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SUMMARY

To undenstand fully the operation me;hanism of a power semi-
conductor device and in particular thyristor, it’is important to know
the minority carrier, eIectric‘fie1d, potential and current density
~distributions within the device as a function of the spatial variables.
This report présents the formulation and cldsed form solution of the two-
dimensional dependency of the minority carrier distribution within a
thyristor for both the timeAindépendent and time dependent cases.
Boundary conditions uséd to oﬁtain the solution were chosen so as to
conform to'rea1istic devices being manufactured and to the physical
properties of their surfaceé. The genera1 so}utidns were derived starting
from the basic diffdsionfeQuations; and family of curves of the solutions
for the static and dyﬁamic cases of typical thyristors were obtained withf
the aid of a digital computer. These solutions were verified experimen-
tally by'the.thermal mépping'technique which was developed in thé course
of this work. This.technique utilizes a,1.5ﬁ infrared beam to map the
.temperatUke in the device after the device is turned bn for é~certain}
Tength of.time'(staiic éase) or switched on and off for a large number
of times (dynamic caée). The differential temperature in each point of 
the juhction is measured by the attenuation of the infrared beam through
~ the device whose fémpératuré dependence was experimentally We1] determined._
Calculations were obtained by apb]ying the analytical so]utidns‘tO'typicalr
device geometries and making use of a CDC/3300 computer. The résuTts and
~operating cohdition were pldtted and compared tb the results obtaihed with
" the experimenta1 mabping,method.‘ The,agreement,bétWeén fhé4aha1ytica] and

experimenta1 réSu]ts‘wére_sétisfactory.



- CHAPTER 1
INTRODUCTION

A p-n-p-n device was invented by W. Shdck1ey] in the early 50's.
The detaided dévipe principles and the first working p-n-p-n devices
were repofted by J.L. Mol1 et aiz in 1956. Later these works developed
. into two cafegoriesf af the p—hrb—n diode3, or Shockley diode, is a
c]assica1.s&itéh'which.can‘change between a high-impedance "off" state
-andka’?ow~iﬁpedance'“dn” statg; h) the three-terminal p—n—p4n'device3

‘semiconductor-controlled rectifier (SCR), which has a gate terminal to con-

, or

trol the switching. These devices are fow developed to latch and control
power_systems because pf‘their stable and Tow power dissipation in on'

and "off"-étateé.” They are also used as dc‘choppeks,‘inverters, frequency
converters, etc_é.' '
An extensivekpresentation;of the basic theories and applications of

this device islavailab1e3. The switching criterion was established and

modified’by‘Others.3?4?5’6’7,'J.J. Eberé5 estdb]ished an approximate.
switching theory via a two-transistor model. From Figure 1 we find:

BY. = (1 - 0‘])_ IA"; ICO] k ) | S (])

‘I'cz ol t gy @

IBf '=,iC2," | 1w. - C , L , :' (3)

I =IA+ Ty @
e obtai"n:“'y‘ I, = 2la + Teor * Tcop 5 S (5) | o
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The gate current IG can trigger the switching, since when IG is
incréased, IA increases, and the I vs. V characteristic is changed (Figure "
2).8 When IG flows into the P2 region, it will cause a non-uniform current
density distribution which may over-heat the device and cause abnormal opera-
tion. This problem has been studied,g’m’}”’]2 and many innovations of this

d_10,13,14

}device have been suggeste An understanding of how the non-uniform

current density is formed and changed during a series of switchings requires

15 1¢ is the

an understanding of the two-dimensional switching mechanism.
- objective of this work to analyse the switching mechanism in two-dimensions
" and to i]}ystrate numerica]]y’the.process for typica] operations.
EkpéfimentaTIy, the lateral spreading of active-area (or turnedfon area)

was'first-tried by N. Mapham.g‘ W.H. Dodson et a],]6 and H.J. Ruh1]7rmeasured
the spreading by measuring the currents of the probing islands (Figure 3).

| Multijunction semiconductor devices have rapidly become the main
switching e]emént fof high efficiency compact power processing systems.
_ Amohg these the thyristor js the most widely used because of its desirable
means of control and latching characteristics and its superior ability to
handle inductive loads. These dévices must operaté with the lowest possible
.‘di551bation in order to achieve high dveré]l power proCeSSing'efffcienéy
under seVeré'temperature conditiﬁns. Powef switching devices and'eSpecially
the thyristor are limited in théir'perfokmance character{stics by the
ﬁéhpératures'reaChéd at the junctions. Nearly all significant operétional
ﬁafameters of a thyristok are affeéted in,a major wéy by tﬁe température
- and thermal resiétahée of thevjuhctibn; Also the 11fe expectancy’of the

~semiconductor power device is increased as the operating thermal stress is



reduced. When the device is switched on the current density dis-

tribution within the junctioh varies greatiy from boint to point causing
uneven temperature disfributjpns. Thiévcouid lead to local over-heating'

and become a source of hot spots and failure. ‘It is thus essential that
thé therha] pfof11e of the'junctibn area of anyrpower switching semiconductor
‘device be known. It is not sufficient to measure the average junction tem-
perature in order to rate thevdevfce, but it_is-required that the temperature
at any point 5f the juhction he measured. Such a novel method was developed
on tﬁis'broject and is fully déscribed‘in the Experimént&] Verification sec-
tion of thié report. In the work described in fhfs repbrt an optical system
was;set ub te ieét the fempératﬁrebof a semicondﬁctbr»device by measuring

18,19 Thé tech-

the infrared transmission which is temperature dependent.
nique will be extended to focus and scan an‘infrared beam‘oh the devite and
thus. derive the,thermé] profile wifhin the device. The transmission varia-
tions of thekbéam through the-device produCe fﬁérma] profﬁ]eé whichyreVea]
the‘spfeading of the active-area.

| In the fo]iowing sectiéns, the static analysis is discussed, where the
th dimehsiona1 timeéindependentyminority carrier concenfration will be

solved fdr device configurations that have practical b§undary conditions.
The_dyhéﬁic analysis is treated, where the'fime-dépehdent mindrify carrier
conqéntfation during'the process of swit;hihgkwas derived for some type of
device>wfth very practical bpundéry cqndifions. Numericai éxampfes_ca1cu1ated
" by ditha] Computer are also given! The experimental work performed on this

prdgram is presented in,someAdetai]; including the déscription‘of'fhe

~ OF POOR QUALH%{S
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Figure 2. Effect of gate currents on current-
" voltage characteristics of an SCR.
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laboratory set up, the techniques used in making experimental measure-
“ments and in the analysis of the results. Also presented is a discussion
of the results, their correllation, the conclusions and some recommenda-:

tidns‘for,futu}e.work.“



CHAPTER I1
STATIC ANALYSIS

In three-terminal semiconductor deviceé like transis}érs, thyr%stors
etc., electric field, potential and current density are not simply func-
tions of one Spatial variable, since between emitter and collector, the
third términa1 always contributes Tatera] current disturbange. Therefore,
it is necessary to use a two-dimensional ana1ysfs in order to 1nvestiga}e
their operating mechanism in detail. For thyristors (Figure 4 and 5) the
two-dimensional nature of the current flow is even more accentuated, since
when the device is first "turned-on" by the application of a gate current,
the load current density will start off slowly with a non-uniform distri-
bution which will resu]t in a partial turn-on of the device and could
produce §o called "hot-épots". This problem was particularly noticed in

20,21

the case of high-speed, high-power thyristors. Two-dimensional

approaches‘were used with 1imited success to derive the h-parameters for
‘bipolar transistors.22:24 o
| However, in order to determine the two-dimensional distribution of
current, potential and e]ectric field of a typical three-terminal semicon-
ductor device; one must have a detailed knoWledge‘about minority carrier” 
distribution within the sbecified device and how this relates to its
geometry. In_thiS'séctipn an approach is emp1dyed that takes th{s ihto o
15

consideration ‘.énd treats the general steady state tWoedimensiona] solution
for the minbrity:Carrier‘djstributions.of semiconductor detijunction |
7deQibes and the thyristor iﬁ particular. The novelty of this approach is
jfhat the analysis is applied to practicai'deviCe geometfies that are

typically in use.



Figures
Figure 4. A typical thyristor geometry.
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Fiaure (5-a) A thyristor in forward blocking bias.

Figure (5-b) Close up of P, - N, regions
Note, L - Ly = 4. A, anode;
k, cathode; G, gate
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- Formulation of the Problem

For an ny - P2 -n, iransistor, a two-dimensional analysis should be
applied to the P-region. and for a P] - - P2 - n, thyristor, to the P2
region because that is where essentially the non-uni forn power dissipation
of the device occurs (§ee Figure 4). Starting with the continuity equation
one can formulate the diffusion equation for the minority carrier concentra-

tion nP25 és

> 2 i n > > oy
Dy v np(xyst) + wp Tp(xayst) Voo B+ up B[V np(x,y,t)]

(X,_Y,t) + Un -G (6)

9
" n

p

It is known, diffusion constant Dn is a non-linear, monotonically increasing

function of Np 26

, but we may disregard this non-linearity if "p is less
than the number of stateszin the conduction band Nc.
To find a solution to equation (6) for the thyristor class of devices
the following assumptions are made:f
(a) Geometry of the thyristor is as shown in Figure 5, and
P, is the only region of concern.

(b) The recombination rate of minority carriers U, can be

represented by
. Ny - N :
v = —"Fo | (7)
(c) Iohization generatedfby electric field E in P2- regiqn can be

neglected. The justification for this is that the resistivity

of P, is about 1.2 ohm - cm, for a current density of 1 amp/cm2



(e)

()

(9)

“the order of 10

thé field E (g0 3) is only 1.2 volt/cm. and the ionization

generation rate of electrons is 3.8x1_06 exp(—1.75x106/|E| )

6
10 sec’}—cm"3

|J|/q27,.or around the order of 107 which is very,

very small. On the other hand, for np = 1015 cm'3 (which J is

1 Amp/cn®) and = = 107

21

sec, the racombination rate Un is around

sec™ ~cm™3

, which makes the ionization genera-
tion rate in equation (6) negligible.

No other carrier generations (e‘g.}surface generation) exist,

- thus Gn = Q.

The dkide on the‘surf3ce'is considered as a perfect insulator.
Namely, no current may flow through the oxide.
This analysis is Timited to the Tow Jevel injection case.
Therefore, by charge neutrality, the Pofsson‘s equation 1is
now | e
N R e A T )
and therefdré the v . E term in équatibn (6) may be jgnored.
The electric field E’iﬁ fhe‘Pz—region is so small that the third

term on the left of équatioh (6) can be ignored. The justifica-

~ tion for high-power dévices like thyristors,is that the field E

is mainly in the x-direction (longitudinal). Considering the

assumpticns so far, equation (6) in x-direction can be rewritten

~ for the static case:‘

? np s np ___np,’.ﬁP
nTZ P E TR T T

D

]
o
e
KYe]
S

11



The so1ution is

, m,X
np(x) = nPO +Cpe *Cye
L AL ;“nE2 ]
-where M o=" i ) f g . (10)
: R nn ,
Thus the.impbrtance of E can be justified by comparing
‘with
E0 =

(11)
For typical values of u, = 103_¢m2/v-se¢; Dn = 25 cm?/ sec,
T = 107 sec, E, = 10 V/cm while the field due to ohmic drop,
a§ mentfoned in assumption (c), is 1.2 V/cm. The field due to
doping profi]e in the Pz-region is approximageiy (DP/uPNA)F'

(aNA/aX); and is about 5 V/cm for a typical aéceptor‘gradient

of 2'x 10'8

cm'4, Therefore, as a first order solution, we
may ignore the field completely in equation (6).4 As a result
of the_above‘assumptions,kequation (6) can now be simplified

- for the steady state case as: |

- np(x’y’t) - an

= : . k.
D,V np(xayst) = (12)

.Eduatibh,(12) will be solved for the steady state condition for
_twovdiStinct cases. The first is the’stéady state case with gate,léft open.
This corresponds to a forward blocking thyristor and forwardiconducting

thyristor when triggered by gate pulse (current density in P,~region must

meet. assumption (g) ): This conditiqﬁﬂwou]ﬂ a]sqyépbly,to a transistor



with ho base current. The second is the steady state case when the

gate is in operation. This corresponds to the gate contrdTled ihyristor
(or tyﬁicél transistor wi;h base current). The transient case where the‘
gate has just_beeﬁ appiied will be treated separaté]y in the fo]loWing
chaptér.‘.. S S B
Substitﬁfing |
| ng(x.y) = np(x,y,0) o (13)

and’defining 

V'Ns(»x,y) = ngx,y) - "p_ (14
‘equation (12) may be rewritten as
2 2 | : | L
L, v N (x,y) = NS_(x,y) | . (15)
where, of course
2= p (18
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Boundary Cond1t1on and Sojution

Since for the forward blocking thyristor, the dep]et1on req1on

sweeps out all the e1ectrons on the boundary we have n_ = 0 at x = o.

P
(This is condition (A) 1isted below), Ohmic contracts force the boundary

to mawnta1n the carriers in equilibrium n__ (condition (B) ). By assump-

po -
tion (e), current flow through the oxide boundary (i.e., the concentration
gradient normal to the boundary) is zero (condition (C) and (D) ). Con-

servat1on of current should hold on the aates (éondition (E) ) and juhction 

’J3.(cond1t10ni(F) ). When (22 - ;) > =, we may have (see Figure (5-b) )s

S ' V../kT D
Ly _ RARE : :
n (W5 ) Mo po & (17)

because in this case, P, - n, can be considered as a forward biased diode

without-"gates":(éohdition (6) ).

With reference to Figure (5-b) and equations (13) and (14) one may 1ist

the boundary éOnditiohs as follows:

(W) Nlowy)=no  De<y«<l (1)
(B) NS(W}y) =0 | 0 <Y < Bqhg<y<l (19)
. N . ST e SOS R i

(c) By '='0=0' . " ‘.0-,<x<W~‘ (20)
® 5| =0 . 0<x<W (21
L o Ly BNS e e

(€) Io=- 2an_H,f e (22

/o x=W ~ L :



2 W W
‘(F) L )w .H.I aN l ’ aN, aN ) I
’ = qD —_— dy + > dx + o3 dx
B L B LA H hew & ly=t % y=1, J
-Lb] W W
| (23)
(&) Ny (W, 5) Myt . Upm)oe (8
_ | qb y qVg4/KkT 3
NOTE:.. = nP(J3) = ;::j- hp (6 - 1) (2 - 2w + 2, = &)
’ (25)

. For forward‘conducting thyristor, junctioh»Jz'is‘also forward biased
(Figuhe 6). The'minOrityvcarriers in proximity to the depletion region
are no longer comp)ete]y swept across Jz In this casefcondition A;

' should be changed to:
B N(O) = mpp = mpy Oyl (@)

~ where R
’ = qV 1,/KT A o '
?Pf =anp, e 92 : s 7(27)

~ Equation (17);£hou1d also,be‘modified as

ST aVgg/bkT A T

Moy = © "Po e ™ R 1'  (28)
'a b C, are the 1nteract1on factors wh1ch account for the fact that each
28

' Junct1on is affected by the other two™ . Now, app]y1ng the separat1on of

15
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are depleted junctions.



variables method,29 one sets

N(xy) = XOOYGY) ()

~and- equation (15) is then written as

N YV Y™ B -

e I—=f + v—X] =y (30)
n 7 7

By ax A |

. condi}jéns (C) and (D) imply

C¥(y) = cos K k=0, 1, 2, <mnem- (31)
L ) :

' By substituting equation (31) into eqUation (30), one obtains

(32)

e

© We may satisfy conditions (A), (B), and (E) by superposing a few terms in
'the‘form'of;equatipni(33)'fgr‘X(x),'so that Ns(x;y) is Ny for x = 0, zero :
for x =W, and finité'siope for x =‘w.‘ A possib1e,c6mbination,offterms

giving a cqmp1eté;301utibn to eqUatTOn (16) is as fp110ws: 1

: ]7.. :
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2 2

Ns(x;y),= "L cos K%X- A, sinh l§—+ 5_32_ X
L k=0 . Ln L
i 1. . k21r2 - 1 kz'rr2
+ Bk sinh e (X - w) - CkU_](x.~ w) sinh 5t =
L RS LR [

(x -w | | | o (38)

whefe U_](X7W) is a step function at‘x=w. Ay Bk, C, are unspecified
coefficients for the conditons mentioned above. |

As listed above, there are seven boundary conditions for this
ané]ysis, but only two (conditions (C) and (D) ) have been satisfied
by the “cosrg%xﬂ part of equétibn (34). 1In this equation, there are only
three sets of unknbwn coefficients, not enough to satisfy the other five

conditions. One may superpose f1ve terms in the form of equat1on (33)'t

satisfy these conditions, but then a complete solution with five infinite

series will be too tedious to calculate numerically for any set of (x,y).

One may, however, simulate equation (34) to a certafn functidn at a given

- N
tions. One may assume a functlon for 3}5- at x = w plane (see F1gure 7)
,,aslfdllowsﬁ | , :
o na + (nW;’»nO)' vSInAZQ, ! 0<"~y'<2‘:‘

BNs  R : » |
Ay : =>Q~E n- y,.<yr<L___£
X | x=w f § N . - : b

n6‘+~(n‘; - nc‘)),sin “‘—%l;—-l)— vL’ = <y < ’|_

(35)

}x-plane, so that one br1ngs in suff1c1ent unknownsto satisfy these cond1-



ans
| (w,y)
y= 1, | y=z; |
2 AN\

~ng /_..'
> Xx=W
£ x=w |
. y:O

Figure 7. Qua11tat1ve character1st1cs of function Q g1ven in
equat1on (35) , _
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n&, na,z are the new unknowns, in addition to Ak’ Bk’ ck, now one has

the.exact number of unknowns for conditions (A), (8), (E), (F); (C), and

equation (35).

N

5;5- =y * Instead of

Ns(w,y) is that it would bring faster convergence for the coefficients,

The reason for assuming a function Q for

and therefore reduce the number of terms to be retained in the infinite
series. This is important to the numerical calculations to be performed.
The choice of “s1n4 " for funct1on Q was aimed towards a simpler mathema-
tical derivation for the coeffic1ents as well as faster converggnce for
the infinite series. With the help of a digital computer, oneimay find
how close "sin®e" is to an opfimaTvchoice |

The determ1nat1on of coeff1c1ents Ak, Bk C and unknowns

n&, "o’ % should be re]ated to the particular cases of interest.

Case A IGn‘ = 0.

(A) Forward blocking thyrisfor;

By condition (A) and eqUation}(34).

n T

‘ . -———j%%—— for k=0

- Josioh(—) T
B,\ﬁ n | R (36)
EREe 0 B - for k# 0




By equation (35),

Y.
L
[n& (L - %«z) + %’"6 2] [ﬂ-v B, cosh %;- for k =
L . : for k =
e . krg
. =4 4 (n: - ng) sin = o ks .2 (a4
k " nm Y& cosh /E'w_ L(2 + %&J 1 g&
+ ] for k even
2k, ‘
T -
~ o
-4 (37)
where
From condition (E),
Cp = C *+ A __cosh /u il (38)

cosh Vo (W - w)

The details of these ca]culat1ons are presented in Append1x A.

By condition (F) ),

e

JL-2e ' |
(J3) n H E'""(A cosh Eﬁ'+ B )
n ¢
kmgy .
-2 § A sin L t/—
k even © K
K # O

by
i

(39)

odd

Cosh’ vr'w +- l-‘-—--smh (Vo w )tanhe/EKW‘- w)

:

21

)
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Note, since
o QU kT
Iph(J3) = f—gﬂpno l(e _‘]3 - 1H(2H - 2w + 2, - 2)

(40)

and

AR EARS SRR (a1)

np

When, n . >> pnd, thensinp(J3)'>> L ), and I ( 3) = Iy

p
By condition (6) and equation (34),
ow = Moo = N (w,é

= A sinh %—-+ by ‘(-l)k/2 A sinh Vo w
' n k#o
k even (82)

It follows from condition (B) that the minority carriersat the gate -
' meta]icontacts‘(assumed-to be ohmic) are at equi]ibfium. However, for
a practica] device the following tWo factors must be noted:
(a) The Py - base is usua11' lighly doped (P 0]6 cm 3,
typ1ca11y), and the meta1 contacts can hard]y be '
considered to be'fohm1c (true only for a pt - metal
" contact). | :
'(b)_ The metal contact in this caég_is»opened, and e]ectkons can .
 Lia¢cumu1ate and build:Up a‘pot¢ntia1 which tends to stép the

sweep of electrons to the metal through the depletion region



of P? - metal junction. This means that nS(W;y) may become

.’.

larger than equilibrium number "o

» or N_(W,y) Z Mo for

0<yc«< By s Ry <Y < L;‘where

ol R

NS(W}O) =‘Ao sinh %; cosh A, sinh vaw [ cosh Va(W - w)

A

(43)
By equations (36 - 39, 42, 43), we may solve for the unknowns

(8) Forward conducting thyristor

Equat1ons (37) to (43), obtained in part (A) remain valid but n_ as per

pw
equation (28) 1s replaced by "pw' From condition (A”), equation (36) now
'becomes :
[ n o = Mos '
'Jl-—TTJL'— ; ~for k=0
B = sinh[— )
k -y . o (a8)
‘ 0 ' ‘ for k # 0

TThe force that. -sweeps electrons from semiconductor to metal by the field
in depletion region can be balanced by the repulsion between the electrons
. in the metal and semiconductor.

For P2 of 1016 3, the maximum number of electrons on the metal (which

is left open) is. 2x106'cm—3, then no electron can go farther than one

third of the depletion length. c.f. The book by S.M. Sze (reference 25)
Chapter 8 discusses the metal-semiconductor junction.
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Case B IGn #0

For a forward blocking thyristor, this represents the condition between
gate triggering and turn on, or the condition the device is in after it
has switched over. Equations (36) and (37) for BP and A in case A are
still valid. By virtue of condition (B),

sinh /a W

k=Bt A (45)
sinh va (W - w)

From condition (E) ard equation (45)

c

He, A sinh Y-
IGn - 1 % Ln
9 o W-w
n Ln sinh [-r"—"—
) Kuty -
Yo L sin -E—-Ak sinh Vo w
+2H ¥ (46)
i ngn k = sinh Vo (W - w)

and from condition (F) and equation (45)

‘ : L - 22] W
,Inp(JB) =HaqD —T;;__~' (Ao cosh E;' + Bo)

ke
+ 2 ) ; Ak sin fE;L [_t;ﬁ' cosh,/a w
k e k

4k Si?h Va W _ (1 - cosh Vo (W - w){]



The above equations are’derivéd§in Appéndix B. By equation
(36); (37), (42), (45), (46), and (47), oné‘may solve for the

.unknowns ney no %, Ay By and C.
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Numerical Calculations |

Since the concentration of minority carriers in the forward
blocking case could change from zero to 1012 within 10'3 cm, the numeri-
ca] calculations may face a serious problem of accuracy. It was there-

fore necessary to take particular care in the course of writing the

computer program to minimize the possibility of errors. The calcu-

lations were carried out on CDC-3300 Computer at Northeastern University

Computation Center. The program was written in FORTRAN IV in double

. = 107" sec. Doping with Pé

precision and the calculations were found to‘have an accuracy of at least

- twelve digits. The following examples are the numerical calculations

corresponding to each case discussed above.

Example 1 - For a'typical'thyristor,Ain forward b]oCking state the

geometry was ﬁé follows:

=5x10%cm, L = 5x 1073

=
il

5.1 x 107 cm,

W=1x10"2 cm, b = 3.5 x 1073 em

25 cmz/sec, and

10'% en3 and

The other pérameters are, Ln =5x 10'3 cm, Dn
-6 106 cn3,

,nz
4.4 x 1077 amp,‘IG‘= 0, in forward

n

- 2.2 x 10% cn3. when
p 2.2 x 107 cm “. When Ik

| b1ock1ng state one may solve equat1ons (39), (42), and (43) simu]taneous]y :

v‘and obtain

= 1.5118 x-10'2 cm.

&=
ne = 6. 5836652 % 1013 en~t
ng =2 6683225 x 10’2 4

o6



Substituting these values in equations‘(36), (37), and (38) one
obtains the coeff1c1ents Ak’ Bk’ Ck, explicitly. Thus from equations.
(14) and (34), one cou]d plot the m1n0r1ty carrier distribution
S( X,y) as shown in Figure 8. The der1vat1ve with respect to x,

ang (x,y) Iy (%) | :
-—~—5§——- which is ——~5-——, 1s shown in Flgure 9. From Figure 8, one
can note that m1nor1ty carr1ers d1str1bute smooth]y in Pz-reg1on Figure
9 shows how smooth the distribution of Jnx is. However, one observes
‘that in the region of wex<il and O<y<gy, J,, of y = 0 is larger than J,,
of y = 2,. This is becauﬁe‘jh is most1y in the y-direction when elec-
trons flow out of n, into P, region.
From this sé1utioh,'n§(x,y), 6he calculates 3n‘as

3 vt

v Ay g ,~ '
J " D, [x £ +y sy'] ns(x,y) , (48)

One may estimate the electric field in x-direction as

tx = Tpx/ [qpp P, x(cross section area)] o  (49)
where |
. ¥ o B Ay
IPX = I - Inx ‘ . RRT (50)
arid : ‘ L

(51)

¥
|
= =
SNy
Cud
=1
x
fo R
<

I s

- Examgle 2 Same thyfistor;ibUt in fbrwakd conducting state without~

o gate current | Ik'-HO 125‘amp IG 0, V, = 0. 95 vo]t

'(polar1ty as defined in F1gure 6), V5 = 1.13 VOlts.
=0.82, b=1. 5, c =0, 877 By equations (39), (42),

»  and (43), the parameters are ca]cu]ated to be:
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4.97 x 10™3cp

g:
no = 1.35215768 x 107 cn™
n;= 2.01741901 x 1017 emd

Again with these values, one obtains the coefficients An, Bn,VCn’

explicitly.  The plot of n (x,y) is shown in Figure 10. The distri-
| ong(x,y) o ang(x,y) |
bution varies smoothly, — and Sy

are plotted in Figure 11. From eqdation (48), one may'find the

distribution of Jn in Pz;region. In the region of 0<y<21, W<X<W,

Jn is f1ow1hg toward the gate when close to nzéregion, but turned

around and f1ows toward junctioh J2 when close to the oxide (i.e.,

‘y = 0). This is due to’therhigh current density at the P2 ol junction,

especially at 21<Y<2os for this forward conducting case,
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Figure 1la
In forward conduc-
ting open gate
case, anp(x.y)/ax,
the slope of
np(x,y) in x-direc-
tion in pz-region
(a). ang(x.y)/3y,
the slope of
np(x,y) in y-direc-
tion (b). These
two figures aive
the x and y com-
ponents of
Jn/an.
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CHAPTER III
DYNAMIC ANALYSIS

‘v Introduction

The basic principle of the switching of a thyristor can be well
represented by equation (5) of Chapter I which is based on the assumption
of uniform current density in the device. This is a one dimensional
approach which was amplified by E.S. Yang ef a1,3° and who pointed out that
the switching is basically due to the current dependence of current gains
' 3

J.F. Gibbons”' used a graphicé] method to analyse the I-v character-

1> 2

istics, but this is a time-indépehdent analyses. The one-dimensional

analysis valid for small area thyristors can be briefly states as follows:
Consider the‘prn]-p2 portion of the device in Figure 12, the base
current is '

'where‘Ica is the electron current collected by junction Jy- Consider

the n,-p,~-n, portion of the device, the base current is

B2 = g * Iy (63)

" where IC-I is the hole current collected by junction J2. But,T'

+ -In a p-n-p transistor, the m1nor1ty carrier distribution in base (of
width w ) can be approximated as, '

p(x) = p,, (1-X/Wg) Exp(qV/KT)
The tota]wcharge of m1nor1ty carriers is
0 = 2B q Pno EXp(QV/KT)
where A is the area of cross sectlon and
- - 2
= quDp (dp/éX), ;(2Dp/WB )QB



-

Figure‘ 12.
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- Kol

3 S (54)
I = %% | . (55)

From the equatibn of continuity,

- Vudp = q%%- +q E%ﬁg- » (56)
> 3Q )
vol. of ny o T (57)
' p
So,
Q, Q
3] 1
Iy =5 * o (58)
p
Tikewise,
3Q Q, .
4 *2
‘27w ‘T (59)

Substitutihg equatidns (54) ahd (59)'into equation (53); one obtains

I‘:+|(Q =.3.Q.?.+9.g. o '(60)
G 1™ at 1

n

Substituting equations (55) and (58) into equation (52), one obtains

o N ' SRR
L et (e
~Use Laplace transform to solve Q], Q2 s1mu1taneous]y 1n s-doma1n, 

then take inverse Laplace transform back to time doma1n,



) = bt G+ B+ e e

and
(1-at (1-bu
Qp(t) = a—(s‘sg— Exp(-at) +m—1§—- Exp(-bt)] (63)
where
T +’L'
. p 4K, K, 1 21 2 -
a’b=TT [ p/]"‘ ]ZD zpn | (64)
2'p'n (tp + 1) ;
Sincé
IA(t) = K-IQ"(t) +. KzQz(t) (65)

one may'find the IA response as a function of IG.
This approach was used by G.D. Ber*g‘man]2 to calculate rise time and

32-et a1.

delay time of switching and by R.L. Davies,
Instead of integrating the equation of continuity to establish the
ré]ationship between curreht‘(l) and charge (Q) as shown in equation (65),
it is more rigorous to solve the minority carrier distribution from the
diffusion equation, theh'calcu1ate the electric quantities like current
density 3, field E and'potentia1 V. This approach assumés no lateral
uniformity and applies equally well for the one- and two-dimensional
analysis. This approach was used by A.A. Lebedev, A.I. Uvarov, and

)-33,34,35,36

V.E. Chelnokov (one dimensional). They solVed the minority
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carrier distributions in Ny and Py regions when "turned-on" by
assuming no electric field, low level injection and that the number of
minority carrier is negligible in "off" state. They imposed the boundary
conditions of the continuity of current at each junction and they obtained
general solutions of minority carriers in the form of Laplace transform.
They did not obtain the inverse Laplace transform and therefore did not
obtain a general time dependent closed form solution and their time-
dependent solutions were presented 6n1y for some very particular cases.33
In the novel approach used in this work one solves the diffusion
equation in " and Py regions separately for each region making use of
the basic techniques 1ike separation of variables, Fourier series and
Lapiace transform. These are general time-dependent two dimensional
solutions applicable to practical thyristor device geometries. These
so]utioné are then calculated numerically and plotted. With the computer
programs given in Appendix C,D,E and F one may calculate the characteris-
tics of other given thyristor fypes having différent geometries and

different doping characteristics.



Formulation of the Problem

As discussed in earlier chapter, the distribution of the minoriiy
carrier concéntrations is a fundaménta] and descriptive approach to ob-
tain electric quanfities Tike 3, E, V. This is true for both static and
dynamic cases. For a typical thyristor one would start from the continuity
equation and formulate the diffusion equations for the minority carrier

pn in nT reg1on

~>|2 ) -1 . > -> >t
Dp V p, + My Pr \ E - ¥y E, (v pn)
Pn= Pno Pp
T, - * ot (66)
p
where
-5 v ~ 3 A<—_§‘
VoEsXy Y Y oy
and for the minority carrier np in pz-regionv
o 2 B S : > - :
D, v ny + up an'E2+“n»52' (vnp)
n ’.'.‘n~ an‘k ; :
= B PO, B 3 o (87)
' fibwhere‘  : V;" ‘x sty 57
RExhrYE
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To find the so]ut1on to equat1ons (66) and (67), one makes

the fo]1ow1nq assumpt1ons

(a)

1) ;

(c)

)

“P_.and n_ ‘are neg11g1h1e compared to P and n

Geometry of the thyristor is as shown in .Figure 13,
Not1ce the dev1ce is symmetr1ca] a]ong the
L/2 11ne

The recombination rate of minority carriers Uy and

g
i
o5
: N
~
~
k=]

[y
[}
=
~
~
=

The equilibrium minority carrier concentrations of -

no po
respect1ve1y for the dynamic case.

P

Tonization qenerated by e]ectr1c field E can be neq]ected

A The justification is given under the section on Formu]at1on

fof the Problem.

No other carr1er»generations éxist, thus
G =0, 6,0 | |

The oxide on the surface is considered as a perfect
insulator.

This ana]ysis is Timited to the low level injeéfion

case. Therefore, the Poisson's equation is,

V' . E = p(x,y5t)/e =.0, by charge neutrality.



} y
) V.J_j _ \e2 i
» ZL M3

I ZN
A p1 n’ %;p “'-vnz —)——lK—"—K

Ly eyl Lsf

%'11: B le
-u -u w W - X
J, Jy

Figure 13 A Two-dimensional View of a Typical
Thyristof. ‘S1ashed-1ine regioné are
depletion regions, potential polarities

are defined as shown.
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‘(g)  Electric field E is not negligible in n]-region,

but is negligible in the Pz-region. The justification
for this assumption is a]so‘given in the section on
Formulation of the ProbIem. In the n]—region, one may
compare the e1éctricvfie1d (due to doping profile and
cufﬁent conduction) to thefcrificai field to justify

this assumptioh; As given by equation (11), the critical

“field is:

For typical values of My = 350 cmZ/Vesec,

b " 1076 sec, the critical field is

20.6 V/cm. The field due to doping profile in the

D 13 cmz/sec, and

P

E

| n]—region is (Dn/un ND),(BND/ax), and is estimated

to be 2 V/cm and is negligible compared to the critical
field. When the device is conducting a current of |

1 Amp/cn® (which is Tower than typical forward conducting

| Cufrent) in the n,-region of typical resistivity 40 q-cm,

“the field is 40 V/cm,much larger than the critical electric

field. Therefore, the electric fie]d in n]—région becomes

more .and more important as the device is turned-on.

The problem is two-dimensional in Pz—kégion, while in n,-

region it is one-dimensional. The distinction is bused on



the geometry and whether there are more than two
current sources or not.

The boundary conditions can be stated as follows:

(A np(yat) |l = pp(xyst) ey = 0
t=0 t=0
on ap
_Jl = _Jl =
(8) oy | y=o oy y=0 0
y=L/2 y=L/2
y=L - y=L
! (C) np(xa)’,t) x=W npo , 22<y<L, 0<yf£] s
(D) Iyy =g
(E) Ty + Ig=Iys

-Cphdition (A) refers to thevfact that the number of minority
tafriers is zero at the depTetion bouhdary, conditionv(B) refers to the
| 1nsu]atidn.of oxide and symmetry of the device, conditoﬁ (C) refers to
‘the ohm{é contact af the gate contacts, conditions (D) and (E) refer to
- the Conservation of current. Eagh current can be symboTica]]y repfeQ

sented as

3p

I Eix pn<xffu)'va TBX

+ I e qV]/hKT

g1 = M x=-U |* Ij1
B - o
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1

| N TN |
32 ® LHM(VZ)q Dp 5% | x pn(x=-u) Eqy
oL an : :
+ M(Vz)qH ‘o (Dn —55- =0 ¥ ¥p np(x=o) E2x)dy (69)
) an S
33 = M 1oy (O =5 | ymy + v Mplxew) E5p)dy

- an ;
+2 ™ (Dn-éf,—*y:z]unn

W
, qV3/nkT
+ lps g

> > .

(y=21) Ezy) dx

(70)

,E], E2 are electric fields in ny or P2 regions respectively,

S

and,
-»> > :
E; =eny Iy /H (71)
and |
oy -1
M(Vz) = 11 - V_EL. )3 (72)
, v “BD2 :
“the multiplication factor,
‘u"="2|< e V.,/q"A g (73)
| s o0 J2 B :
the depletioh‘1ehgth'bf Jz;ﬁ
C . QVy/nkT - nHL f o qup/ekT -
:IR]  e  ‘ = E K eoq V]/ZND'G“ g o (74)



the recombination current of J1, and

IR3 e = kseoq V3/2NA e (75)

T

the recombination current of J3-

Because the factor n (=2) is the exponent, the recombination
current of Js is negligible in equations (68) and (70) when the deple-
tion lengths of each junction are not much Targer than the diffusion

14

lengths. Vgn, for typical Ny (10 cm'3) is 1150 volts, while the

forward blocking voltage is no more than 500 volits, so equation (72)

gives M(Vz) = 1. With these considerations along with boundary (A), (B)
and assumption (g), we hay simplify equations (68), (69) and (70) as:

IJ] »= L H q up E'Ix Pn(x="u) = Dp -‘5;(- x:-U (76)
L N P, Lan | ~
Ip=LH qk -Dp x| x=-ul T qHDn o _5% &0 dy (77)
e, 9n W on
_ 2 p|- , -y

We may obtain the mihbrity carrigv hsncentration$ pwfx;y,t) and
n
conditions (A) through (E) and equations (76), {77) and (78).

(X,y,t) byvsolvingvequations (66) and (67) subject to‘the boundary

45



Solutions for the Minority Carrier Concentratijon

Equations (66) and (67) are two independent partial differential
equations, but boundary conditions (D) and (E) joined with equations
(76), (77), and (78) make'pn(x,y,t) and np(x,y,t) mutually related.

A.A. Lebedev et al. tried to solve them simultaneously
too tedious to obtain the general solutions. We may, on thg“gthéF hand,}
solve equations (66) and (67) independent]y; IJ], IJ2, and IJ3 aré con;
sidered as boundary values for ny- or Pzwregidn, the consefvation of
them (i.e. boundary conditions (D) and (E) will be the modification of

v théée boundary values after certain interval. With the efficient
digital computers available these days, the interval lengths can be

chosen arbitrarily small, then the analytical and numerical solutions

can be obtained with all the boundary conditions satisfied.

(A) Solutions for ny-region
By considering assumptions (a) through (h), equation (66) can be

rewritten as: -

2 ~p o L :
N . - %n_pn . o8pn

In order to obtain the so]utioh of this equation in closed form, it
is found that to take the Laplace transform of equation (79) is a good
'approach,; So, take the;LaplaEe,transform of both sides:

Pragdr pespopioo  (8)

Q2 jQ
Tx



where

(xs)- { xt)} p(xt)eStdt
a 3'“p E.|/Dp
5p = (s + l/rp)/DP
“pn(x,o) is the initial condition of P(x,s). It is the well-known
static solution in the form of |
p.(x,0) = -p_U sinh XU / gipp YU
n n : va Lp

- by sinh f;“ o | - (81)

PoU = pp(x=-U)

- ey U-u

b] = an / sinh [
s p

The complete solution of equation (80) consists of a pakticu]ar

solution, pp(x,s) and complementary solution pc(x,s),
P(x,s) = Pp(x,s) + Pe(x,s) B o (82)

By subst1tut1ng equation (81) into equation (80) the part1cu]ar

solution of this one-variable equat1on is

~ bL 2 (x+u)/Lp~ _e—(x+u)/La' , ,
X S 2 ? R (83)
p 1+a1L -s Lp S]'p +a1Lp-1
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3% o 3 _
._;?—Pc+a1_ ‘B—X-PC.'—S-l P

By substituting equations (82) and (83) into eguation (80), we

obtain the equation: to solve for Pc(x,s),

2

i (84)

]

.Pc(x,s) is obtainable by ‘assuming it to be in the form of e™X.

Solving for m (two values), Pc(x,s) is obtained as

V a1 /4+s (x+u) . -V a]2/4+s] (x+u)
+ A e

Ae ]‘eal (x+u)/2

P (x s) = [ A, e

- (85)

Now, us1ng the techn1que of 1nverse Laplace transform one obtalns

‘the time funct1on pn(x t). Using the transform

i{eht} = /- eht e-St dt = vy Re {s} > h

or, the inverse Laplace transform,

i {__ﬁ} BT e
-~0ne has

L e
vap(.x’t) = i {Pp(XsS)}

b] [e-(x+u+a]Dpt)/L o e(x+u+a]Dp'c)/Lp]

7 P
aDt L (86)
= & b] sinh (xtu + lrp-) e



Before obtaining the inverse Laplace transform, we would check
the equation‘(BS) first. By the "initial value theorem",

lim s P{x,s) = pn(x.O)
S +

(87)

Considering equations (82), (83), and (85), Vim s Pp(x,s) = pn(x,o)
S -

‘and coefficient A, of Pc(x,s) has to be zero, since otherwise

2/, + sq {xtu) _ _
lim se "4 =
S > o

Note, x < -u<o in n,-region. And also .

da?/a + s (o) g

1im ‘s e
S >
~ Therefore, the value of A is unrestricted by equation (87). As
~stated, boundary conditions (D), (E) are now considered as bbundary
values. Condition (D) may then be reStated as a description of grad-
jent of pn(x,t),
9P, (x5t)

(0') —x

X==U =g

which means I n(x=-u)=4-HLqD

p

pc]@ By a Laplace transformation, |

ny 3P(X,
(on) Rlgs)

A
X==-Uu - S

Condition (D") is not a rigorous condition, since in any time
interval, the actual value of ¢ varies as switching is started. There-
fore, c]‘can be considered as a "final value" after a certain time

intervai,‘and
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(D") lim s 38 = C
s 0 X |x=u 1
Since
> ) 211L)p ( 1 Z " ] 7).
3x
I X=u p L - -
oS 1+a,"p s]Lp a]Lp ]+51Lp
th (g 454078
a; 1 a]2
Mol stz + " — )
/ P
2
1 a :
-a, [x+u|/2 > 1
- 1 l | 5t + X+u
pc(x,s) =c, e e o Lp T
5(_a_]_+ _1..4.?_].:
4 L2 4
P
(89)
Note, Xtu = -’x=ul " for x < -u
-x+u = lx+ul' for x < -u
' | 38

By equation (58) and (59), and equation (10) of Bateman's Table“°,

s+ 8

) e L
i ‘{_21_____‘} =Bt Le J@ erfc(% /P%‘-' - § /Bt)

(30)

e e 1/ IVEE )]



| -1 |
P.(x,t) =i P.(x5s)

a, |x+u|/2 ‘x+u
Rl e G I [ VPRI
¢ ¢ [ (_ ]/LP o /4 erfc(-—L———L
e

_ WV/ ““‘761‘ . e |x+ul\/2/L 2,

x erfc ( —-[———I- -\/L-o- : ' (aq+ +___.
A '

(91)
From equations (86) and (91), the minority carrier concentration

in the n]-region is:

Palist) = P(x,E) + P lxst) | | (32)

To find the current one takes the x-derivative of pn(x,t)

opg(x,t) - 3p,(x,t) , Pctxt)

ax X ax

b - a'ﬁ t  a '
= - [l- cosh ( z+u + l )+ §lf p.(x,t)

P p P :

a (x;u)/Z 5 | ‘

1 2 2
c.e , , -(x+u)Z,-Z (x+u)Z.-2

L e M B 173

ayt Va12+4/Lp2
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| (x+u)Z1 -(x+u)Z]
Vprt + Z1 [%rfc(23) e - erfc(Zz) e (93)

, = 1 / 2,. 2 _
where Zy = I/Lp Yy Yy, Z, = -(x+uy/ 2V Dpt +’\/r;}rp+a]20pt/4
. , -
= -(x+ - 1+ .
23 (x u)/ Z'V Dp '\/t/zp ay Dpt/4
o op, (x,t)
The solutions obtained for, pn(x,t) — will be discussed

later and numericaily calculated for various locations and states of

| switching of the device. .

- (B) Solutions for pz-region

By considering assumptions (a) through (h), equation (67) can be

rewritten as:

2 22 on

n
D, (o +—)n ==L + L2 (94)
Nl oy P Bt T

Assuming that the variables are separable as discussed earlier,

the function np(x,y,t) can be separated as:

. = km ,
’np(x,y,t) = I cos -tx-fk(x,t) ’ (95)

k=0
k even

The choice of "cos K%x-"‘and "k" even is to satisfy boundary condition

(B).



Putting equation (95) into equation (94), one obtains:

2 272 an n
k
D (2 - yn =L + 2 | (96)
(T T T
or
2
f of
k , k
= af, +b (97)
sz k at 7
2 2
where, a s,~l§-+ k s b = ‘%Tﬂ
Ln LT n
Assuming:
fk(x,t’)‘ = fi (x;0) + gk(x’t) | . (98)

I COS EEx-fk(x,O) is the initial function ofkhp(x,y,t), and is obtained
as equation (34). gk(x,t) is the time-dépehdént part of np(x,y,t).

- Introducing equation (98) into equation (97), one may separate
‘time-independent terms and time-dependent terms. The time-independent
terms have already been solved, and the unso]ved'part of the equation
(the timé-dependeht'term) is:

.

g a9
g s ag b
ax ‘

T (99)

We should solve equation (99) in the way that np(x,y,i):meets'
conditions (A) through {(E). For gk(x,t), condition (A) should be )
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modified as:

(A) g (o) =0

One'may modify sondition_(A') further as.
(A“) ‘gk(x,o) -0

which means the time-dependent function gk(x,t) doesn't exist in dny
place initially.

Conditions (D) and (E)fake now considered as boundary values,

which are descriptions of gradieﬁtS'of np(x,y,t):
: an_(x,y,t) J_(x=0)
1 ) =N
0 Fg—| w0 =@
an (x;y;t) J
oop - _@Gn
(E') X x=w = b ‘0<y<z], Bp<y<L

where J. is the electron current density, J,  1is the electron current
density at the gates. Gate current IG‘is the current necessary to turn

on the device, which can be turned on'ohly when IG is larger than a

.certain value.

54

Since conditions (D')‘and (E') involves time constants, we may

rewrite conditions (D') and (E')'for}the boundary values of time-dependent

“function gk(x,t)‘in‘a‘timé interval:

. ng(X,t) . S .
(0") = |x=0 = %o G >0



(E") A _ = =C= CV-N- >0

Boundary values c_, c-toqether with c, in Section (A) for
]-req1on are fixed for certa1n t1me intervals, but will be modified
at the end of each interval as one is checking with the conservation

of currents (cond1t1on (D) and (E) ). | »

Once aga1n the Laplace transform is found to be a good technique
‘forvsolving equation (99) subject to conditions (A"), (C), (D"), and
(E"). By taking the LaP]ace transform, equation (99) may be rewritten
as: - 5 |
2

LG xs) = ag glus) (00

where

Gk.(X‘,S) ‘5 i {gk(x:t)}

= a + bs
8 22+ bs

The bOundaryvconditions now becomesi;

(AQ)A Tim s Gk(x s)

S St
(D")  lim S-lii e e'/gm >W
. 5X %o et

§$ =0 X=0
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36y ~Vaw -

(E™)  lim s —- = -c— @ W W

s > w X X=W ‘W.

Condition (A") concerns the initial value of Gy (x,s), while
condition (E") cdnéernsvthe initial value of aGk(x,s)/ax at x=w
which is propbrtiona1 to the initial value of gate current IG Condi -
tion (D") concerns the final value of aGk(x s)/ax at x=o for certain
interval which is based on the same argument as in Section (A) for
condition (D"). Parameter "u" is chosen so that Gk(x,s) will carry it,

and the choice of its value will ensure that condition (C) is satisfied.

- Expression “e'/am" is chosen to ensure fast convergence when evaluating
the ¥ series numerically (note, a = 1/Ln2 2 2/L2)
- k=0 - '
k even

The solution of equation (100) should be a combination of terms

i%ﬁg(ﬁ'e x)’ ei%ﬁg(m—x) _/— X

in the form of e , ore

A form found appropriate for Gk(x,s) is

,-/_ (m-X)

Gy (x:5) = - Aysinhva x (101)

which is mathematically easier than other forms for calculating the

inverse Laplace transform of Gk(x,s). A],‘AZ, are coefficients to be
determined. By defferentiating equation (101), one has | A
BGk S r-/a_ (w-X)

—x = A (A e ® - Aé cosh Yag x/ cosh va_w  (102)



w here AZ' = Ay cosh /ag W

86

Bl A (a e N0 hy [ cosh W) (103)
KT I _ 1 e :
X=0 ‘
3G ; /3. (w-W) - A ' ) : ‘ (104)
k- _ s 2
X - /Eg (Al e

X=W
Condition (D"} and equation (103), yie]ds"

-

-h / cosh vaw =c e'ng / s/ ' - {105)

.Al € ()
while condition (E") and equation (104), yie1ds’

e o
Ry =c5 e /sv"hs

, CW e'/aw ‘ . .
Thus, - A2 - — o (106)
. - % s/ag cosh Ya W 2

| c e
and s A'I o::."" ‘+ ‘w —_—
: s/a s/a_ cosh Vaw

(107)

A] and A2 obtained are both positive, which ensures that Gk(x,s) of
equation (101) will always be positive. This is a necessary condition to

- have the number of electrons np(x,y,t) come out positive.
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Now,

G, (x,s) = ( ‘o + : L — ) e s
k s/a s/Eg cosh /a w

- _ sinh VA, x (108)
: s/E; cosh VS; w :

The inverse Laplace transform of this equation is based on

the following inverse transforms:

-/ag (u-x) | -/s*a/b . /b (ux)
30\] | L ). |
s b Vs+a/b

Since a, = a + bs. From equation 5.6(6) of Bateman's Tab1e38,
éii-] e = e'q2/4t
L /s it
and
i1 , mugt A1

G(s+w = e o G(s)

the inveréeﬁtransform bec0mes‘

vbrt : : : '



Also,

i_] -/ES (w-X)
1, = =
2

S

£ [ G K )
e / [(s+a/b)-a/b]

1 [e(w-g) /2 apfe (93_2-_5)@ +'\/ _g__t_)

-}e"(“"x) /a—ér‘fc (-‘%iﬂf -V E-E- )} | (110)
The last equality is shown in equation 5.6(6) of Bateman's Tab1e.38
Also, |

-1 |sinh va_ x
I = ;Ii - e
/E; cosh /Sglw.

oy |
=E£‘ ‘ {}sinh /s*a/b /b x) / (vb V/s*a/b 'cosh /s+a/b /b w)

igi) / bW

W=b

‘-t/b'e.(l‘—‘—f
-e™? S o

| 2 2
Sl oy bWt (x/2wdr- 1)/t
R LY A 2

rs-w

e.-at/b 7 (’th ) >
bW b 2 ,
™ _ :

‘ (111)

The'thirdbequality is shown in equation 5.9(34) of Bateman's

,Tab1e38

. eT(v[r)'is Thetaffuhction of first kind. The fourth equality
is shown as the last equation on page 387 of the same Table.

Note, equation (110) is the inverse Laplace transform good for the

b8
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as equation 7.4. 33 of HMF"”.

 be obtained by I2 and modified'I1, I when considering I

. gk(x,t) = i‘ {Gk(x,s)}

first term of equation (108). Equations (109) and (111) -are good

for the second and the third terms of equation (108) respectively, if
vafiable "s" {s in the denominators of equations (109) and (111). By
fhe property of: |

-1
Z( G(s -t
e =/, 9(x) dx
and observing that the time functions of equations (109) and (111)
are of the same form, the inverse transforms I], 13 can all become

directly applicable to equation (108) by:

~oX-B/ %X ‘
' 2 .2 |
=2 't ool -B/T" 44 | by x=T2
. 2/aF |
= %\/ s l:e erf (Vat + VB/t )
.2/aE . o B
+e cerf (vat - VB/t )f2 sinh 2vag |  vo.vE>0 ~(112)

The integfafion performed to give the last equality can be found
39

Therefore, the 1hverse Laplace transform of equation (108) can
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o (v-x)ra . w-x /b at
=9 1 erfc ( + + )
25 /e A

~-#a(w-x) : :
. a(wX)erfC((-”;z:iﬂ _'/%_f_)]

Cw /5(‘»'*) at , w-x /b
" Ecosh W | erf (/2 + P 3

+

| ~/a(w-x) e
+ e ¢ ‘erf(/é:g - 9—5—"— ,/—5— )= 2 sinh #a(w-x)

-Yaw

c—e © = g |
SN g ()" eRawlx/awr- erf('lg‘t‘ W Rty -

2v/a r=<o 2w

-2w/a | x/2r- ¥ | e
te Derf(/2 ik gl

sinh 2 /5')?(—‘,7 + Y‘-‘}'lw} » (113)

or, to‘make‘numerica1 calculations more efficient, equation (113)

~ may be rewritten as:

' hfa—‘(@"x) f Sy | ,
ROk G ( “‘Tf‘) erfe ()

' ‘-/a" (w-x) : ‘ CW , '

+e (e, + ——————) (2 -erfc (sz))

0 coshaa W
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| 5 w 2/3 1
+ & e z (-1)' [e p3 erfc(vézc- + ZpBVTt)_)

pavo
_(e,'z'/‘; 3 (s - er'fcﬂ/'g-t- - zp.jV'-_ttl ))] (114)
where  Z, = /AE/B + 0.5 (u=x) /TR,
Zyp = ¢3E7Bf- 0.5 (u-x) vb/t, Zp3 = wix/Zw-r-%1

Note, when checking equation (113) or (114), we may find:

1im gk(x,t) =0
t+o0

Tim

R gk(x,t) = constant of time

which means g, (x,t) is non-existing before switching and saturated

~ after switching.

- Therefore, the minority carrier concentration in the pz—regiOn is:

oyt = p s e [Fy(00) + g ut)] (115)

k=0 .
k even-

In order to calculate the current density of minority carriers

in the p'-region,,it is necessary to find the gradients of. n (x,y,t):
2 77 v ) ,



an_(x,y,t) w of (x,o) ® 3g, (x,t)
"'2'53('"—' = I cos —[1’- k % cos k{y ";x
‘ . k=0 k=0
k even k even
- (116)

The first term is ca]cuiated as equation (39), the second term

~can be calculated by:

- . = C. - ....._.___—...._) /— f Z + p]
™ T 2h ) ° cosh /AW L& erfe (27) #V g e P

o | -W i ~va(w- 72
+(c +-'.-———_——c-v-’——) e 2 IX) [/"(Z-erfc(z 2)) +\/_b e pzi\

©  cosh vaw

w r: -0l

R - 2/az
. +c— e T (-1) (e v p3 [}”‘erfc(z W/—Br e p4]

’ -2/al . -2
te "p3 [/a"(z-erfc(zps)) - VE—; e pS}
. (mz)
yhan (Xstt) . : ® : : L )
5 = L [ sin lj’k(“) ' gk(x’t)]
k even e
: _‘(1’18)

The so1u£ions obtained, n (x,y, , On (x,y t)/ox, on (x,y; )/ 3y
- will be discussed later w1th numer1ca1 ca]cu1at1ons~for var1ous 1ocat1ons

or states of sw1tch1ng of the device,
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- case without gate current, which means IJ] = IJZ =1

Numerical Calculation of the Oynamic Case

In the previous Section, equations (92) and (93) derived for
the n]-region and equations (115), (116), and (118) were derived for
the pz—region. Now, using these equations, one may calculate numeri-
ca11y the minority carrier distributions and current density with the
aid of the foi]owing algorithm: (1) Establish the operating parameters

of the device before triggering. .(2) Determine the appropriate gate

- current IG to trigger the device. (3) Adjust the operating parameters

to sétisfy boundary conditions (D) and (E) for each time interval.
Continue the above steps until the values obtained show a saturated
condition, at that point the device stays "on". More specifically:
(1) Parameters before triggering | |

Set fhe devicé‘in the same operation conditions as in Example 1,
d Amp in the forward blocking

= 4.4x1077 Amp.

for the static case, namely, Ik = 4.4x10°

K

- From the equality

HL gD, p [ qVy/kT . ~ L
I, = ——pno | 7Jl Aleoth ¥ (9
g1 " C | L ,

one obtains,

qVJ1/kT" 1) = I.. L/ (HLaD. Umiy
- - = gD. coth — (120)
Pou = Pno '@ Gk I | p Lo



Using the values of H, L, W, w, 2 and parameters of Ln’

Dn’ ™ from Example 1 of Section IV in Chapter II, (in addition,

19

knowing the parameters D _=13 cmz/sec.) Lp=1.14x10'3 cm, g=1.6x10"

P
Coulomb). One finds from equation (120):

Py = 1.81x10% x 1, (120A)
and,
By = Iy / HLa uy pp = 8.8x107 1, (121)

From equation (119), Vyp = 0.69 V.
In order to evaluate the switching characteristics of the device,
one has to connect this device in series with a Toad RC, and apply DC

power supp}y of voltage Ev. Thé governing equation is:

+ Vo,V

a1 " Va2 * V3 (122)

EV = IRc +V

where I is the current that passes through the device. Assuming
EV =20V, Rc = 50 @, and‘VJ] = 0.69 V, VJ3 % 0.6 V,»(gs calculated
earlier), one obtains:

J1 = 18.71 V

- Vi3

~VJ2 =‘EV - IRC -‘V

- One may now evaluate the depletion length of u ofkn]-regidn~in 1
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Jjunction J2:

A -4
Uus = = - x 10 " cm
h//' steo de/an | n/’12.9636 VJ2

(123)

u=1.56x10"3 cm for this V;, specified.
Parameter c; may be evaluatedfrom pn(x,o) of equation (81):
Pn | Py 23 U-u
Cq = —— o= - = =1.17x10%" x 1 sinh
L . L sinh(ZY4) J]///, [;:-
: p va

(124)

Choos1'ng'U=3x1O'3 cm as a typical thickness of n]-region, the only

J1 and VJZ'

The parameters for the pz-region before switching are specified

unknown parameters are then I

in Example I of the static analysis.

(2) Establishing a sufficient gate current Ig

A gate current IG is considered as sufficient to turn on the

device if the time-dependent part of np(x,y,t) is much larger than

the time-independent part, this occurs when t = 10'7 to 10'6 sec.
With IG specified, Cu becomes,
agk(x,t) o Len 22
C . = = g = 1,152x10°° 1 (125)
W , ax‘ x=br 2an Hz1 Gn

~'As calculated by A.Y.C. Yu4o, the minority carrier current I
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the gate contacts with semiconductor of

p=’.0‘]6 en™3 is
_ 1n=b
IGn = 10" x IG
fherefore,
= 1.15x10'0 I, | | ' (125A)
Numerically, a gate current is sufficient to turn on the device
(assigned by equation (125A) ensures the calculations of
, 2 4x10]] =3 and /3 X - 5x10'3 at y=2.52x107% cm and t = 1077 -
107 -6 sec. These numbers for np and snp/ax are obtained‘from Figures 8

and 9 respectively.
(3) Parameter Modifications after Time Intervals

When IG is sufficiently large, Idé and.IJ3 will be greater than’
IJ1. After each time interval, one must then modify parameters to
satisfy boundary conditions (D) and (E).r From equations (76), (77) and
‘ '(78), one may evajuate IJ]"IJZ’ IJ3.‘ |

- -18 =11 n
a s 4f08x10 280xE; p,(x=-U) -7 x == S (126)
= _ oy L/2 3p
I, = -2.856x10 17 i v 24800719 ;T L gy
: e X X=-U ' ‘ X=0
',-_' _"7 ' B _2] 'afvov(0,0) Bgo(o,t)
ff -2. 856x10 a}x o + 6.32x10 et 5%
- (127§
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“using the algorithm mentioned above. (1) As Iy =1, = 4.4x10

of (w,0)  3g_(w,t)
_ -19 0 0

sz of, (w,0)  og,(w,t)
L : 1 k¥ Ik
B (sin g - sin ) |+ %

o 4 k'ﬂ' k’ﬂ'Qo] ' . '
» [ sin ‘['—'f fl(x:0) + g (x,t)] dx (128)

When applying a sufficient IG for a given interval, there are

always three possible cases to adjust ihe parameters:

(a) If IJT is the largest among 1o ahd I,3> adjust ¢, SO that

Lyg 2 1y and Iy3 2 Iy-
(b) If IJ2 is the larqest among I ;, and I3 adjust IJ] so that

J1 2.'132’ and adqust Cy SO that IJ3 3_IJ2.
(c) 1If I3 is the largest among I 11 and Iy, adjust IJ1 ) thaﬁ

IJ1 > IJ3, and adjust Cy SO that IJ2 IJ3

‘The "interval" lengths are chosen so that the d1fferences between
IJ], IJ2 and IJ3 are}be]ow a certain fixed percentage. ‘

The numerical values of operating parameters can be found by

, S

Amp. initially, then an, E1, VJ], VJZ’ u, ¢y, are all known quantities.
(2) With the computer program of Appendix C, one may find the sufficient
gate current for switching to be,vIG = 1x10'6 Amp. and ¢ = 1. 152x]0'10

en™?, (3) w1th ‘the computer program of Appendix D, one may ca]culate



ot

-7 _ _
| To " sec. Thus IJ2 = IJZ(pn) + Idz(pn) = 7.2x10

the junction current at junction J, in p,-region as IJZ(np) =

2x10'4 Amp, and CO = 1x10]9 cm'4, when the gate current triggers

the device for an interval of 10'7 sec. MWith the computer program

: -] -
of Appendix D, one may obtain I3 = 1.1x10 " Amp after 10 ! sec.
Also with the computer program one finds IJ] = 5.54x]0'2 Amp, and

the current at junction J2 in p]~region IJZ(pn> = 7.18x10'2 Amp after

-2 Amp. Now adjust

22

In = X107 Amp, ¢ = 1x10

be 2x1077

for these programs and set interval to
sec}_and one calculates these values successively until the
solutions for the condition of saturation are obtained. These solu-
tions were plotted in. Figure 14 for the n]—region, ahd Figure 15 for

the pz-region.
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CHAPTER 1V
EXPERIMENTAL VERIFICATION

The lateral spreading of the turned-on area for a thyristor

41

(Figure 16), was reported by N. Mapham in 1962, ' who observed a time

de]ay‘betwéen the two gates when the device is turned-on at one ‘gate

and measured at the other. W.H. Dodson and R.L. Longim']6

subseqguently
measured the lateral time delay between probed islands using the con-
figuration shpwn in Figure 17. The lateral voltage drop of forward
conducting thyristors was measured by E.S. Yar1923 using a lumped
simulating circuit as shown in Figure 18. In addition, as will be
dehonstrated further, since current density can be related to tem-
perature generated in the device, an infrared microradiometer can
also be used to map the thermal profile and give the cufrent density
distribution.*?

These approaches outlined above however give an integrated value

41,16,23 . on not describe

only, since the electrical measurements
differential values, and the microradiometer measurements42 read only
the "smeared" temperature on the surface. Because the switching of
such a device can be‘accukate1yvdescribed by the activities of minority
‘carriers driven'in and out of the pz-region, and because of the clear

're1ationship of current density to temperature generated, it is possible

to use the infrared technique to map the optical absorption and yield
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Figure 16. A typical thyristor geometry.
Areas shaded are ohmic con-
tacts, the nonshaded surfaces
are covered by oxide. Typical
doping concentrations are:

oy = 1019 en, 0y = 101 e
p, = 1016 cm"3, n, = 10'9 ¢n3

nickel plated contact

fo cathode, islgnds
aluminum / n
contactto Y% & Vo 6 o8 !
gate ‘ ‘ 4 P
[e———7=15 to 20 mm —*ilw mm .

aluminum. contact to anode

..I I.o.fzs mm  islands
il 0.25 mm r'd
\n——ar——

cross section

Figure 17. Device configuration. The island permitted the
observation of the spread of the on-state.
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the thermal profile of the p2~region so that one may obtain the
current density distribution at each point of the device junction.
This in turn will be sufficient to describe the spreading of the turned-

15 In

on area and the hot-spots generated due to successive switching.
this chapter the approach used in this project will be described,
namely to employ a fine infra-red beam to map the thermal profile of
semiconductor active devices. This is quite a novel technique. Infra-
red micro radiometers were used in prior work, but only for surface
measurements. This is the first time that an infra-red beam is used

to scan and determine the differential temperature of an active device.
From a knowledge of the temperature map, as will be shown, one can
determine the current density distribution as well as other important
parameters of the device. The development of the mapping technique
itself used in this project is also novel and could be very important
in determining hot spots, and deviée defects. The thermal profile of
the p, region is based on the following two factors: (a) Infrared
absorption rate of silicon depends on the temperature’of silicon,

(b) The major non-uniformity of current density is in the pz-region.

These factors will be discussed in the following paragraphs.
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Theoretical Background of the Temperature Measurement Technique

Near the absorption edge the optical absorption coefficient o can
43,44 '

be expressed as

o~ (hy - Eg)i‘ (129)

for allowed direct transition, where h is Planck's constant and v is
the frequency of incident light. The energy band gap of silicon Eg is
temperature dependent45, between 300° to 600%, with qu/oT being about
-2.4x107% ev/%. At 300%, ég = 1.12 eV for silicon, therefore for an
incident light of wavelenght X of 1.14 um (A = ¢/v = ch/Eg), we will
observe a temperature-sensitive absorption coefficient.

When the incident waQe]ength is less than 1.14 um, absorption due
to carriers being raised from the valence band to the conduction band
becomes dominant; while when the incident wavelength is larger than
1.14 uym, free carriers associated with impurities and defects contribute

~the major absorption46. In addition, the absorption coefficient of

free carriers afc]9’47’48 is

- 29 n p
“fc = 723 (—5 ¢ P ) (130)
TE2%  Hn'n Hp"p

Therefore carrier concentration dependence becomes explicit. In order
to find the incident light to give the most temperature-sensitive absorp-
tion coefficient, it is necessary to find the spectral absorption eoeffi—
cient of silicon wafers with various doping concentrations as a function

- of temperature.
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For a small rectangular volume of silicon of area A, length L
and resistivity PR? electric power dissipation of current I in this
volume is
P = 1%R = 9% AL - (131)

Energy dissipated in time interval t is

AE = P(at)

ogAL 0%(at) (132)
The equivalent heat is

AQ = (AE)/4.1840 (in Joules) (133)

and the cokrespondfng temperature change is

0 _ | (134)
R 134
c, ‘
where - ¢, = 3 RG CDP
=M |
n. = g (in moles)
-and | Rg = 1.99 Cal/mole-deg (gas constant)

CDP = Dulong ~ Petit constant. The
value varies with temperatute T
in k%, between 300° to 500°K,
with a temperature proportion constant
of approximately 4.17x1073,

m = mass = 2.42‘f0r silicon

Therefore, in a time interval aAt, the temperature change in a



small volume'pffsiiicon of resistivity PR by the power dissipation
of current density J is
o= 1-66x107 (Rt | (135)

bP
Note, the factor (pR/CDP) is temberature-dependent, but its variation
in the temperature range of 300°‘fo~500°K is negligible.

Thermal conduction is a complicated problem because it is three- '
dimensional, involved hith Fermi energy, mean free time, and differential
thermoelectric power. The thermal conductivity is contributed by lattice,
electronic or both lattice and electronic mechanism. It is related to
doping concentrations50 according to the relationship "p“n”p/("“n +
pup)z. In the temparature rahge of concern, namely from 300°K to 600°K,
thé thermal conductivity for siTicon with a doping level of

n= lomcm'3 varies from 1.6 watt/cm-°K to 0.52 Watt/cm-CK approximately

5].‘ Thereforé, the thermal conductivities can be characterized

linearly
fpr this problem as: (1)~ Thermal conductivities for the py - or the
nz-regions are one thousandth or less than that of ny or p, regions
(2) The thermal conductivity dropped to 30% when the temperature
raised from 300°K to 600%K for the n1-regioh. For a block of silicon
of thermal conductfvity Kk with temperature gradient [grad (T'] the

heat flow through the boundary is

Qyp = Kypy arad (1) (136)
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Therefore the thermal Condyction expressed by this factor ch is
-neg1igib]e in the p,- or nz-regibns with respect to that of ny- or
pz-regions. The thermal conduction is neg]igfb]e in the n]—regioh
with respect to the pz-region as the temperature is raised from 300°K
to 600°K. One may conc]ude, from the effect of thermal conduction in
the Py=s Nq-s OF nz-fggions, the thermal profiles formed in these

regions are‘neg1igib1e‘compared'to that in the pz-feginns.
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Infrared Absorption Coefficients of Silicon as A Function of
Temperature and Doping Concentrations

A literature search for data on absorption coefficients as a
function of temperature and dopfng concentrations for silicon revealed
that the available informétion‘for this work is incomplete, especially
for the doping concentrations of major concern for thyristors, i.e.,

p = 10'8 cm“3, n~ 104 em 3,

Therefore, it was necessary to conduct

a series of experiments in order to determine the temperature and doping

concentration dependence of absorption‘coéfficients for various wave-

lengths. ' |

A. Experiments in the wavelength range of 2.5 to 14 um.

A Double Beam Inf?arqd Spectrophotometer can scan through the
near infrared by modifying the reflecting grating, ranging
from 2.5 um to 14 ym. Basically this instrument (Figure 19)
splits the beam emanating from a glowbar light source into
two beams. They afe then a.c. chopped, and one of them (which’
is 90° out of phase with the cther) passes through the silicon
wafer, the’other‘bypasses it and then they are detected by
'thé same detector, the ratioyof tkansmission intensity to
the incident intensity is available. A reflection grating
rotating in the optical‘path in front 6f the detector allows
the detection of a partiéuTar ane]ength. A few things need to
be noticed when operating with this system: (1) The water
vapor band around 6 um disturbs the readout. This can be
corrected by flushing nitrogen into thjs system to clear the

water vapor, (2) The beams are around the size of 5 mm,
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and can not be focused without dfsturbing the whole
alignment. So, it is not suitable for use in mappihg the
_ thermal profile. '
.iA’sampTe holder was made to hold one-inch silicon wafers

,(Figure'zo); A fhermbcoup]e was pTaced_fh}contact with the

~ wafer so as to have gdod_qontrd1 of the temperature of the
" .wafér. Quartz was used for the windows because it has
ﬁeé]igib]e optical absorption fof the,temperature and wave-
1eﬁgth range of concérn. The wafers used were cleaned and
deished 0.02 ch fhick siTicon‘sinQIe cryétal wafers with

016 -3 18

doping concentrations of p = 1 cm T, p = 6x10 cm’3,

ns= Sx'IO.|4 cm'3 18 '3.

, N =8x10"" cm Temperature variatiohs
were sampled as 25, 90°%, 145°, and 220°%. The trans-
: mittéd'infenSity changes relative to the intensity at room
tempéra}ure_were meésdked. This set of data shows that the
| intensity change varies with wavelength and with doping con-
-centrations."For p-type si]iéon, major changes are around
3 ﬁm‘and 12.5 uﬁ,_whi]e for n-type silicon, major changes are
around 4 um only. None of;thesevihtensity chénges give more
| than 10%vrange'for ali foUr types of si]icbn, which implies
that this data can not be used to resolve temperature profiles
satiszCtori1y when the wafer temperature changes from 25°C
to 250%C. ‘
Exﬁeriments with wavelengths 1.15 ﬁm and 2.0 um.
An optical system aS in Figure 21 was set up to measuref

optica]fabSOrption coefficients for monochromatic Tight.
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31 wafer

Power Supply Heating Coil Thermal Couple

Figure 20 Sample Holder with Temperature Control and
Probing Thermal Ccuple
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Figure 21. Optical system to calibrate silicon optical
absorption coefficients versus silicon doping
concentration and temperature,
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Tungsten 1ight was used as a source, the beam was chopped

at a frequency of 80 cps and samples were held in the tem-
perature controlled holder. The 2.0 um filter used was manu-
factured by Optics Technology Inc., Flushing, N.Y., the wave-
Tength toleranée of this filter, set 20 Infrared Narrow Band
Filter, was * 0.05 um. The photovolitaic indium arsenide
infrared detector, when cooled by liquid nitrogen to 196°K, had
a peak detectivity D* of 3.7x10]O cm-Hz§7watt at 3.3 um,

the output impedance was.3000 Q and a vresponse time of 1 usec.
This system was checked by varying the intensity of the source
from maximum to 5% of maximum and the oscilloscope does show

a corrésponding amplitude variation of the signal with errors
below 6%.

Data were taken on sampling wafers of Various doping con-
centrations and on temperature settings of 25°C to 250°C.
Decrease of transmitted intensities versus temperature were
measured and plotted on Figure 22, for the fncident 1ight of

1.15 um.

From the relationship

I-= Io_exp(-ad) | o ' (137)

one may find a. IO and I are the intensity of light before
and after passing through the sample of thickness d, and absorp-

tion coefficient a. The a's calculated are p]dtted on Figure 23.
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In the same way, incident light of 2.0 um, the intensity
changes were measured and a's were calculated.

The characteristics of Figure 23 plotted for o's are:

(1) The higher the doping concentratidns, the larger the
a's. (2) The higher the temperature, the higher the a's.
These findings are consistent with the theories given earlier.
In féct, these data are also consistent with the experimental
data of references 45, 46, 19. By comparing the set of data
Cof a's for A=1.15 um to the set of a's for A=2.0 um, it
appears that a'simeasured bywthe Tight with a wavé]ength of
1.15 um can reso]vé temperature bettef than‘a's measured at
other infrared wavelengths. The optical absorption coeffi-
cient has the highest temperature Sensitivity when thé
1nc1dent 1ight has an energy value around the band gap energy

of silicon.
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The Mapping of Thermal Profiles

Using the data obtained in an earlier section, one may find
the temperature of the wafer of known doping concentration and thick-
ness from the a - T curves obtained. Therefore, by scanning 1ight_
through a.devibe and measurin@ abSorption coefficients continually,
one may draw the thermal profile of it. The problem involved with
this experiment are: (1) The cross sectfon aréa of thyristors are

2 or less, the incident beam spot diameter ;

usually around 10'2 cm
should be around 2.54 um, so as to have enough number of discriminat-

ing measurements of absorption coefficients. (2) The device should

not be covered with metal or thick oxide over these regions where light

is transmitted. (3) The scanning of the device should be well
arranged so as to enable each measured point to be identified. These
problems are‘the majdr objectives in setting up the optical system as
described be1ow:. B
A.  The Components of Optical Scanning System
| Everything in the system should be solid, We11-a11gned
and tightly leveled on an optical bench (see Figure 24):

- Each compoﬁent is specified as fﬁ]]bws:

(1) Light source: A He-Ne ]asér was used as light source,
itS céVity length is 43 cm and'designEd'to emit Tight
of 6328 A in TEMoo mode with power of 2.0 mH. Hith
confocal mirrors it emits 1ight~ofvwave1éngth 1.15 um

with 0.3 mi power. ‘Amplitude was found stable with
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ripple within 1%, beam diameter is (1/eZ point)
1.5 mm. and beam divergence is 1.5 mr, and Tinearly
polarized. |

(2) Chopper: It chops laser beam to square waves of
frequency of 80 cps.

(3) Lens A: An epiplan 40/0.85 lens was used.

(4) Device holder: An optical bench holder with micrometers
for adjusting the device location horizonta11y and
vertically with a precision of 10'3 Cm, Wa§’found adequate
to localize the focused spot. |

(5) Léns B: The focal length is 9 em which refocuses the
diverging beam on the photodetéctof\aftér the beam is
reflected by the front‘surface mirror. |

(6) Photo detector: The same InAs photovotaic detector
was used as was USed previously. |

B. . Devices:

vIn order to verify experimentally the actual temperature

profile within the junction, it is necessary to test typical.

¢ommercially available thyristors. It is however_very
difficult to know the doping concentratidns; junctionidepths,'
metalization layers, etc. of a‘commercial product. The set

of measured figures one can obtain is that shown in Figure 25

(GE Series C30 which is corner-gated); When measuring along

a-b line or c-d 1iné‘of Figure 25-B, the activitiéé along a-b

Tine are too far away to‘ihfluence the c-d 1ine, and vice
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versa, so that the measurements of a'corner-gated

thyristor should have the same characteristic as an
interdigitated thyristor. This Series €30 thyristor has
a power switching capability of 104 Watts, maximum forward

blocking voltage of 400 volts, RMS fbrward current (on-state)

25 Amperes, gates power dissipation of 0.5 Watts (average),

or 5.0 Natté (maximum) . The.metal cbntacts are made of three
layers: chrome (10° R), nickel (3 - 4x10° R), silver

(1.5x104 X); Since the metal contact on thé'anode is a
complete 0.38 cm x 0.38 cm square, it blocks the infrared
beam. This was solved by modifing the metal contacts of

this device on a solid holder and attach leads to it is a
very difficult task, because the device has no direct sup-
port and numerous attempts to bond wires with ultrasonic
Wiré bonding were fruitless. An alternative approach was to

take a piece of printed circuit board (2 inches in diameter)

.cut a hole in the middle and glue a chip of devices onto it.

The copper surfa¢e of PC board was cut into three areas and

spring‘contacts were attachéd to the andde, cathode and

'gate'of the devjce from each area individually as shown 

in Figure 26. The modified devices were tested with a Tek-
tronix Type 575 CUrve_Tﬁ@ceriéhﬂ'fhe‘I4V charéctéristics

obtained are shown in FiQE}e 27.



Anode Gate Testing Thyristor Cathode

Figure 26 Testing Thyristor mounted on Printed Circuit
Board
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The Set-up and The Measurements

To set up a system as shown in Figure 24 with components
specified in A. is fairly straight forward, but to make sure
that the beam size is small enough, a pinhole was used in the
optical path of this system. The pinhole chosen was 25 um in
diameter. The position of the pinhole is set to obtain a
maximum intensity detected (the CRT reads 0.07 volts for

peak to peak magnitude of the sqﬁare waves, and when measured
without the pinhole, the CRT reads 0.14 volts). The spot size
focused by the microscope objective as described in IV A (3),
was about 0.00375 cm in diameter.

A bhotograph of the actual experimental system is shown in

' Figufe 28. The Curve Tracer monitored the device characteris-‘
tics during measuring, and it provides switching drive at a
frequency of 120 cps. |

When measuring along the ab line or the cd 1ine4of each
device, the thermal activities may be mapped befﬁéen‘ |
cathodes and gates. ‘Thére are two kinds 6f thermal pro-
files to generéte: (A) Thermal profile of the'device in
on-state, (static case).  (B) Thermal profile of the device
due tb successive switching. Since the temperature change
due to each switching is accumulated, this thermal profile
may reveal the change due to each switching (dynamic case).

Dynamic measurements were conducted first.
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Dynamic Measurement There are two ways of measuring:

(1) Scan the beam through the device (in fact, one moves

the device, so that the fixed light may "scan" through the
device) before the device is energized, and take several
measurements of transmission during that time, then switch

the device on and ofY a large number of times, scan the

beam through again, and measure the transmission at the

same spots as the first time. This should reveal the
difference of transmission due to switching. But this
approach needs to synchronize the system and be fast

enough to avoid thermal runaway in the second measuring.

(2) Fix the beam at a spot on the device, measure before

or after the switchings, then cool the device to room tem-
pefature and move to the next spot. Since it is difficult

to take care of the thermal runaway in the first approach,

the second approach was tried in this research. When doing
the measurements, the scanning lines (i.e., ab or cd lines)
were 0.01 cm away from the edges. The spots for measurements -
were not chosen equidistant. Between two measurements at each
spot, the devices were switched on and off for five minutes (a-

bout 3.6x104 switchings). After the second meaSuremenf, the

device was cooled down by an air blower until the intensity

Vwent back to that of the first measurement, this serving as a

consistency check. The results of these measurements are

tabulated in'TabIe 1 through 5. Column "y" identifies
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(8)

distances between measuring spots and the metal contact

of the cathode. Column "V]" is the intensity before switch-
ing and "Vo" is the intensity measured wfthout the device.
"a" js the temporal absorption coefficient jmmediately after
switchings, and "T" is the corresponding temperature.

Static Measurement The set-up is the same as that shown

in Figure 24, on1y the curve tracer is replaced by a DC power
supply. The positive output of the power suppfy is connected
to the anode of the device. It is also cennected to the gate

through a load register RG‘ The negative oufput is connected

“to the cathode through another load resistor RC{ When the

device is turned on for a moment, a non-uniform thermal dis-
tkibution is generated. Here again the same two methods of
measuring the thermal profile which were described for the
dynamic measurements are availab]e; and the second way was
chosen. For these measurements,'RG was chosen as 200 @,

and RC was chosen ae'10 Q. The power supply was set to 8

volts, when in forﬁard‘blocking state:end the cathode current
1 s

Ik was around~5x10' Amp. When triggered by gate pulse, the

' ,.device'Was turned on,"Ik jumped_to 0.125 Amp, and the device

 voltage drop VAK was 0.2 volts. .Optica1 measurements were

~taken before ewitchingeand thirty (30) seconds after they
" have been switched on.e Then the device was turned off by

turning the power~supp]y of f.
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Arcorntion Coefri:iqnts and Temperature Values after Thyristor was
ewitehed for 3.6x10°

times,

Vo = 0,14 volts,

i readings are off the range of A~T relation calibrated.

Thyristor 2

jtin 1072 em) | v, (in volts) |WA (in ) | V,(in Volts) | WA/ (in%) |A(in en™) |7(in %)
10 0.036 25.7 0.034 2.3 53 62
12.5 0.033 23.8 0.030 21.4 56.7 73
33.7 0,036 25.7 0,030 21.4 66.6 230
b2.5 0.045 32.2 0.042 30.0 63 178
472.5 0.027 19.3 0.022 15.7 60.5 1%0
53.7 0.043 30.7 0.040 28,€ 60.5 150
65 0.046 32.8 0,044 31.5 57 7€
76.3 0,048 34.3 0.05%0 28,6 97.5 -
no.s 0.032 23.8 0.030 21.4% 56.6 7%
"acle 1, Absorction Coefficignts and Temperature Values after Tryristor was
switehad for 3,0x10° times, Vo = 0.14 volts, Thyristor )
Win 1077 om) Vi(in Volts) W/Vo(in %) | V2(in Volts) ﬁ/Vo(in %) | A(in en™!) |2(in %)

0.032 23.6 0.032 22.8 50 50
25 0.0L0 28.6 0.036 5.7 62.3 172
I 5 Py 0.036 25.7 0.r°32 22.8 59.5 132
€0 €c.020 21.4 0.024 17.2 63.6 153
05 0,027 19.3 0.022 15.7 60.5 1L0
9.5 0.033 23.8 0.030 21,4 56.6 74

e 2,
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Win 1077 em) [V4(in Volts) | VyNVe(in %) [Valin Volts) [ Va/Volin #) f(in em™ ) | T0'n %)
(+] 0.052 41.6 0.042 35 56.5 72
6.25 0.0%% 70 0.068 56.6 77 230
Bal5 0.082 68,3 0.072 60 62 230

28.7 0.029 74,1 0.056 533 100 230
.7 0.093 775 0.084 70 67 230
g4 0.085 70.9 0,064 b4 P W 83 y
y Lty 0.090 75 0.064 53.3 107 »
3.7 0.060 50 0.048 4o €2.5 170
90 0.056 46.7 0.048 4o 56.8 75
Table 3, Absorption Co=fficignts and Temperature Values afier Thyristor waz
ewitored for 3,6x10° times, V° = 0,14 volts, " Thvristo 3
Yin 1077 em) |vy(in Vol*s) | VyNolin %) |Va(in Volts) | VaNo(in %) in en™?) | T(in %)
oy.2 0.09% 55.8 0.086 53.8 55.6 70
52,5 3.002 57.5 0.085 55 51 55
e 0.022 51,2 0.056 35 75 -
£2,5 0.007 €9.6 0.076 47.6 1.5 .
=0 C.095 59.4 0.092 76.6 50.3 52
ol P 0.071 50.6 0.068 L2.4 60 140
Tatle &, Arsorrtion Toeffisignts and Temperature Values after Thyristor was

ewitnned for “,€x10 times,

v
o

= 0.14 volts,

Thyristor 4




2
%@ .
) Ain 1072 cm) Vi(in Volts) | vV, N (in #) | V2(in Volts) | Vo/V,(in %) LL(in em™t) | T(in %)

0 0.040 25 0.037 > 4, B 4 50.8 b1

5 0.063 42,5 0.063 39.4 54 65
175 0.090 56.2 0,080 50 70.8 250
325 0.090 56.2 0.086 53.8 59 121
56,25 0.092 575 0.085 il ¥ 7 - 64,7 185
7.5 0 0.062 33,2 0.056 35 55 é-
a0 0,042 33,8 0.056 35 55 &7

Table §, Atsorntion Coafficients and Temperature Values after Thyristor was
switched for 13,6x107 times. V, = 0,14 volts, Thyristor 5

Let
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D.

Défa
(A)

The device was cooled and the beam shifted to another
point thus preparing it for another measurement. The re-
sults of these measurements are tabulated in Table 6
through 10. The caluclated absorption coefficient and
correspondihg temperature T are aiso shown in these tables.
Analysis | |
Dynamic Measurements | From the data for each of the
points onvthe device, the absorptien coefficients at a
given témperature can be calculated and interpreted. Fol-
lowing is a typical calculation: From Table 1,

when y = 42.5, V_ - 0.14, Vy = 0.045,

V, = 0.042. From Figure 23, o, = 47 cn’’

for
p = 1016cm'3;a£kr00m temperature. Since the measure-
ments were done on the gate contact region, the thickness

of Py is 45 um (instead of 30 um for the typical p, re-

‘gion).

The transmission ratio is:

: %_ = e" aod - e-47X0.0045= 0.8]
0 EERE

| But Vy/V, = 0.322

Therefore the transmission ratio due to py and n; is

%4§§§-= 0.395

 ‘Aftek switching:dn and off for five minUtés,,Vz is ob-

- tained, andﬁVZ/V0 = 0.300.g’the‘actua1 tfansmission ratio



eLtL

y(in 1977 om) vl(in Volts) Vl/Vo(in %) Vz(in Volts) Vz/Vo(in %) 1dhiin em™ 1) T(in %)
24 0.036 0.0124 0.031 0.0117 43 36
34.5 0.0R0 0.276 0.075 0.0258 £3.2 62
39 0.140 0.04R2 0.130 0.0443 49,2 45
£3.5 0.100 N.0345 0.075 0.0258 5%.5 65
51 0.100 0,0345 0,900 0.0311 Lo 43
63 0.170 0.0585 0.130 0.0445 55.4 69
75 0.170 0.0620 0.160 0.0550 52,5 59
24 0.410 0.,1410 0.380 0.1310 63 173
24 0.140 0,0482 0.120 0,013 52.95 59
on 0.030 0.0103 0.026. 0.00296 Lo,s 46

Tavle & Absorption Coefficients and Temperature Values obtained after Thyvristor was
turned on at Current 0,125 Amp. for 30 sec. V°=3.0 volts. Thyristor 1

din 1277 em) ¥,(in Volts) | V,/V (in %) | V,(in Volts) | V,/V (in %) [hi{in cn™t) | 70in %)
i 0,050 0.3250 0.046 0.02:28 50.5 51
23 1.049 0.9375 0.055 0.0344 Ly.o 49
34 n,0%0 €.0500 0.060 0.0375 75 -
Le 0.!50 20,0835 0.110 0.0657 70.5 260
53 0.140 0.9%7% 0,100 0.0625 79 260
‘0 n,104 0.0653 0.090 0.0563 55 6"
L 0,210 0.1210 0.170 0.1062 °1.5 .
> 9,120 0.0750 0,110 0.06%3 54 64
EIA 0,120 0.0750 0.110 0.06°8 sk 64
it & O Cc.1030 0.115 0.0716 79 -
an 0,0 g 0.0325 0,046 0.028R 50.5 51.5
L gy W irfemic 311 Temperature Values ottained atter Thyrictor was

fnt G 125l AN, for 30 sec. Vo=1.o vol:s,

Thoaowi o
Thyristor

* o readings are off the range of £ -T relation calibrated,

o

-~
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v(in 1072 em) Vl(in Volts) Vl/Vo(in %) Vz(in Volts) Vz/Vo(in %) |ed (in cm'l) 7(in %)

0 0,110 0.0380 0,095 0,0347 49,7 L6

6 0.140 0.0450 0,125 0.0430 51.5 56

3¢ 0,190 0.9655 0.165 0.0568 54 64

35 0.230 0,0792 0,210 0.072% 52.2 59

L2 0,190 0.0655 0.165 0.0569 54 6b

il 0.150 0,0517 0,080 0.027¢ 70.8 263

6€ 0,340 0.1170 0.280 0.0965 69.8 259

72 0,230 0.0792 0,160 0.0551 63.5 282
]y 0,205 0,0705 0.120 0.0413 7%, 5 \

=) 0,115 0.03%6 - 0.050 0,0173  f E 2¢5
ratle @ Abcorntion Coefficients and Temperature Values obtained after Thyristor was

turned on at Currant 0,125 Amp. for 30 sec. V°=3.0 volts, Thyristor 3
v(in 1072 em | ¥ (in volus) | vy (00 ) | V,(in Volts)] VoV (in %) fek (in o2 7%) | 2(2n %)

g’ 0.120 0.,0413 0.110 0.0330 50 49

24 £.170 0.0555§ 0.165 0.0569 L3 36

1 0.220 0.0396 0.250 0.0R62 50 Lo

39 0.220 0,0758 0,190 0.0655 55.2 63

5} 0,130 0.0620 0.170 0.0585 50 49

€3 0.107 0,0585 0.160 0.0550 49,5 L5

24 9,L20 0.1450 0.410 0.1410 54.5 66

73 0,125 0,04390 0.095 0.07228% 56.5 75

N U.0LL 0.0152 0.042 0.0145 43 36
Tarie G Absoirntion Coafficients and Temperature Valuss obtained after Thyrietor was

it b atatl KoL o Ll B

Current 0,125 Amp,. for 30 sec. V°=3.0 volts.

Thyristor &




28

S g y{in 1273 om Vl(in Volts) Vl/vo(in %) Vz(in Volts) Vz/\lo(in %) I (in cm'l) T(in °C)

g g 10 0.110 0.0380 0.095 0.0347 49,7 ué

Eg 17 0.010 0.9233 0.008 0.0026 59 49

% 22 0.022 ¢ 0.0073 0.016 0.0053 51.7 50

ﬁ 2R 0.029 0.0096 0.021 0.0070 52,2 51
19 0.115 - 0.0296 0.050 0.0273 71.89 265
65 0.179 0.0575 0.125 0.043 69 144
58 0,369 0.1172 0.280 0.0965 6e, R 259
~0 0.017 0.05%5 0.165 0.0569 T 36
“p .34 0.1170 0.275 0.0965 ! 69,5 253.§
ae n.nL1 0.1510 0.7%0 0.1210 £ 172

Tatle 10 Absorption Coefficients and Temperature Values obtained after Thyristor was

tyrnad cnia* Currvert 0,125 Amp. for 30 sec. V°==3.0 volts., Thyristor §

St




due to p,, when considering 39.5% of transmission is

due to Py=N regions, is

3358 = 0.76

This 76% is due to the new o and the same d(45 um) of
py-region, i.e. '
~ad _ _-0.0045a
e = e
1

= 0.76

e o= 60.5 cm”

From Figure 23A, one finds that the corresponding
température is 178°C. | | |

The same ca1cu1atfons go on to éomp]ete columns of |
vl/vs, vz/vb,a, T of Tables 1 to 5. ‘The average values
of aand T were‘é1qtted in Figures 29 and 30.

Note, (1) The transmission factor 0.395 due to p; and
n is consistent with the data measured. From

1

Figures 23B, for p,-region, o = 172 cm ' at room tempera- |
At 1 - o

~ture and o = 85.6 e

for n]-region at room temperature
'(Figure 23C). From the thickness of p1-n]:given in
Figure 25-A, the transmission is ° ‘ ’

‘e-172x0.045 X e-85.6x0.0025 = 0.389

which is only -1.5% off 0.395. (2) Ffom}Figures 238 and
23C, it is appar’*ent/that‘the»p].and'n1 regions are‘much Jess

temperature sensitive than the pzﬁregions.‘ Suprse, after

16



many switchings, there is a hot spot of 240°C in Pos

the neighboring point in n is at 160°C, and P is at

: 80°C, the transmission is:

(B)

| e-132x0.045 X :e-87.2x0.0025 = 0.386

“ratio in Py goes from

to

Which is -8.65% off 0.81. Noting the difference of

thermal conductivity of each region as is mentioned

earlier, it follows that the thermal profiles obtained

in Figurés 29 and 30 are mainly generated by the Py
region. | - ’
Static Measurements The analysis.iS‘ésséntially
the same as thaﬁ shown fqr-bynamic]Measufements;»the}

values of o and T are calculated andytabu]ated in.

- Table 6 through 10. The average va}ues‘of.a and T'of,

these five measurements are plotted in Figures 31 and

32.

_ which is only -0.8% off 0.389. However, the transmission

117
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CHAPTER V
RESULTS AND CONCLUSIONS

The static measurements shown in Chapter IV Tables 6 through 10
and Figures 31 and 32 may be comparéd with the theoretical calculations
of Chapter II.. From the current density-temperature correspondence
given earlier in equation (135) namely, '

AT =1.66x10"7 ( —%%;-).JzAt
one sees that current density J is proportional toWaT. The current
density of minority carriers in the pz-region as calculated in equation

(35) is of the form

f K ' o ) 4_1LY
| nb} + (nw - n0)51n T O<y<s
S aNS .
Yp? = P 5 TPy g M | o Byl
' i | " 4 TT(L— )
L~no + (nw - n0)51n -—7§fi— L-g<y<L

and is plotted in Figure 7.
One could compare these two results by fitting the expressions
of "Sin4 %% to”the plot of MaT. This is done in Figure 33,'by choosing

the value of "&" in the expression of Sin* %%; to»bé 2x1072 cn.
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The experimental result of WAT gives an overall thermal profile of
the device, while the analytical calculation show a localized current

density distribution J, e.g. equation (35) of Chapter II is giving

N 4 ny

T at k=w. The assumption 6f Sin B in Chapter II fits the gxperi-
mental results satisfactorily when "2" is well-chosen. At the same
time one can obtain n; and n; to specify the “central” and "outer”
current density. The thermal prbfi]ekmeasured and shown in Figure 32

| of Chapter IV, or« AT shown in'Figure.33, is matching with the boundary

condition

In the rahge of y=(5'0~80)x'10'3 cm the curve does not quite stay level
as suggested for the central region df Figure 7. This may be due to the
crystal defect ahd non-Qniform doping depth that cause a non-uniform

resistivity for the device in the "on" state’?

. Also, when modifying
the contacts, the photoresist processing is not smooth enough to give
well-defined metal contacts, and this cdu]d account forvthe Tevel
variations. |

The dynamic measurements shown in Tabie~1‘through 5 and'Figukes
29 and 30 may be comparéd»With the thédfeticaT calculations. By the
f11near correspondence betweena/Z?—and J in equation (135), the measured

AT of F1gure 30 shou]d be p1otted aSr‘AT 1n Figure 34, and typ1ca1
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current density ce]cu]ation in Figure 15D plotted on this same graph
and the two compared. When this is done one can eonc]ude,that:’

1. The correspondence between analytical and experimental
results is quite satisfactory.

2. In the current density plot in Figure 15D, the curve that
fits the experimental rese1t best is the curve that represents
the dominant current density distribution in the interval of
triggering. |

3. The mathematical methods developed are useful in obtaining
eo1utions sought in this work.

4. The current density distribution assumed for the static

| analysis was valid.

5. The infrared thermai mapping technique developed end used in
this work produced thermal profi]es, which verify the static
and dynamic analysis. }. ‘

- This technique could also be very well used to identify "hot spots"
of thyristors or other multijunction devices; The analytical resu]ts'
verified serve as‘descriptive functiohs for minority carrier distribution
~at a}I po1nts at each 1Pstant of time. The method used to calcu]ate
these funct1ons numer1ca11y is a va11d method of descr1b1ng the sw1tch1ng

and w111 he1p understand the operat1on of these- dev1ces The analysis

- presented in this report can be further extended to some special case,

~ like high Tevel 1n3ect1on It can also serve the dev1ce des1gners when-

ever numer1ca1 ca]cu]at1ons are done with var1ous dev1ce parameters and



”‘ JAT ‘ {in V’uc' ;
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Figure 34' Compar1son between Exper1menta1 Resu]ts ( *TW
| and Ana]yt1ca1 Results (8 25x10"17 3;9- at

x-‘.leo"4 cm, t=10" ~0 sec) (Dynamic Case)
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operation conditions. The mathematical techniques'u5ed in the
analysis is not Timited to thyristors, but are also applicable to other
three-terminal devices 1ike bipolar transistors.

~ The reshlts derived from this work have made a significant contri-
butioh to the methbds of analysis of thyristor'(and other mu]tijUnction
type'devices)léhd have given good verification of these methods by ex-
perimental means. An equally significant result of this work is the
development of,thégexberimental method of testing these devices for
design opfimizafioh hot spots, fabrication defects and improper device
operating sétup:by}examining the temperature map within the device. The
éxperimeﬁtal setup can bérfurther Hodified so as to build abéompact
system'tb map thermal profiles of semiconductor devices. These new

extensions of this work are well worth pursuing.
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APPENDIX A
STATIC CALCULATIONS OF A, AND B, WHEN I g = 0

By condition (A) and equation (34), we have

= ’ | -k—u i :
o = kzo cos Bk sinh Vo w

where a means

4 / 22

] K™m

_.?..-_._2_
-

L

—

Integrating both sides with respect to y from 0 to L, we obtain

[/ |
— P | for k = 0
=/ cinn W ~
B, = < sinh L (A-1)
0 : for k # 0
\ :

Takfng the drivative of equation (34) one obtains:

sN 5 & : ' ‘ '
rall N kfovcos T /E'[Ak cosh vo w + Bk] (A-2)

‘Equating this to equation (35), one can find the values of Ag- For k=0
]—~L(A‘-‘cvovshﬂ+8)d=‘l‘ Qdy
), Wocoshf +e)ay=f " ady

n n
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- g 5 5 ¢
Ao-{[nw(L-l-z)+a-nz

~ o
3

, y ,
- B, } cosh - (A-3)

For k # 0,

k#o L
L-2 g L
= n& j cos KEEX. dy +J + f n_ cos —5~f¥-dy
[} : 0 L-¢

L
{" 4 .
+ J’ (ng = ng) sin Y cos KV gy

A ’O 4} L
+‘{_2("& -,na) Sin.4"(%£'iY) cos k;"l dy . | (A-4)
and
‘ , e - |
Ak‘=4,(nw—n°)-sm.{-& R [H 21+
nv~o cosh w/o w o L2+ 1+

[ 1 1
— |1 + +
2%‘5 [ p K 4 ok,

k's are even and non-zero integers.
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APPENDIX B
STATIC CALCULATION OF Ay, By AND G WHEN I_ # O

When IG # 0, the gate is closed, no charge can accumulate on the metal
contact which will block electrons from sweeping out, thus condition B,

is now valid and

N(y) = = cos XIL [A sinh (/& W) + B, sinh (/& (W - w)) - C, sinh
k=0 ‘

/o (W - w))} =0 (8-1)
In order to obtain Ak’ ahd Ck independent of y, we may set the contents
| of the square bracket to zero, namely,

4

C

=B +A sinhva W___
k , kk k sinh[Va(W - w)]

‘By condition (E) and‘(B-Z),

Hz]Aosinh(W/Ln)

oD —’ 1,sinh[(W - w)/L 1

/il sin(knt,/L)A, sinh(/aw)
0 kn sinh[va (W - w)]
e

~ (8-3)
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By condition (F) and (B-1),

L - 22
- 1 W
Tnp(d3) = Haby T (A, cosh C, tB)
_ T w kg .
+2 1 . Aksih -T_——]— - l-'z-@ cosh (4 w)
K#o0 _ "

k,even

+ kn sinhe/o w) . coshfva (W - W)]g]
Lva sinh[va (W - w]

(B-4)
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APPENDIX C
PROCESS TO MODIFY METAL CONTACTS OF METALIZED THYRISTOR

The process to modify the metal contacts is as follows:

(1) Strip metal contacts: Put a wafer of finished but uncut

(2)
(3)

thyristors into ferrfé nitrate for 5 minutes, the top silver
Will be etched away, then the nickelchrome can be etched

away by concentrated hydrochlbric acid. Rinse with de-
ionized water, dry by dipping isopropyl alcohol, put into vacuum
oven of 90°C overn1ght | |
Evaporate aluminum on both s1des of the wafer.

Put on photoresist: Apply photoresist on both sides by
Waycoat 60 cps, then sp1n dry by 3000 RPM for 15 seconds,
soft bake at 65°C for 20 minutes. This makes photoresist

of 1.4 um. |

Mask making: By photographic reduction, make a mask of

the geometry as shown in Figure 24-B. Note, that only solid-
1ined regions are for the gate-cathode mask. Some geometry
is for the anode mask, but;two stripes of 0.01 cm wide should
be made on,thé edge to join these two solid-lined areas.
Expose to ultra-violet light for 10 seconds with anode mask
and gate- cathode mask on each side of the wafers, develop

in Kodak Thin Film Resist Developer for 30 seconds and rinse

~in Kodak Thin Film Resist Rinse for 20 seconds.



(6)

(7)

Put into aluminum etch (one part of concentrated HCI

and four part of deionized water) for five minutes.

Strip photoresist: Put into J-100 (at 100°C) for 10
mfnutes then xylene, TCE (at 70°C), acetone for 2 minutes
each, dry by dipping in isopropyl alcohol for 30 seconds,

and air dry. The process is now finished.
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APPENDIX D
COMPUTER PROGRAMS

Computer programs for calculating np(x,y.t). IJZ(np)’ I3 Pn(x.t)

and I, are available on request from the authors.
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APPENDIX E
LIST OF SYMBOLS

speed of light

diffusion constant of electrons
detectivity of bhoto-cel]

electric field B

ehergy band gap of éi]icbn
dielectric constanﬁ

genération rate |

Tength of gate or cathode contacts
anode’current |

transistor reverse saturation current of the collector
junction with emitter open-circuited

qathbde‘cUEfent

gate current

gate current of elegtrons

minority carrier current in Py of junction &3?N
current density

gateicurrent density 6f electrons

Boltzmann ‘constant

~ thermal conductivity

~ device width
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Laplace transform of

é#f'] invefse Laplace transform of
Ln diffﬁéion length of electrons/holes
Lé diffusion length of holes
m effeétiVe mass of electrons
mp effective mass of holes
n real part of refraction index
NA acceptor cohcentrations in pz-region
N effective density of states of conduction band
N, effe¢tiye density of states of vé1ehce band
n, e]eétfﬁn éoncentration in p region
"po equilibrium glectroh concentration in p kegion
npf E np (at junctfonlaz, when J, is forward biased)
Mo = npy €Xp (qVJ3/kT7” Y
ng steady state concentration of np
Ng o F g = Mg
P hole concentration in n region
P Laplace transform of pﬁ
Pp Particular solution of P
Pc complementary solution of P
q Ve]ectron cha}ge
KW
s . the variable in Laplace domain coffesponds to time't‘
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=(s+1)/Dp
p

time
absolute temperature in %K
recombination rate

voltage drop in junction Ji’ i=1,2,3

~optical absorption coefficient

current gain for the pnp transistor

current gain for the npn transistor

wavelength of Tight

mobility of electrons

mobility of holes

Tifetime o? electrons

lifetime of holes
Theta function

charge density

- resistivity in p region

resistivity .

3 2 3 o
iy d :
T Y Ty Y
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