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Modeling of High-speed,  Large-Signal  Transistor 
Switching  Transients  from  s-Parameter 

Measurements 

Absrracr-A new  technique  has  been  developed to derive the large- 
signal transient  response of semiconductor devices from small-signal 
frequency  response  data.  The large-signal  switching  response can  be 
calculated  for  an  arbitrary  input signal  voltage and rise  time.  This  new 
technique  utilizes  the  Fourier  transformation to combine  arrays  of 
small-signal data to compute  the  response waveform. 

The  input waveform is decomposed into a  superposition of small 
pulses. The  response to each  pulse is obtained by Fourier  transforma- 
tion  techniques, using  s-parameter  data  at  appropriate bias  points. The 
sum  of  these  responses  approximates  the overall transient response. Si- 
mulations  were  performed  for  a GaAs MESFET for  step  inputs  with  the 
rise  times of 8 ns and 150 ps. Good  agreement was obtained  between 
simulated  waveforms  and  measured output waveforms in rise  time, 
magnitude,  and waveform  shape. 

This  algorithm is general and will work  for  other  measured small- 
signal  transfer  parameters  as  functions  of  frequency  and bias. 

'T 
INTRODUCTION 

WO METHODS dominate  the  measurement of semicon- 
ductor device high-speed  characteristics. Frequency- 

domain  measurements  such as s-parameters display complex, 
small-signal information.  Time-domain  measurements  capture 
large-signal switching rise times,  magnitudes,  and waveforms. 
s-parameter  measurements are generally employed  for bipolar 
transistor  and GaAs FET  measurements  in  contrast to time- 
domain  techniques which are utilized  in FET switching and 
ring oscillator measurements.  For passive linear  circuit ele- 
ments,  the  two  measurement  techniques yield the same in- 
formation. This information  can be converted  from  time 
domain  to  frequency  domain  and  back  through  the  Fourier 
transformation  and inverse transformation. 

On  the  other  hand,  the reconciliation of active device in- 
formation  in  the time and  frequency  domain poses a difficult 
and unsolved problem.  A novel technique is presented which 
models active semiconductor device large-signal switching  char- 
acteristics  in the  time  domain using s-parameter data. 

The  major  difficulty  in reconciling the small-signal and 
switching transient  characterization  techniques  for active de- 
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(b) 
Fig. 1. s-parameter  flow  diagram  and  conceptual  representation  of FET 

s-parameter  measurement. 

vices  is the  fact  that  the  s-parameter transfer response is bias 
dependent. As a device switches, it crosses a  continuum of 
separate bias conditions  with  corresponding  s-parameter fre- 
quency  data.  In  order  to  produce  a  tractable analytical  solu- 
tion based on  s-parameter  data, device operation in  quasi-static 
mode  must be assumed.  This assumption is shown to be valid 
for GaAs MESFET's studied. 

The  approximation  technique which has been  developed de- 
rives the large-signal transient response of semiconductor de- 
vices from s-parameters usingmultiple  Fourier  transformations. 
The algorithm employed is designed to be efficient and readily 
implementable  on  a fast desktop  calculator  or  minicomputer. 

S-PARAMETER MEASUREMENTS OF 
SEMICONDUCTOR DEVICES 

At very high frequencies, s-parameters  may be the only prac- 
tical characterization  method available. Moreover, s-parameter 
data can be readily transformed  into y- ,  h - ,  and  z-parameters. 
In the  technique discussed here,  the  output response of a de- 
vice to an  input pulse of  arbitrary rise time and  magnitude is 
modeled using s21 .  Fig. 1 illustrates the flow diagram and 
physical configuration  for  the  measurement  of s2 of a FET. 

In  the flow  diagram, a, is the  complex  incident signal volt- 
age at  port n,  and b, is the  complex reflected signal voltage at 
port n : 

s21 is the  output  at  port 2 divided by the  input at port 1 when 
there is no  incident signal at  port 2. For  the  FET, this is 

0018-9383/82/0400-0669$00.75 0 1982 IEEE 
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Fig. 2. Approximation of input  pulse  waveform. 

equivalent to  the drain output signal divided by the gate inp,ut 
signal. Both  incident  and reflected signals depend  on  the sys- 
tem  impedance, which means szl is dependent on the system 
impedance.  In this work, measurements were performed  with 
the  common system  impedance of 50 a for  both  input and 
output. 

DETAILS OF THE MODELING TECHNIQUE 
In this section,  the detailed  modeling technique is described 

which  simulates time-domain waveforms in the nonlinear re- 
gion of transistors using s-parameter small-signal data.  The 
input pulse waveform is approximated as shown in Fig. 2, that 
is, the  input waveform is decomposed into y1 small pulses-each 
with  a  different delay time.  In  order  to express the  mathemat- 
ical algorithm, let f ' ( t )  be a simplified pulse function: f ' ( t )  = 
u( t )  - u(t  - t f) ,  a pulse with width tf. Using the time-delayed 
forms of f ' ( t ) ,  the large pulse waveform in Fig. 2 can be ex- 
pressed as 

f ( t )  = ; f' (t - + t:, n A  

i = l  

where t ,  is the  total rise time  and y1 is the  number of dis- 
cretized steps.  The  ith delayed pulse f f ( j )  = f ' ( t  - ((i - l)/n) t,) 
is Fourier  transformed  into  the frequency domain  to yield 
Ff( ' ) (u) ,  which is given by 

where 

1 - exp ( - ju t f )  
F ' ( o )  = = t f  sinc (F) exp (7). - j u t f  

io 
(4) 

This F'( ' ) (o)  is multiplied  by spj(o), which is the measured 
s Z 1  data  at  the  corresponding bias level, giving the  output 

w 

(b) 
Fig. 3 .  Conceptual  representation of simplified pulse function  and 

s-parameter  data to  be multiplied  in  the  frequency  domain to  obtain 
an  output  function.  (a) F ' (w)  = t f  sinc  (wrfi2)  exp  (-j(wtf/2)). 
(b)  Complex szl data. 

STEP  APPROXIMATION SCATTERING 
OF TIME WAVEFORM ( INPUT) PARAMETER 
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Fig. 4.  Simulation  procedure. An input  switching pulse is segmented 
into voltage steps  and  Fourier  transformed.  The  results  are  multi- 
plied by  s-parameters  at  appropriate voltages and  summed.  An  in- 
verse Fourier  transformation yields the  switching  waveform. 

function G f ( ' ) ( u )  =F ' ( ' ) (o )  s(,i)(w). To  illustrate  the mean- 
ing of this  multiplication, F'( l ) (w)  = F ' ( o )  and s $ : ) ( ~ )  = 
szl (a) are schematically shown in Fig. 3. After  the multipli- 
cation in the  frequency  domain,  the  output signal responding 
to this small delayed pulse f'(') is calculated by the inverse 
Fourier transformation of G'(')(w). 

In order to calculate the response to a large pulse f ( t )  in 
Fig. 2, which is no longer  considered to be small-signal and  in 
the linear  region, the  approximation algorithm illustrated in 
Fig. 4 is employed.  The  Fourier  transformation (A/n)  F ' ( ~ ) ( w )  
of each  delayed small-signal pulse becomes a  component in a 
vector F(w). A second  vector %(a) is created using S?)(W) 
as each component.  A vector dot  product is then  taken to 
form G(w) = F(o) 0 S ~ ( W ) ,  which is a linear superposition in 
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Fig. 6 .  Time-domain  waveform  measurement  system  configuration. 

the  frequency  domain  to  obtain  the  output  function of the 
nonlinear system.'  This calculation assumes that  the intrinsic 
pulse response of FET is fast enough to be considered as only 
bias dependent  and  not  otherwise  dependent on time over the 
region of  simulation-thus  the  FET  must be operated in the 
quasi-static  mode. 

In  order  to  facilitate  the  calculation, G(w) is split into  two 
parts;  a rising step  and  a delayed falling step,  both  modified 
by s21 data.  Both  steps have the same mathematical  formula 
Go(o) except  for  the tf-delay factor.  The  output waveform 
g(t) can be  expressed as g( t )  = go(t) - go(t - t f )  where go(t) 
is the inverse Fourier  transformation of Go(w). 

MEASUREMENTS FOR HIGH-SPEED  DEVICES 
Characteristics of GaAs MESFET's are measured using s21 

obtained  with  the  Stanford TECAP [ 11 - [3]  automated mea- 
surement  facility.  The TECAP s-parameter  software was mod- 
ified to achieve enhancement of calibration and measurement 
accuracy  and to  adapt  it  to GaAs MESFET biasing capabilities. 

The  s-parameters are  measured using a Hewlett-Packard (HP) 
8505A  network  analyzer  and an HP 8503A  s-parameter  test 
station. Fig. 5 shows the  configuration of this measurement 
system.  The system  utilizes HP 9845B  desktop  computer, 
which  provides measurement  control  through  the  IEEE-488 
bus, as well as data storage and  software  for  calibration. Bias 
voltages to  the  FET gate  and  drain are supplied by HP 6131C 
voltage sources through HP 59301  digital-to-analog converter 
controlled  by  the  computer. 

Time-domain measurements are performed  on  a newly de- 
veloped subnanosecond  time-domain  measurement  system, 
which is schematically shown in Fig. 6. A pulse generator or 
tunnel  diode pulser  supplies a pulse to  the gate of a GaAs 
MESFET and  to  one  channel of a  Tektronix Digital Processing 
Oscilloscope (DPO). A  dc  offset can be added  to  the gate 

'The  vector  dot  product  calculation is explained  in  Appen- 
dix I. 

waveform through a bias network.  The  resultant drain  switch- 
ing waveform is separated  into its ac and dc components by 
another bias network  and  the ac signal enters  the  other DPO 
channel. A voltage source is added  to  the dc input of a second 
bias network to provide a drain bias. The DPO contains  a 
waveform digitizer and  semiconductor  memory which  enables 
it  to record and  store'four  different waveforms. The system 
has the capability to  measure rise times as short as 25 ps and 
to  perform time-domain reflectometry [4] ,   [5 ] .  

The  desktop  computer is utilized for  the modeling technique 
calculation as  well  as measurement  control  and  data acquisi- 
tion.  The  simulation  frequently requires hundreds of data 
points of s-parameter  depending  on  the  number of bias levels 
and frequency  points.  The  amount  of  data has not been op- 
timized with respect to modeling  accuracy. An automated 
measurement  and calculation  system is the only  practical 
method  for  the  implementation of this  modeling. 

IMPLEMENTATION OF APPROXIMATION  TECHNIQUE 
A  matrix of s21 data  must be  measured across a range of 

useful device bias conditions  and  the  maximum frequency 
range of  the  network analyzer. The dc bias applied to  the 
GaAs MESFET  gate is varied from 0 to  -2.5  V (a pinchoff 
voltage)  in 0.25-V steps.  This range of dc biases traces a 50-52 
load line across the family of gate voltage curves on an 1, 
versus V ~ S  graph. At  each 0.25 voltage level, the s2 -parame- 
ters are  measured at  25  frequency  points across the 0.5-MHz 
to 1.3-GHz range of the  network analyzer. With this  fre- 
quency range, the fastest input rise time  which may be simu- 
lated is 0.27 ns.' For  the  simulation of the response to faster 
input, s21 data above 1.3 GHz were extrapolated from mea- 
sured data. 

As  is described  in the previous section  and  in Fig. 4, a  step 
approximation of the  input waveform is made  and  segmented 
into as many pulses as necessary both  to accurately  express the 
input waveform and  to be consistent  with  the small-signal as- 
sumption in each segmented region. The  Fourier transforma- 
tion of each step is taken yielding a frequency band  at  each 
bias level. Frequency-domain  information  of  the  input signal 
forms  a vector F(o) = (F ,  (w), . . . , F ,  (0)) and  the s2 , data 
obtained at appropriate bias points  create  a second  vector 
ST(w)  = (s$i)(w), . . * , s $ y ) ( o ) ) .  The  dot  product of these 
two vectors  results in the  output  function G(w) in the fre- 
quency domain-the inverse Fourier  transformation yields the 
output wa.veform g( t ) .3  

The good  agreement between  the simulation based on s- 
parameter  data  and  the measured  switching response is dis- 
played in Fig. 7. Here the calculated waveform is smooth 
while the measured waveform contains a small ac noise. The 
input waveform for this simulation is 8 ns in rise time  and 
-2.5  V in magnitude.  The simulated waveform displays a 
4-11s rise time and  3.4-V swing while the measured waveform 

'The  rise  time T ,  is related to  the  system 3-dB frequency f~ as shown 

3The  mathematical  treatment  for  computer  programming is presented 
in the  following  equation [ 6 ]  : fB = 0.35/T,.. 

in  Appendix 11. 
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Fig. 7.  Comparison of measured  and  simulated  results of GaAs tran- 
sistor  switching for the  input of 8-11s rise time.  (Vert: 0.5 V/div, 
horiz: 2 nsidiv.) 

t 

1 - t  
Fig. 8. The  improved  decomposition  method for input pulse. The 

input  pulse is decomposed  into small pulses with  arbitrary  magnitude 
and  delay. 

displays a 5-11s rise time  and  3.5-V  change  in  magnitude.  The 
waveform  shapes  are approximately  the same. A  major  cause 
of  error  in  this  match is the  approximation of the  input wave- 
form  by an  ideal  ramp  function-the  actual input waveform 
increases more gradually  at the  start  and  end of the  transition, 
resulting  in a slower rise time. 

In an effort to  improve  this  approximation, a new method of 
decomposition  of  the  input pulse into  arbitrary sized  small 
pulses  was employed as shown in  Fig. 8. In this  method,  the 
input pulse  is expressed as the sum of  small  pulses with  ap- 
propriate  magnitude  and  delay  time.  Thus  any  input pulse 
waveshape  can be correctly  approximated.  The  comparison 
between  the  measured  and  the  simulated output waveforms 
obtained  by using the  improved  decomposition  method is 
shown  in Fig. 9 together  with  the measured input waveforms. 
This  figure  displays the  output waveforms  for large-signal in- 
put  step  magnitudes varied from - 0.5 to, -3.0 V. For  these 
inputs,  the waveshapes are  identical  and  they are decomposed 
into  the arbitrarily  discretized 15 small  pulses. This is in  con- 
trast to  the  equally  discretized  22 small  pulses in the case  of 
Fig. 7. Agreement  between  the  measured  and  simulated  out- 
puts is improved  at  the  start  and  end of the  transition as com- 
pared  with Fig. 7. The slight  deviation  for the larger input 
magnitude is created  by  the  roughness of decomposition. 

The waveform  in Fig. 10 presents a switching  response of  a 
GaAs MESFET for  the  input of 150 ps in rise time  and  0.21  V 
in magnitude.  This output waveform was simulated  from  only 
one  input bias level of s21 data. The  simulated  waveform  has 
a 170-ps rise time  and  a  0.5-V  magnitude as opposed to  the 
measured  waveform  with a  100-ps rise time,  about  100-ps 
delay time,  and  a  0.45-V  magnitude.  The  agreement  between 

the  modeled  waveform  and  measured  waveform is acceptable. 
A major  cause  of  error  with  this  simulation is the  extrapola- 
tion  of s 2 1  data  to  frequencies higher than 1.3 GHz. Thus  the 
s21 data do  not  exhibit  correct  components  at  the highest  fre- 
quency  in  simulation  of  the  time-domain  waveforms.  In  spite 
of the  capacity to simulate the delay  time  observed  in the  mea- 
sured  waveform, the waveform could  not be modeled  due to 
the  lack of s-parameter  data  in  the  appropriate  frequency 
range. This  lack of s-parameter  data  and  the  finite  bandwidth 
in  the numerical  calculation  of inverse Fourier  transformation 
cause the periodic  oscillation  before the  occurrence  of falling 
transition of the  output. Taking the  lack  of  higher  frequency 
s-parameters  into  account,  the agreement is  very good  for  the 
waveforms of the  time  longer  than  250 ps. This  implies that 
a very  accurate  simulation  can be carried out with  proper 
higher  frequency  s-parameter  data,  since  frequencies  below 
1.3 GHz are  responsible  for  time-domain  waveforms  with rise 
time  longer than  270 ps [ 6 ] .  

DISCUSSION AND SUMMARY 
The  approximate modeling  technique  developed  in  this pa- 

per demonstrates  good  agreement  between  simulated  and  mea- 
sured waveforms. The  quasi-static  approximation is applicable 
for GaAs  MESFET’s because  these devices  have intrinsic  pulse 
response  times on the  order  of  tens  of  picoseconds [7],  [8]. 
The  modeling  technique  yields a reasonable  result  for FET 
switching  behavior. 

Many causes  of  error  existed in this  modeling  exercise.  The 
division of the  input waveform into  the finite  number of pulse 
steps  contributed  to deviation in the  simulation.  The  inability 
to measure s2  data above 1.3 GHz and  the use of extrapolated 
data  in  this regime causes  inaccuracy  in  the  result  for  fast 
switching  events.  Limitations  with  time-domain  measurement 
equipment, especially the bias network  bandwidth, gives in- 
correct  measurements  for pulses longer than 20 ns. 

On  the  other  hand,  despite  many  limitations  for  the highest 
frequency  applications,  the  technique is extremely  general. 
The  measurements  and  modeling  methods  are  applicable to 
FET’s in general.  s-parameters were employed  because  the 
highest  frequencies available had to be measured  in  order to  
model GaAs. Other linear small-signal parameters that mea- 
sure input-to-output gain can  readily be substituted. Care must 
be taken  to insure that  the small-signal parameters  are  mea- 
sured using the same  impedances as the desired FET switching 
conditions to be simulated. 

APPENDIX I 
VECTOR  DOT PRODUCT  CALCULATION 

In the linear  system,  time  domain  and  frequency  domain are 
related  with  each other  through  Fourier  transfarm.  Let  the 
input and the  output signal in  the  time  and  frequency  domain 
be  as follows: 

Timc  Domain  Frequency  Domain 

Input f (0 F(w).  
output g ( t )  G ( w )  

where 
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Fig. 9. Comparison  between  measured  and  simulated  waveforms  ob- 
tained  by  the  improved  input waveform approximation  method. 
(Vert: 0.5 V/div,  horiz: 2 ns/div.) 
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Fig. 10. Comparison  of  measured  and  simulated  results  of  GaAs  tran- 

horiz: 100 ps/div.) 
sistor  switching  for the  input of  150-ps rise  time.  (Vert: 0.1 V/div, 

F(o) = f ( t )  exp (-jot) dt I: 

g ( t )  = & J G(o) exp ( j tw )  do. (A21 
- m  

An input-to-output  transfer  function is generally given in the 

frequency  domain.  s-parameter  data are an example of this. 
Thus  let  a  transfer  function be given by T ( o ) .  Then  the  out- 
put  function G(o) is  given by 

G(w) = F ( w )  * T(w).  ('43) 

Next consider an  input signal in the  time  domain  that is ex- 
pressed by  the  addition of several signals. 

f ( t > = h , ( t ) + h , ( t ) + . * .  +h,(t). ('44) 

A Fourier  transform yields 

F(o)=H,(w)+H,(w)+...+H,(w) ( - 4 5 )  

where Hj( i  = 1, 2, . . , n )  is the  Fourier  transform of h,(t). 
From (A3) and (A5) 

G(w)  = T ( o )  H1 (w) + T(w)  H2 (w) + * . . + T ( w )  He (w) .  

(A61 
This is true  for  the linear  system. 

Now (A6) will be extended to approximately represent a 
nonlinear system. In  such  a system, transfer  function T ( u )  is 
the  superposition of the linear transfer  functions. 

if f(t> = hi (t) 

if f(t) = h,(-> + h2(-) + h 3 ( t )  

T2 (w), if f(t> = h ~ ( - >  + hz (t> 

. . .  
T,(o), if f ( f >  = h1(-> + h2 (-1 

+ . . . +  h,-,(m)+h,(t). 
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In order  to combine (A6) and  (A7), the following is assumed: 

T(w)Hi(w) = Ti(w)Hi(o)  (i = 1, 2 ,  . . , n). (A8) 

This means  transfer function Ti(w) operates on only the  cor- 
responding input signal h l  (-) t h2 (-) + .  . * + hi-l (-) + hi(t). 
This is a necessary condition  under nonlinear  system to ex- 
plain at least  linear  behavior. Using the assumption (AS), we 
obtain  the  output  function G(w) for the  nonlinear  system 

C(W) = T~(o) H1 (w) t T2 (a) HZ (w)  f * * + Tn (w) H n  (w). 

(A91 
In applying  this  relation to transistors,  suppose t f  = 00 and let  
hi(t)  be a small step pulse f‘(‘)(t), and Ti(w) be the ~2~ - 
parameter spj(w) for  the identical bias condition.  Thus we 
obtain 

which is a vector dot  product. 

APPENDIX I1 
MATHEMATICAL TREATMENT FOR COMPUTER 

PROGRAMMING 
In order  to  do  the  simulation,  it is necessary to perform the 

numerical  calculation of inverse Fourier  transform.  For  the 
higher  accuracy in the numerical integration,  exp (-jutf) mul- 
tiplier  should  be  neglected, because pulse duration ( t f )  is very 
large compared  with t,. This  multiplier incorporates periodic- 
ity  into  the  function, which  renders fast numerical integration 
on a desktop  computer impossible. 

Applying  vector dot  product calculation mentioned in the 
previous  section  yields G(w) expressed as 

G(w) = - * 
A 1 - exp (-jwtf) 

The inverse Fourier  transform yields 

go(t) is easily calculated  by  numerical method  with  much 
better accuracy than g(t). To  obtain go(t) ,  the following treat- 
ment was adopted. 

Let Go(w) be 

Go(w) = XO((JJ) - iYo(w) (A 14) 

where Xo(w)  and Yo(w)  are real. The following symmetry 
relations exist: 

x 0  (0) = x0 (- w )  

Yo(w)  = - Yo(- w). 

Using this  expression, go ( t )  yields 

=; [- { X o ( w )  cos (ut) t Y o ( ~ )  sin (at)} dw. 

Here Xo(w)  and Yo(w)  are given  by 

where 
S(i)(w) 21 =p(i ) (w)  - jQ”’(w). (A201 

Here P(‘)((o) and Q(’)(w) are real. 
In the numerical calculation of (A17), sf)(w) is available for 

only a finite-frequency  bandwidth, which is from 1 to  1300 
MHz in the major  example  (8-ns input tr) ,  go( t j  is calculated as 
the following: 

f =  1300 MHz 

go(0 = ; J Wo(w) cos ( 4  
f = 1  MHz 

t Yo(w)  sin (ut)} dw. (A2 1) 

This approximation is adequate  to simulate the  time domain 
of this example, because 1-1300-MHz frequency range corre- 
sponds  to  0.27-350-ns  time range [6] . 
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First-Order  Modeling of Oxide-Isolated  ISL 
JAN LOHSTROH, MEMBER, IEEE, AND RENE M. PLUTA 

Abstract-A model is derived  for  an  oxide-isolated ISL gate  with 3 - ~ m  
minimum  details  and  fan-out = 4. The  model  includes  an n-p-n  transis- 
tor,  a p-n-p  transistor,  a  silicon  diode,  and  four  Schottky-barrier diodes. 
Special  attention is paid to  all  temperature  coefficients  of  the device 
parameters.  Very  good  agreement is obtained with measurements in 
the  temperature  range from 25 to 125OC. Due  to  the  p+ channel- 
stopper in the process, the  collector series  resistance of the  clamp p-n-p 
is relatively  small. 

A 
I. INTRODUCTION 

FTER  the first ISL generation which was made  in p-n- 
isolated processes [ l ]  , the second ISL generation uses 

oxide-isolated processes to  obtain  a  much  better  performance 
and packing density,  making  it suitable for high-speed VLSI 
[2]-[SI  and VHSIC [6]. 

The average propagation delay time of ISL is calculated 
relatively easily for  low  and  intermediate  current levels 171 ; at 
high current levels, series resistances start  to play a  dominant 
role,  which makes an analytical  calculation practically  impos- 
sible, so for  that  current region only  measurements  and/or 
computer  simulations can be done  [7]. For  this  last approach, 
an appropriate  model which models  at least all first-order 
effects is needed.  A first-order model of p-n-isolated ISL has 
already  been  published [8] . 
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In this paper,  a  model is derived for the oxide-isolated case, 
including walled emitters, buried  layers (covered with oxide or 
epitaxial  material),  channel-stop ion implants,  etc. Special 
attention is paid to  temperature  coefficients of resistors,  capaci- 
tors, bandgap voltages, and Schottky-barrier heights.  Only 
oxide-isolated ISL with  a vertical p-n-p clamp 141 is modeled. 

11. DEVICE STRUCTURE 
Fig. 1 shows a  top view and  the cross  section of  an oxide- 

isolated ISL 3-pm  minimum-detail  test gate which  has an addi- 
tional  collector  contact  compared  with  the gates used in an 
21-stage ring oscillator [4] (see Fig. 2).  This collector  contact 
is used to determine some device parameters (Schottky-diode 
series resistance, p-n-p effective current gain, etc.);  the  collector 
contact is not used in the eventual ISL gate model, because in 
ISL circuits this contact is not used. 

Fig. 1 shows the lateral  dimensions after all the processing 
steps.  The  substrate is 5 Sl . cm and an Sb buried  layer is made 
before  epitaxial  growth.  The resistivity of the epitaxial  layer 
is 0.3 Sl. cm (2 X 10l6 ~ m - ~ ) ;  after all the oxidation  steps, 
the epi-thickness is reduced from 1.2 to 1.0 pm. The up- 
diffusion of the buried  layer is 0.3 pm. Under the isolation 
oxide,  a  p-type channel stop is made to prevent n-MOS chan- 
nels between  the  buried layers. Base and emitter  junction 
depths are 0.5 and 0.25  pm, respectively. Fig. 3 shows the 
profiles. All contacts are covered with PtNi (60 percent, 40 
percent)  to  form PtNi silicide. 

Typical  sheet resistances are 30 and 50 sZ/O for the buried 
layer  when covered with  epitaxial  material or oxide, respec- 
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