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PURPOSE 

'1 • 

The purpose of this program is to study the problems 

associated with the design and fabrication of practical 

transistors which are relatively insensitive to changes 

of temperature over the temperature range 0 - 75°C. The 

major emphasis sh«ür~fee; to explore the theoretical design 

aspects of the problem, select an approach, and substantiate 

the design by actual construction of twelve devices. 

- viii - 
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ABSTRACT 

*i nn 0.0 
The problem of hFE temperature compensation ie studied by 

examination of the fundamental physical parameters 

nn 
affecting hFE. Variable emitter periphery, Fletcher effect, 

parallel transistor, and diode-transistor effects are 
A 

considered. Both lumped and distributed device concepts 

are evolved for design approaches. Preliminary tests of 

design concepts ie achieved by circuit analogues. 

- IX - 



PUBLICATIONS, LECTURES, REPORTS AND CONFERENCES 

1. A meeting was held at Signal Corps, Fort Monmouth, 

June 16, 1961, to discuss program objectives and 

review progress informally. J. Spanos attended from 

Hoffman Electronics. K. Fischer, F. Gordon from the 

Signal Corps. 

2. A meeting was held at Hoffman Electronics with 

K. Fischer of the Signal Corps, July 25, 1961. 



1.0 INTRODUCTION 

The problem of variation of transistor parameters with 

temperature has been a serious one which has been 

extensively discussed and has led to extensive circuit 

manipulations in an attempt to reduce the effects of 

such variation on systems performance. 

It is the intent of this program to investigate the 

problem of the design of a transistor which meets the 

specifications given in Appendix I. 

Since, most of the equations which describe transistor 

performance are quite cumbersome to manipulate, approximate 

methods must of necessity be considered if a satisfactory 

design is to be achieved in a reasonable period of time. 

The validity of these methods can be checked with 

relative ease by actual device fabrication and measurement 

and a semiempirical method of achieving a design can be 

established. 

One of the primary parameters to be considered is the h 
FE 

of the device, and a convenient starting point is the 

Webster equation given in Section 2.0. 

% 
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Since the gain of a translator can be stated approximately 

in terms of the basic physical parameters of the device material, 

in this case silicon, and the temperature dependence of these 

physical parameters is reasonably well known, the combined 

effect can be determined and a guide to the actual design of 

a device can be extracted. 

In the sections which follow the explorations made to date 

are described and the relation to the starting equations is 

indicated. 

The temperature variation of the various terms of the 

Webster equation gives only the simplest casQ and an“ 

initial investigation of space charge recombination 

variation with temperature has been started in an attempt 

to work this into the gain equation. This effect is of 

importance at the very low values of emitter current where 

gain is specified. 

The advent of oxide mask devices and the importance of 

"gettering" as it affects the emitter space charge recom¬ 

bination, surface recombination, as well as the crystal 

structure of devices, i.e. micro-plasma breakdown, neces¬ 

sitates both the use and extension of these techniques for 

this work. 

% 
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At the higher current specification, consideration of the 

Fletcher effect is necessary since in this region a method 

of hpE control can be utilized., Again this effect can be 

considered for incorporation into the gain equation. 

Four basic approaches have been established during this 

period which are described below, and combinations of 

these are under way as well. 

These approaches are based on considerations of the 

Fletcher effect with an oxide mask technique, distributed 

dual transistor with temperature compensating resistors,' 

a distributed diode in parallel with the emitter junction, 

and temperature controlled surface recombination. 

Many configurations are possible and are described. 

Several of these configurations are being seriously 

considered for actual construction. 

Technology required to achieve such designs is under 

development. 

Experimental results to date are included, and an attempt 

is made to relate those results to the development of the 

theory to date 

1-3 



2.0 THEORY 

-•1 Temperature Dependence of the Webster Equation 

In this section Webster's approximate equation will be dif¬ 

ferentiated with respect to temperature in order to determine 

the relative effects that each term will have on the over-all 

gajn as temperature changes. The device under consideration 

is an n-p-n silicon transistor. For convenience, initial 

calculations have been made for a structure with which an 

extensive background already exists, namely the 2N697 

transistor as made at Hoffman Semiconductor Division. This 

device is typical of the class of transistor to be considered 

in this program and serves as a useful starting point as a 

readily available tool. 

2 

(1 + Z) 

2.1.2 whe re Z - —_JELij. 

oi 
k TA -'ß b 

..j.i g(Z) 
.... 1 + np N a 

g (Z) - - 
1 + 2ng/ 

k 8.6 X 10“5 eV/'C 

- Boltzmann's Constant 

2 - 1 



now 

^-4 ?p^=-Thfer2 ^ = 

s W As + } 
- 
Or W . 1 / Vi ) 

2 ' 

. <>„ A 9(Z)] ¿T °E lE 2 IlbJ 

The individual terms of this general equation will now be 

considered. 

2.2 Dependency of Base Width W on Temperature. 
2. 

The width of the depletion layer is 

* = {11 
Wd ^ 2 X r q . 

K = ——- tan 0 (Appendix V-a) 
cto 

where tan ^ is the slope of the erfc impurity 

distribution due to diffusion at the junction. 

or 

2.2.1 W, 2 #o _V_ 
2 q tan ^ 

1/3 

tan ¢, , are temperature independent 

• = 0 which causes ÒL = o IW^l x 10”4 cm 

Base width is unaffected by temperature to a first 

approximation. The tan ¿ term could vary somewhat due 

to incomplete ionization 95% of impurities at room 

temperature, but is quite small. 
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2.3 Emitter Region Conductivity oE 

2.3.1 0 = q (un*n + üp*p) 

. The drift mobility is given by 

1 + M2 ^CiM Cos M + Si Sin M - -j- Sin m} 

3/2 

11 n " unL 

2.3.2 ^ . 8 J 2 to2 £2 (kT) 

7T3//2 Nt q3 
!/2 , 

I q meff ln 

2.3.3 M2 = 
M-nl 

! + ÍÜZJJZ) 2 
V <3 NI 1/3/ / 

2.3.4 ,lnL = 5-5-106 t'1-5 

The evaluation of Uj is most conveniently determined 

4. 
from Conwell's paper. ’ Gartner, however, has tabulated 

3. 
the curves as a function of temperature and for the 

doping level estimated, i.e., 10^®/cm^ the variation 

of ;in with temperature is negligible. 

At doping levels of 1018 cm3 the variation of n = n(T) 

is essentially constant and therefore temperature 

independent. 

6e q(u.n>n) since iip’P u-n’n. and oE is essentially 

independent of temperature. 

i. e. 

ÜE 
1 2-52-103 

^cm 

2 3 



2,4 Batió Of the Mobilities m the Baa* 

M-pB ^pB = m°l>ility of holes in the base region 

^nß HnB = mobility of electrons in the base region 

Since in the base region the impurity concentration Na is 

much smaller than in the emitter (-2 • 1015/cm3), the 

limiting mobility is that due to lattice scattering 

and 

M-i » HL 

and M. « Mx 

^PB ^ ^pBL = 2,3 * lo9 * T~2-7 

^nBL 2.1 • 109 • t”2*5 

3. 

fOU _ 

inBL 
,0.2 

2.4.1 a f\i_^ 
9t 

^pBL 

V^nBIy 

= _ 0.22 
t1.2 

2,5 j^e Conductivity qR (P-Type Silicon) 

2.5.1 
aB =<ï P«q P HpL = q p 2.3 • 109 n-2.7 

Since p is essentially constant over the temperature range 

of interest (-2 • 1015 see Gartner Op. Cit. pg. 31) 

oB = q p 2.3 • 109 —i- = —A— 
<p2.7 .7 
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>< 

2.5.2 

j~- A f-2'7 31.7, 
q = 1.6 • 10 ^ Coulomb 

,5.3 ^Og _ 0.99 • IQ"9 p 

ijí3.7 

2.6 Temperature Dependency of Z 

From 2 A. 2 

\ z = / W q IE 

k A 

( 

12. . 

jffBL for convenience is here abbreviated tc r-Nv 
m-i^l — -rçTj' 

y 

The f^rs't factor is temperature i’.ifie^yjdent^ wjtile the 

seconded third factors are temperature dépendent. 

2.6,1 

2.6.2 

¿Z _/w q I dl 1 M£ 

^(»B T 

M-n ¿•'T V oB T/ gb T ¿PT Vm- 

now 

2.6.3 

and 

2.6.4 

£ (i-) 

2 5 



From 2.6.2, 2.6.4, and 2.4,1 

2.6.6 |z _ w q Ie 

kA 

U 
- i 

Si °B T 

_1 ^ On i 
h- + — aT T 

From 2.1.2 above 

2.6.7 _ 7 
?? z 

1 'B 
°B & T T 

2.6.8 

+ _1_/- ^12 
°B TV •ÏT77> 

0.22 Z -Ü I , ? 
4p T 

From 2.5.3 

2.6.9 (?Z _ ■zR 0,99..- 10~9 £ + 1 + 0t22 Si 
B ,3.7 

2,7 2ÍZJ—Temperature DeppnHpn^y 

2.7.1 

P y 

(Z) 
<9z 

^g(Z) = ^g(Z) ^Z 

'^F 

can be determined from a plot of g(z) vs. z, 

Sz see for exempie ref. 5, and & ls shown ln j 6 , 
T 

2.8.1 
D" R Si = Dn(T) 

Since as mentioned in Section 2.4 ^ = 2tl . 1Q9 

2,8,2 Dn ^ 2.1 • 109 Í1 • t-1.5 
q 

,-2.5 

2.8.3 

cPt 
-= - 3.15 9k. 1 10^ Ü 

q t 0,2.5 

2 - 6 



K = 8.6 • 10~5 = 1.38 • 10”23 watt sec. 
°C °c 

q = 1.6 • 10 19 Coulomb 

~ = 8.6 • 10"5 X 
q °c 

2*8*4 <?Dn _ 2.71 • 105 

2*9 Diffusion Length of Holes in Emitter Region l 
Temperature Depenttennp PE 

lp= 

Dp decreases with T. J' increases with T and it is estimated 

that y increases at a more rapid rate than Dp decreases-* 

These results 

= + 0.44 • 10"5 fffi 25°C ^ T ^ 75°C 

or this parameter is essentially temperature independent. 

2,10 Diffusion Length of LnB Electrons in the Base Region 

LnB = "VDnB TnB 

Again due to the varied nature of rn, empirical methods have 

been used to estimate the temperature dependence -* 

2-7 



Temp. °C Ln Çcmj /iLn for 25°C Intervals 

0 

25 
50 

75 
100 

1.56 • 10-2 

2.05 * 10"2 

2.55 • 10"2 

3.05 • 10-2 

3.50 • 10“2 

0.49 • 10-2 

0.50 • 10"2 

0.50 • 10~2 

0.45 • 10-2 

2.10.1 

Avg. 
r\ 

^^n = 0.5 *10 cm = 2 

¿T 25°C 
cm 

°C 

SíH or essentially tempera¬ 

ture independent. 

2.11 Diffusion Length of LpB Holes in the Base Region 

LPB ^DpB ^pB 

As in 2.10 

Temp. °C Ln [cnJ <dLn for 25°C Intervals 

0 8.5 • 10 

25 9.4 * 10-4 

50 10.5 * 10“4 
75 11.6 * 10"4 

100 13.0 • 10"4 

0.9 • 10-4 

1.1 • 10-4 
!. ! * 10~4 
1.4 • 10“4 

—B = i.i • io"4 sm_ 
¿T 25°C 

0.44 * io“5 sm 
°c 

^LP 

c/l ZT 
0.44 • io"5 sm 

°c 

2-8 



2.12 

Since 

2.12.] 

2.12.2 

2.12.3 

2.12.4 

From 2. 

2. 

2. 

2.12.5 

The Term fs w 

¿T LOn 
As 

A 
g(z) 

!l 

was is 

A 
temperature independent 

a 
0^9(2) 
cPt 

7.1, 2.6.9, 2.8.4, and 2.4.1 

7.1 

J_ d =- 2.71 » 105 
¿T n “^75 0.91 T0.2 

^9(2) . 

(pT, Jÿ 
7.1 and 2.6.9 

= 

~Jz 

-za 
Cgb 

0.99 * 10 
TTT 

“9 , M- 
-P + - + 0.22 — 

T 1. 

A 
íPt 

9(2) 10~9 P c)9 (Z) 

0B T3,7 

2-9 



oB ff* q M-pL P — fti—— 
10 19 

q M-rjr 1.6 [i 'B ^ ^pL PL 

HpL s>2.3 • 109 • T'2-7 

~ = 0.27 ‘ 1010 T2,7 
°B 

10~9 p . _L_ _ 2.72 
o. 

so that 

and 

2.12.6 

'B T 

<Pg(z) 

3.7 T 

= -z 1.2 _ 2.72 
T T 

^g(z) 

6?Z 

^g(z) = 1.52 Z <pg(z) 
T <9z 

Substituting in 2.12.4 

2-12-6 I b 
¿?i^9(z) & _ -g(z) 

n 

-s_ /2.71 : 105) 

Dn\ T2-5 ) 
- <^s 

<0g (z) + s_ 1.52 Z _ 
Dn T ¿^Z 

Finally 

2.12.7 W As (9 
A 

— g (z) _ W As 
r 
g (z) 2.71 • 105 s , 

_Dn ' A D n 

s_ 1.52 Z 
D T 
n 

^g(z) 

2-10 



2.13 The term [%%+èa)2] <i+z, 

£[%w*U%)2] u + « 

2.13.2 
^[w 5¾ + Ï57J (1 + »{—] ff + U * z> ^ 

Nov °e was shown to be temperature independent 

A ¿Ofi _ aB ¿lE)7_ 2 3lb 
^le ^ T le2 Tt^ Tt 

+ (1 + 2)[t4 (k'fà -Ii5 tt) - Lo3 dLt 
^ T 

From 2.6.9 and 2.5.3 and 2.9 and 2.10 

¿Z = 1.52z Job _ 
T 

109p 
•p J • d T ^ LI 

^LLn 
Ò T LT 

0.44 •10 

2.0 • 10' 

-5 

■4 

1.52Z + 

0 l 44 T 

2'13'5 ^ Í""] <1 + Z)={l 

°-44-io'^^i 2-10'4] 
.2(1 + Z) 1 

W°E 

2.13.6 ^ f C * -]<1 + Z) ÍÍ352Z Í2 _£ß_ + _a_ ? 
J T (^w gele lb?J 

. ► 

2.10-4 ,i + z,[^- (Wf + £^Bj+2 
LB3 
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2• 1-4 Temperature Dependence of z. 

2.14.1 z = -W q iifi i-Ç. 
k gb A nn T 

and from previous evaluations 

2.14.2 z = 0-478-10-9 W Ip t1.5 
k p*A 

2.15 

From 

¿ fhpE) 

2-1^4 Í (rr^ = — 5 -W As aiz\ 
l hpE^ Dn A g(Z) aT 

Gb W 
°ElE * i ©' (1 + Z) 

Substituting from 2.12.7 and 2.13.6 

2.15.1 „ 
\ hpE / 

WAs 
A 

A 
£1ZI 2.71 • 10- 

Dn L t2.5 

52Z ^g(Z) y + 
T 

W_ 

2 ^522 I« ^ + ^!-2-10'4(1+z> 

S , cpjfs 1_. 
Dn T 

1 /P-10~5 + 0.044GbV 2 
l^E \Le T3-7 7 IP 

2,16 Discussion of the Webster Expression for Gain 

The intent of the foregoing sections was to examine the 

various physical parameters which affect the gain of a 

transistor, and how a temperature change in the range of 

interest affects them. 

From a consideration of the various terms, several approaches 

have been evolved which have been influenced by the behavior 

of the individual terms 
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It must be realized that this first derivation is approximate 

only and was undertaken to develop an approach and to get a 

feel for the problem. As a geometry is evolved for a prac¬ 

tical device, a re-examination of the gain equation will be 

required which incorporates the influence of space charge 

recombination in the emitter transition region as well as 

the transverse fields from the so-called Fletcher effect. 

Since one of the most difficult variables to treat is the 

5s 
— term, the use of oxide mask or so-called "planar" dif¬ 

fusions may provide an approach to gaining control and 

possibly a quantitative grasp of this variable. 

2.17 Fletcher Effect 

« 

Since the emitter efficiency increases with temperature, 

the Fletcher effect can be utilized to control this term 

if the current density is sufficiently high. 

The voltage drop underneath the emitter due to the base 

current causes a change of the emitter forward bias voltage. 

Therefore, the emitter current density is location dependent. 

N. H. Fletcher calculated this current density for a 

bar emitter/hase geometry. 
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For a low injection level, the current density is 

-1-2 

2.17.1 j(x) = j (0) 1 + X N 
_±_ 1 J¿\sL- j ,0, 
2W oB LpE* 2 LnB JkT 

(for n-p-n transistor) 

and for a high injection level, greater than 20 amperes per • 

square centimeter — -^-2 

2.17.2 j (x) = j (0) 1 + X N , iJL? + i _mL)2_ j (o) 
6W °B l°E LpE 2 LnB 

(for n-p-n transistor) 

j(0) = current density on emitter edge (x*0) 

W = base width 

Og = conductivity of the base 

oE = conductivity of the emitter 

LpE = diffusion length of holes in emitter 

LnB = length of electrons in base region 

A typical design has the following parameters: 

W = 1 x 10-4 cm 

Og = 1.63 f^cmj ^ 

Og = 2.5 x 10^ £iCm)-* 

LpE = 0.94 x 10-3 [cm] at 25°C “ 

L 0 = 2 x 10"2 [cm] at 25°C “ 
nB L J 
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With this data we get a low injection level distribution 

2.17.3 j(x) - j(0) £.+ 3.13 j(0) 1//2 xj "2 

and a high injection level distribution 

2.17.4 j(x) = j(0) £ + 1.807 j (0) xj 

To determine j (0), we have to integrate over the whole emitter 

surface . 

The total emitter current is 

w 
2.17.5 IE= iE J j (x) dx , J?E effective emitter 

0 length 

If we substitute j (x) in 2.17.5 from 2.17.3 and 2.17.4, we get 

equations to calculate j(0). 

2.17.6 

j (0) 

j (0) 4 w j,1 4 3.13 j (0) 

pE ViJ -3 13W j (0) 1//2 #I 

(low injection 

level ) 

t 

2.17.7 IE” j(0) u 

j (0) [4 w] 
W ■ 1.807 j(0)1/2 

-1 .807W j (O)1 I,,- 
E 

(high injection 

level) 

To evaluate 2.17.6 and 2.17.7 we use the data of our design. 

A) Single bar geometry: L 10 [milsj 

2.5 x 10 2 cm 

d 3 [m i 1 sj 

0.75 x 10'2 cm 

J?E = length of emitter 
d = width of emitter 
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B) Bauble bar genmel-^: ^ = 20 [nila] 

= 5 X 10~2 cm 

d = 1.5 [milsj 

= 0.75 X 10“2 cm 

With this data substituted In ,6, and (7) we get for the 

low injection 

1.875 X IO'4 J ,0) - 2.35 x 10^ 3(0)1^ 0 

for single bar geometry 

2-”.9 1.875 x IO'4 j(0) - 1.173 x ID’2 }{0)1/2 IE- 0 

for double bar geometry 

and for the high in lemon ievpi . 

1.875 x 10-4J(0) - 1.357 x IO'2 KO)1/! ^ Q 

for single bar geometry 

1.875 x 10-4J,O, - 0.677 XIO-2!^1/2^. 0 

for double bar geometry 

Figures 2.17.1, 2.17.2, and 2.17.3 show the results for • 

emitter current of !„ = ,5 na and 100 ma. ' 

Discussion■ 

There Is almost no Fletcher effect at current level I,, 50 ma, 

and at IE= 20 ma there is only a small Fletcher effect. At 

100 ma the Fletcher effect has quite an Influence, so that the 

Fletcher effect becomes important at th* v 
portant at the high current level in 

our attempt to control the gain. 
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2.18 hpg at Low Current Levels - Consideration of Space 

Charge Recombination 

In the following section the junction current equations are 

considered with and without space charge recombination and 

generation. 

This work is in an early state and will be extended during 

the next quarter. 

The expression for the grounded base gain is considered and 

the effect on a is shown due to recombination. 

A) Ig and Ig Neglecting Space Charge Recombinations— 

721 ipo <¿e> + Coth r11 ipo^c' + ino<4:> 
p Lp 

~~ Ipo^^ + -Csch iií— Ipot^c) + 

P LP 

p-n-p Transistor; 

2.18.1 *c = Csc^ 

2.18.2 lE = coth 

n-p-n Transistor: 

2.18.3 Ic = -csch V- 
c 1¾ 

2.18.4 IE = Coth V- 
L„ 

Ws’fe) + Coth V- Ino (j^c) + Ipo(^c) 
Ln 

^no^E^ " Csch — Ino(^c) + 
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2.18.5 W = 2W' . In0(^) = e ^ -1 

q D 

4 > = Ln 

q¿c 
e 1# -i 

Consideration of Space Charge Recombinations — 

2.18.6 I = Csch !L Ino(4) + Coth ä_ Inn) : + loo4) + I, Ln -'E' ■ ■‘■no '^c' , ’ ■‘■po v^c' T ■‘•rg 
Jn 

2.18.6a 
-qlThi 

rg 2r If -- width of space charge 

2.18.7 IE = Coth ä_ Ino4) -Csch 1^(01) I + I (^, + i 
"n Ln ■ rg 

2.18.7a 

q V 

I = ni XT e 2kT 
rg q(^D-V) 

2.18.7b I (<¿) = ~2q Pn L° 
PO V^E ’ ryQ 

C) D.C. Current Gain 

No Consideration of Space Charge Recombination: 

2.18.8 o^= - j^C =t Csch %ñ Ino ~ Coth Ino(^c) ~ ^(^ç) 

Coth 7“ Ino<,4> - Csch ï- Ino4) + 1^4) 
Jn Jn 

2.18.9 a 
Csch Csch W_ 

o 
T no V>^E T ■^n Jj -n n _ 

Tanh ÜÍ- 
L n 

Coth ~ Ino(0E) Coth Sinh — 
n n Jn 

2.18.10 
a° 5SST5= = Sech f- 

Ln Ln 
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2.18.11 a = SechfT— 
° lV 

Considering of Space Charge Recombination: 

2.18.12 Ic= -Csch V- In0(/E) + Coth 7- In0(s¿C) + Ipo(î2<C) 

2.18.13 I- = 

2.18.14 a = 

T " L 
Ln 

\ 

-Coth V- Ino(0E) " Csch 7“ ^o^cV + Ipo(i4) + Irg 
Ln Ln J 

V. 

Jic 

” a° 

1 + 
Ipo rg 

coth V- ino(4) - Csch lno(^c) 
Ln Ln 

2.18.15 a -- ac 
a. 

^rg + Ipo (4)) dra + 1^(4)) 

Coth • In0(/E) 
Ln 

+ Tanh — 
Ln 

« ' r<3 po 

no (^ ) 

2.18.16 a = a. 

. Tanh /VL.') 
i„o<4) Iw 
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3.0 DESIGN APPROACHES 

3.1 Use of the Fletcher Effect to Control hp^ Variation 

From the Webster Expression 

°B W + 1 
2 

(1 + Z) 

hFE Dn A °E Le 2 

and Z the Webster Factor. 

for an n-p-n transistor 

A is the cross sectional area of the conduction path and As 

is the effective surface area for recombination. The term A 

is temperature independent, and, if a method can be found to 

control A as a function of temperature, the possibility of 

utilizing the Fletcher effect to control hpg exists. 

At low injection levels A is about equal to the geometrical 

emitter area. At high injection levels A can be much 

smaller than the geometrical emitter area where the geo¬ 

metrical emitter area is defined as the diffused region 

which forms an n-p junction due to the Fletcher effect.— 

As indicated (Section 2.18), space charge recombination must 

be considered at low injection levels, since this effect is 

more important than the bulk recombination factor, and the 
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Webster equation must be modified to account for h under 
FE 

these conditions. 

The foregoing considerations suggest that the Fletcher 

effect will not be important in attempting to control h™ 
FE 

at low injection levels, but can provide a definite approach 

at high injection levels. 

Decreasing the effective current path A, if done in such a 

way that the increase of hp^, due to the various factors 

noted in Eq. 2.15.1 can be offset, the h can be controlled 
FE 

over the temperature range of interest. Figure 3.1.1 

depicts a scheme foç achieving a variable A. 

Two base stripes are connected by a resistor R with a 

positive temperature coefficient. R can be a separate 

resistor or be "built-in" to the base surface. 

The resistivity of silicon increases over the temperature 

range of interest.- Since the base region would be p-type 

with an acceptor concentration of • 1017 cm-3, a 70% 

positive change could be expected from 0°C to 100°C. 
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3•2 High Injection Level Case - Fletcher Effect 

At high injection levels a base fringing effect occurs 

and with this a corresponding decrease of the "effective" 

cross sectional area of the conduction path A. This is 

shown for a special case in Section 2.17, Figures 2.17.1, 

2, and 3, 

At a high current density practically the entire emitter 

current is concentrated on the emitter perimeter (or depending 

on base-emitter configuration, emitter edge). At very high 

injection levels the effective conduction path width is 

11 

where 

W = base width 

IF = emitter current 

Ig = base current. 

Figure 3.2.1 depicts this situation for hFE compensation. 

At room temperature R = R0 is low and almost shorts the 

two base stripes. The cross sectional area is A where 

3.2.1 . A - 2 i’p Y, 

3.2.2 A = 2 W 
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As the temperature increases, R increases. The base current 

flowing to the base stripe B2 gets smaller and smaller due to 

the voltage drop in R which decreases the forward bia¿ of the 

emitter junction facing B2* In the limit, A becomes 

3.2.3 

As A changes, A also changes since the concentration of the 
B 

emitter current injection on the perimeter of the emitter A 

is proportioned to A . The ratio of —^ is essentially 
B A 

temperature independent particularly if the spacing between 

emitter and base is less than the diffusion length of carriers 

on the surface so that the effective diffusion length is not 

changed with increasing temperature. In the present discus¬ 

sion, the spacing is considered to be much less than the 

diffusion length. 

A decrease of A causes an increase of the Webster factor Z 

which decreased hFE< However, g(Z) decreases as Z increases 

and causes a corresponding rise in hpE by means of the surface 

recombination factor. 

If Z the change of g(Z) with Z can be neglected. From the 

foregoing the conclusion is that the effect of the g(Z) term 
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must be kept small so that the increase of hpE with temperature 

can be avoided. This can be achieved by keeping s, the surface 

recombination term,as small as possible (note Eq. 2.15.1). 

An oxide masked or so-called planar" structure is indicated 

to achieve a small s. 

3.3 Low Injection Level - Fletcher Effect 

In Section 2.17 it was shown that at emitter currents of 2 mA 

and less, the Fletcher effect is negligible. In order to 

change the emitter area A, a structure of the sort shown in 

figure 3.3.2 can be considered In this case the emitter 

split as well and a resistive path between the emitters such 

that base current flow from to and E2 to B, can be 

prevented at a desired temperature and the base controlled 

as before, 

R again must have a positive teitperature coefficient so that 

at room temperature R = RQ essentially shorts B^ and B2 and 

both emitters are working equally. 

The area of the emitter path is 

3.3.1 A = 2ÍE d 

As the temperature increases. R increases and the mechanism 

explained above again gives 
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3.3.2 

3.4 Two Transistors in Parallel 

From the preceding section it can be seen that the design 

geometry evolved to two transistors in parallel. 

If two separate transistors are connected in parallel it 

can be shown that the gain of the combination will lie 

between the gains of the individual transistors. This cal¬ 

culation is shown in appendix two and the result is given as 

3.4.1 or if C = 1 

3.4.2 

where C - constant ß - hpE of the parallel circuit 

ßl “ hpE^ current gain of transistor #1 

ß2 = hFE2 current gain of transistor #2 

In order to achieve a variation of hpE with temperature, a 

resistor or thermistor must be connected as shown in 

Figure 3.4.1 and Figure 3.4.2. 

In the case of the resistor, a positive temperature coefficient 

is required while in the case of a thermistor a negative 

temperature coefficient is required. As indicated in the 
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figures the connection can be made to either the emitter or 

the bases, the effect is the same. When R becomes very large 

the bias of one of the devices drops and the circuit behaves 

essentially as one transistor. 

If a resistor is used, the direct connected transistor ß must 

be less than the parallel connected transistor ß (Fig. 3.3.1). 

If the thermistor is used, the direct connected transistor ß 

must be greater than the parallel connected transistor ß. 

The parallel circuit of two transistors and a resistor or 

thermistor can be realized by mounting separate components 

on a header as an integrated circuit with each component 

separated. 

Two transistors can also be fabricated on the same die with 

a step collector to give a differential hpE between the two 

devices. For this case a built in resistor can be considered 

as a portion of the base region. 

3.5 Diode in Parallel to the Emitter Junction 

If the temperature behavior of an inverted transistor 

(collector used as an emitter and emitter used as a collector) 

is investigated, it will be found that the hpE ln the 

temperature range 0°C to 80°C will be unaffected. 
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The magnitude of hpE will be very low, however. This can be 

explained by the poor inverse collector efficiency as shown 

in Fig. 3.5.1b. 

Although the emitter efficiency of the collector junction is 

poor, it does not explain an observed hFE of the order of 

one. In Appendix IV the emitter efficiency of the collector 

junction is considered and its influence on the inverse hFE 

is determined. The conclusion is drawn that the low hFF 

is due to the geometry of the structure. 

The current flow map in Fig. 3.5.1b can also be interpreted 

as a regular transistor with a forward biased diode in 

parallel to the emitter junction. 

Appendix III contains a description of the effect on gain 

of a diode in parallel with the emitter of a transistor 

as a function of temperature. If properly designed, such 

a circuit can provide temperature compensation. 

Fig. 3.5.2 depicts the circuit discussed above for the 

transistor diode combination. To control the diode effect, 

a resistor R is included in series with the diode. In 

Fig. 3.5.2a, an external diode is shown. In Fig. 3.5.2b 

a portion of the emitter is used as a diode. 
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Separate components can be mounted on the same header to 

build the configuration shown in Fig. 3.5.3. 

Placing both elements on a single die can be accomplished as 

shown in Fig. 3.5.4 where the diode on the left is fabri¬ 

cated in a separate p region for "effective" electrical 

isloation from the transistor on the right. 

Incorporating the resistor as in Section 3.5.5 can be accom¬ 

plished by forming a connecting p region to the base. A 

planar technique would be most convenient for the fabrication 

of such a device. 

3.6 Controlled Surface Recombination 

13. 
A recent paper by Sah * suggests still another approach to 

hFE control with temperature. If the Ag (surface recombina- 

tion) term could be controlled independently of A with tempera¬ 

ture; for example, by increasing As as temperature increases, 

the normal increase of hpE could be controlled. 

The device reported by Sah is a surface recombination 

controlled tetrode. Fig. 3.6.1 depicts Sah's configuration 

in which a grid electrode is placed on an oxide film directly 

over the emitter periphery by applying a potential from grid 

to base. The surface potential is controlled as well as the 
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recombination rate s and an inversion layer is induced under 

the oxide. With control of these factors, the gain can be 

affected. 

Figure 3.6.2 taken from Sah's paper shows the influence of 

the grid voltage on gain as a function of collector current. 

Utilizing a temperature sensitive resistor as shown above 

and the voltage divider indicated in Fig. 3.6.3, a feedback 

network could be constructed to compensate for hpE* 

Here the grid-emitter 

3.6.1 VGE 

voltage is given by 

V0 
R2 

R1 + r2 

If Ri » R2 

3.6.2 
r2 

VGE Vo 

If R2 is a resistor and R^ is a thermistor, VGE increases 

with temperature and therefore decreases the d.c. current gain. 
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4.0 PRELIMINARY DESIGN CONSIDERATIONS 

4.1 Determination of Background (Base Region) Resistivity 

The resistivity of the starting Si-material is bounded by 

two limits. The upper limit is given by the VCE sat speci¬ 

fication and the lower limit by the V^er- 
t* 

By determining first the lower limit of the resistivity p, 

required for meeting VCER, a resistivity range is chosen 

from Pm¿n up, which depends upon the variation of slice 

resistivity inherent in the crystal growing procedure used. 

Then VCE sat is calculated to determine the upper limit of 

the resistivity range. Fig. 4.1.1 was obtained by meas¬ 

uring VceR on units with different background resistivity p . 

All units had about the same collector and emitter junction 

depth, the same base width and about the same Ga and P 

surface concentration. Although hpE will have an effect 

on VceR> ifc was not felt t0 be a significant variable in 

these measurements. Since the resistivity p was not meas¬ 

ured on the individual units, but in the center of the slice 

of the starting material, the VCER vs p curve in Fig. 4.1.1 is 

of limited accuracy. 
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Measurements of resistivity on individual slices show a 

variation of p across the slices in spite of efforts to 

keep this change as low as possible. 

In order to determine the significance of the V^er vs P 

curve, the correlation between V^er an<* Cqb was examined. 

Cqb here is the collector barrier capacitance which is 

readily measured and depends on p in the following way. 

1/3 14- 

4.1.1 -OB 
= A*£o 2q lal 

3/r £o V 

4.1.2 = tan - NS| . 
(wDt) V 2 

X j ^ 

4Dt 

4.1.3 1 = |iq Ns erfc xi_. 
p S 2/Dt 

Equation 4.1.1 shows how Cqb depends on |a| = tan ¢. (See 

appendix V for a discussion of tan ¢). Equation 4.1.2 is 

a function relating tan ¢ and the diffusion time t, and 

equation 4.1.3 finally shows the correlation of p and 

diffusion time t. 

A large number of units have been tested and the results 

are shown in Fig. 4.1.2. 
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To determine the best curve fit and the 95% confidence limits, 

the equations given in "Facts and Figures" by M. J. Moroney 

were used. 

In order to be sure that 95% of transistors with the same 

Cob* and therefore the same p, have VCER > 30 volts, the 

average VCER must be 37 volts (Fig. 4.1.2). This means that in 

Fig. 4.1.1 the lower VcER limit is not 30 volts but 37 volts. 

To obtain VcER ~ 37 volts, the collector body resistivity 

must be 0.5 ^cm. This is the minimum resistivity. 

The upper practical limit for the resistivity which depends 

upon the crystal pulling variation on 0.5 ^cm resistivity Si 

becomes the resistivity range 0.5 p ^ 0.65 ^cm, since 

VCE sat is always made as low as possible rather than speci¬ 

fically calculated for an upper range. (Production economics 

may require a wider range.) 

4.2 Device Geometry 

The lower limit of the device size, i. e., collector 

geometry, is given by V^E sat and the base spreading 

resistance and the upper limit by the collector capacitance 

and the switching conditions. 
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The smallest dimensions which the device may have and still 

pass the sat condition is calculated first and then the 

base spreading resistance. 

For emitter and base, a bar geometry is chosen (Fig. 4.2.1 

and 4.2.2) . 

One Emitter and One Base Stripe (Fig. 4.2.1) 

The following non-linear effects must be considered to cal- 

, . „ . 15., 8. 
culate Vce sat. — — 

1. "Fringing of effective area of the collector due to the 

'Fletcher' effect." 

2. Decreasing of collector body resistivity by injection 

of minority carriers. 

3. Mobility limiting at high current levels and therefore 

high electric fields. 

At the current level we are interested in, we can neglect 

2. and 3. The maximum current is limited by the carrier 

velocity: 

4.2.1 
cmax 

qNc v^AEff 
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Fig, 4.2.1 
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Nc is the doping concentration in the collector. 

vO carrier velocity. 

Afiff effective collector area 

4.2.2 AEf£ = AYi L 

Ay^ = collector current path width due to the fringing effect. 

L = length of the active emitter base junction periphery. 

The voltage drop across the collector junction is 

4.2.3 VCs = EcAYi 

4.2.4 AY1âíWCe££ 

Ec = electric field in the collector body 

AYi = collector current path width 

Wr ,, = effective thickness of the collector body 
^Ef f J 

The collector current path width depends on the base width 

Wb and the ratio of emitter to base current in the following 

way. 

4.2.5 Ayi = Wh • /2 

/ Ib 

for a conventional collector geometry. 
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If we consider 

4.2.6 

we get 

4.2.7 
q Nc HL 

4.2.7 considers the voltage drop due to the fringing effect. 

In addition to this, a voltage drop exists in the collector 

body, which is proportional to its thickness LqB and its 

resistivity Pçg» This voltage drop can be aided considerably 

by use of an epitaxial layer. 

4.2.8 VCBS = PCP LCB 
A 

A is the effective current path in the collector body. The 

over-all saturation voltage is 

4,2,9 VCE sat VCS + VCBS = PcB IC t + 
Ij a 

Equation 4.2.9 allows to calculate the emitter-base dimension L. 

L - PÇB Ic 

VCE sat 
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VCE sat = °-7 volts 

Ic = 20 X IO”-* ampen amperes 

b = 3 mils 

0=3 mils 

B = 12 mils 

PCB _ 0.6 -«cm e - 2 mils 

lcB = 5 mils z = 1/2 mil 

L = 10 mils 

The other dimensions beside L are determined by the base 

spreading resistance (d) and the different bonding operation 

requirements (c, e). 

One Emitter and Two Base Stripes 

We have to substitute L in equation (2.9) by 2l. This leads 

to L = 5 mils. If we use L = 10 mil, the VCE sat is half of 

the value at a). 
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4* 3 Base Spreading Resistance 

The base spreading resistance R consists of two parts, Rj 

and Rjj (see Fig. 4.3.1), Rj is the resistance between 

emitter and base stripe and Rjj the resistance under the emitter. 

At high current density the effective emitter area is 

limited to a small area along the emitter perimeter due to 

the "Fletcher Effect". This means R is almost identical 

with Rj. 

However, at low current density the effective emitter area 

is the geometric emitter area. 

If Rjj is not too large and if the emitter current is very 

small, we can assume an equal current density over the 

whole emitter area. The base spreading resistance is 

calculated for this case. 

As mentioned above, the base spreading resistance consists 

of two parts, Rj and Rjj. 

A* Resistance Between Emitter and Base Stripe R^. (Fig, 4.3.1) 

4.3,1 r _ p . d 
I Fs ^ 
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ps = surface concentration on the base area 

<3,1 = dimensions shown in Fig. 4.3.1 

Rj is the base spreading resistance at high current 

density. 

B. Resistance Under the Emitter Area Rjj. (Fig. 4.3.1) 

J is the emitter current density. 
E 

4.3.2 

where I = emitter current 
E 

Ag = emitter area. 

The relationship between base current and emitter current 

density is (Fig. 4.3.2) 

4.3.3 

a, Jg = constant. 

4.3.4 IB(x) = i(l - a) JE X 

This current causes a voltage drop along dx of 

4.3.5 dV = dRjj IB (x) 

4.3.6 ps* = sheet resistance 
below the emitter. 

By integrating 4.3.5 

4.3.7 
„a 

V = (1 - a) p * JE j xdx 
S r\ 
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4.3.8 
2 

V = ps* (1 - a) JE 

An alternative way of calculating V is 

4.3.9 V = Rjj IB = Rn Jl(l - a) IE a. 

From 4.3.7 and 4.3.9 R^ can be determined, or 

4-3-1° Ru = 7 Ps* f 

This is half the resistance if the entire emitter current 

enters at x = 0. 

Now the base spreading resistance R is 

4.3.11 R = RT + Rh = ps ï + ¿ p d j. 1 „ * a 

s Ï 2 I 

Because p * » pc the second term is very important, 
r s r s 

Equation 4.3.11 is valid for the case of one emitter and 

one base stripe. 

In order to calculate the base spreading resistance, we have 

to know the surface concentration p * underneath the 
's 

emitter. 

4.3.12 

Xj (collector) 

= q / lip(N) Np(x) - Nn(x) - NQj dx 
16. 

xj (emitter) 

M-p(N) is the hole mobility which is concentration dependent. 
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Np(x) is the p-type impurity distribution (boron), Nn(x) 

is the n-type impurity distribution due to the phosphorus 

diffusion, and N0 is the constant n-type background doping. 

The integral 4.3.12 is evaluated by a graphical method in 

Figure 4.3.3 and Figure 4.3.4 under the assumption of a 

boron sheet resistance of pg 250 Vb • The result is 

4.3.13 ps* = 6.1 X 103 Vo . 

With pg* and the earlier calculated emitter-base dimensions, 

we can now calculate the base spreading resistance 

Â = 10 mils 

a 3 mils 

b 3 mils 

d = 1 mil 

ps - 250 Vo , ps* = 6.1 X 103 Vo 

Single Emitter-Base Bar Geometry 

R 
I 

75 R = 985 

R 910 
II 
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4.4 Boron Diffusion 

In this section consideration is given to the problem of 

calculating the boron diffusion parameters. The boron 

diffusion is compared with the gallium diffusion. The 

diffusion constant of both in silicon is not too different, 

therefore, Hoffman experience with Ga diffusion can be used 

as a starting point. 

The first concern is the time schedule of boron diffusion 

into silicon for 0.55 ^ 0.^5 ^m. The second question 

concerns any changes in the P diffusion time to obtain the 

same base width for an increase in the B surface concentration 

over present surface concentrations with Ga. 

A diffusion temperature of T - 1180°C for the Ga and B 

diffusion will be used. 

The collector junction depth is taken as x, = 3.3 x 10-4 cm. 
J2 

The emitter junction depth is taken as x, = 2.3 x 10~4 cm. 
Jl 

The base width is then x. - x. = 1 x 10-4 cm. 
J2 Ji 

Error functions are assumed for the B and Ga diffusions as 

well as for the P diffusion. Taunenbaunr^- showed that this 

is not correct for the P diffusion. In spite of this, 

4-18 
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reasonable estimates can be made. 

A. B Diffusion in Si of the Resistivity 0.55 ^ p < 0.65 -rjcm 

at T = 1180°C 

4.4.1 

4.4.2 

N(x)B = Ns„ erfc 
SB 

2(Db • t) T7Ï 

N B = N£ 
>B 

erfc 1L 
2 (D B tB' 

172 at the collector 

junction. 

Ng = Background concentration 

NSb = Boron surface concentration (pg = 150 ^.'s/q ) 

Dg = Boron diffusion constant in Si at T = 1180°C 

tg = Boron diffusion time to get the collector 

junction at X. = 3.3li 
J 2 

B. Ga Diffusion in Si of the Resistivity 0.75 ^ p ^ 0.85 v^m 

at T = 1180°C —“ 

4.4.3 

4.4.4 N 
B 

N(x) 
Gd = N< 'Ga 

erfc X 

2 (D, Ga t) 1/2 

= Nc erfc 
sGa 

2(DGa -Ga 

at the collector 

junction. 

Ng - Background concentration 

NgGa = Gallium surface concentration (pg = 250 ^.'s/g) 

DGa = Gallium diffusion constant in Si at T = 1180°C 

tGa = Gallium diffusion time to get the collector 

junction at Xj2 = 3.3p 
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Evaluation after Backenstoss —. 

4.4.5 Boron: Ng = 5 x 10^® cm-3 for p_ -= 150 ^/o (p-type layer) 
'B 

.16 _-3 Ng = 0,947 x 10 cm_J for = 0.6 ^crn 

4.4.6 Gallium¡ 

4.4.7 

NgGa = 3.5 3 x lO3-® cm-3 for pg = 250 ^/q 

Nß = 0.68 x 1016 cm"3 for pn = 0.8 ^cm 

N 
B 

0.947 x 10 
16 

N 
SB 

5 x 10 18 
= 1.9 x 10 

(p-type layer) 

Pb 

-3 

4.4.8 

N 

- = 0._68 x 1016 = 1 925 x 10-3 

NSGa 3•53 x 1018 

4.4.7 and 4.4.8 show that both error functions are about the 

same. Therefore, the error function arguments are about 

the same. 

4.4.9 

x _h 
2(dB • tg)1/2 

Xj2 

2(dg2 ' tGa) 
1/2 

4.4.10 
DB * tB DGa ’ ^a or, 

4.4.11 

18 
After Fuller — DGa and Dß for T - 1180°C. 

4.4.12 Dg - 1.83 x 10 cm^/sec. 
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4.4.13 

4.4.14 

4.4.15 

DGa = 2.76 X IO"12 cm2/sec. 

» 

> « 

tß = 1.51 * tGa 

= 1.51 
1180°C 

Ga diffusion experiments have shown that tQa is about 60 

minutes. This gives 

4.4.16 tg = 90 min. 

If the diffusion data published at the TI lecture series 

given at Texas A & M, Spring 1960, is used, the ratio of the 

diffusion constant is different. 

At a diffusion temperature of 1180°C, 

4.4.17 Dg ^ 1.7 X 1012 cm2/sec. 

4.4.18 DGa = 3.4 X 10“12 cm2/sec. 

4.4.19 

and therefore 

DGa^B 
2 

4.4.20 t tg - 2 tGa 

If tQa is 60 minutes, tg is then 

4.4.21 t = 120 min. 
B 

The diffusion data published at the TI lecture series is 

probably the more reliable. Further diffusion data is given 

by F. M. Smite —. 
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n u 

With this data the diffusion constant for Ga and B in Si 

becomes 

A‘ DGa in Si at 1180°C 

4.4.22 
DGa ~ Do e 

4Q 
kT 

D = 4.0 cm^/sec. 
o 

¿Q = 3.5 eV 

DGa = 4-° e'28-° 

4*^*23 DGa = 3.33 X 10 cm^/sec. 

B. Db in Si at 1180°C 

4.4.24 Dr, = D e - 
B ° kT 

D0 = 14 cm2/sec. 

AQ = 3.7 eV 

Db = 14 e~29*6 

4*4«25 Dg = 1.95 X 10-12 cm2/sec. 

C. Influence of Change in Boron-Surface Concentration on 
Base Width 

By inspection of Figure 4.4.1 
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Bg ■ 0.6 ûcm 

FIG. 4.4.1 
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4.4.26 N (x) = No,, erfc —^— is the B-imparity distribution 
' K>/t¡ 

for a sheet resistance of pS2 = 250 ./*./□ . 

4.4.27 N(x) = Ng1 erfc ——— is the B-impurity distribution 
1 K ^ 

for a sheet resistance of pg^ = 150 _*./o . 

Both distributions should have the collector junction at 

the same position xj2* 

4.4.28 

4.4.29 

4.4.30 

4.4.31 

4.4.32 

j 
Nb = % erfc —-¿Z 

2 « /¾ 

NB = %, erfc 
J2 

K/t¡ 

N, 
s2 

N B 

Nr 

N 
B 

Nc 
= 1.9 X 10 

-3 5 
Nc 

K ftl 

K Ju 

x . 
J2 

2.196 

J2 
2.12 

3.52 x 1018 cm"3 

0.95 x 1016 cm-3 

5.0 x 1018 cm“3 

2.7 x 10"3 

(Xr - Xc ) = 4x• is due to the change of x of the P- 
Jll J12 Jl 

impurity distribution by changing from N = N-^ to N = 

4.4.26, 4.4.27, 4.4.31, and 4.4.32 are used to calculate 

N^ and N2» 
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X, 

4.4.33 

4.4.34 

N2 = Ns erfc 2.12 

N, = Nc erfc 2.196 

'12 

J2 

X 

’i - K,S1 

xn, & x s =2.3xl0^cm 

Jll 
x 
j 

Jll^ Jl2 

,-4 xs = 3.3 x 10 cm 
J 2 

N2 = NS- er^c 1*477 

X, 

X 
= 0.697 

1 * • 
J2 J 2 

No = 3.66 x 10”^ N 

Ni = 3.05 x 10"2 N N1 = NS erfc 1*53 

= 1.525 x 1017 cm-'* 

N2 = 1.288 x 1017 cm"3 

Assume now a phosphorus error function distribution 

4.4.35 * N (x) = 4.4 x 1020 erfc -^-* 
0.828 x IO"4 

(standard transistor P-diffusion, p = 1.5 a/q ) 

4.4.36 

4.4.37 

20 
N, - 4.4 x 10 erfc 

No = 4.4 x 1020 = 4.4 x 10¿u erfc 

111 

0.828 x 10-4 

20 ÍL2_ 
0.828 x 10-4 

Substitute N1 and N¿ in 4.4.36 and 4.4.37 and 
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or 

= 2.095|i 

X. = 2.12 |i 
Jl2 

Axj = (xj - X.. )= 0.025)1. 

This shows that a change in phosphorus diffusion time 

should not be necessary. By decreasing the B-sheet resistance 

from pg = 250 ^./q to 150 ^./p there is no appreciable change 

in base width W. 
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5.0 EXPERIMENTAL 

5.1 Test of Fletcher Effect 

A group of devices was built with the special geometry 

shown in Figure 5.1.1 from existing masks. The resistor R 

was external, and the conditions R = 0 to R ** 00 could be 

checked and the effect of the variation of emitter periphery 

on h,,- determined. The results are shown in Figures 5.1.2, 
r h 

5.1.3, 5.1.4, 5.1.5, 5.1.6, and 5.1.7. These measurements 

were made on a Tektronix 545 curve tracer, and the individual 

units were heated with Kennedy thermo probes to test 

individual combinations. The graphs of Figures 5.1.8, 

5.1.9, and 5.1.10 were abstracted from the curves mentioned 

above. In general, very little compensation is discernable 

at low current levels, but approximately a factor of two (Fig. 5.1.11) 

change takes place at high current levels. This observation 

bears out the argument of Sections 3.1, 3.2, and 3.3, since 

the insertion of a resistor with the device hot is comparable 

to a transistor with base connected with a resistor of 

• 

positive temperature coefficient. A limit of the effect of 

external resistance applied was caused by the resistance of 

the area marked R* in Figure 5.1.1, and the actual limit of 

change was due to this resistance, rather than the external 

resistance. R* must be much larger in magnitude if appreciable 

% 
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INVESTIGATION OF FLETCHER EFFECT 

C 

a. R - 

b. R - 0 

Fig. 5.1.1 
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compensation is to be achieved by this method. 

5.2 Two Transistors in Parallel Circuit 

The circuit of Figure 5.2.1 was constructed with two 2N697 

transistors externally connected to provide an analogue of 

the ultimate device. Figures 5.2.2, and 5.2.3 show curves 

of the parallel combination as a function of temperature. 

This data is abstracted in Figure 5.2.4 ; 5.2.5 shows 

the compensation achieved by use of open and short circuit 

to simulate the effect of a thermistor or a positive 

coefficient resistor. The center curves show R = 00 at 

room temperature and R = 0, i.e. both transistors in parallel 

at 75°C, where the analogue of the changing resistance is 

simulated at the extremes and proves that hFE compensation 

is indeed possible as indicated in Section 3.4. 

In Figure 5.2.4 the variation in hFE at less than 0.1 ma 

between the two devices is attributed to variations in 

surface treatment. 

In Appendix VII additional measurements are shown with a 

thermistor to show the combination variation with tempera- 

ture. Better compensation is achieved at low current 

levels, and again a compromise must be struck between 
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TWO TRANSISTORS IN PARALLEL CIRCUIT 

The two emitters are connected by the extreme impedance 

R - 0 (b) or R (a). 

C - COLLECTOR 

E - EMITTER 

B - BASE 

F ig. 5.2.1 
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performance and compensation. In Figure VII-1 and 2 the 

sharp increase at 65°C was due to a defective unit which 

had a poor surface and not due to lack of compensation. At 

higher current levels this effect is swamped out. This 

point emphasizes the necessity for surface control. 

In Figures VII-3 and 4 the compensation at higher current 

levels can be seen. 

5.3 Diode in Parallel With the Emitter Junction 

The circuit of Figure 5.3.1 was constructed to provide an 

analogue device to study the effect of a diode on hpg 

compensation. Tne urves of Figures 5.3.2 and 5.3.3 

depict the actual r< :.:ult.s and are abstracted in Figure 5.3.4. 

In Figure 5.3.4 the curve thews the combination of diode 

and transistor at room température as curve a. It should 

be noted that the transistor was a 2N697, and the diode was 

the emitter of a second 2N697 to simulate the conditions 

of actual assembly where the diode and transistor would be 

fabricated by the same series of diffusions. Curve b 

sjtows the increase of hrg due to heating, while the diode 

was held at 25GC. Curve c shows the effect, of heating the 

mode with transistor at 25 C, and curve J shows the 
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transistor with forward biased diode in 

PARALLEL CIRCUIT TO THE EMITTER JUNCTION 

Tt - TRANSISTOR TEMPERATURE 

TD - DIODE TEMPERATURE 

*• TT * TD - 25°C 

b. Tt « 75#C Td - 25°C 

c. TT - 25°C Td - 75*C 

d* TT * TD * 75#C 

Fig. 5.3.1 
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compensation with diode and transistor hot, compared to curve a 

with the diode and transistor cold. 

The compensation in this case is excellent. See for example 

Section 3.5 and Appendix III. 

Appendix VI depicts the measurement circuit, Figure VI-lA, 

and additional data showing temperature compensation with 

resistors of different values. As the value of R increases, 

the degree of compensation decreases, and the device per¬ 

formance increases. A compromise is necessary for a single 

device structure between hpg compensation and magnitude. 

The compensation here is better at low current levels than 

at high current levels. Note also that the relative change 

of hFE with the parallel diode is sharply reduced. 

5.4 Inverted Transistor Measurements 

In order to explore the inverted transistor temperature 

behavior, devices were inversely connected and a very low 

value of hpE resulted with no temperature variation. 

This effect was explained in Section 3.5. In the current 

flow map (Fig. 3.5.1), it can be seen that a large amount 

of the injected emitter current is not collected by the 

collector due to the geometry of the inverted device. 
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These minority carriers recombine and cause a large increase 

of the base current and, therefore, decrease the h™. This 

additional current comes from a forward biased diode in an 

equivalent parallel circuit with the transistor emitter 

junction. 

Although the h^g from a conventional device is too low to 

be useful, this concept will be explored further. 
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6.0 CONCLUSIONS 

An investigation of the Webster equation, Fletcher effect, 

and Shockely space charge recombination phenomena has led 

to at least four possible approaches for the design and 

construction of a transistor with an hpg which is compen¬ 

sated for temperature change over the range 0°C to 80°C. 

The feasibility of.these approaches has been partially 

tested by the construction of circuit analogues and 

observation of the desired compensation of hpE with temper¬ 

ature . 

It can be concluded that a so-called "planar" or oxide 

masked structure will be required to achieve the desired 

results, that a geometry which can vary the effective 

emitter conduction will provide hpE compensation at high 

current densities, and that a parallel "distributed" 

transistor with an f(T) resistive connection between emitters 

can provide compensation at low current levels as well as a 

diode in parallel with the emitter-base region of the 

transistor. An f(T) resistor between two parallel transis¬ 

tors with ßi / ß2 can provide compensation at higher current 

levels. 
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Since in general the hFE increases with temperature, 

compensation can be achieved by a "feed-back" of part of 

the increased gain to offset the change. 

A judicious combination of elements presented in this 

report appears feasible which can result in temperature 

compensation of hpg without any sacrifice of device 

performance. 

It further appears that the final device will be distributed 

in nature. 
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7.0 PROGRAM FOR NEXT INTERVAL 

The development of the theory will be continued with the 

emphasis being on re-examining the gain equation for 

geometries more akin to those currently under consideration 

and to include the effects of space charge recombination 

for the low current density case. 

The exploration of the offset collector and distributed 

device geometries will continue. Surface recombination 

control will be considered further. 

Practical methods of building such devices will be 

developed more fully, especially the "built-in" temperature 

sensitive resistors, and preliminary procedures will be 

resolved. 

Calculation of the base resistance will be extended to more 

complex geometries. 

Analogue maps of carrier patterns will be considered as an 

aid to theory development and extension. 
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APPENDIX I. 

Temperature Insensitive Transistor 

R. F. Q. Specs 

hpg >50 

hpE >70 

hpE >50 

VCE sat < 0.7v 

ICBO < 1. OM-A 

faß >20Mc/s 

Ic = 0.5 mA 

Ic = 2.0 mA 

Ic = 20 mA 

Ic = 20 mA 

Vcb = 30 V 

Vcb = 5v 

VCE = 5v 

VCE “ 5v 

Vce = 

lb = 1 mA 

Ic = 2 mA 

Variation at all bias points not to vary by more than 10% of 

0°C value in the range 0 - 75°C. 

Additional Requirements From Statement of Work 

Icbo 

vcbo 

VCER 

VCE sat 

vbE sat 

<0.1^LA 

>50v 

>30v 

< 0.6v 

< 0.9v 

Vcb = 15v 

Icb = 100|-lA 

Ice = 10 mA 

Ic = 10 mA 

Ic = 10 mA 

RbE = 10 ^ 

1¾ = 1 mA 

1¾ = 1 mA 

A - 1 
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APPENDIX II 

Two Transistors in Parallel Circuit (r = o) 

1* = current gain of first transistor 

2* IC2^IB2 current gain of second transistor 

^ ‘ ^ “ ^Ci + + IB2 current gain of both transistors 
2 in parallel circuit 

4- ie/ie2 = [<Pi + D h/lh + K ßi] 1c1/Ic2 

= Dni "Oi Ln2/bn2 no2 I-ni = C* <vEBl = vEB2) 

5' ICi/,1C2 = C* [¢2 + -1) ßl/(ßl + 1) ß2] 
C* -“ 

c 

6- = C [ißl + 1) ß2/(ß2 + 1) ßi] 

Eq. 2 + Eq. 1 = Eq. 7 
IBi + Ib2 

ß2 Ic1 + ßl Ic. 

ßTß2 

Eq. 7 + Eq. 3 = Eq. 8 ß =J l0l + Ic2 \ ßl ß2 

Eq. 8 + Eq. 6 = Eq. 9 ß = 

ß 

ÏCi + ßl IC J 
a + iC2/iCl) 

Tp2 + Pl iC2/iCl) 
ßi ß2 

[1 + c 1 [(ßl + 1) ß2/(ß2 + Dßil ? 
ß2 + Cß 

11 \{ß1 + 1) ß2/(ß2 + DßJ 

ß = -i—-—Q í.. ] □ 

<ß2/ßl> +c [•.] ß2 

A - 3 



10. (Pi + d e? . 
(P2 + i) P2 ' 

11. ß - ß2 / 1 + CA I 

^2^1 + CV 

Discussion of 11. 

Assumption C = 1 

6 ■»■(iperh) 
a) ßj = ß2 A = 1, ß = ß2 

b) ß1»ß2 

c) ß2»ßi 

d) ßi = 2ß2 

e) ß1 = 50 

ßi = 70 

ß1 = 100 

ß2»l, A = 1 

ß = 2ß2 

ßj^»!, A = 1 

ß = 2ß, 

ß2»l, A = 

ß=f ß2 

2 ß2 + 1 

2 (ß2 + 1) 

ß2 = 30 

ß2 = 50 

ß2 = 60 

ß 

ß 

ß 

37.5 

58 

75 

(A ^ 1) 

(A 1) 

(A ^ 1) 



APPENDIX III 

Diode Parallel to Emitter-Base Junction (Conunon Emitter) 

1. 

0 ’b 

2. ß = 
V<ß0 

3. 

1 = IB + ^ _ 1 

ß ß o Ic 

ß ß, 
'0 •‘•C p( B 

Changing of ß with temperature: 

S@ -sft) -^(¾ or 

A - 5 





APPENDIX IV 

Emitter Efficiency T : 

6. 
According to Gartner: (minority carrier diff. length) 

îmitter 
& 1 X 10”3 cm (^10|i) 

Itoll. ^ 2-5 x 10’2 cm 

LBase ^ 2-° x 10'2 cm 

Beside this we know: 

W ^1 x 10“4 cm 

X-w-io -4 

LBase 2 x 10 
-2 

= 5 x 10 -3 

Calculation of oB, aE, and oc: 

a„ & —— -rvcm“! = 1.18 
c 0.85 

^ucm r1 

oB ^ 1 1— = 1.63 
p * • W 6.12 x 103 x 10-4 0.612 

_ncm 

—-— because L,, > X. 
Ps Xj ^ J 

0 ^ 
E 2 x 2 x 10 

-- = 2.5 x 103 fjvcml 
.. i n_4 l J 

-1 

A - 7 



Using the equation 0^= [ 1- — • — ) we get 
Ln aE 

y= I 1 - 5 X 10"3 X 1,63(1 - 3.26 X 10“6) ^ 1 
2.5 X 10- 

for the inverted transistor : 

Ti 1 - 5 X 10'3 • liü!= (1 - 3.62 X 10"3) = 0.9964 
1.63/ == 

1. Assumption: K - 0.99 

Oj = 0.99 ßj = 99 

aII = 0,99 x 0*99 = °*98 ^11 = 49 

2. K ^ 0.98 

Qj = 0.98 ßj = 49 

Ujj = 0.98 x 0.99 = 0.97 ßn = 32 

3. K = 0.97 

dj = 0.97 ßj = 32 

djj = 0.97 x 0.99 = 0.96 = 24 

.00 

A - 8 



aII' ^11 = inverted current gain. 

The experiments give, on the other hand, inverted h^'s in 
FE 

the order of one. That means the geometry effect must be 

responsible for the low h »s. 
r E 

A - 9 
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APPENDIX V. 

Explanation of a = (tan - tan 

The expression for a regular linear graded junction (Fig. V-l) 

is 

(D Vi-va-4 /ÜL ' 
y 10“7 tan ^ 

= built-in voltage 

Va = applied voltage 

In the following it is shown that (1) can also be used for a 

double linear diffused junction (Fig. V-2) (i.e., emitter 

junction of a transistor) simply by substitution tan <|> by 

(tan " tan 4>i) • 

In Figs . V-l, 

N0 (X) = 

Nx (x) = 

N2 (x) = 

2, 3 the terms are defined as: 

Nb = const. 

the n-type background doping 

linear p-type distribution 

(Boron, Gallium) 

linear n-type distribution 

(Phosphorus) 

x) = n2 (x) + Nb 

The total n-type doping 

To get (1) we have to integrate Poisson's equation 

A - 10 



o Emitter j uAfrtio» «f 

r3. F-/ 

íí3.f-. 

Rj. F- 3 

A-// 



whereby (2) 1¾ = - g‘¿N 

(3) An = n2 (x) - n2(x) + nb 

(4) N(0) - Nj^ix) = x tan ^ 

Fig. V-2 

(5) N(0) - N2 + Nb 

(5) - (4) = (6) 

An = nx - 

- x tan f; 

n2 + nb 

(6) in (2) 

(7) Ü2 = - _2_ 
££o 

tan 

- x -tan <|>2 - tan 

(8) 

¿x2 

02v 

tan <|> 2 tan c|)^ x 

b 
<j> X 

A comparison of (7) and (8) shows that because tan <j> 

tan <|>2 " tan 

(8) by substituting tan <|> by £tan ^2 ” tan ^ 

are constant, we can use the integral of 

1 

(9) Vi - Va = - 2 eM~ 
10“7 tan (J)2 - tan^i 

A - 12 



APPENDIX V-a 

Dimension of K: 

tan ^ . 
ee 

q (coulombj coulomb 

£ number (for Si £ = 12) 

£0 [a sec,/ty cm] 

tan îz( [cm”4] 

= ampere x sec 

so, 

* ra x 
LA 

sec. x cm -4 

x sec./V cm 
= t [v cm“3J 

Proof : 

w [cm] 

A - 12a 



APPENDIX VI 

Experimental Data for Section 3.5 

A - 13 
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APPENDIX VII 

Experimental Data for Section 3.4 
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APPENDIX VIII 

E-ãennfcification of Key Personnel 

Technical Director 

Project Supervisar 

Senior Personnel 

Engineers 

Junior Personnel 

Dr. P. N. Russell 

J. Spanos 

Dr. R. Epple 

H. Stuy 

Dr. F. Woitsch 

D. Johnson 

G. Koen 

L. Garasi 

N. Long 

P. MuschInske 

S. Purdy 

B. Jackson 

P. Soo 

F. Marentes 

R. Gomez 
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