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Abstract:  Monte  Carlo  methods  of  statistical  analysis are applied to  the  problems of transistor  design  and 

optimization. The experimental tolerances  associated with any  diffusion process are shown to represent an 

important factor in the initial design of diffused  junction  transistors. Many transistor  parameters exhibit a 

substantial degree of sensitivity  to  small variations in the diffusion process. This is confirmed by a compari- 

son between  the  theoretical and experimental open-base breakdown voltage, and current  gain, for  a large 

number  of  devices. It is therefore proposed that the  design  of a transistor  be  based  upon attaining a 

specified  set of electrical  characteristics  when  the  device is assumed to be fabricated by  a non-ideal diffu- 

sion  process. An  electronic  computer  has  been  used in an  investigation of the foregoing problem. The 
investigation shows further that a margin-of-safety must be designed into each electrical  parameter of a 

transistor  to assure that the  resulting device  satisfies a given set of design  specifications,  even  though this 
margin-of-safety  may differ for each parameter. In this  paper examples are presented to illustrate the  theo- 

retical trade-off  between  several  opposing  transistor  parameters that exhibit a substantial degree of varia- 
bility due to a non-ideal diffusion process. 

Symbols 

B Base region transport ratio 
C(x) Impurity atom density distribution 
Cb Bulk impurity atom density in semiconductor 
C ,  Collector junction capacitance 
C ,  Emitter junction capacitance 
Coj Impurity atom surface concentration 
Di Impurity atom diffusion constant 
AHi Impurity atom activation energy  in  silicon 
L,, Minority carrier diffusion  length for electrons 
L, Minority carrier diffusion  length for holes 
M Carrier multiplication in collector  space-charge 

layer 
P Arbitrary parameter magnitude 
AP Arbitrary parameter  range of variability 
R Gas constant 
T Diffusion temperature 
BVcso Collector junction avalanche  breakdown  voltage 

482 V d  Junction equilibrium  diffusion  voltage 

BVcEo Open-base  breakdown  voltage 
V ,  T C  Collector junction punch-through voltage 
V ,  TE Emitter junction punch-through voltage 
V ,  Total junction voltage 
We Electrical  base width-see Fig. 1 
W,, Physical  base width-see Fig. 1 
Q, b Constants 
k Boltzmann’s constant 
4 Electron  charge 

x, Junction space-charge  layer edges-see Fig. 1 
xi  E Emitter junction transition point-see Fig. 1 
xj, Collector junction transition point-see  Fig. 1 
P B  Base region transport efficiency B/(1 - B) 
P, Emitter junction injection efficiency r/(l - y) 
PT Total current gain PBP,/(PB -I- 0,) 
Y Emitter junction injection ratio 
7 Minority carrier lifetime 

tn Impurity atom diffusion  time 
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Introduction 

Modern  narrow-base  transistors  introduce  many  de- 
sign and fabrication difficulties not previously encountered 
in wide-base devices. In particular, the diffusion process 
for fabricating  narrow-base  junction  transistors cannot 
be considered invariant; a small perturbation in the loca- 
tion of either an  emitter or collector junction will signifi- 
cantly  alter the electrical characteristics of such  a device. 
The initial design of a transistor  must therefore  be directed 
toward satisfying a given set of parameter specifications, 
assuming that  the associated diffusion process is subject 
to experimental variations  in  time,  temperature, etc. The 
purpose of this  paper is to present a statistical approach 
to the solution of this  problem, and to demonstrate  its 
applicability to the design of practical semiconductor de- 
vices. 

In  an earlier  publication  by Kennedy,’ it was  shown 
that small experimental changes in a diffusion process, 
from  one diffusion run to the next, can significantly con- 
tribute to the variability encountered  in the physical base 
width of a transistor. It was also shown that base width 
variability is, at least in  part, a transistor design problem, 
because this  characteristic is closely related to  the collector 
junction location. The present investigation is directed 
toward a more extensive mathematical study of the fore- 
going problem. From a one-dimensional  analytical  model, 
Monte  Carlo methods are used to calculate the variability 
associated with many  transistor  parameters. A computer 
program has been developed to assist in  the design and 
optimization of junction transistors. From a set of param- 
eter specifications for a proposed transistor,  and  from 
information  pertaining to the experimental tolerances 
associated with the diffusion process, this  computer  pro- 
gram calculates the necessary engineering compromise 
(or trade-off) between eleven transistor  parameters, where 
each  parameter exhibits a different degree of sensitivity 
to process changes. 

Results of this  analytical investigation establish some of 
the inherent complexities associated with designing a 
diffused junction transistor.  Transistor variability result- 
ing from a nonideal diffusion process, where experimental 
variations exist from one  diffusion run to the next, implies 
the need of designing a margin-of-safety into each param- 
eter that must satisfy a prescribed specification. Further, 
results of this investigation show that a satisfactory trade- 
off between the numerous  parameters of a transistor is 
obtained  only through a detailed knowledge of the  param- 
eter variability introduced  by a proposed diffusion process. 

The  IBM 7090 computer  program developed for this 
investigation calculates the one-dimensional  impurity 
atom distribution resulting from a prescribed set of basic 
diffusion parameters.  Using this calculated impurity atom 
distribution, the computer  also calculates all the associated 
transistor  parameters  outlined  in  Table 1. 

Table I Calculated  transistor parameters. 

Physical  base  width 
Electrical  base  width* 
Emitter  junction  capacitance* * 
Collector  junction  capacitance* 
Collector  punch-through  voltage 
Emitter  punch-through  voltage 
Emitter  injection  efficiency* 
Base region transport efficiency* 
Current  gain* 
Collector  junction  avalanche  breakdown  voltage 
Open-base  breakdown  voltage 

* At  an arbitrary  collector  junction  biasing  voltage 
** Equilibrium 

Table 2 Diffusion parameters subject  to experi- 
mental variations. 

CF, = Bulk  impurity atom density  in the  semiconductor 

Col = Impurity  atom  surface  concentration for the  collector 

C0z = Impurity atom surface  concentration for the  emitter 

Tl = Temperature  of  collector  junction  diffusion 
TZ = Temperature of emitter  junction diffusion 
tl = Diffusion  time for collector junction 
t z  = Diffusion  time for emitter  junction 

material 

junction diffusion 

junction diffusion 

To approximate  a  non-ideal diffusion process, a pro- 
posed set of design-center values is assumed for the dif- 
fusion  parameters  outlined in Table 2. The experimental 
variations  in these diffusion parameters are approximated 
by a number  generator that simultaneously and inde- 
pendently modifies each  parameter throughout  its speci- 
fied tolerance limits. Each  set of parameters  generated  in 
this  manner is assumed to characterize a new transistor- 
or group of transistors-resulting from a given degree of 
tolerance control in the diffusion process. These sets of 
diffusion parameters are  then used to calculate modified 
impurity atom distributions, and their  associated tran- 
sistor characteristics (listed in Table 1). This  calculation 
is repeated for several hundred different sets of diffusion 
parameters, representing the experimental variations ex- 
perienced in device fabrication, to obtain a statistical 
picture of the inherent variability associated with a pro- 
posed transistor. 

The foregoing analytical  technique provides a quantita- 
tive  evaluation of transistor variability as well as a means 
of designing transistors to a prescribed set of parameter 
specifications. Upper  and lower bounds, representing the 
imposed transistor specifications, can be placed upon  any 
combination of the calculated transistor  parameters listed 
in  Table 1. The computer is programmed so that during a 483 
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series of calculations it will count the transistors in a 
statistical sample which satisfy all imposed  parameter 
specifications. In  the design of a transistor, the diffusion 
parameters  listed in Table 2 are systematically  modified 
until a satisfactory combination is  obtained-no transistor 
within the statistical sample  is outside the imposed  specifi- 
cations because of experimental variations in its  diffusion 
process. Transistors designed in the foregoing  manner 
automatically contain the necessary  margins of safety to 
assure that they  satisfy their parameter  specifications  when 
fabricated by the given non-ideal  diffusion  process. 

Analysis 

The basic  technique used in this analytical investigation 
is to repeat the same  series  of transistor parameter  calcu- 
lations (Table 1) upon each  impurity atom distribution 
established by the number generator.  Having  repeated 
these  calculations for a prescribed  s,smple  size, the com- 
puter  is  programmed to automatical1.y calculate a statisti- 
cal distribution for each individual ,transistor parameter. 
Computation speed  is  clearly an important consideration 
in a repetitive  process of this type. The total time to evalu- 
ate a proposed transistor design  is proportional to the 
product of the sample  size and the computation time for 
a single  set  of transistor parameters. 

Although little computer time is  required to calculate 
all of the parameters outlined in Table 1 (approximately 
0.45 sec), an unreasonably large amount of material is 
calculated in this period to adequately describe in a single 
publication. For this reason, only a brief  description will 
be  presented on  the mathematical methods used in this 
analysis; additional details can be obtained from publi- 
cations listed  in the references. The present  discussion is 
intended to present the approximat.ions we have found 
necessary to attain the required computation speed. 

In this analysis the diffusion  of donor and acceptor 
atoms is assumed to be  fully  characterized by elementary 
theory in the treatments of Jost, Crank, and Barrer? A 
transistor is  constructed from semiconductor material of 
constant impurity atom concentration, cb, by subjecting 
the material to two  independent  diffilsion cycles. The first 
diffusion  cycle  forms the collector junction by introducing 
a sufficient  number  of  impurity atoms from a constant 
source to overcompensate  bulk  impurities  within the semi- 
conductor. A second  diffusion  forms an emitter junction 
by overcompensating  impurity atoms resulting from the 
first  diffusion; the emitter junction diffusion is assumed 
to be  accomplished by experimental  techniques that leave 
the two  diffusions  independent  of  each other. From these 
assumptions, the  total impurity ato~m distribution within 
a double-diffused transistor, is  described by 

where the diffusion constants Dl and D ,  are given by  ex- 
pressions of the form 

Di = Do,. exp [ - A H , . / R T i ] .  (2) 

In any  practical  diffusion  process the so-called constants 
within  Eq. (1) are, in fact, subject to variation from one 
diffusion run to the next. Table 2 lists the particular par- 
ameters  assumed to be  subject to variation. In the fabri- 
cation of transistors an attempt is made to maintain each 
diffusion  parameter at some  prescribed  design-center 
value, although tolerance limits  must  be introduced to 
characterize  adequately a particular laboratory process. 
This situation has been  mathematically approximated by 
assuming that any  individual  parameter  listed in Table 2 
can be statistically  described by a normal distribution 
when  viewed  over a large number of independent  dif- 
fusion  runs.  Each distribution is  assumed to be centered 
upon a specified  design-center  value,  thereby  implying a 
higher  probability of occurrence for the desired  value than 
is  expressed for the tolerance  limits. 

As mentioned  earlier, the computer program used in 
this investigation  has  been  designed to accept  design-center 
values of all of the diffusion parameters listed in Table  2, 
and, in addition, the individual tolerance limits for each 
parameter.  Using this input information, the number  gen- 
erator modifies  these  design-center  diffusion  parameters. 
In this operation the generator is statistically adjusted so 
that any particular parameter  exhibits a normal distri- 
bution, over a large number of sets, about its design- 
center  value. The number generator is also adjusted so 
that 90% of all parameter  values  lie  within their specified 
tolerance limits, and all values outside these  limits are 
rejected  because  they  represent a situation that is not physi- 
cally  realizable.  Figure 1 illustrates the type of impurity 
atom distribution obtained from a single  set of diffusion 
parameters generated  within the computer. The physical 
base  width (W, = xic - xi.) is  initially  established by 
calculating the two roots of E q .  (1). The actual root loca- 
tions ( x i c ;  xi.)  represent the collector and emitter junc- 
tion transition points; these quantities are used  extensively 
in  the calculations to follow. 

The space-charge  layer  characteristics of both the emit- 
ter and collector junctions are obtained by solving  Pois- 
son's equation throughout the appropriate regions3  of 
Fig. 1, 

" a v  - " PC4 
dX2 - KCo 

In this expression the charge distribution p(x)  is  given  by 

P(X) = q[C(x) + P(X> - n(41 ,  

where  C(x)  represents the distribution of ionized  impurity 
atoms, n(x) represents the mobile  electron distribution, 
and p(x)  represents the mobile  hole distribution. To 
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Figure I Analylical model of double-diffused 
transistor. 

simplify this calculation, the emitter and collector  space- 
charge  layers are assumed to be  depleted  of  mobile  charge 
carriers (holes and electrons), and, furthermore, it is as- 
sumed that  all the impurity atoms are ionized. From 
Eq. (3), the resulting  space-charge  layer  electric  field distri- 
bution can be  readily  calculated, 

E(x) = 1’ C(x)  dx. 
Keo 

A relative location is  determined  from  Eq. ( 5 )  for each 
space-charge  layer  edge  associated  with  either the collec- 
tor  or emitter junction. For example,  if a location x3 is 
assumed for the collector junction boundary (Fig. l), 
E q .  (5) is integrated to a location xq where 

1:‘ C(x) dx = 0. (6)  

In addition, the total junction potential, VT, established by 
these  boundary  locations (x3; x4), is  obtained by a second 
integration of E q .  (3), 

VT = -I, E(x)  d x .  
I. 

An identical computational technique  is used to estab- 
lish the equilibrium  diffusion potential V ,  for both the 
emitter and collector junctions. Assuming  charge  neu- 
trality at the collector junction boundaries (x3; x4), the 
diffusion potential Vd is  obtained from Eq. (4), providing 
the locations xQ and x4 are known quantities; this po- 
tential is  given  by 

Because the locations x3 and x4 are unknown  quantities, 
Eqs. (6), (7), and (8) are iterated until the  total junction 
potential VT equals the equilibrium  diffusion potential Vd 
thus satisfying the equality 

Boundaries  can  be  readily  located  from the foregoing 
equations for both the emitter and collector junctions. 
From this information junction capacities are established 
using a parallel-plane approximation, and the electrical 
base-width  (Fig. 1) is  established from We = (x3 - x2). 
To simplify both the electrical  base-width  calculations and 
the junction capacity  calculations, the emitter junction is 
assumed to be at equilibrium  while the collector junction 
is  reverse  biased to some  specified  voltage. 

Equations (1) through (9) are also used to calculate the 
punch-through  voltage for either the collector or emitter 
j~nc t ion .~  In this analysis the collector junction punch- 
through voltage is defined as the collector  voltage at which 
the collector junction space-charge  layer just encounters 
the equilibrium  emitter junction space-charge  layer (or 
when x2 = x3 in Fig. 1) with the emitter junction at 
equilibrium.  Similarly, the emitter junction punch-through 
voltage is defined as the reverse  biasing potential required 
at the emitter to force x2 = x3,  when the collector junc- 
tion is at equilibrium.  Both  of  these  calculations are ac- 
complished in essentially the same  manner.  After  locating 
all space-charge  layer  edges, for an equilibrium transistor, 
and also the associated  diffusion potentials V,, the con- 
dition x2 = x3 is  introduced  with the emitter, and then the 
collector, at equilibrium. By integrating Eq. (7) across 
the appropriate non-equilibrium junction, and then sub- 
tracting its  diffusion potential, the punch-through  voltage 
is  readily  calculated. 

A rigorous  calculation of either the emitter  injection 
efficiency or the base  region transport efficiency is an ex- 
ceedingly  difficult task, as reported by Kennedy and 
M ~ r l e y . ~ ’ ~  The difficulty  arises  inasmuch as the injection 
characteristics of a diffused junction are a consequence 
of its “built-in” drift field  which  in  Fig. 1 is due to con- 
ductivity  grading  within the semiconductor  material. 
Further, this “built-in” drift field can alter the character- 
istics  of  minority carrier transport across the base  region 
of a diffused junction transistor. To calculate  these tran- 
sistor parameters, it is therefore necessary to assume that 
drift and diffusion contribute to the transport of  minority 
carriers within the base and emitter  regions of a transistor: 

Jn(x) = q & { Z  + n(x)  &(x - x.).). (b) 
m 

a=. 485 
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In %. (10) the "built-in"  drift field  is represented by a diffusion parameters; this factor is  used to correct allvalues 
Taylor  series. Upon substituting Eq. (10) into the expres- of p, calculated by Eq. (12). 
sions for hole and electron continuity, Similar approximation methods have  been  used to 

d J,  qdx)  
calculate the base-region transport efficiency. Each tran- 

dx T P  (1 1) parameters  is  assumed to have no base-region drift field, 
- 0 ( 4  sistor  associated  with a given set of  design-center  diffusion 

dJn s 4 x )  - o, (b) and thus its base-region  minority  carrier transport effi- 
dx 7, ciency  is  given  by 

a pair of differential equations is obtained, one for the 
emitter  region and one for the base region; these equations 
can be solved  by  series  techniques.  Using this method, 
equations are obtained for the base and emitter  region 
minority carrier distributions that satisfy appropriate 
boundary conditions at the emitter and collector  depletion 
layer  edges and also at the emitter  region  ohmic contact. 
From these  minority  carrier distribution equations, both the 
emitter injection efficiency, &, and the base  region trans- 
port efficiency, be, can be  established for a given transistor. 

The above method  requires a long computation time 
to establish  either the emitter  injection efficiency or the 
base  region transport efficiency. To alleviate this difficulty 
approximation equations are used.  Even though the  ap- 
proximation equations provide a substantial decrease in 
time, the accuracy  is inadequate for most practical re- 
quirements. The similarity  between all transistors associ- 
ated with a single  set of design-center  diffusion  parameters 
provides a means  of  improving this accuracy  without 
significantly  increasing the  total computation time.  Using 
Eqs.  (10) and (11) upon a maximum of three devices for 
each  set of design-center  diffusion parameters, one es- 
tablishes and applies  correction factors to each approxi- 
mate  calculation. 

The emitter  injection efficiency  is calculated  using the 
approximation formula6 

p B  = ~ ( & / W S ) ~ .  (14) 

After  this calculation, three transistors are selected  from 
the statistical sample: the device  exhibiting the widest 
base  width, the device  exhibiting the narrowest  base  width, 
and also a device representing the design-center transistor. 
For these three structures, a more detailed  calculation 
of PB is conducted,  using Eqs. (10) and (11). The three 
rigorous calculations of base-region transport provide a 
correction factor that can be used, by a linear interpo- 
lation, to correct all the values of OB established by the 
approximate formula Eq. (14). A maximum error of 5% 
of p B  is  encountered  with this method, and the computa- 
tion time is  substantially  decreased. 

The basic  technique  used to calculate the collector junc- 
tion avalanche  breakdown  voltage has been  previously 
described by Kennedy and OBrien'. The collector junc- 
tion space-charge  layer  electric field distribution is estab- 
lished from E q .  ( 3 ,  and thus carrier multiplication, M, is 
obtained from the integral 

1 
M 

l - - - = a  l:' exp [-b/E(.~)l d x ,  (1 5 )  

where a and b are empirical constants that have  been 
established for both germanium and silicon. In this calcu- 
lation the collector junction space-charge  layer  edge, xs ,  

D ~ L :  IC'(X,>~ { 1 + 1n [ (x i ,  - x1)/x7e1} 
is iterated until Eq. (15),  when  used in conjunction with 

(12) Eq. ( 3 ,  becomes  unity, and thus M = OD. From these " D,,R In [C(0>lC(Xl)l 

where 

p =Ye. (13) Table 3 Assumed parameters for a typical non- 
1 - 7 '  ideal transistor fabrication process. 

The correction factors applied to Eq. (12) result  from 
observations of the calculated  variability attributed to p,, 
It has been  observed that most variations in the emitter 
injection efficiency, due to the diffusion  process, are  at- 
tributable to variations in the electrical  base  width. It is 
also  observed that these  variations in the electrical  base 
width  result  from  changes in the collector junction loca- 
tion, which  implies that  the error introduced by Eq. (12) 
will be a constant for all devices associated  with a given 
set of  design-center  diffusion  parameters.  Recognizing this 
characteristic,  one  establishes a correction factor by a 
single application of Eqs. (10) and (1 1) to the design-center 
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Bulk material (,I-type) C, = 1 . 5  X f 0 . 3 7 5  X l O I 5  
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Do1 = 15.8  
AH1 = 8 8 . 8  

Tz = 1100°C f 2°C 
Doz 10.5  
AHz = 8 5 . 0  

Phosphorus C o z  = 4.5 X 10'' f 1.25  X lozo 

Minority carrier dif- 
fusion length L, = 4 X cm 

C in atoms/cm3 
D in cm2/sec 
AH in kilo-cal 



space-charge layer edge locations Eq. (7)  is used to de- 
termine the applied junction voltage at which carrier 
multiplication becomes infinite; this  situation approxi- 
mates the collector junction avalanche breakdown voltage. 

Numerical integration techniques are  too slow  when 
applied to E q .  (15). To solve this problem we have there- 
fore used approximation methods which provide adequate 
computational accuracy. The  approximation method used 
here is the three-point Gaussian quadrature: reducing 
Eq. (15)  to  the following form: 

a 1:' exp [- b /E(x ) ]   dx  

= a (  8 exp [- b/E(x , ) ]  f 8 exp [ - b / E ( x ,  - x,)]  

-k $ exp [ - b / E ( x ,  -i- x")]  } (xm - X S ) / ~ ,  (1 6) 

where 

X, = ( 0 . 7 7 4 5 9 7 ) ( ~ ,  - ~ 3 ) / 2 .  (1 7 )  

The  term x, represents the point of maximum space- 
charge layer electric field within the collector junction. 
In many situations Eq. (16) is sufficiently accurate for  an 
avalanche breakdown calculation (approx. 1%). Tran- 
sistors exhibiting an exceedingly unsymmetrical collector 
junction space-charge layer often require an additional 
three-point calculation on the collector region side of the 
structure. 

The last parameter calculated for each transistor is the 
open-base breakdown voltage. This parameter is given 
by the collector junction space-charge layer edge loca- 
tions ( x 3 ;  XJ that satisfy the equalityg 

1 = a'[PT(We) + 1 1  1 exp [ - ~ ' / ~ E ( x ) ~ l   d x ,  (18) 

where a' and 6' are experimentally determined con- 
stants characterizing low level multiplication in the col- 
lector junction. The similarity between Eqs. (15) and (18) 
permits the use of essentially identical computational tech- 
niques for avalanche breakdown and open-base break- 
down; the difference  between these parameter calculations 
resides in the current gain parameter BT( W e )  in Eq. (18). 
For this  situation  it  is again necessary to use an approxi- 
mation formula, Eqs. (12) and (14), and  to introduce 
corrections for changes in electrical base width, through 
a linear interpolation. Although this particular interpo- 
lation is relatively inaccurate (about 10% error in the  total 
current gain PT) open-base breakdown is a slow function 
of current gain, and therefore a negligible error is intro- 
duced in the calculated breakdown voltage. 

Variability of transistor parameters 

The parameter variability of a diffused junction tran- 
sistor cannot  be characterized by an elementary mathe- 

I. 

I S  

matical equation or by any single graphical illustration. 
The conclusions of this investigation are therefore pre- 
sented through illustrative calculations upon diffused junc- 
tion  transistors resulting from a typical non-ideal dif- 
fusion process (Table 3). To demonstrate some of the 
design factors that influence transistor variability, the 
collector and emitter junction locations within these illus- 
trative  structures are systematically changed throughout 
a range that approximates many practical semiconductor 
devices. 

A small degree of correlation exists among the param- 
eter variations encountered in  any diffusion  process. This 
correlation is usually a consequence of temperature vari- 
ations. Such correlation has been neglected in this analysis 
because it represents a negligible source of parameter 
variability, in the presence of practical experimental tol- 
erances. Furthermore,  it should also be noted that tempera- 
ture variation (which is the principal source of correlation) 
is a very small fraction of the diffusion temperature 
(0.2% or less). Of all the diffusion parameters used in 
this analysis, the fractional variation of the diffusion 
temperature is smallest, by at least an order of magnitude. 

In  the following examples, it is assumed that  boron is 
first diffused into n-type silicon thereby forming the col- 
lector junction. The  boron diffusion is followed  by a phos- 
phorus diffusion to form an emitter junction. Published 
values are used for  the activation and diffusion constants 
of both phosphorus' and boron." 

The first example in  this series of calculations demon- 
strates some of the inherent difficulties associated with the 
design and fabrication of narrow base transistors. The 
example illustrates further that a deeply diffused narrow 
base transistor will often represent a completely impracti- 
cal semiconductor device. Using the diffusion parameters 
outlined in Table 3 a collector junction is fixed at 200 p- 
inches from the semiconductor surface. In these calcu- 
lations the emitter is first located 50 pinches from  the 
surface and is then stepped in 10-pinch intervals to a 
depth of 160  pinches. At each emitter junction location 
the magnitude and  the variability are calculated for all 
transistor parameters listed in Table 1. 

A second illustrative example demonstrates the inherent 
advantages in designing narrow base transistors so that 
their emitter and collector junctions are relatively close 
to  the semiconductor surface. Using the diffusion param- 
eters outlined in Table 3 the resulting transistor is ad- 
justed to have a design-center physical base width of 
60 pinches, while the collector junction  depth is stepped 
in 10-pinch intervals between 80 and 200 pinches. At 
each collector junction location both  the magnitude and 
the variability are calculated for  all  transistor parameters 
listed in Table 1. 

Basic  difficulties arise in presenting the results of these 
calculations because no single statistical measurement is 487 
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capable of fully  characterizing the variability of all tran- 
sistor  parameters.  Many parameters, for example, are not 
symmetrically distributed about their design-center  values. 
In some situations the design-center  value of a transistor 
parameter cannot even be  established  because of masking 
by another parameter-for  example,  when  collector junc- 
tion avalanche  breakdown is masked  by  collector junction 
punch-through. In  the following  discussions the vari- 
ability of a transistor parameter  is  established, when  pos- 
sible, in terms of a variability  index that characterizes 
the parameter distribution relative to its design-center 
value. For each transistor parameter a design-center  value, 
P ,  is  calculated and, in addition, a range, AP, is  also 
calculated which contains the central 90% of all values 
within a given statistical sample. The variability  index 
has  been  defined as A P / P ,  and it is expressed in per- 
centage. In special situations it becomes  necessary to 
introduce additional qualifying information to describe 
adequately this parameter  variability. Situations of this 
kind are discussed  individually. 

Figure 2 presents the calculated  characteristics of a 
transistor that is only suitable as a wide  base  device. In 
this example the collector junction design-center has been 
held at a depth of 200 pinches,  making the collector 
junction location extremely  sensitive to experimental  vari- 
ations in  the diffusion process.' In deep structures of this 
type the equilibrium  electrical  base  width, W e ,  (Fig. 2) 
can become a very small part of the physical  base  width 
(when W, is 40 pinches W ,  is 5.4 pinches); this situation 
implies the presence of an intolerable variability in all 
transistor parameters. In Fig. (2b) a decreased  physical 
base  width  results in an increase of the physical  base  width 
variability ( A  W,/ W,) but, at the same  time, a substantially 
greater  increase  is  observed in the variability  associated 
with all other transistor parameters. If a 60-pinch  physical 
base  width is used in this particular transistor, the design- 
center  collector punch-through voltage  becomes 53 volts 
with 237%  (125 volts)  variability. Transistors designed 
in this manner  would  exhibit an intolerable spread in 
their punch-through voltage  because 90% of all units  lie 
between 5.0 and 132 volts. 

Table 4 presents a more detailed view  of the narrow 
base (60-pinch) transistor that has a deep  collector junc- 
tion (200 pinches). To permit a comprehensive  evaluation 
of such a device, Table 4 lists  design-center  values for 
each of its  parameters  together  with their respective  vari- 
ability  range. Table 4 shows that this transistor has a 
design-center  collector  punch-through  voltage of 53 volts 
and an open-base  breakdown  voltage of  45  volts-ne  of 
these parameters usually  establishes its maximum operat- 
ing  voltage. Further, the design-center current gain of  64 
certainly  represents a value that is satisfactory for many 
practical applications. If, instead, this transistor is  viewed 

4aa in terms of its parameter  variability, a completely  differ- 
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Figure 2 (a) Calculated design-center  transistor 
parameters (P) with xjo = 200 pinches 
The diffusion parameters for  this calculation 
are outlined in Table 3. The parameters 
VPTC,  VpTl are in volts, W e  is in pinches 
and ,By, , B B  are dimensionless. (b) Transistor 
parameter variability (AP/P) from a sta- 
tistical  sample of 500 devices. AP repre- 
sents the parameter range containing 90% 
of the values. 

ent opinion will be obtained regarding its potentialities. 
This  point  is,  however,  highly  subjective and is  dependent 
upon the amount of fabrication loss considered to be 
tolerable.  Since transistors can usually be designed to 
exhibit a negligible theoretical fabrication loss, the point 
of  view has  been taken that no circuit  parameter  specifi- 
cation of a transistor should reside  within its calculated 
variability  range. From Table 4 it therefore  is  assumed 
that the above transistor design should not be  expected 
to satisfy an operating  voltage  specification in excess  of 5 
or 10 volts,  depending upon either  punch-through or 
open-base  breakdown, or a current gain  specification  in 
excess of 7.5. 
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Figure 3 Distribution of the collector punch-through 
voltage (VpTc) when W, = 60 pinches 
and xj. = 200 pinches. This calculation 
is based upon a statistical sample of 1000 
transistors using the diffusion parameters 
outlined in Table 3. 

1 Figure 3 illustrates the resulting distribution of collector 
punch-through voltage upon a statistical  sample of 1000 
units that have the foregoing design-center physical base 
width of 60 pinches. The variability range of this  particu- 
lar parameter is unsymmetrically distributed about  its 
design-center value. Of this sample, 57% (570 transistors) 
are distributed within the  range 0 to 53 volts; 43% (430 
transistors)  lie between 53 and 225 volts. It should be 
noted  that  during this  calculation no device was found  to 
exhibit collector punch-through at  transistor equilibrium. 
The  above situation has been observed in  any transistor 
parameter having a variability in excess of 200y0 ; an  un- 
symmetrical distribution usually limits the number of 
transistors exhibiting a parameter  magnitude of zero. 

Table 5 illustrates the sensitivity of the 60-pinch base- 
width  transistor to  the individual diffusion parameters 
listed in  Table 3. When the specified tolerance  limits are 
introduced for  one diffusion parameter at a time, while 
all others  are held constant,  the specific diffusion param- 
eters  can  be observed that represent the principal  contrib- 
utors to a given transistor variability characteristic. For 
this  particular  transistor, decreasing the tolerance limits 
upon Col would represent a good “first-step’’ to decrease 
fabrication variability, while decreasing these limits upon 
Cb would exhibit a negligible effect. When this method 
of process evaluation is used, such calculations (Table 5) 
are directly applicable to process improvement  programs 
directed toward decreasing variability and increasing fab- 
rication yield for a given transistor. 

Table 4 Transistor  characteristics  resulting from a 
non-ideal diffusion process (Table 3). 

xic  = 200pinches 

Parameter 
Design-center Range for 90% 

value of devices 

Physical  base  width 
Electrical  base  width 
Emitter  junction  capacitance 
Collector  junction  capacitance 
Collector  punch-through 

Emitter  punch-through 

Emitter  injection  efficiency 
Base region transport 

efficiency 
Current  gain 
Open-base  breakdown  voltage 

voltage 

voltage 

60  50-70 
34  22-45 

0.180  0.145-0.21 
0.061 0.057-0.065 

53  5.0-132 

1160 

68 
64 
45 10-  69 

9.5 2.0-15 
790-1870 

7.5-100 
7.5-100 

Cap.  in pF/milz 
Voltages  in  volts 
Length  in  pinches 

Table 5 Transistor variability characteristics. 

W, = 60 pinches x j c  = 200piaches 

Transistor 
Parameter 

WP 
W e  

VPTE 
CC 
C, 
P B  

Pr 
PT 

V P T C  

B V C E O  

* Less than 1 

Diffusion variable, in percent 

19 10 9.3 14 14 31 
40 20 12 33 28 67 

174 69 39 107 108 237 
105 50 14 77 76 157 * * 11 * * 11 
20 87 18 17 10 38 
62 36 18 56 44 136 
45 29 7.5 38 31 93 
60 36 17 54 43 121 
75 43 33 67 50 130 

In previous discussions no mention was made of the 
open-base  breakdown voltage and  its variability with 
changes in physical base width. Unlike  many  parameters, 
open-base  breakdown is both directly and indirectly re- 
lated to other transistor  parameters in both magnitude 
and variability. Consider for example a wide-base tran- 
sistor that exhibits a calculated  punch-through voltage 
of many  thousands of volts  (Fig. 4). In this type of tran- 489 
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Figure 4 (a) Calculated design-center  values for 
the transistor  open-base breakdown volt- 
age (BVcBo), collector  junction  punch- 
through voltage (VpTc) and the  collector 
junction avalanche breakdown voltage 
(BVoo). This  calculation is based upon the 
diffusion parameters  outlined in Table 3 with 
xjo = 200 pinches. (b) Calculated param- 
eter variability (AV/V) from a statistical 
sample of 500 units. AV represents the 
parameter range containing 90% of all 
values. 

sistor, open-base breakdown is  closely related to the col- 
lector junction avalanche breakdown voltage  in magnitude 
(Fig.  4a) and in  variability  (Fig. 4b); it is also a weak 
function of current gain.  At a base width of 140  pinches 
the variability of open-base and avalanche breakdown 
(Fig.  4b)  differ only by the dependence of open-base 
breakdown upon current gain. A decreased  physical  base 
width substantially alters this situation. The interrelations 
among the parameters open-base breakdown, current 
gain, collector punch-through, and collector junction 
avalanche breakdown, result in a reduction of the open- 
base breakdown voltage  (Fig. 4a) until it is nearly equal 
to the collector punch-through voltage. Further,  the re- 

490 duced physical  base  width  results  in an open-base break- 
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Figure 5 (a) Calculated  design-center  transistor pa- 
rameters (P) with w, = 60 pinches. The 
diffusion parameters for  this calculation are 
outlined in Table 3 .  The parameters VpTC, 
VPTE are in volts; W ,  is in pinches, and 
Py, ,GB are dimensionless. (b) Transistor pa- 
rameter variability (AP/P) from a statisti- 
cal sample of 500 devices. A P  represents 
the parameter range containing 90% of all 
values. 

down  voltage  variability that is  governed  by the collector 
punch-through voltage  (Fig.  4b). It is for this reason that 
transistors required to satisfy a minimum open-base 
breakdown voltage  specification  must be designed to have 
what  initially appears to be an unreasonably large punch- 
through voltage. The inherently large variability in the 
collector punch-through voltage should not force tran- 
sistors outside their open-base breakdown specification. 

A few  of the difficulties associated with  deep emitter 
and collector junctions have been  discussed.  Next in line 
of discussion are some of the design directions leading to 
a more satisfactory narrow-base transistor. In this example 
an illustrative semiconductor structure has been  used  of 
the type previously outlined in Tables 3 and 4. Parameter 
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Figure 6 (a) Calculated design-center values for the 
transistor  open-base breakdown voltage 
(BVcBo), collector  junction punch-through 
voltage (Vppc) and the  collector  junction 
avalanche breakdown voltage (BVCSO). 
This calculation is based upon the diflusion 
parameters  outlined in Table 3 with W ,  = 
60 pinches. (b) Calculated parameter 
variability (AV/V) from a statistical  sam- 
ple of 500 units. AV represents the param- 
eter range containing 90% of all values. 

magnitude and variability calculations  have been made  for 
collector junction depths of 80 to 200 pinches while, at 
the same  time, the physical base width is held at 60 p- 
inches. Although  these  calculations are based upon a 
constant physical base  width, a decreased collector junc- 
tion  depth is shown to increase the electrical base width 
as in Fig. 5a; this indicates that  an increase should  also 
be observed in  both  the emitter and collector punch- 
through voltages. 

Many of the difficulties previously ascribed to a deeply 
diffused narrow base transistor  are readily eliminated by 
reducing the collector junction diffusion depth. Figure 
5a shows that  the  most troublesome  parameters in a 
deeply diffused structure, e.g., collector junction punch- 
through voltage, are  no longer a serious problem. In  the 

present example, decreasing the collector junction  depth 
from 200 to 100 pinches increases the punch-through 
voltage from 53 volts to 11,100 volts. Figure  5b illus- 
trates  that a general reduction is obtained in the variability 
of all transistor  parameters,  thereby implying an  overall 
improvement  in the useful operating  characteristics of such 
a device. 

The maximum  operating voltage of any given transistor 
is often  determined by its  open-base  breakdown voltage. 
This  parameter,  therefore, is of particular  interest. A re- 
duction in  the collector junction diffusion depth signifi- 
cantly increases the open-base  breakdown voltage (Fig. 6a) 
and, furthermore, a design modification of this kind also 
reduces the inherent  variability attributed to this tran- 
sistor  parameter  (Fig. 6b). Because of the complicated 
relation between collector junction punch-through and 
open-base  breakdown, a decrease in the collector junc- 
tion  depth  from 200 pinches to 100 pinches increases the 
open-base  breakdown voltage from 45 to 73 volts and 
decreases its variability from 1300/, to 29%. 

To provide a direct  comparison of the improvements 
obtained by a 100-pinch collector junction location, 
Table 6 lists the resulting design-center transistor param- 
eters  together with their respective variability ranges. A 
substantial  improvement is obtained by  applying to this 
transistor the  same basis of evaluation previously applied 
to the deep structure (Table 4). The 100-pinch collector 
junction depth yields a transistor exhibiting a minimum 
operating voltage of 63 volts, based upon  its open-base 
breakdown voltage, and a minimum  current  gain of 55. 
It should  be observed that  the present transistor  (Table 6) 

Table 6 Transistor  characteristics  resulting from a 
non-ideal diffusion process (Table 3). 

xic  = 100pinches 

Design-center  Range  for 90% 
Parameter ualue of deoices 

Physical  base  width  60 5663 
Electrical  base  width  45  41-58 
Emitter  junction  capacitance 0.62 0.560.68 
Collector  junction  capacitance 0.072 0.067-0.076 
Collector  junction  avalanche 

breakdown  267  227-306 
Collector  punch-through 

voltage  11,100  5oo(r17,000 
Emitter  punch-through  voltage 105 72-138 
Emitter  injection  efficiency  2,110  1,870-2,360 
Base  region transport efficiency  63 56-71 
Current  gain 61  55-68 
Open-base  breakdown  voltage 73 63-94 

Cap. in  pF/mi12 
Voltages  in  volts 
Length  in  pinches 
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Table 7 Transistor variability characteristics. 

W, = 60 pinches xic = 100 pinches 

Diffusion variable in percent 

COI C o 2  ch TI TZ ALL 

WP 8.4 3.6 4.8 3.8 5.5 13 
W e  13 5.2 4.5 5.7 7.4 18 
VPTC 113 32 34 42 40 126 
VP T E  60 19 1.7  21 23 70 
BVCBO 

* 
* * 23 * 25 

C, * 12 * 12 
C, 16 3.8 * 6.4  4.4 20 
B V  17 8.3 5.1 8.0 12 26 
Br 19 11.2 * 4.8 9.8 27 
BT 17 8.4 5 8 12 26 

* 
* 

BVCEO 4.3 * 26 * 1.2 29 

* Less than 1 

exhibits this increased  useful current gain, in comparison 
with the device outlined in Table 4, despite a slight re- 
duction in its design-center  value. Further, Table 7 pro- 
vides the parameter  variability of this particular device 
resulting from the variation of one diffusion parameter 
at a time.  This calculation shows that Col, as before, 
represents a principal source of fabrication difficulty. 

Transistor  design 

Previous  discussions of parameter  variability  have estab- 
lished  some of the inherent  difficulties  encountered  in 
designing a diffused junction transistor. Although the 
design-center parameters of a proposed  device  may 
adequately  satisfy its parameter  specifications, this fact 
alone  is  insufficient to assure a reasonable fabrication 
yield. It is  therefore  suggested that neglecting  parameter 
variability in the initial design of many transistors does 
not avoid the problem but, instead, it frequently  implies 
the necessity of redesigning  during production. To attain 
a satisfactory fabrication yield it is  often  necessary to 
modify  systematically the initial design of a transistor. The 
systematic  modification  is  guided by parameter distribu- 
tions resulting from measurements upon a large  number 
of devices instead of an idealized set of design-center 
characteristics. 

The following technique for designing  diffused junction 
transistors is similar, in principle, to designing upon a 
large-scale production line,  except that transistor fabrica- 
cation is  simulated by a digital  computer.  Using  previously 
described  methods to approximate a non-ideal diffusion 
process,  one  programs the computer to determine the 
total number of  devices  in a given statistical sample that 
satisfy an imposed  set of parameter  specifications.  Device 

492 design  is  accomplished by systematically  modifying the 

design-center  values of two  diffusion  parameters at a time, 
thereby  establishing a two-dimensional matrix that exhibits 
regions of high and low  yield to the given parameter  speci- 
fications. On the assumption of no prior knowledge of the 
proper values for these  diffusion  parameters, a matrix is 
first  formed throughout a wide range of values,  with  rela- 
tively large intervals for each  parameter.  After the estab- 
lishment of a general range of  diffusion  parameter  values 
that will  yield the required transistors, a second  matrix 
is calculated throughout this range.  This  second transistor 
design  matrix has small  diffusion  parameter  intervals, thus 
providing the necessary details to permit an optimization 
of the structure. 

The large number of variables  associated  with  any  dif- 
fusion  process  indicates that  the above  calculation could, 
in theory, become a formidable  task. In practice,  how- 
ever,  very  few  of  these  variables are actually  independent, 
thereby  simplifying this computational problem. Stand- 
ard laboratory practices  frequently dictate one  or both 
of the impurity atom surface concentrations (Col or Co2) 
and, furthermore, practical  requirements  expected upon 
the resulting transistor often place  restrictions upon its 
geometrical  properties, e.g., the physical  base  width. In 
many situations transistor design  is a relatively  easy  com- 
putational task because the problem  is  reduced to a study 
of two or three independent  diffusion  parameters. 

An important part of any transistor design  problem is 
the determination of satisfactory  “effective”  minority 
carrier diffusion  lengths for use during the current gain 
calculations. As described in the earlier literature,” an 
identical  minority carrier diffusion  length can be  assumed 
within the base and emitter region of a transistor; this 
approximation is  used  extensively. Further, the base  region 
minority carrier diffusion  length  is adjusted to provide 
agreement  between the theoretical and experimentally 
determined current gain of transistors fabricated by the 
particular diffusion  system  under  consideration. In these 
experiments current gain  is  measured as a function of col- 
lector current. A value is selected above the low current 
region of the transistor yet  below its high current region 
where  base-region  conductivity modulation is  evident. 
This  method  is  clearly an approximation, although it 
offers little difficulty if the device to be  designed  is a small 
variation upon these  experimental  units. In this instance 
the theoretically  predicted current gain  will  be in sub- 
stantial agreement  with the experimentally  determined 
value. If, however, the required transistor represents a 
large variation upon such  experimental  units, the design 
calculations are then conducted in two  steps. A tentative 
design  is  established  using an initially  determined  minority 
carrier  diffusion  length.  After  completion of the first labo- 
ratory models  based upon the tentative design, a new 
minority carrier diffusion  length  is  established by compar- 
ing their measured and calculated current gain.  Using  this 
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Figure 7 A comparison between the  measured and 
calculated open-base breakdown voltage 
for a statistical  sample of 575 core-driver 
transistors. 

. . . . . . . . experimental 
calculated 

revised value of minority carrier diffusion length, a final 
design is established. Effectively the final device design 
will be a small variation upon  the devices fabricated in 

This  method for determining an  appropriate "effective" 
minority carrier diffusion length is based upon  the assump- 
tion  that  the theoretically calculated transistor is a good 
characterization of the devices upon which such current 
gain measurements are conducted. By comparing the 
measured and calculated design-center parameters for 
these transistors, the validity of this assumption is tested. 
Because of the large sensitivity of a transistor to changes in 
its diffusion parameters, the initially calculated theoretical 
characteristics of a particular device can  be expected to 
differ from their measured values. As a next step, appropri- 
ate diffusion parameter modifications are determined from 
variability calculations of the  type illustrated in Tables 5 
and 7. It should be emphasized that these modifications 
are usually very small, and  the final values lie within the 
uncertainty limits of laboratory measurements. The "ef- 
fective" minority carrier diffusion length is established 
only after satisfactory agreement is obtained between the 
calculated and measured characteristics of the initializing 
transistors. 

Figures 7 and 8 illustrate the degree of agreement ob- 
tained between theory and experiment, after fitting the 
calculated distribution curves in  the above manner. 
Figure 7 presents the measured and calculated distribution 
of open-base breakdown for a sample of  575 core-driver 
transistors. The measured devices represent a random 
selection of transistors from  an existing large scale manu- 
facturing facility, containing many different diffusion runs 
for this particular device. Similarly, Fig. 8 illustrates the 
measured current gain for a different sample of 145 units 
from this same  manufacturing facility; the calculated 
distribution is for a larger statistical sample (575 units) 

~ accordance with the  tentative design. 
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Figure 8 A comparison between the  measured and 
calculated  current gain (p.) for core- 
driver transistors: experimental sample 
size 145 units, theoretical sample size 
575 units. 

. . . . . . . . experimental 
calculated 

which is consistent with the sample size used in Fig. 7. 
In this comparison between theory and experiment, all 

design-center diffusion  parameters, and their variabilities, 
were taken  from manufacturing specifications for  the 
particular  transistor  under consideration. This manu- 
facturing specification contains a design-center value, and 
also the individual tolerance limits for  each diffusion 
parameter. The input  data for these computer calculations 
were taken directly from this set of manufacturing specifi- 
cations. 

Two illustrative examples are used to demonstrate the 
proposed  method  of designing diffused junction tran- 
sistors. The first example applies the diffusion parameters 
outlined in Table 3, except for a permitted change in cb, 

to the design of a high voltage transistor. Using an as- 
sumed minority carrier diffusion length of 4 X cm, 
the proposed device must exhibit a current gain in excess 
of 30 and  an open-base breakdown voltage in excess  of 
125 volts; these parameter specifications must be satisfied 
with a maximum cb. A second example consists of de- 
signing a very narrow base transistor (20-pinch) with a 
minimum current gain specification of 75"assuming a 
minority carrier diffusion length of 2 X cm-and 
with a minimum open-base breakdown specification of 
20 volts. 

Table 8 presents the two variable design matrices for 
this high-voltage transistor. The upper  matrix establishes 
the percentage of units within the statistical sample (500 
transistors) that simultaneously satisfy the parameter 
specifications pT 2 30 and BVcEo 2 125 volts; the ma- 
trix  here was calculated for a wide range of physical base 
widths (25 < W, < 150 pinches) and bulk material re- 
sistivities. The principal purpose of this first matrix is to 
determine a general range  for the independent variables 
that will  yield transistors  capable of satisfying the imposed 
parameter specifications. The region of particular interest 493 
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Table 8 Two variable design  matrix-high  volt- 
age transistor. 

xie  = 50~inches, PT 2 30, BVcEo >_ 125 Volts 

Fabrication yield in percent 

Bulk material Physical base width (winches) 
resisticity 
(ohm-em) 25 50 75 100 125 150 

4 

6 0 

0 0 0  0 0  0 

8 0 0  0 

_ _ _ ~  

10 
12 

Physical base width (pinches) 

1 40 50 60 70 80 90 

6 

20 93 100 100 100 31 10 
8 80 100 100 100 25 9 
3 45 92 100 100 16 8 
0 14 60  90 99 11 7 
0 3 19 45 72 5 

in this matrix  is bounded on two  sides by limitations due 
to the physical  base  width, and on a third side by a lower 
limit upon the bulk material resistivity.  Devices  with a 
physical  base  width  of 25 pinches (or less)  exhibit a low 
open-base  breakdown  voltage due to a low  collector 
punch-through voltage. In contrast, transistors with a 
physical  base  width  of 100 pinches (or more) cannot 
satisfy the current gain  specification. The third boundary 
upon this region,  i.e.,  bulk  material of 4 ohm-cm (or less), 
is  due to devices  with a low  open-base  breakdown  voltage 
resulting from an increased carrier multiplication in the 
collector junction space-charge  layer. 

The lower matrix in Table 8 presents a detailed  calcu- 
lation of the diffusion  parameter  ranges from which satis- 
factory transistors can be obtained. This matrix indicates 
that transistors with a 70-pinch base  width and a bulk 
material resistivity of approximately 9 ohm-cm  will satisfy 
the parameter  specifications  with an adequate margin-of- 
safety. Table 9 presents the calculated  design-center char- 
acteristics of this particular transistor, indicating the re- 
sulting  trade-off  of various parameters to satisfy the 
required  specifications.  Because a specification  was  placed 
upon the minimum  open-base  breakdown vsltage, the 
design-center  collector junction punch-through  voltage is 
very large (16,100 volts).  This  value  prevents the excessive 
variability of the punch-through voltage from influenc- 
ing  open-base  breakdown. In this proposed transistor de- 

494 sign,  open-base  breakdown  has the variability of collector 

Table 9 Design-center  characteristics-high volt- 
age transistor. 

Physical base width 70 binches) 
Electrical base width 5 1.3 &inches) 
Emitter junction capacitance 0.51  (pF/mi12) 
Collector  junction  capacitance 0.048 (pF/mi12) 
Collector  punch-through 16,100 (volts) 
Emitter  punch-through 85.6 (volts) 
Emitter  injection  efficiency 1,726 
Base  region transport efficiency 51.2 
Current gain 49.7 
Collector  junction avalanche breakdown 552 (volts) 
Open-base  breakdown 171 (volts) 

junction avalanche  breakdown thus permitting a small 
margin-of-safety  over the parameter  specification BVc E o2 
125 volts. In addition, the electrical  base  width  has been 
adjusted so that its variability will not result  in transistors 
with a current gain less than 30. 

Table 10 illustrates a second transistor design  example 
which  is also  based upon the diffusion parameters out- 
lined in Table 3, except for the bulk impurity atom den- 
sity Cb and the minority carrier diffusion  length L,. In 
this example  design  specifications  have  imposed an ex- 
ceedingly narrow base  width (20 pinches) and a relatively 
large open-base  breakdown  voltage (20 volts). The specifi- 
cations in this instance  have  forced the use of a very shal- 
low structure. Consistent  with  previous  calculations, a 
shallow  emitter junction increases the collector  punch- 

Table 10 Two variable design  matrix-narrow 
base  transistor. 

wp = 20rinches, PT 2 75, BVcEo 2 20 Volts 

Fabrication yield in percetzl 

Bulk material Emitter junction depth (rinches) 
resisticity 
(ohm-cm) 20 25 30 35 40 45 

0'5 45 23 5 1 0 0 
0 0 0 0 0 0  

1 . O  

1.5 
2.0 100 84 45 0 
2 .5  100 83 44 0 

Emitter junction depth ( p i n c h e h  

20 22 24 26 28 30 

1.25 

100 98 91 77 64 44 2.25 
100 98 90 79 64 45 2.0 
100 98 98 77 64 45 1.75 
99 93 83 72 59 40 1.5 
88 77 68 51 36 18 
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Table 11 Design-center characteristicL-narrow 
base  transistor. 

Emitter  junction  depth 
Bulk material  resistivity 
Physical  base  width 
Electrical base width 
Emitter  junction  capacitance 
Collector  junction  capacitance 
Collector  punch-through 
Emitter  punch-through 
Emitter  injection  efficiency 
Base  region transport efficiency 
Current  gain 
Open-base  breakdown 

20 (pinches) 
1.75 (ohm-cm) 
20 (pinches) 
10.3 (pinches) 
0.61 (pF/mi12) 
0.10 (pF /mil2) 
146 (volts) 
6.7 (volts) 
6876 
217 
210 
29.5 (volts) 

through voltage and reduces the variability of this tran- 
sistor  parameter. In  Table 10, for example, a continuous 
decrease in  the percentage of satisfactory  transistors, with 
an  increase in emitter junction  depth, results from inter- 
action mechanisms between a reduced collector punch- 
through voltage and  the open-base  breakdown voltage. 
Further, a decrease in  the  bulk material resistivity also 
reduces the open-base breakdown voltage by increasing 
carrier  multiplication  within the collector junction space- 
charge layer. 

After selecting a satisfactory  range of emitter junction 
depths, and bulk  material resistivities (Table lo), a more 
detailed calculation provides the necessary design informa- 
tion. From  the lower design matrix in  Table 10 it is seen 
that x i s  = 20 pinches and a bulk  material resistivity of 
1.75 ohm-cm represents a satisfactory location.  This design 
is not intended to imply that such a structure would be 
easy to fabricate-it only establishes a means of satisfying 
the imposed  parameter specifications with the assumed 
base width and diffusion process restrictions. Table 11 
presents the design-center parameters of such a device. 
Although  parameter specifications have required BVcEo 2 
20 volts, a large variability in the collector punch-through 
voltage implies the need of a design-center punch-through 
voltage of 146 volts. 
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