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Abstract-A new analytical model has been developed to deal w th 
the parasitic well resistance  in CMOS structures. This model also PI'O- 
vides a closed-form expression  for  the induced potential drop in lhle 
well  due  to the action of an emitter in the  substrate, and is expres. ed 
in terms of the structure parameters in the  well,  the well sheet resk- 
tance, and the current density across the well-substrate junction. Bared 
on the developed model, the calculated potential drops for varidw 
structures have been compared with.the experimental results and gc od 
agreement has been obtained. Furthermore, the steady-state collee ;or 
current of an  active  parasitic  lateral bipolar transistor, which is hied 
to trigger the parasitic vertical bipolar transistor into the latchup, laas 
been calculated using the developed model. The calculated triggering 
currents in  excess of 1 mA have a maximum error of 20 percent wl~en 
compared with the experimental results measured from various str uc- 
tures.  This error may  be improved by taking into account the accurate 
position-dependent well sheet resistance.  Therefore, the develol~cad 
model becomes an efficient design tool for protecting the devices in the 
well from being disturbed by an  active  emitter in the substrate. 

I. INTRODUCTION 

I N  A CMOS circuit,  the majority-carrier current in -:he 
well injected by an  active emitter in the substrate can 

produce  a resistive potential drop in the well.  This poten- 
tial drop may trigger the  CMOS circuit into the  latcfup 
state  and causes permanent  damage  on  the related le- 
vices. Even if this potential drop  is not sufficient to trig Ser 
the latchup, it may result in the malfunction of the cirui t  
such  as  the  leakage current discharging a charge-stor;t:ge 
node located within the well. Therefore, it is valuable. to 
develop  a  model  to calculate the majority-carrier cunent 
required to induce  a  given potential drop in the well. Pinto 
and  Dutton [ 11 have presented the accurate analysis in Ihis 
respect using full two-dimensional  numerical simulatian. 
To greatly improve  the  computatiohal efficiency, h(1.w- 
ever,  it is desirable to use  a  simple  method  with consid- 

4 erable accuracy. Traditionally,  such  a  method has been 
presented with  the well sheet resistances multiplied by the 
corresponding  numbers of squares in the  pinched well [2]. 
The accuracy of this method in the prediction of the 
steady-state triggering current for latchup has been veri- 
fied experimentally [3]. However, this method is not ap- 
plicable for the case of the topside well contact placed 
close to  the well edge,  i.e., the guard ring in the well. In 
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Fig. 1 .  Cross-sectional view of a parasitic p-n-p transistor  in the p-well 
CMOS circuits. The  holes  are injected from the active  emitter  into the 
substrate, some of which are  collected by the p-well. 

this paper,  a new analytical model is presented to  perform 
the work in a  more accurate manner.  Based  on  the devel- 
oped  model, calculated results such  as  the  induced poten- 
tial drop in the well and  the steady-state triggering current 
for latchup are compared with the experimental data mea- 
sured from various fabricated structures. 

11. MODEL 
Fig. 1 shows  a cross section of  a lateral p-n-p transistor 

that is used to represent a parasitic bipolar device in the 
p-well CMOS  circuits.  Moreover, this transistor uses a 
long-stripe shape  geometry  with  the stripe length denoted 
as ZE. As this transistor is operated in the active regime, 
its p+-emitter injects the holes into the substrate, some of 
which are collected by the well-substrate junction  and  be- 
come the majority carriers in the well. Fig. l also shows 
that not only the sidewall of the well-substrate junction 
but also the bottom side of the well-substrate junction 
contribute to  the collection of the holes. This  feature is 
included in the  proposed  model  shown in Fig. 2 where the 
position-dependent current source labeled JL (x) ZE dx ac- 
counts for.the total collector current across the bottom area 
of lE dx and the current sources labeled I, and I; represent 
the collector currents across the left-hand and right-hand 
sides of the well-substrate junction, respectively. Note 
that JL ( x )  is the position-dependent collector current 
density per unit area across the bottom side and dx is the 
incremental length in the x-direction. The  model uses a 
one-dimensional distributed network  to appropriately iep- 
resent the parallel flow lines of the majority-carrier cur- 
rent in the  pinched well. In  addition, the resistance la- 
beled Re,, in  Fig. 2 represents the contact resistance. 

Using  the superposition principle, the potential drop in 
the well based  on  Fig. 2 can  be shown  to  be 
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Fig. 2. The  new  model  used to calculate  the  induced  &entia1 drop or 
equivalently  the  well  resistance. 
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in the bulk  case,  while  for  the  epi case the lightly doped 
epitaxial layer uses a  doping of log5 cm-3  and  the heavily 
doped substrate uses a doping of 4 X 1019 crnp3. It has 
been  found [5] through this numerical  procedure that the 
greatly suppressed Jl ( x )  for  the epi case as shown in Fig. 
3 is mainly  due  to  Auger  recombination inherent in the 
heavily doped substrate rather than  the  consequence of 
reflection action at the high-low junction.  From  Fig. 3, it 
is  observed that ZEJl ( x )  can  be appropriately represented 
by be -a Zo where a and b are  the positive constants. In a 
similar way,  we  make I& = cZo where c is a positive con- 
stant. Consequently,  the well transfer resistance can  be 
expressed in a more  compact  manner by 

for x, I x 5 x, 

where  the voltage Vw (x) minus V,, is the position-depen- 
dent potential drop in the  well.  Note that Rn and RT2 in 
the above  ‘equations  are  expressed by 

and 

where pn is the position-dependent well sheet resistance 
and dx ’/ ZE represents the incremental number of squares, 
Furthermore,  the  total  collector  current Zc can be ex- 
pressed by 

Z E J l  ( X )  dx + 16. (3 )  

Therefore,  the  transfer resistance [4] denoted  as Rw ( x )  in 
the well can be obtained by using (1) divided by (3). Note 
that the special case of Jl ( x )  = 0 and Z& = 0 in  the  above 
expressions for 0 I x I x, represents the traditional 
method for calculating the well resistance. 

A  two-dimensional  numerical  procedure [5] has been 
performed  on  the structure shown in  Fig. 1 and  the cal- 
culated result for  the integral of JL ( x )  is  shown in Fig. 
3. This numerical  procedure primarily includes 1) the so- 
lution of the low-level minority-carrier injection equation 
in the substrate with  the appropriate boundary conditions; 
2) the effects of Auger  recombination,  Shockley-Read- 
Hall recombinations, and  energy-gap shrinkage; and 3) 
the effects of the reflection action at  the high-low junction 
of the epi case. A substrate doping of 1015 cm-3  is  used 

I for 0 I x I x, and 

Note that (4) has  been  developed using a constant p a  
throughout  the  well. In a similar  way,  an analytical 
expression more  complex  than (4) can  be easily derived 
for  the case of position-dependent sheet resistance along 
the well. 

111. RESULTS AND DISCUSSION 
To judge  the validity of the  proposed  model, several 

fabricated structures based  on standard p-well CMOS 
technology are presented. These structures are  formed  on 
the same  bulk  wafer  with a well sheet resistance of about 
11 kQ/ 0 determined  by  an auto-spreading resistance 
probe. Moreover,  these structures use long-stripe-shape 
geometries  with a stripe length ( ZE ) of 150 pm so that the 
present two-dimensional simulation space is allowed to 
appropriately represent the actual three-dimensional case. 
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Fig. 3.  The  calculated J ,  ( x )  in  the  integral  form as a  function of x,, for 
the  structure  shown in Fig. 1 [ 5 ] .  

The experimental results for  these structures and  the s: m- 
ulated results based on  the developed  model are presented 
as follows, 

A. Resistance Potential Drop 
One of the fabricated structures used  to investigate :he 

induced potential drop in the well is shown  in Fig. 4 where 
the values of relevant dimensions  are indicated in details. 
There  are three different definitions for terminal connw- 
tions shown in Fig. 4: 1) the terminal VCl is floating and 
the terminal Vc2 is  connected to the collector terminal; t : 2 )  

the terminal V,, is floating and  the terminal V,, is con- 
nected to the  collector  terminal;  and (3) both the terminds 
V,, and Vc2 are  connected  to the identical collector ter- 
minal. The potential drop in the first terminal connectin 
is defined as the voltage V,, minus VC2 due to the currmt 
Zc2, while in the  second terminal connection  the potent a1 
drop is the voltage Vc2 minus V,, due to the current I,,)!. 
Furthermore,  the third terminal connection  is  used to  wr- 
ify the model  on  the correlation between Zcl and Zc2 under 
the condition of Vc, = Vc2. 

By fitting the integral of be-" lo to  the  numerical re- 
sults of the bulk  case in Fig. 3, we obtain a = 0.03 pm-' 
and b = 0.006 pm-' forj, (x), and in a  similar way w e  
have c = 0.006 for ZA [5]. These numerically fitted data 
are used throughout the paper. The case of the first ter- 
minal  connection  has  been calculated using (4) with x =: 
1 pm, x, = 39.5 pm, and x, = 43 pm for Re,, = 0 arid 
10 0. The calculated results are  shown in Fig. 5 whe:-e 
the experimental results are  also  shown  for  comparison:;. 
From  Fig. 5 ,  it  can  be seen that the model has yielded 
results that are  in  good  agreement  with the experimentd 
data. The case of the second terminal connection  is  shown 

Fig. 4. The  fabricated  structure  with  the  detailed  relevant  dimensions  in 
order to verify  the model. 

t x :measured 
-:calculated wlth Rexi = 0-lOohm 

Ic2 (mA) 

Fig. 5. The  calculated  and  measured V,, with  respect to Vc2 as a  function 
of Zc2 for Fig. 4 with I,, = 0. 

-: calculated with Rext.0 
x : measured 

. calculated  wtth Rext = loohm 

2.4 

IC1 (mA) 

Fig. 6.  The  calculated  and  measured V,Z with  respect  to V,, as  a  function 
of IC1 for Fig. 4 with Zc2 = 0. 

in Fig. 6 where  the calculated results have  been obtained 
using (4) with x = 42 pm, x, = 3.5  pm, and x, = 43 pm 
for Re, = 0 and 10 0. As can  be  seen  from  Fig. 6 ,  the 
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Fig. 7. The calculated and measured Icl as a function of ZC2 for Fig. 4 with 
Vd = vc2. 

calculated results agree closely with  the  experimental 
data. Comparisons  between  Figs. 5 and 6 show that the 
spacing between  the topside well contact and  the  emitter 
in the substrate should be less than that between  the 
emitter  in  the well and  the  emitter in the substrate so that 
the induced potential drop  under the emitter in the well 
can be greatly reduced  for a given majority-carrier cur- 
rent. Furthermore,  Fig. 7 shows the  case of the third ter- 
minal  connection  where  the calculated results have a max- 
imum  error of 30 percent when  compared with the 
experimental  data. The calculated results in Fig. 7 are 
based on  the determination of a point labeled xeff between 
the two topside well contacts by solving the following 
equation: 

VW(Xeff) - vc, = VW(XLf)  - Vcz ( 5 )  

and 
P x3 

ic2 = lEJl ( X )  dw + 1;. 
X,ff 

By substituting lEJL (x) = be-" Zo and Zh = clo into (5)  
and (6), and using a constant Po, we  have 

xeff = - In 
1 
a 

where (7) 

\ for xeff 5 x 5 .x2. 
+ 

Equation (5)  states that  the potential drop  at  the point xeff 
is  unique  under V,, = Vc2. Furthermore, the collector cur- 
rent density for x < xeff contributes to Zcl and  the collector I,, = lo[: (e-meff - e-"> + c ]  (9) 
current density for x > xeff contributes to Zc2, i.e. 

I , ~  = Io 1 + - (1 - e-Meff i :  (8)  
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Fig. 8. The fabricated structures used to verify the accuracy of the model 
with respect to the steady-statc triggering current.  The relevant dimen- 
sions are shown in  Table 1. 

and 

for xeff I x 5 x2. 

where R ,  (x) is defined as the potential drop ( V,,, ( x )  -- 
V,, ( = Vc2))  divided by the  sum of Icl and IC*. Note that 
the calculated results in  Fig. 7 have been obtained using 
x1 = 3.5 pm, x2 = 39.5 pm, and x3 = 43 pm.  Moreover, 
an  analytical model more complex than (7)-(10) can bc 
easily derived in a similar way for  the  case of position. 
dependent sheet resistance along the well. Based on  the 
above  results, it is concluded that  the developed model if; 
capable of yielding  design rules for  locating  the device;!, 
on the appropriate  regime within the  well, so that  the  in- 
duced potential drop  due to an  active  emitter  in  the  sub- 
strate  is  too small to  cause  the malfunction of the  devices. 

B. Steady-State  Triggering  Current 

Several structures like those shown in Fig. 8 have been 
characterized with respect to the steady-state triggering 
current.  This current is defined as  the collector current of 
the  lateral p-n-p transistor to initiate  the  latchup. The 
measured triggering current  labeled I,II,~, for each struc- 
ture is listed in  Table I where the corresponding structure 
parameters are also shown. Note that the structure labeled 
C - 1 in  Table I has. the guard ring in  the  well and has 
the largest triggering current  among  the illustrated struc- 
tures. Based on  the developed model,  the corresponding 
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TABLE I 
THE STRUCTURE PARAMETERS FOR FIG. 8 AND THE CALCULATED WELL 
RESISTANCES AND MEASURED STEADY-STATE TRIGGERING CURRENTS 

wpl* wp2*  wn wc X %(ohm)+  Rw(ohm)++ IC,, ,trg(mA) 
** 

S t r u c t u r e   N o t a t i o n  
(vm) (urn)  (urn)  (pm) (pm)  ca l .   ca l .   exp .  

A - 1  37 37 18 43 18 1526 1536 0.44 

A -  2 37 37 9 43 9 2137 2147 0.28 

A - 3  156 156 1 171 1 11113 11123 0.064 

B - 1  1 1 18 43 23 10 8 118 4.0 

8 - 2  1 1 22 43 27  120 130 4.8 

c - 1  1 37 ~ 18 43 18 33 29 10.6 

*: Wpl=Wp2 r e p r e s e n t s   t h e   c a s e  shown i n  Fig.   8(a)   and  Fig.  8 ( b ) .  

**: x denotes   the   pos i t ion   where   the  emitter eo'ge loca tes   and  is used t o  

c a l c u l a t e  Rw. 

f: The c a l c u l a t e d   r e s u l t   u n d e r  Rext=O.  

++: The c a l c u l a t e d  resu l t  under ReXt=lO ohm. 

well resistances have  been calculated and  are  shown in 
Table I .  To  calculate  the steady-state triggering current, 
the following expression has been used [3]: 

L l l  , trg = VBE,  , 0" l R ,  (11) 
where VBEl,on represents not only the  induced potential 
drop in the well but  also  the turn-on voltage across the 
base-emitter junction of the vertical n-p-n transistor.  The 
correlations between  the  measured triggering current and 
the inverse of the calculated R ,  for  each  structure in Table 
I are established in Fig. 9. The calculated results using 
(11) are  shown in Fig. 9 with VB~l ,on  = 0.5 V. It can  be 
seen  from this figure that there is  a  maximum  error of 20 
percent between  model result and  experimental  data  for 
the structure labeled C - 1 .  This  error may be  due to 1) 
the assumed constant sheet resistance p a  when using (7)- 
(lo), and 2) the fluctuations of the well sheet resistance 
of the fabricated devices.  Usually the sheet resistance un- 
der  the  emitter in the well is greater than that elsewhere 
in the well. Moreover,  according  to  Troutman  and  Har- 
grove 141, the insertion of an  emitter in the substrate can 
drastically alter  the substrate transfer resistance. There- 
fore,  the application of (7)-(10) using a  constant  sheet 
resistance determined outside the emitter in the well  may 
overestimate the triggering current  as  shown in Fig. '9 for 
the structure labeled C - 1. However,  a constant sheet 
resistance determined  under  the  emitter in the well may 
lead to the  underestimation of  the triggering current and 
in this respect the  simple  model may be useful for  the 
worst  case design. Nevertheless, it is very helpful to  use 
the general expressions shown in this  paper  as  long  as the 

11 
x :measured for RFA = 0 
0 ' rneosured for Rext = 10n 
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Fig. 9 .  The  calculated and  measured  steady-state  triggering  currents 
&rg versus 1 / R ,  for the  structures  in  Table I. 

position-dependent well sheet resistance has  been accu- 
rately determined. Note that the  choice of V,,, ,on = 0.5 
V in (1 1) is based  on  the  fact  that,  as  the emitter current 
of the vertical n-p-n transistor is negligibly small with re- 
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Latchup occurs as IC? Icll,trg* 

Fig. 10. The measured collector I-V characteristics of the lateral p-n-p transistor for the  structure labeled B-2 with the  absence 
of the  vertical n-p-n transistor for (a) and with t l c  presence of the vertical n-p-n transistor for (b) and (c). 

spect to its base-emitter voltage is smaller thm 
VBEl,on of about 0.5 V. This is verified by Fig. 10, which 
shows the measured collector Z-V characteristics of t l i e  

lateral p-n-p transistor  for  the structure labeled B - 2 wi :h 
different terminal  connections.  Fig. 10(a) shows the 01)- 

erating regime of the independent lateral p-n-p transistor 
while  Fig.  10(b) and lO(c) shows the  behavior of the l a b  
era1 transistor  that is located in a complete p-n-p-n patil. 
Fig. 10(b) is obtained for  the  collector current ranging 
between 0 and Zcll,trg above which the latchup will occu:-. 
The curves in  Fig. 10(b) are nearly identical to those in 
Fig. lO(a) ,  irrespective of the  connection of the nf  en - 
itter  to  the - V,, terminal. Now as  a very small currer i t  

is added to  the original base  current of Fig.  10(b) in order 
to make the uppermost curve slightly approach a critic:! 
value of Z, l l , t r s ,  latchup occurs as shown in Fig. lO(c). Not 5 

that the curves in Fig. lO(a)  and (b) are nearly identical 
to those in Fig. lO(c) for  a  collector  current less tha;l 
Zcll , trg since  the corresponding base  currents  are nearli 
identical between Fig.  10(a),  (b), and (c).  Therefore,  thc 
accuracy of the proposed model has been confirmed de- 
spite of its simplicity. 

Finally,  a fabricated structure like  Fig. 8(b) with Wp = 
156 pm, W,, = 165 pm, and W, = 171 pm is used to 
illustrate the  application of the model and to establish de- 
sign rules that  provide normal operation for  the devices 
in the well under  the action of an emitter in the substrate. 
The well resistance for  this  structure  has been calculated 
to be 14.4 D for Re,, = 10 D; as  a  result,  the  collector 
current of the lateral p-n-p  transistor  to  trigger the latchup 
is 35 mA using (1 1)  with VBEL,on = 0.5 V. Therefore, the 
corresponding emitter  current of the  lateral p-n-p transis- 
tor is greater than 3.5 A  since  the common-emitter current 
gain of the lateral p-n-p transistor has been empirically 
estimated to be  less than 0.01 (see Fig. 11). Such a  large 
current may damage  the devices prior  to  latchup.  It has 
been  verified experimentally that this structure is free from 
latchup due to the  strong forward-biased emitter in the 
substrate,  as shown in Fig. 11. In  addition,  this  structure 
has been experimentally found to burn out  as  the  emitter 
current of the  lateral p-n-p transistor exceeds about 200 
mA.  Note that to  preclude the latchup under the action of 
an emitter in the substrate,  a  large value of Wp is required 
for  the bulk structure in Fig. 8(b) while this value may  be 
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Fig.  11.  The measured collector I-V characteristics of the lateral p-n-p 
transistor with the presence of the vertical n-p-n transistor for the struc- 
ture in  Fig. 8(b) with W, = 156  pm, W, = 165 pm, and W, = 171 pm. 
No latchup is observed. 

significantly reduced for  the  same  structure  based on the 
epi  wafer.  This can be seen from  Fig. 3 that  the current 
density JI ( x )  across  the bottom side of well-substrate 
junction  is greatly suppressed  for  the  epi  case. 

IV. CONCLUSION 
A new structure-oriented model has been presented to 

calculate the resistance potential drop in the well of CMOS 
structures  due  to  the  action of an emitter in the  substrate. 
In a step-by-step manner,  the  simulated results using the 
developed model for  various  structures  have been found 
to  be in good agreement with the  experimental  data of the 
induced potential drop in the  well and the  steady-state 
triggering current  for  latchup.  Moreover,  the model is ca- 
pable of yielding design rules in  order  to prevent the  de- 
vices in the well from being disturbed by an  active  emitter 
in the  substrate. 
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