The transient behavior near t = 0, for example time instants t1 and t2,

is shown in Figs. 59 to 62. The time rates contro lli ng the electron and

hole changes are described by the two continuity equations:

aJN (11 5)
It q I~~

and

~~~~~~~~~~~ R + G — 1 aJP (116)
It q ax

where

______________________________________________________ — — — - -  , . - ,.,,, a~~tr t- I -
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P N — n ~R — t0
(P+N+2n1)

and G assumes a sma ll value at this stage.

The extremel y hig h value of compared to 
~~~~~ 

in the p4—~i tran-

sition region causes the number of holes to increase at a much higher rate

compared to the increase in electrons. A similar situation develops in the

N’
~~N trans it ion region causing a l arge increase of electrons compared to

holes. Whereas, it is known that in a neutral or in a quasi—neutral region,

there is the restraint on the system that the net change in negative charge

is balanced by a change in the positive charge [7]. It is also known that

in case of l ow l eve l injec t ion, due to the complicated nature of the two

continuity equations, it is customary to solve a simp lified continuity equa-

tion which controls the time variation of the minority carriers. Then the

assumption of A N = A P is usua ll y used.

The above discussion suggests that the two recombination terms in equa-

tions (115) and (116) may not be equal , especial l y when the device is too

far awa y from equil ibr ium, as in the present case. Bl akemore [8) pointed

out that these two recomb ination terms c~n be different in the two continui-

ty equations, and that there is a hope of finding equa l terms only in ca re-

fully purified semi conductors of small intrinsic band gap width at high tem-

peratures, when band—to—band processes dominate the recombination behavior.

Therefore, the two continuity equations are rewritten with different recom—

bination terms as fol l ows:

2PN — n.aN — — 
1 + G + 1 a~ (117)

It — r~(P+N+2n1) ~

- - - . -  --- - _ _  _ _- - - - - - - _ _
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= — 
‘r~(P+N+2n~) 

+ G — 

* I}
~1 

(118)

The trans ient l ifet imes rn and are adjusted in such a way to l imit

the increase of majority cas to that of minority carriers in the two heavil y

doped regions, which norma lly operate under low l evel injection. The heavi—

l y doped regions are defined according to the difference between the two

quantities and I.~!I near the ohmic contac ts as fol low s:

p~—region where, > 13JN~ (119)

and

N
i—region where, I.}~.!( 

> (120)

Throughout the entire device the minority carrier continuity equation

assumes the norma l ~i fetime 
“i

0

’
, while the transient lifetime in the major—

ity carrier continuity equation is adjusted to satisfy equation (121) in

both the N’, and the P” regions.

A P A N  (121)

Therefore, in the heavily doped reqions, equations (117) and (118) are

equated to give the following transient lifetimes:

In the p+ region,

~

. ,i JT’TT

~

. —~ ~~~~~~~~~~~~~~~~~~~~~ —- --.-~--.~~~~~ —.-— ----- - _  7— - -  
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tp = 
— 

I I IaJ P 
+ 

aJNfl 
(122)

10 q Uax 3x

and, In the N’—region,

ztn
_
z !HaJP 

+ 
~~~~~~~~~~~ 

(123)

q uax ax u

where

PN —

= 

P+N+2n~

and

= equi l ibrium lifetime .

The lifetime variation Inside the device is shown in Fig. 70. At the

start of the transient solution, the transient lifetime is very short, and

‘~t depends on the l evel of Injection. As time proceeds, the va l ue of

approaches and the transient lifetime reduces to the equilibrium

lifetime “t
0

” throughout the entire device.

The impact ionization sta~~
As soon as the electric field reaches a va l ue of about 2 x I0~ vol t/cm,

the el ectron and hole l evels start to increase in the N —region, wh ich

causes an increase in electron and hole currents. The partic le currents in-

crease, combined w ith the e l ec tric fie l d increase resu lt in a higher rate of

carr ier generation. Since in the present formul ation there is no means to

extract the excess carriers, the electron and hole currents continue to in-

crease until they exceed the externa l appl ied current. This causes the dis— 
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placement current to switch to a negative value; and whi le the electric

field is ~~~reasing, the carrier l evel keeps increasing until the electric

field drops below the avalanching value of 2 x 10~ volt/cm. Therefore, a

way of l imiting the increase in carriers during this stage is needed. Ac-

cording to Blakemore [8], the band—to—band Auger recombination is a process

complementary to impact ionization. An expression of the band—to—band

recombination [7] and [8] is given by:

P N — n ~
= B 

( 2 1) 

‘ 

(122)

where B is a constant. In a l ater section, the computer simul ation results

for different values of B are presented.

Near steady state stage

This stage is described by equations (112) and (114), and is shown in

Fig. 67. In order to satisfy equation (113) in the case of hi gh current

density, the equi l ibrium lifetime “10” must be shor ter. Therefore, the

equi l ibrium lifetime depends very much on the l evel of injection . An inves-

tigation of the solution with different equi l ibrium lifetimes is also found

in a l ater section.

The use of transient lifetime and band—to—band recombination in the case of

an extreme cur rent step

In this section, the externa lly appl ied current step is the same as the

one desc ribed before, wi th 1O4 Am p/cm2 amp l itude and 2 nanoseconds r i se

time. The transient lifetime adjustment described previously i s f i rs t used

wi thout any band—to—band recombination during the impact ionization stage.

The vol tage vs. time transient response is shown in Fig. 71 as the curve in—

L ~ 
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dicated by a zero band—to—band recombination constant (B = 0). Fig. 71 also

shows the transient response using both the transient lifetime adjustment

and band—to—band recombination with different values of the constant B. The

e l ec t ron and ho l e currents, the displacement current, the carrier densities,

and the electric field as a function of distance are shown in Figs. 72 to 75

for the f i rst par t of the transient response wh ich i s common to a ll curves

of Fig. 71. At this stage t~ie total current in the N —region is mainly car—

ned by the disp l acement current component as shown in Figs. 72 and 73.

From Fig. 74 it is clear that the use of the transient lifetime does l imit

the excess diffusion of carriers near the heavil y doped regions. Figures 76

to 79 demonstrate the var iat ions of the phys ica l quantities with no band—

to—band reco bination. As expl ained previousl y, the par tic l e currents, as

well as the carrier l evel increases to a very high value, wh ich cause the

di splacement current to swi tch to a high negative va l ue. This results in a

fast decrease in the elec tri c f ie l d as shown in Fig. 79 for the time instant

t9, and consequentl y the output voltage continues to drop to a very low

va l ue as shown in Fig. 71. Figures 80 to 83 demonstrate the spati a l var ia-

tion of the physica l parameters using band—to—band recombination with a

va l ue of 5 x 1015 for the constant B. At time instant t10, the impact ioni-

zation is taking pl ace, the electric field and the carrier l evels are hi gh,

the sum of the el ectron and hole currents exceeds the total appl ied current .

Therefore, the disp l acement current switches to a negative value . Combining —

that with the band—to—band necoabinatlon, the net effect is a decrease in

the carrier l evels and the electric field. Consequentl y, the electron and

ho l e cur r ents decrease, while the displ acement current sw itches back to a

positive value as shown for the curves and time instant t11. At the time

Instant t12 the device reaches steady state, the displ acement current goes

I L  
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to zero, and the sum of the electron and hole currents is equal to the total

current.

In conc l usion, the use of transient lifetimes and band—to—band recoubi—

nation, indeed predict a hi gh voltage across P
+_N

_
_N+ structure for extreme-

l y hi gh current densities. The steady state high voltage depends on the

strength of the band—to—band recombination. The larger the value of the

constant B is, the l ower the carrier l evel . Therefore, the electric field

needed to support the current is higher. The initial decrease in the output

voltage in Fig. 71, followed by an increase until steady state, i~ attribut-

ed to the instantaneous response of the carriers to the electric field as

discussed for the reverse biased case in Chapter VI.

External excitation in the form of hig~ current step

In this section, the forward current step has a 100 amp/cm2 amplitude

and 1.25 nanoseconds. The effect of varying the equilibrium lifetime on the

near steady state stage, wh ich is previousl y discussed, i s presented here,

along with the effect of using the transient lifetime . Figure 84 shows the

output vol tage as a function of time for three different cases. The first

case, which is indicated by the triangul ar shaped marks, is the transient

response without using the transient lifetime , and with an equilibrium life—

time in the N —region of 4 x io 8 seconds. The electron and hole current

densities, the disp l acement current density, the carrier density, and the

— electric field as functions of distance are shown in Figs. 85 to 88 for the

time instants t = 0, t1, ..., and t7. It shoul d be noticed that as steady

state is approached, and the displ acement current drops to a very smal l

value, electron and hol e diffusion continues in order to decrease the spa-

tial derivatives of JN and JP to satisfy equation (113). The time instant

of Fig. 85 shows that at the ohmic contac t of the P” -reglon, 30% of the

zSI.óII ~~~~~ ~~~~~~ —‘—‘-7- ——— - -__ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -7’77-”~’•’ ‘“~~~~~‘~ — ~~~~~~k 

_ _ _ _ 4 _ __ , ,,._,,.,u,a.,,__ A



-7”
~ 

V fl’-”—’!T “
~~~~“~~T 7-”?!W?”5tP~~~’ _ _ _— , .___ ~~ - ~~~~~~~~~~~~~~~~~~ -._ _-,,_‘_- -.--_,7-----— ’,,-- -——— -‘ ---7———-- ——-‘w -.-, ~~~~~~~~~~~~~~~~~~~ 

— - - - -

- 156 -
•

— 90
90 . 1
C .

*4’. - •

4.1 N I

. 1

o - — I  C
— U • N I

I I a
0 0 0 — I  r—.
_ — — 4.8 

.
~~~

)c K K
N

~~ .~ i .

~~~ 
4;-

U I I
o 0 0

-

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ ~~~~~C
• 

c 
~~ 

N 2

~~ 
.. ~~~~ — — ~~ ~~ 0 11.

S~~IOA u~ e6e~ t o/t 3ndr4nO

— — 

—— ________________________ — — I J



--7—- -‘-~~~~~~~~~~~~ —

— 157 —

*00.0

‘p ___

,JN IN

/

/

/•

~

J% 

~ 6

I :: ‘I 

- 
_______

~~ 50 .0 - :11
/

/ // ~~I 
_ _ _

_ _ _ _ _  - _ _ _ _ _ _

_ _

;
:‘ 

_ _

F I - -
.00 1.00 210 3.00 ‘10 5.03 1.00 7 ,00 I X  9.00 *0.03

DEVICE LENGTH IN MICRCNS

Figure 85. Electron and hole current density distributions for
time instants t

1 to t7 
as shown in Fi gure 84

5’



—-—-7-,——— —.. - - -‘ - “ “ c  -~~~-‘-~~~~~~‘ “ ~~~~~

- 158 -

*00.0- —

00.0’

60.0’

70.0’

N

U

50.0

I-z
60.3

I-
z

50.0

*o: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.00 1.00 2.00 3.00 
CEV !C~ LENGfH IN ~~~~ 

7 .00 9.03 9.00 *3.03

FIgure 86. Displacement current density distribution for time
instants t

1 
to t

5 
as shown In Fi gure 84

-_ - - - -  - - - -- 7 * - - - -.~~~~~~~~~~- - - _ _ _  

________



~ 

~~~~ -
-
~~~~

- 159 -

00
25

1

/

Nr

~~
/

T
6/

%

C.) 10 ‘, 
/

N
~~~ N
2

00

7 
N /

A \ V / \\ \ N /

N -
‘

/ \AA~~~~~~~~~~\\ N
/ I-f ~~ ~~~~~~~~ / /

.

~~~~~~~ I 
-

to ’ / 
~ N~ N4

iN
5~~

10
11

\ 2

10
2 \

\_

110 ~ CO ~ 00 II 00 LaO 5.00 7 0 0  LX 9.00 *0 .33.00 . . 
DEVICE LENGTh IN MIC~1’IS

Fi gure 87. Electron and hole density distributions for time
Instants t 0 to t

7 
as shown In Figure 84

~

-—--

~

---5’ — --7.—~~~ -7- - ---7- 



‘~ -7’-7~ 7- --, -7,7- .,— -- ’— -—-7. —’.I——— —7-’—- -7—. ——— ‘--... -7—’---—’ —
~~~~~~~ -. — - —

r ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - ,, _____________________________

- 160 -

‘4.000

j,.~
1 

~
1ff ’ 

~~Eo 

V

—3 .~~~~

-6.000’

410-  I I I I
00 100 2.00 3.00 ‘4.053 5.00 6.00 7.00 6 1 0  IX *0.00

DEVICE LENG’I~H IN MiCR~NS

FIgure 88. ElectrIc field distribution for time instants t 0 to
as shown in Fi gure 84

r 

- —  -7--’ - --7



- 7-W’—--,,.,.s,’,... . —-‘- r . ~~. ----n” ‘7-7-” ‘‘ — “ , .,,,,.,.. , .7- ~~~~~~~~~~~~~~~~~~~~~ &“ -- -
-7-7”’—’ 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

r ,,_

— 161 - ~~~~~

‘ 

.

*00.0-

90.0

50.0 / J~

-7 
/ ‘j

~o
N 10.0 

JN~

~~~60.0

• 

~~~SO.0’ / 

8 , .JN9 
_ _ _

110.0’ /

~~~ 00.0’
__  

-

00 1.00 2.00 3.00 “.00 1.00 6.00 7.00 3.00 9.00 *0.00
DEVICE LENGTh IN ~~ IC~~CI~ S

Fi gure 89. Electron and hole current density distribution s for
time Instants t

8 
to t

12 as shown in Figure 84

-



- 
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

- 162 -

*00.0

10.0

50.0

10.0

N
z
LI

60.0

I-.z
Ca)

50.0’
C.)
5-z
~
j ‘10.0 -

30.0-

20.0

10.0 ~~~~~~~~~
J
~~~~JD~~~~~~~JDI2 ~~~~~~~JD 

~~~~~~~~~~

.0 
.00 ~~~~~~~ 3

’30 11
I
•00 ~~~~~ ~~~~ 7.00 5.00 ~~~~~ 

~~~~
- 

DEVICE LENGTH IN MICR~NS

Figure 90. DIsplacement current densi ty dis tri but ion for t ine instants
t
9 
to t~ 1 as shown in Fi gure 84

--7 - ——-7  - - 7 - --. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ -7 —-• ~~~~- - -~~~~~~~~~~ 
—-

~~~~~~~~~~~



- - ~~~~~•~~~~~~~~~~ -~~ 1~~ ~~~~~~~~~~~~~~~~~~~ —7----’-----— ~~—I—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘r-—r,-”-_’_ ’__7- -~~~~~~~
7--7

~~~~~ 
- -‘---7”— —-- 7---, -7-----’ — ‘---I--”—

• - -  — . - - - -7---- - ‘ • - - -

1 - 163- - 

- 

-

20
*0 —

_ _- 7

N
2~~ 

-- 7

*0

, 
~~ *0 

-

\\  \ /
• \ \._N

11 
I

.~~~~~~~~~~~~~~~~~~~~~~ ~~~~ 11.00 5.00
DEVICE LENGTH IN MiC~~CN5

Fi gure 91. Electron and hole density distributions for time instants
t 0 to t12 as shown in Figure 84

----- -7-’-— - - —  - _ _



.7-— 
~~~~~

• 

- _ _ _  

-~~~~~~~

— 164 -

‘4.000- 
-

T

~ ~~~~~ 1< \‘~~~\~~~E /
~~-~~ooo \ ‘11 / \ \L-Y /

\ / ~ / ~~~~

] \JJ /
~~-2.0G3 \~~I \ /

- I II -

—3.000 ’

-‘1.000-

-;.100

—4.000 I I
00 1 00 2 00 3 00 11.00 5.00 2.30 710 6.00 9.00 *010

- 
. 

DEVICE LENGTH IN ~ICR~NS

Figure 92. Electric f ield distribution for time instants t = 0 to t
as shown in Fi gure 84 12

— -—7-- —- ---7’--’ -



- .J~~~r - - .  -— ,--
~~~~~~~ 

‘---‘.---
~~

7- -- - 7------— 
~~~~~~~~~~~~~~~~~

7-’ 7-
~~~~~~~~

’
~~~~~

’.’ ——--7-’---— - “7-”
~~~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~ 

-

F - - 7 -  - - - - - ‘

•1-
— 165 —

tota l current i s ca rried by e l ec trons, while the other 70% is carried by

holes. A similar situation on a l ower scale appears at the ohmic contact of

the N —region. Whereas, it is known that the total current at the ohmic

contac t of the P ’—reg ion - is tota lly carried by holes, and at that of the

N’1 -region is totally carried by electrons. The second case which is ind i-

ca ted by c i rcu l ar shaped marks in Fig. 84 illustrates the transient response

using the transient lifetime with the same value of equi l ibrium lifetime as

before. The spatial distribution of the important parameters for the time

instant t0,t8,..., and t12 are shown in Figs. 89 to 92. As shown in Fi g.

84, the use of the transient lifetime causes an increase in the peak voltage 
-

due to the fact that it l imits the excess majority carriers to that of the

m inority carriers in the heavily doped region, near t = 0, as explained pre-

viousl y. Due to the equal equi l ibrium lifetimes of these two cases, the

near steady state behav ior is ident ica l , as seen by the equality of the out-

put voltage in Fig. 84. This is also shown by the carrier diffusions con-

tinuing to decrease the spatial derivatives of JN and JP, as shown for the

time instant t12 in Fi gs. 89 and 91. The third case which is indicated by

the symbo l “x” in Fi g. 84 demonstrates the transient lifetime and with an

equi l ibr ium l ifetime of 8 x  10—10 seconds. This lifetime is 50 times short-

er than that of the previous two cases. The net effect of the shorter life-

time is an increase in the steady state voltage, as well as in the peak vol-

tage.

Figures 93 to 95 illustrate the parameters of interest as a function of

distance at steady state. The shorter equi l ibrium lifetime l imits the car-

rier diffusion and satisfies the steady state condition of equation (113)

which is repeated as fol l ows:
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As a resu lt the total cur rent in the P+_region is carr ied by holes and by

e l ectrons in the N ’
~
’—region as shown in Fig. 95. Al so the l ower carrier l ev—

el s causes a higher elec t r ic f i e l d, which in turn resu lt s in a higher steady

state voltage.

In conc l usion, the results of this chapter show that the lifetime of

the Shockley—Read—Ha il recombination expression depends on the l evel of in—

jection in the case where the junction is forward biased. As the injection

l evel inc reases, the lifetime becomes shorter in order for the device to

reach a steady state where the total current is carried by majority carriers

near the ohmic contacts; and as the lifetime ‘becomes shorter, the steady

state voltage, as well as the peak voltage of the transient response, in—

creases. 
-7

In case of extreme l evels of injection where the device is too far from

equi l ibrium, the use of a transient lifetime is necessary in order to l imit

the excess diffusion . If the l evel of injection is high enough to cause

ava l anche mu lt iplication , it becomes necessary to use band—to—band Auger

recombination to l imit the pl asma in the avalanching region.
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CHAPTER VI

EXPERIMENTAL RESULTS

This chapter outlines the diode fabrication procedures as well as the

methods emp l oyed to determine the important diode parameters. These parame-

ters are the diode area (A), the N —reg ion doping density (ND
), and its

width (W). These diodes were tested in the forward direction with an exter—

nal exc itation in the form of a current pu l se. A comparison between the ex-

perimental results and the computer simulation is also includ ed.

As a point of comparison, ND was first determined by calcul ations based

on the depletion C—V characteristics of MOS capacitors, which wer e fabr ica t-

ed from the same starting wafer. Then ND was determined from e l ec tr i ca l

measurements on fabricated diodes. The diodes are diffused and were fabri-

cated with very short drive times (two hours at 1100°C) for the boron (P”)

diffusion. This procedure results in diodes with junctions that behave as

near l y abrupt junctions. This was verified when the slope of the reverse

C—V characteristics (on l og—log paper) approached —0.5. Once the abrupt

junct ion was confi rmed, the theory ava i lable a l lowed c al cu l ation of ND f rom

the slope of versus V characteristics.
C’

The width of the N region of the diode , was measured direct ly by angle

l apping and then staining with an acid sol ution. The wafer was scribed and

broken to get a chip of the proper size for mounting on the ~0 chuck for

l apping. Once stained, the calibrated eye piece in the microscope allowed

measuremen t of the width W . To get the width W from electrical measure—

ments, a doping profile is required. This can determine the width of the

lightly doped region if punch through precedes impact ionization in the re—
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versed biased direction, as shown for the first device considered in Chapter

IV. If avalanche occurs first, then the N —region is not compl etely dep I ct—

ed, and W cannot be determined from the C—V measurements.

The specification for the starting wafers of single crystal silicon are

listed in Tabl e 4. Al l the wafers were <111> oriented epitaxial N on N’.

The resistivity and width values listed were from data provided by the

manufacturer.

Table 4. Specifications of the Si l icon Wafers

Wafer Width Resistivity Doping

(#) (pm) (ohm—cm) (cm 3)

1 12.10 8.13 6.0 x io14

2 52.90 28.60 1.8 x io14

3 21.34 2.48 2.0 x i015

4 54.80 29.30 1.7 x io14

The diode fabrication procedures as we ll as the MOS—C procedure are

out li ned be l ow:

Diode Fabr ica tion Procedure

1. The wafer was ultracleaned by running through a series of solvent s and

acids.

2. A 2000k thick oxide was grown on the wafer in a dry oxygen atmosphere at

1100°C for 4 hours and 30 minutes. 
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3. The wafer- was scribed in hal f to be processed; one as diodes and the oth-

er as MOS—capacitors.

4. By using photoresist and masking procedures, the diffusion windows were

opened in the oxide.

5. A boron deposition of 20 minutes at 1100°C was followed by a 2—hour drive

in a dry oxygen atmosphere at 11000C.

6. The oxide stabilization step was performed in the phosphorus deposition

— furnace for 10 minutes.

7. A photoresist masking procedure was used to open contact windows in the

oxide.

8. This was fol l owed by an aluminum evaporation step at io 6 torr, deposit—

ing a coat of 2OOO~ to 3O00~ of aluminum .

— 9. The photoresist masking procedures were used to remove the excess alumi-

num and to form the desired aluminum pattern on the wafer.

10. An aluminum evaporation step was performed on the back of the wafer,

after stripping the oxide whi le protecting the wafer front.

MOS— C Fabrication Procedure

1. A phosphorous gettering step was performed in the phosphorus deposition

furnace for 20 minutes after the oxidation step.

2. The aluminum evaporation step was performed at io 6 torr, depositing a

coat of 20O0~ to 3000k of aluminum.
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2. The wafer was anneal ed for 5 m inutes at 500°C in a nitrogen atmosphere.

4. The l ast two steps of the diode fabrication were then repeated to corn—

pleté the 1405—C fabrication.

from 1405 Measurements

To insure that the start ing material was correct as l abeled, MOS capa—

citors were fabricated so that the epitaxial l ayer doping density coul d be

established before the other methods were attempted. Fig. 96 illustrates

the MOS structure.

For the MOS wafers, the doping density was found by obtaining the accu-

mu lation capacitance and the minimum depletion capacitance from the C—V

charac teristic similar to Fig. 97. The theory for this is presented below.

~ 
C0 

= capacitance of the Si02
C 

_ S 0
equiv. 

— 
C5+C0 C~ = capacitance of the 

semiconduc tor

For the geometry of Fig. 96, we have the series combination of the two capa—

citances.

— 

CO — 

CO — 
CO

Cequiv. 
— 1 + Ca/C 

— 
s~K~AW —

U S 1 +  ~~~~~ - 1 +
X0c0K5A X0K5

- 

CO
- 

K5X0 + I(0W

- xOKs

coxoks = CeqKsXo + CeqKOW 
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— ~~~~ — CeqK5XO — 
K5X0 1!~.. — 1— 

CeqKo K0 ~Ceq

and therefore

W = 

K
~
:0 

____ — (123)

C0 is the maximum capacitance of accumulation where the voltage is positive.

In accumula ti on Ceq C0. Having C0, the width of the oxide l ayer is calcu-

l ated. -

c~K A
x0 = “~~~~ (124)CO

Thi s va l ue is a much more accura te method for determin ing X0 than might be

estimated from the color code for silicon dioxide on silicon .

Then, Wmax was ca l cu l ated, where:

K = 1 .38 x io 23 Joule/0K

T 300°K

Ks ll.8

= 8.854 x Fd/cm

q = 1.602 x ~~~~ coul
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= 1.18 x 1010 cm 3

K0 
= 3.8

A = 12.6 x ~~~ cm2

Hav ing Wmax F ND was obtained from a plot made from the following formula £6)

relating ND and U .

Umax = 
0 In (125)

Table 5 summarizes the data found for the MOS wafers.

Table 5. MOS Anal ysi s of ND for Start ing Material

Wafer C a C .  X0 ND (MOS) ND 
(ra ted)

# (p1) (pf) (A) (cm)’3 (cm) 3

1 12.4 1.4 3420 3.60x1014 6.0x1014

2 11.2 4.2 3790 1.65x1014 1.8x1014

3 10.9 6.8 3890 1.75x1015 2.0x1015

4 16.2 5.6 2620 2.60x1014 1.7x1014

from Diode C—V Measurements

For the diode wafers, the reverse C—V characteristics and the log C vs.

~og V of these characteristics were plotted as shown in Fi gs. 98 and 99 for

wafer ”N3. This was done to see if the junction can be appruximated by an

— - - - 7----- -- 7- - -‘-7 - — - - 7-7-—- ~~- - --7--,— - - - - A
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abrupt junction. An abrupt junction is known to have a log C vs. log V plot

with a —0.5 slope. If the junction is l inearly graded, this slope becomes

—0.333 (6]. These slopes were found to be —0.29, —0.5, —0.51, and —0.42,

for wafers #1, #2, #3, and #4 respectively. For the abrupt junction diodes,

the reverse biased C vs. voltage can be used to determine ND. In this case,

the following equations are appl icable;

~• - 
_________

- 
- dQ~ %

tq€ 5N~A
2

C = 2(Vb~~
v) (126)

q = 1.602 x i0 19

COEr for the semiconductor

A = area of the P1 region

Vbj = built in potential, typica lly l ess than I volt.

2(V iv)I b~—. f 4~~7~= 2C qe8N~A

I i \(2 1
= 

2 (128)
b

Equation (128) indicates the slope of the 1~C
2 vs. (Vb.I±V) plot and its

relationship with ND. For a uniformly doped N region, this slope woul d be

constant. For a non—uniform l y doped N region, the slope would change and

.

~
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the pl ot is not a straight l ine. Fig. 100 illustrates the 1/C2 vs. V plot

for wafer #3. The plot -is l inear. Therefore, the background doping is uni—

form for this wafer.

The doping profile method consists of plotting the 1/C2 vs. V charac-

teristics of the wafer all the way out to the breakdown voltage. N0(W) is

found in the same manner as ND (diode). In this case, however ND(W) is

found from the slopes of adjacent points on the 1/C2 vs. V characteristics.

The width W at each point is found from the abrupt junction capacitance

equation as follows:

t A
(129)

Table 6 summarizes the resul ts for ND. In obtaining these results the

abrupt junction approximation was used for all wafers.

Table 6. Results for ND Using Different Methods

Wafer ND (diode) ND (rated) ND (MOS)

—3 —3 —3(cm) (cm) (cm)

1 6.0 x 10~~ 3.60 x io
14

4 2.67 x io14 1.8 x io14 1.65 x io14

5 2.64 x io15 2.0 x 1o15 1.75 x 1015

6 3.46 x 1014 ia x io14 2.60 ~ io
14

Note that the ND (diode) was higher than the rated val ue and that MOS

data gave a va’ue l ess than the diode data. This seems rt isonable since

doping with impurities at high temperatures during the P diffusion for the

diodes may add unwanted impurities.

L - ____
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The Width W

The width of the N region is not easily obtained from electrica l meas-

urements. If the breakdown mechanism is pure punch—through, then W could be

found from the ND(W) profiling technique. The more usual case, however, is

pure avalanching.

A destructive test to obtain U is illustrated in Fig. 101. The same F
angle lap and stain procedure is used to get the junction depth (of the P~

region) and the N region U.

The major effort for measuring these parameters consists of l apping and

staining. Chips were cut to the proper size for mounting on the 5
0 chuck,

and the chips were angle—lapped until the proper depths had been reached.

Then, the l apped regions were stained with the hydrofluoric acid sol ution.

It is often necessary to repeat the l apping and staining several times in

order to clearly discern the interfaces between the regions of the wafer.

Since a 5° chuck was used, the geometry of FIg. 101(b) is appl icable. The

microscope can be cal ibrated such that a cal ibrated vernier is read through

the microscope and knowing the l ens magnification the microscope measured

depth is easily determined.

Actual depth = (sin 50) (microscope meas. depth) (130)

Then, by equation (130), the depth of either the P~ or i( region is calcu-

lated. It is recommended that for a shal l ow ~ region, a 10 block be used

while for a large U a 100 block be used to ease the angle l apping and stain

probl ems.

Table 7 shows the resul ts of determining the P’ region and N region

widths by the angle l apping and stain procedures. 
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The diode area is the area of the p+ diffusion region, which is circu—

lar and equal to 12.6 x 10~~ cm2.

Table 7. Ang le Lap and Stain Data

Wafer rated (urn) 
- 

U meas. WN~ 
Junc. Depth

I Epi—Layer (pm).~- (pm) (pm)
Epi—Layer

1 12.1 36.0 33.1 2.9

2 52.9 49.4 47.8 1.6

3 21.3 18.4 17.0 1.4

4 54.8 58.6 56.5 2.1

Diode Testing Resul ts

Sampl es of the fabricated diodes from wafers #2, #3, and #4 were pack—

aged and tested with large forward current pul ses. The output voltage of

the Velonex pul se generator was appl ied to the series combination of diode

and a 225 ohm resistor. This results in a current pul se through the diode.

The Vel onex pul se generator has a maximum output voltage of 2.5 kilo volts,

with a 30 to 50 nanosecond rise time. This rise time is a function of the

l oad impedance which results from the resistor and the diode series combina-

tion. Current pulses of 0.48, 0.80, 1.60, and 3.20 Amperes amplitude, 50

nanoseconds rise time, and 300 nanoseconds pul se width, were used to obtain

the diode transient response. The current through the diode, and the vol—

tage across it were recorded as functions of time from a dual trace oscillo-

scope. Table 8 summarizes the results, where Trs’ TDP’ ~DP’ 
VDSS? and

are shown in Fig. 102 along with the general shape of the transient

• response. The quantities of Table 8 are defined as fol l ows:

Trs is the rise time of the 
appl ied current pul se

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -‘ ----- *——,-—-.-~~ - - -
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TDP Is the time corresponding to the peak voltage 
across the diode

VDP is the peak voltage across 
the diode

VDSS is the steady state 
voltage across the diode

are the amp l itude of the current pul se in ampers and amp/cm2

Table 8. Resul ts of pul sing the diodes in the forward direction

Wafer # Trs TDP VDP VDSS ‘D

(n.sec.) (n.sec.) (volts) (volts) (amp) (amp cm )

2 50 50 11.2 4 ‘ 0.48 3.81 x i02

2 50 50 13.4 5 0.80 6.35 x 10~

2 50 40 23.5 7 1.60 1.27 x

2 50 40 36.0 10 3.20 2.54 x

3 50 40 3.4 2.0 0.48 3.81 x io2

3 50 60 4.6 2.2 0.80 6.35 x i02

3 50 40 7.6 3.2 1.60 1.27 x

3 50 40 15.0 5.0 3.2 2.54 x

4 50 30 5.5 2.6 0.48 3.81 x io2

4 50 30 7.3 3.6 0.80 6.35 x io2

4 50 30 10.8 4.6 1.60 1.27 x 1O3

- - 6 50 35 18.5 7.0 3.10 2.46 x 1O3

The diodes were al so ~iul sed in the reverse biased direction. The pulsed I—V

characteristic is shown In Fig. 103 for wafer #3.

- - Comparison between Theory and Experiment

Diodes of wafer #3 were chosen for comparison with the computer simul a-

tion results under reverse and forward pul sed conditions. A summary of the

- - - ~~-— -~~~~~—~~—--— —-~~~
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Figure 103. Pulsed reverse biased characteristics for diode wafer 13 
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measured physical parameters for diodes of wafer #3 are as follows :

Type of junction = abrupt

Doping density Nb = 2 x 1015/cm 3 rated value

= 1.75 x 1015/cm3 MOS—C measurement s

= 2.64 x 1915/cm3 diode C—V measurements

Depth of junction = 1.4 microns

N —region thickness 17 17 microns

Diode area = 12.6 x ~~~ cm2 -

Reverse Pulsed Case

The doping density of the N —region was first assumed to be 2 x

1015/cm3 according to the rated value, because it falls between the two

values obtained from the MOS—C and the diode C—V measurements.

A transient behavior sol ution similar to the one discussed in Chapter

IV was obtained. The external excitation was in the form of a current step

with a rise time of 0.1 nanoseconds, and amplitude of 100 Amp/cm2, or 126

mu ll—Amp . The computer simulation resulted in a steady state output vol-

tage of 185 volts. This voltage is very high compared to the experimenta l

data of the pul sed I—V characteristic of Fig. 103. This indicated that the

• actual doping density of the N —region is higher than the rated value .

Therefore, the value of ND obtained from the diode C—V measurements of 2.64

x 1015/cm3 was assumed. The transient behavior under reverse pulsed condi—

tions for this case is inc l uded in Chapter III under the same external cxci—

tation previousl y discussed of 126 mi lll—Aa p amp l itude. The result of the

output voltage as a function of time is shown in Fig. 39 which shows that

the steady state voltage is 150 voltS. This value is in excellent agreement

with the experimental data of Fig. 103. Therefore, the actual doping densi—

ty of the N —region is that obtained from the diode C—V measurements. 

- ~~~=-~-~ -- __z -:z .~i_ - --~~~~~~~~~~~~ -
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According to Sze 1:6), an approximate expression of the breakdown vol-

tage for a one sided abrupt junction is given by the following equation:

VB = 60(Eg/1.1)3”2 (ND/10
16)314 volts (131)

where Eg is the band gap in eV (=1.12 eV for Si). Equation (131) results in

a breakdown voltage of 167.3 volts which is higher than the actual va l ue of

150 volts. It should also be noted that the approximate equation of (131)

predicts a constant breakdown voltage for all current l evels, while the

steady state condition of the computer simulation depends on the current

• l evel according to equations (106) and (107) of Chapter IV.

Chapter III presented the therma l equi l ibrium condition for this device

assuming a total device l ength of 20 microns. The importance of using non-

uniform spatial steps is al so discussed in Chapter III.

Forward Pul sed Case

• The first part of the measured transient response under forward pul sed

conditions, which is described in Table 8, is shown in Fig. 104 for diodes

of wafer #3, with a pul se ampl itude of 3.2 rnp. (or 2.54 x IO~ Amp./cui
2),

and a rise time of 50 nanoseconds. One might be tempted to try to simulate

this behavior with a current step of l ong rise time as used experimentally.

This proved to be impractical for several reasons. First, it should be not—

ed that a computer simul ation does not contain accelerat ion terms, the car-

rier response to the electric fiel d is essentially instantaneous. This

results ira a shorter response tIme when compared with experimental data.

For example, If the measured peak voltage occurs at time TDP’ the computer

simulation results in a peak voltage at a much shorter time. Therefore, the

computer simul ation will predict and expl ain the device behavior with a dif-

ferent time scale. As a result the use of l ong rise times, as used experi— 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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mentally, will not yield an exact response. It is al so important to realize

that the time step requii~ed to achieve an accurate converged solution

depends very much on the size of the smallest spatial step, as wel l as the

shortest lifetime used. This time step l imitation was anal yzed in detail

for the case of expli cit method (2], while due to the complicated nature of

the impl icit method, a relation between the requi red time step and the dif-

ferent parameters used is hard to find. Therefore, the use of a non—uniform

spatial mesh with small steps near the P+_N junction l imits the time step

size. Also, the use of a non—equilibrium transient lifetime adds another

j restriction to the time step size, due to the presence of very short life—

times in the beginning of the transient solution. Therefore, in order to

reduce the computational time to a practical l evel a short rise time is used

in general . This rise time is further reduced if a transient lifetime is

used.

As discussed in Chapter V, the Schockley—Read—Hall lifetime depends on

the l evel of injection. A shorter equi l ibrium lifetime resul ts in a high

steady state voltage, while the use of transient lifetimes results in a

higher peak voltage.

• Figures 105 and 106 show the transient response of the computer simula—

tion for the experimental device with the external excitation in the for. of

a current step with an ampl itude of 2.54 x ~~ Amp/ cm2. Figure 105 shows

the result with a rise time of 1 nanosecond, and an equilibrium lifetime of

3.1 x iii10 seconds. This results in a peak voltage of 11 volts and a

steady state voltage of 7.6 volts. It is clear that the steady state vol—

tage is higher than the experimental value which impl ies that a l onger life—

time is required, while the peak voltage which is l ower than the e~ erimen—

tal value Implies the need of using the transient lifetime . Therefore, the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _
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simul ation was repeated using the transient lifetime adjustment and an

equi l ibrium lifetime of 4 x lO~~ seconds; also the rise time was decreased

to 1 picosecond. Figure 106 shows the result of this transient behavior.
— 

The peak voltage has a value of 11.4 volts compared to an experimental value

of 15.7 volts, while the steady state voltage is 6.8 volts compared to an

experimental value of 5 volts which imp l ies that the actual equilibrium

lifetime Is l onger than the used value of 4 x 1O~~
0 seconds. A l onger life—

time will result in a l ower steady state voltage as well as a l ower peak

value. In other words approach the experimental results.

• Therefore, the computer simulation can be used to obtain a value for

the equilibrium lifetime In the forward biased direction by comparing the

computer simul ation results with the experimental results.

L _ _ _• .
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CHAPTER VII

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER STUDY

Summary and concl usions:

A summary of the research presented in this report and the conc l usions

which may be drawn from this research are given in the present chapter. on

the basis of the results of this work, some recommendations are then made

for further study.

Numerical methods were used to sol ve the basic one—dimensional two car-

rier transport equations coupled with Maxwell ’s and Poissons’s equations.

These solutions were used to anal yze and to expl ain the transient behavior

of the P+_N_N+ structure, in case-of extremel y high injection l evels, for

both the reverse and forward directions. -

Special effort was directed toward expl aining the anomalous vol tage

that appears across the diode terminals when pul sed in the forward direction

with an intense current density of ~~ amp/cm 2 to io6 amp/cm2. The probl em

formulations described are of a very general character with none of the con—

ventional assumptions and restrictions introduced. There is freedom in the

choice of the doping profile, generation—recombination law, mobilit y depen-

dencies, and Injection l evel. The boundary conditions are appl ied at the

external ohmic contacts. For a specified arbitrary current excitation , the

sol ution yiel ds the terminal voltage and all the quantities of interest

throughout the entire device as functions of position and time.

A comparison between the explicit and -the imp licit numerica l method

• shows that although the implicit method is complicated and hence is more ex-

pensive for each time step at, it is more stable numericall y and the time

step At can usually be made very l arge when the sol ution ap?roaches steady

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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state conditions. Since the implicit technique requi res a good starting

point, the explicit technique is used to obtain a first estimate for the im—

plici t technique. An accurate solution of the thermal equil ibrium condition

problem is also essential In obtaining a convergent sol ution of the tran-

sient behavior at extreme injection l evels.

A numerical method was used to obtain an accurate distribution for the

elect ric field, the hole density, and the electron density at therma l

equi l ibrium. In order to nume rically obtain a zero va l ue for both the d cc—

tron and the hole current densities, different space charge points and field

points were used. The therma l equl ibrium results show that non—uniform spa-

tial steps are required in the case of large potential variations across the

junction.

It was determined that devices with a low doping density and a short

= N —region deplete at a relatively fast rate until punch through under

reverse—pul sed conditions. The el ectric field inc reases uniforml y in the

iC—region, until the onset of avalanche by impact ionization, On the other

hand, a device with high doping density and long N —region does not ful l y

depl ete. In this case, the electric field increases while keeping its tri-

angul ar shape in the depletion region until it reaches aval anche. In both

cases, the steady state condition is satisfied when the rate of generated

carriers via avalanche mu ltip l ication is balanced by the recosbination and

depl etion rate.

For the forward pulsed case, the use of the standard Shockley—Read—Ha ll

recosbinatlon term is adequate in explaining the transient response for re—

lativel y low current densities, but it fails to give a physical exp l anation

for extreme current l evels, where the device is too far from the eqi l ibrium

condition. This is main l y due to the lack of sufficient recombination dur— 
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ing the transient behavior. The transient probl em can be divided into three

stages, the excess diffusion stage near t = 0, the impact ionization stage,

and the near steady state stage. In the first stage, the use of the tran—

sient lifetimes, which are adjusted in such a way as to l imit the increase

of majority carriers to that of minority carriers in the two heavil y doped

• regions, is necessary in order to l imit the excess diffusion. These tran—

sient lifetimes reduce to their equi l ibrium value as steady state is ap—

proached. In the impact ionization stage, the band—to—band Auger recoabina—

tion is necessary to l imit the pl asma formation in the aval anched region.

The behavior of the near steady state stage necessitates the use of a short

equilibrium lifetime which depends on the l evel of injection to insure that

the total current is carried b, ~ne majority carriers in the two heavil y

doped regions.

The results show that the use of transient lifetimes and band—to—band

Auger recombination indeed predicts a high terminal voltage across the diode

when pulsed with intense current density in the forward direction . A coin—

• parison between experiment and theory shows that the computer simulation can

be used to explain the anoma l ously large voltages present in the experimen—

tal data.

The effects of this anomalous voltage response that can occur, in the

forward and reverse pul sed direction, on second breakdown are as fol l ows:

1. In the forwa rd pul sed case the l arger than. expected response, at extreme

currents at very short pul se times, indicates a larger energy input,

hence a shorter time for second breakdown to occur than woul d be expect—

ed. These conditions woul d only occur for very short intense current —

pul ses in the nanosecond regime and could predict an energy input of 10

to 150 times greater. The net result is to effect (shorten) the time de—

~

- - •.- ‘ --

~

- - -~~~ -~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~——•~~~~~~~~~ ~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - • - —~~~ - -——— - - - • ________



~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

— 199 -

lay before second breakdown occurred.

2. In the reverse pul sed case the diode that breaks down due to punch

through has little if any anomal ous voltage and therefore wou ld act cx—

actl y the same as the normal l ong cur rent pulse case as far as second

breakdown is concerned.

3. The reverse pul sed case with a normal avalanche breakdown will have an

excess voltage that exceeds the norma l breakdown by up to a factor of 5

to 8. Again this will cause the energy input to exceed the expected

value and initiate second breakdown prematurel y.

Recommendation for further study:

The computer simu l ation presented in this report is a very powerful

tool . It can be modified to study the transient behavior between thermal

• equi l ibrium and steady state or between two steady states, for any one—

dimensional , two—termina l semiconductor structure. The simulation can also

be modified to anal yze the small signal behavior of microwave diodes (10].

This research can be extended by perform ing more theoretical and exper—

m ental comparisons for different diode structures and injection l evels in

the forward direction . This may l ead to rel ationships describing the depen—

dence of the equilibrium lifetime and the diode parameters, such as the dop-

ing density and the l ength of the iC—region, and on the l evel of injection,

on the transient lifetim e and Auger recombination effects.

Al so the forward transient behavior can be expl ained from a physical

point of view if one can measure th. lifetimes during the transient periods

near t 0.

Due to the l imitations of our pul se generator and equipment the ful l

range of the theory coul d not be tested. Such tests should be conducted.

- ,  —---~ ——--—— -•--~~~~~~ - --~ -- — - - - -~~~~~~~~ ---- 
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It would al so be of interest to try these simu l ations and experiments on

silicon—on—sapphire devices and make direct comparisons of channeling and

second breakdown with the excess energy input .
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APPENDIX A

THE FORMULATION FOR THE CONSTRUCTION OF THE

MATRIX ELEMENTS IN THE IMPLICIT METHOD

The terms in the matrix elements, of equations (44) to (46) can be cal-

cul ated as follows:

For E(I) > 0

JN(I) = - VN(I)N(J2) - -
~~~~ EN(J2) - N(J)]

VN (I)
_______ = — VNE(I)•N(J2) — _________ . (N(J2) — N(J)]

aJN(I) 
— 

VN(I) • 1
3N(J) — E(I) Xi

SJN (I ) = — VN(I) — • VN(I)
SN(J2) ax E(I)

JP(I) = - VP(I)~P(J) + ____  . CP(J2) - P(J)]

VP (I)
_______ = — VPE(I) P(J) + CP(J2) — P(J))

— — VP(I) — I • VP(I)
aE(I) — 

~~~~ EU)

IJP(I) — I • VP(I)
SP(J2) — i~ E(I)

For E ( I ) < O

—~-- -~~~~- -- —-~~~~~--- - --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ___________
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JN (I)  = — VN (I ) • N (J) — ______ • ~~~~ EN(J2) — N(J)]

a VN(I) 
-

_____  = — VNE (I )  • N(J) — _______  • CN (J~
) — N(J)]

aJN(I) 
— VN ( I)-+ I VN(I)

aN(J) — EU)

aJNU) — I VN(I)
aN(J2) — ‘iii 1(I)

JP(I) = - VP (I) • P(J2) + • CP(J2) - P(J)]

- 

- VP(I)
______ = — VPE(I) • P(J2) + ________ • (P(J2) — P ( J ) ]

-: aJP(I) — — 
1 VP(I)

aP(J) — 

~~~ EU)

aJP(I) — 1 VP(I)
i~ (J 2) — — VP(I) + 

~
j . E(fY

and,

6(I) = ALP(I) IJN (I)I + BET(I) • IJP(I)I

_____ = ALPE(I) . IJN(I)I + BETE(I) ‘ IJPU)I

+ ALP(I) . )~~ . _______ + BET(I) 
• 

______ . _______

aG(I) = ALP(I) • SJN(I) 
• 

JN(I)
SN(J) SN(J) IJNU) I 

~ ---~~-~ --‘—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - - - -- — •-
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aG(I) 
— BET(I) • aJP(I) 

• 
JP(I)

SP(J) — aP(J) IJPU)I

36(I) — ALP (I) • 3JN(I) 
• 

JN(I)
3N(J2) — 3N(J2) 1JN(I)I

36(I) 
— BET( ) • SJP (I ) • JP(I)

)P(J2) — I 3P(J2)

R ) —  N(J ) P ( J ) — 1
— r0C2 + N(J ) + P(J )]

SR(J) 
— 

(P(J) + 2)P(J ) + 1
SN(J) — 

t 0(2 + N(J) + P(J )] 2

SR(J) 
= 

(N(J) + 2)N(J ) + 1
~~~~~~~~~~~ t~ (2 + N (J )  + P(J )] 2

j For band—to—band recombination:

R~~(J) = B • (P(J) • N(J) — 1]

3R~~(J)
= B • N(J)

3 R~~ 
( J)

311(J) B~~ P(J)

where,

VN(I) = VNCE(I)]

= VNE(I)
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VP(I) = VP(E(I)3

VPE(I) = 

~~~
ALP (I) =

ALPE (I) = _______

BET(I) = BCE(I))

BETE(I) = _______
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APPENDIX B

THOMAS ALGORITHM FOR TRIDIAGONAL MATRIX (9]

The equations are:

a1u1 1  + b~u1 + c1u1~1 = d1

f o r l < i < R

with a1 = cR °

The al gorithm is as follows:

First, compute

= b1 — 

a~:11  with 81 = b1

d. — a y _ d
w t

The values of the dependent variable are then computed from

ciui+1uR = TR and u~ = — 

B i
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APPENDIX C

ALGORITHM FOR TRI—TRIDIAGONAL MATRIX (9)

The equations are -

a~”u~~1 + a
~
2
~
vi_i + a

~
3
~
wi.i + ~~~~~ + b~

2
~v1 + b

~
3
~
w
~

+ c
~
”u

~+i 
+ c

~
2
~
vi+i + c

~
3
~
w
~+i 

= ~~~

a
~

6
~
u
~_i + a

~
5
~
vi_i + a

~
6
~
w
~~i 

+ b
~
4
~
u
~ 

+ b
~
5
~
v
~ 

+ b~
6
~w1

+ 
-(6) — (2)

+ c1 u1~1 + c1 v~~1 c,~ w~~1 — d1

a~
7
~u~ .1 + ~~~~~~ + ~~~~~~ + b~

7
~U~ + b

~
8
~
v
~ 

+ b
~
9
~
w
~

• 

- + c~
7
~ui~ 1 + c~

8
~v~~1 + c~

9
~w.~1 =

for I < i < R

with a~
m) 

~
(m) 

= 0 for 1 < m < 9

The al gorithm Is as follows:

Fi rs t  compute

(1) (1) (1) (2) 
— 

(2) (4) — (3) (7)
— b1 

— a~ A 1_1 a1 ~~~ a1 A~...1

(2) (2) (1) (2) 
— 

(2) (5) — ~~~~~~Bi = b1 
— a1 k 1_1 ai A 1_1 a1 ~~~~~~

T_- 
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- - -
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— b~
3
~ — 

(1) ~~ — 
(2) (6) (3) (9)

— a1 A 1_1 a4 A 1_1 a
~ ~~~

(4) ~(4) — 
(4) (1) 

— 
(5) (4) (6) (7)B1 — a1 A

1_1 
a4 A j_~ a4 A 1_ 1

— b~
5
~ 

— 
(4) (2) — (5) (5) (6) (8)

— a1 A l_I a4 A 4_1 a1 A 4_1

(6) b~
6
~ 

— ~~ (3) — 
(5) (6) 

— 
(6) (9)

— 

~ 
a1 ~‘i—l 

a4 A 4_1 a1 A 1_1

b~
7
~ 

— 
(7) (1) 

— 
(8) (4) 

— 
(9) (7)

— a~ A~~1 a1 A 1_1 a4 A 1~1

(8) 
— b~

8
~ 

— 
(1) (2) 

— 
(8) (5) 

— 
(9) (8)B1 — 

~ 
a1 A 1 1  a~ A 4~~ a1 A 1_1

(9) 
— 
(9) (7) (3) (8) (6) (9) (9)bm a1 A 1_1 a1 A 1_1 — a4 A 1 1

with 8Cm) = b~
m) for 1 < in <9

and

(1) 
— 
(1) (I) (1) (2) (2) (3) (3)

— d1 
— a1 T~..1 

— a1 T1_ 1 — a 1 T1_ 1

(2) — (2) (4) (1) (5) (2) (6) (3)
— d1 

— a1 Tj_1 — a1 y 1_ 1 — a1 T1_1

• (3) (3) (7) (1) (8) (2) (9) (3)
d1 — a1 y 1_ 1 — a1 ~1~1 

— a 1 y 1_ 1

• 
Wi~h l ~

m) *d ~
m) for I < m < 3

The 1~m) are used to compute several more functions and need not be

stored after the computation of
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(1) — (5) (9) 
— 

(6) (8)e j —

~~~~~~ 
B j B 4 0i

(2) — (6) (7) — (4) (9)e 1 — B 1 B1 B~ B1

(3) 
— 

(4)~ (8) 
— B~

5
~B~

7
~e~ — B ~ ~ 

- 
~

(4) — (3) (8) (2) (9)
0~~ — B ~ B . B1 i

(5) — (1) (9) — (3) (7)
O ,~ — B 1 B 4 B 4 B j

(6) — (2) (7) — 
(1) (8)

0
1 

— B
~ 

B4 B1 B4

(7) — (2) (6) (3) (5)
O j — B .  B 1 B 1 8i

(8) 
— 

(3) (4) — 
(1) (6)

0~~ — B j B~ 
04 B~

~~~~~~~ 

B~
”B~

5
~ 

—

U
j  

= 0~
1)

B~
1) + +

The 6~m), 0~m) and are used to compute several more functions and

need not be stored after the computation of

= (o~~~c~” + ~~~~~~~ + O~
7
~c

7
~)/uj

A~
2
~ = ~~~~~~~ + ~~~~~~ + •~

7
~C~

8
~)I
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(3) 
— (1) (3) (4) (6) (7) (9)A l — (s~ c~ + 0~ c1 + O

j  
C

1 
)/ ,~•~

(4) — (2) (1) (5) (4) (8) (7)A 1 — (e~ c1 + e
~ 

c ,~ + e~ c 1 )/ s* i

A~
5
~ = ~~~~~~ + e~

5
~c~

5
~ + e~

8
~c~

8
~)/ p 1

= Ce~
2
~c~

3
~ + ~~~~~~~~~ +

(7) 
— (3) (1) (6) W (9) (7)A 1 — 

~~~~~ 
C
i 

+ 01 C
1 

+ 01 c1 )/~~

= ce~
3
~c~

2
~ + ~~~~~~~~~ + e~

9
~c~

8
~

)/ u .

= Ce~
3
~c~

3
~ + e~

6
~c~

6
~ + •~

9
~c~

9
~)/ p .

and

= ~~~~~~~~ + e~
4
~~~

2’ +

T~
2
~ 

= (o (2) 6~~
) 

+ Ø~ 5~~~2 +

(3) (3) (1) (6) (2) (9) (3)
Tj (0 .~ 

~~~ 
+ 0

1 ~i 
+ O~~ 

~i

The values  of A~
m) and Cm) must be stored, as they are used in the

back sol ution. This Is

— (1)
UR

_ Y
R

(2)vR = T R
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(3)

and

(1) (1) (2) (3)
U

1 
= T

1 
— A 1 u1~1 

— A
1 

vi+I — A
1 

w1~1

V
4 

= — A~
4
~u1~1 

— A~
5
~v141 

—

(3) (7) (8) (9)
— wi = T

1 
— A~~ u11  — A

1 
v1~~ 

— A
~~ 

w 1~1

for (R — I )>i~~~l
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