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Modeling the Positive-Feedback Regenerative 
Process of CMOS Latchup by a Positive Transient 

Pole Method-Part I: Theoretical Derivation 
Ming-Dou Ker, Member, IEEE, and Chung-Yu Wu, Member, IEEE 

Abstract- A novel method to characterize the mechanism 
of positive-feedback regeneration in a p-n-p-n structure during 
CMOS latchup transition is developed. It is based on the de- 
rived time-varying transient poles in large-signal base-emitter 
voltages of the lumped equivalent circuit of a p-n-p-n struc- 
ture. Through calculating the time-varying transient poles during 
CMOS latchup transition, it is found that there exists a transient 
pole to change from negative to positive and then this pole 
changes to negative again. A p-n-p-n structure, which has a 
stronger positive-feedback regeneration during turn-on transi- 
tion, will lead to a larger positive transient pole. The time when 
the positive transient pole occurs during CMOS latchup transi- 
tion is the time when the positive-feedback regeneration starts. 
By this positive transient pole, the positive-feedback regenerative 
process of CMOS latchup can be quantitatively characterized. 

NOMENCLATURE 

Parasitic lateral (vertical) p-n-p (n-p-n) BJT 
in a p-n-p-n structure of CMOS latchup. 
Equivalent substrate (well) resistances in 
CMOS IC’s. 
Base-emitter junction depletion capacitance 
of BJT Q i ( Q 2 ) .  
Base-collector junction depletion 
capacitance of BJT Q1(Q2). 
Base-emitter junction diffusion capacitance 
of BJT Qi(Q-2). 
Base-collector junction diffusion 
capacitance of BJT Ql(Q2). 

Base-emitter junction capacitance of BJT 
Ql(Q2) including depletion and diffusion 
capacitances as defined in (8) or (10). 
Base-collector junction capacitance of BJT 
Q1 ( Q 2 )  including depletion and diffusion 
capacitances as defined in (9) or (11). 
Transient-induced trigger current generated 
in substrate (well) to cause CMOS latchup. 
Voltage-dependent intrinsic base current of 
BJT Ql(Q2) without the displacement 
current of capacitances. 
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Voltage-dependent intrinsic collector current 
of BJT Ql(Q2) without the displacement 
current of capacitances. 
Large-signal base current of BJT Ql(Q2) 

including the displacement current of 
capacitances as defined in (4) or (6) .  
Large-signal collector current of BJT 
Q1 (Q2) including the displacement current 
of capacitances as defined in (5) or (7). 
Large-signal base-emitter voltage of BJT 
Qi(Q2). 
Large-signal base-collector voltage of BJT 
Q i ( Q 2 ) .  
Power supply of CMOS IC’s. _ -  - 
Piecewise-linearized large-signal 
transconductance of base current with 
respect to its base-emitter voltage of BJT 
Q i ( Q 2 ) .  
Piecewise-linearized large-signal 
transconductance of collector current with 
respect to its base-emitter voltage of BJT 
Q i ( Q 2 ) .  
A certain time interval during CMOS 
latchup transition. 
Poles of the solved time-dependent V E B ~ ( ~ )  

and wgEz(t) as defined in (21) and (22). 
Maximum peak value of the positive p l  
pole during latchup transition. 
The time required for pl pole to become 
positive after trigger currents are applied. 

I. INTRODUCTION 

S CMOS technology is scaled down to submicron regime A to achieve higher integration density and faster operation 
speed in VLSVULSI applications, the reduced spacings of 
the inherently embedded parasitic p-n-p-n structure further 
increase the latchup susceptibility of CMOS IC’s. Latchup, 
which creates a low impedance path from the power supply 
VDD to ground, is one of major failure mechanisms in the 
reliability of bulk CMOS IC’s. The dc switching voltage of 
a parasitic p-n-p-n structure designed according to the design 
rules and fabricated by the submicron bulk CMOS technology 
is as high as 30-50 V, which is much greater than 5 volt of 
VDD power supply in CMOS IC’s. Thus, latchup in CMOS 
IC’s is initially triggered by sharp voltage/current transitions 

0018-9383/95$04.00 0 1995 IEEE 



1142 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 42. NO. 6, JUNE 1995 

or by voltage/current overshooting and undershooting at the 
power supplies or at the output nodes, rather than by direct 
overstress of dc voltage. This transient-induced latchup is 
especially acute in CMOS IC's because short-circuit currents 
only during logic switching transitions, which usually Cause 
voltage overshooting or undershooting at the clock transition 
edges. 

regenerative I-V characteristics in a p-n-p-n structure, it is 
more difficult to model latchup in the transient case with the 
additional variable of time than in the dc case. Latchup firing 
is in itself a transient phenomenon, so it has to be discussed 
in time domain. The latchup transition and its mechanisms 
have attracted much attention, and some efforts have been 

improve the immunity against transient-induced latchup in 
CMOS IC's. 

11. DYNAMIC BEHAVIORS OF CMOS LATCHUP TRANSITION 
The classical two-transistor model of a p-n-p-n structure 

with device parameters extracted from the fabricated p-n-p-n 
structure in CMOS IC's is adopted to analyze the dynamic 

parameters including current-dependent beta gain, voltage- 
dependent junction capacitance, and transit time, it can offer 
a reasonable accuracy in modeling the process of a 
P-n-P-n structure. 

Fig. l(a) shows the schematic cross-sectional view of a 
CMOS inverter and the parasitic p-n-p-n latching path in the 

Due to the phenomena Of cross-coupled behaviors of CMOS latchup transition. With extracted device 

contributed to characterize it [l]-[l91. In the 
transient behaviors Of 

past, the 
process in the thyristor Or 

p-well n-substrate bulk CMOS technology. The corresponding 
lumped equivalent circuit of the p-n-p-n structure is shown 

the semiconductor-controlled-rectifier (SCR) had also been 
characterized [20]-[30]. 

there are two main approaches 

in Fig. l(b), where Q1 (Q2) is the parasitic lateral 
p-n-p (n-p-n) bipolar junction transistor (BJT). Q1 transistor 
is composed of p+ diffusion as emitter, n-substrate as base, In the previous 

to and p-well as its collector. Q2 transistor is composed of 
the Of based On the lumpd n-substrate as collector, p-well as base, and n+ diffusion 

the application of 
Of a 

latchup behavior in a p-n-P-n One is 

equivalent circuits [11-[131, [201-[231, [311-[381. n e  other is in p-well as its emitter. Resistor R ~ ( R ~ )  is the equivalent 
based on the substrate (well) resistance. The voltage-dependent base-emitter 

and base-collector junction capacitances (Gel, Cez, eel, and set Of semiconductor device equations with process 
parameters 1141-1191, [26]-[30],[39]-1411. The lumped equiv- Cc2) are also shown in Fig. l(a) and (b). The transient- 
alent induced trigger currents generated in n-substrate and p-well 
latchup transition. Some had been to judge by internal voltage/current transitions due to circuit operations 

[2l19 [3lI-[371. 

is Often to study the switching behaviors Of 

the occurrence of latchup in a p-n-p-n Structure [9l-[l3]? [2019 

more accurate representation of 2-D or 3-D p-n-p-n structure 
and the detailed dynamics of charge distribution during latchup 
transition. But, numerical simulation demands much comput- 
ing resource and often offers little analytical understanding on 
latchup transition. The restriction to finite representation of a 
p-n-p-n structure and the lack of general latchup criterion also 
make the numerical simulation approach somewhat inefficient. 
Analytical model with a general latchup criterion is still quite 
helpful in understanding and controlling latchup for practical 
and efficient applications. It can provide us with good design 
guidelines and quick initial characterization. Then numerical 
simulation can be used as a refining treatment. 

In the literatures describing latchup transition, the switch- 

impedance) state to its ON (low-impedance) state are all 
described qualitatively. No any method is developed to quan- 

a p-n-p-n structure and used to characterize the positive- 

parameters. 

rived from the large-signal behaviors of a p-n-p-n structure and 

CMOS latchup transition. By using this time-varying positive 
transient pole, the switching mechanism of a p-n-p-n structure 
can be well explained and fully characterized. Especially, 
the influences of device parameters on the positive-feedback 

or by external voltage/current transitions due to unexpected 

currents, respectively. 

among the large-signal branch 

approach may offer events to cause CMOS latchup are marked as the Il and I z  

Through the circuit connection in Fig. l(b), the relations 
and node voltages are 

(1) 

(2) 

(3) 

Talung the effects of junction depletion and diffusion ca- 
pacitances into considerations and using the modified Gum- 
mel-Poon model of BJT [421-[441, the large-signal base and 

written as 

wEBl (t> = 
iCZ( t )  + Il(t) - i B l ( t )  - 7 
i C l ( t )  + Iz(t)  - i B Z ( t )  - 7 = 0 

~ B E Z ( ~ )  

vcBl( t )  = vBCz( t )  = -['OD - vEBl(t) - wBE2(t)l. 

ing mechanism Of a p-n-p-n structure from the OFF (high- collector currents of BJT's Q1 and Q z  in Fig. l(b) can be 

(4) 

( 5 )  

(6 )  

(7) 

a(Ce1 . V E B ~ )  + a ( c c 1  . vcB1) 

at 
titatively investigate the mechanism of turn-on process in 

feedback regeneration of latchup transition in terms of device 

In this paper, a time-varying positive transient pole is de- 

used to analyze the positive-feedback regenerative process of 

i B l ( t )  = I B l ( t )  + at 

i C l ( t )  = ICl( t )  - at 

i B 2 ( t )  =IBZ(t) + at 

icz(t) = ICZ(t) - at 

a(Cc1 ' uCB1) 

a ( c e z  . ~ B E Z )  + a(Cc2 . ~ B C Z )  

a ( c c 2  . uEC2) 

at 

where 

(8) 
(9) 

(10) 

c e l  = C j b e l  + C r b e l  

regeneration of CMOS latchup transition can be quantitatively 
investigated. Therefore some guidelines can be obtained to 

c c l  = C j b c l  -k Crbcl 

c e 2  = CjbeZ + CrbeZ 
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Latchlng pth 
N-SUBSTRATE 

vaut 

Latchlng pth 
N-SUBSTRATE 

(b) 

Fig. 1 .  (a) A schematic cross-sectional view of a CMOS inverter and the 
parasitic resistances and capacitances in a p-n-p-n structure; (b) The lumped 
equivalent circuit of the p-n-p-n structure in (a). 

c c 2  = Cjbc2 CrbcZ. (1 1) 

From the above equations, it is obviously indicated that 
the tum-on mechanisms of a p-n-p-n structure are heavily 
dependent on its junction capacitances. 

The intrinsic base and collector currents of BJT's are 
exponential functions of their base-emitter and base-collector 
voltages. The junction capacitances are also related to their 
base-emitter and base-collector voltages [42]-[44]. In (3), the 
base-collector voltages of BJT's Q1 and Q 2  in the lumped 
equivalent circuit of Fig. l(b) can be expressed in terms 
of their base-emitter voltages. Thus, the time-varying large- 
signal base-emitter voltages, V E B l ( t )  and V B E 2 ( t ) ,  are the 
most fundamental factors in the lumped equivalent circuit of a 
p-n-p-n structure during its turn-on transition. If these V E B ~ ( ~ )  

and V g E 2 ( t )  are solved, all branch currents and node voltages 
of the lumped equivalent circuit in Fig. l(b) can be found out 
from them. 

In order to observe the time dependence of latchup transi- 
tion, the popular circuit simulator HSPZCE [44] is adopted to 
accurately solve these V E B ~  (t) and V B E Z ( t ) .  With extracted 
device parameters of parasitic lateral and vertical BJT's in a 
p-n-p-n structure as listed in Table I, V E B l ( t )  and wBEz(t) in 
both latchup and nonlatchup cases triggered by a pulse-type 
5-mA substrate current 11 with two different pulse widths of 
10 nS and 3.5 nS are simulated by HSPZCE and the results are 
drawn in Fig. 2. The equivalent substrate and well resistances 
(Rs and Rw) used in the simulation are 800O and 5.6 KO, 
respectively. The 5-mA 11 pulse is applied at the time interval 
o f t  = 0. Before t = 0, V E B ~ ( ~ )  and V B E Z ( t )  are set to zero 

42 R.=800n, Rw-S.6KR. 

4 A  
10 P a 40 

Time (nS) 

Fig. 2. The typical HSPICE simulated f f ~ ~ l ( t )  and f f B E Z ( t )  waveforms 
of a p-n-p-n structure with Rs = 8000 and Rw = 5.6K0 in both latchup 
and nonlatchup cases. 

TABLE I 

AND VERTICAL BJT's IN A p-n-p-n STRUCTURE OF CMOS IC's 
THE EXTRACTED DEVICE PARAMETERS OF THE PARASITIC LATERAL 

parameter Q1( PU-P 1 4 (  n ~ n )  
( lateral)  (vertical) 

1.104 

0.2 

2.8333-16 

6.909M 

4.2503-14 

20 

10 

2.0 

277.2 

2.0 

8.1123-16 

4.867E-4 

1.2173-13 

0.25 

2.0 

0.6 

Cjeo(PF) 0.6 1.3 

MJE 0.5 0.5 

MJC 0.33 0.33 

because the p-n-p-n structure is initially 08. As the 5-mA 11 
is applied with 10-nS pulse width, uEBl ( t )  raises up quickly 
in several nanosecond (nS) and then holds on a stable value 
about 0.827 V, while v g ~ z ( t )  first drops to -0.345 V and 
then raises up and holds on about 0.897 V. After 11 trigger 
current changes from 5 mA to 0 mA at the time interval of 10 
nS, V E B ~ ( ~ )  and V B E ~ ( ~ )  still remain in their stable values, 
and this condition is the latchup case. On the contrary, if the 
5-mA 11 trigger current only with 3.5-11s pulse width, V E B l ( t )  

and W B E ~ ( ~ )  are first raising as those in the latchup case but 
then they drop to zero volt after 11 triggering. Since V E B l ( t )  

and W g E 2 ( t )  cannot hold on their stable turn-on voltages after 
triggering, this is a nonlatchup case. If the pulse width of the 
5-mA 11 trigger current is reduced from 10 nS to 3.5 nS, it 
can be found that there is a minimum value of pulse width 
to sustain the occurrence of latchup. Similarly, variations of 
V E B ~ ( ~ )  and ~ g ~ z ( t )  due to well current 12 triggering can 
be also observed by this method. Generally, a trigger current 
with higher pulse amplitude requires a shorter minimum pulse 
width to initiate the occurrence of CMOS latchup [13]. 

Through observation on V E B ~ ( ~ )  and Vp,EZ(t), the dynamic 
behaviors of CMOS latchup transition due to transient-induced 
substrate or well currents triggering can be clearly understood. 
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In this work, the efforts are emphasized to quantitatively model 
the positive-feedback regenerative process of CMOS latchup 
and to investigate the influence of device parameters on this 
positive-feedback regeneration in a p-n-p-n structure. 

111. THE TIME-VARYING POSITIVE TRANSIENT POLE 
AND ITS EFFECT ON CMOS LATCHUP TRANSITION 

Traditionally, the positive-feedback regenerative process 
during latchup transition in a p-n-p-n structure is qualitatively 
explained as the regeneration in cross-coupled base and col- 
lector currents of BJT's Q1 and Q2 with the sum of their alpha 
gains or the product of their beta gains greater than unity [45], 
[46]. In Section 11, V E B ~ ( ~ )  and W B E ~ ( ~ )  have been explored 
as the most fundamental factors in a p-n-p-n structure during 
the turn-on transition. Thus, the positive-feedback regenerative 
process can be more physically understood through detailed 
insight in the voltage waveforms of V E B l ( t )  and W B E Z ( ~ ) .  

A. The Time-Varying Large-Signal Base-Emitter Voltages 

If junction capacitances are piecewisely estimated as their 
averaged values between two adjacent time intervals, the a(Cj. 
v j ) /at  terms in (4)-(7) can be approximated as Cj.(awj/at) in 
each time interval, where the Cj and wj represent the junction 
capacitance and its voltage bias, respectively, in each junction 
of the p-n-p-n structure. The detailed derivation of piecewise- 
averaged approximation on the base-emitter and base-collector 
junction capacitances is given in Appendix A. With averaged 
approximation on junction capacitances in each time interval, 
V E B I ( ~ )  and W B E Z ( ~ )  through (1)-(7) can be rearranged and 
further expressed as 

a v ~ ~ i ( t )  - 
- 

at 

(12) 
I F l ( t )  ' ( c c l  f CcZ + c e 2 )  - I F 2 ( t )  ' ( c c l  + c c 2 )  

Ac 
-- ~ V B E Z ( ~ )  - 

at 

(13) 
I F Z ( t )  ' ( c c l  + CcZ + c e l )  - I F l ( t )  ( c c l  + c c 2 )  

AC 
where 

+Mt) (15) 

(16) 

w B E 2 ( t )  
I C l ( t )  - I E 2 ( t )  - Rw I F 2 ( t )  

AC E ( C c 1  + C ~ Z )  . ( C e l  + C e 2 )  + C e 1  . C e 2 .  

These equations still can not be directly solved by hand 
derivation because I B l ( t ) ,  I ~ 2 ( t ) ,  I c l ( t ) ,  and Icz ( t )  are ex- 
ponential functions of  WEB^(^) and V B E ~ ( ~ ) .  If these intrinsic 

base and collector currents are further approximated as linear 
functions of their base-emitter voltages in each time interval, 
the apparent solutions of V E B ~ ( ~ )  and W B E ~ ( ~ )  in (12)-(15) 
can be directly found out. 

Even due to pulse-type substrate or well currents triggering, 
V E B I ( ~ )  and  WEE^(^) do not abruptly change in time domain 
because of R C  charging or discharging delay in device junction 
capacitances and parasitic substrate or well resistances. With 
V E B I ( ~ )  and V E E Z ( ~ )  gradually changing, the intrinsic base 
and collector currents can be further piecewisely linearized 
from their exponential relations to become as the first-order 
approximated linear relations in each time interval. The first- 
order piecewise-linearized base and collector current equations 
in each time interval are derived in Appendix B. 

Using reasonably linearized approximation in the intrinsic 
base and collector currents as well as averaged estimation 
in each junction capacitance of a p-n-p-n structure in each 
time interval during latchup transition, V E E ~ ( ~ )  and W B E Z ( ~ )  

can be directly solved and expressed as functions of time, 
trigger signals, and device parameters. At a time interval Tk,  

the Laplace-form solutions of V E B ~ ( ~ )  and W B E Z ( ~ )  can be 
obtained from (12)-( 16), (A. l)-(A.6), and (B. 1)HB.S) as (17) 
and (18) shown at the bottom of the page. The corresponding 
time-domain solutions around the time interval Tk are tWO-pOk 
functions of time t. They are 

where the poles p l  and pa at the time interval Tk are derived as 

(21) 
- (U1 + b l )  + J(U1 + b1)2 - 4 .  (U1 . bl - U 2  . b2) 

2 P l  = 

The u j ,b j ,  A j ,  and Bj ( j  = 0,1,2)  coefficients in (17)-(22) 
are functions of device parameters and trigger currents at the 
time interval Tk,  and they are summarized in Table 11. The 
time interval Tk is the kth time interval in HSPZCE simulation 
of transient analysis with a given time step. The large-signal 
base-emitter voltage waveforms in Fig. 2 due to a 5-mA 11 
triggering with pulse widths of 10 nS or 3.5 nS are simulated 
with a time step of 0.01 nS. Thus, the time period from t = 0 to 
time interval Tk is 0.01 x k nS. If a shorter time step is used 
in HSPZCE simulation, a better accuracy on the transient- 
analysis simulated results can be obtained but it consumes 
more CPU time. 
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TABLE I1 
THE COEFFICIENTS IN THE EQUATIONS OF (17)-(22) 

B. The Positive Transient Pole and Its Effects on the 
Positive-Feedback Regenerative Process 

Taking a deeper insight into the derived pole equations, 
these two time-varying transient poles are heavily dependent 
on junction capacitances of a p-n-p-n structure. The p z  pole is 
always negative as expressed in (22), but pl pole is dependent 
on the term of (a1 . bl  - a2 . b2) in the numerator of (21). This 
term can be further derived with the coefficients in Table I1 as 

where A, is only a function of junction capacitances in (16), 
and the value of A, is always positive. The another term in the 
right-hand side of (23) is "{ [SE1 + (l/Rs)]. [gBZ + (1/Rw)] - 
gcl . gcz}." If this term is greater than zero, pl pole is 
negative. But, pl pole becomes positive if this term is less than 
zero. During latchup transition, this term varies from positive 
to negative and then becomes positive again. Thus pl pole 
varies from negative to positive and then becomes negative 
again. The variation of pl pole and the corresponding positive- 
feedback regenerative process during latchup transition can be 
clearly explained as following: 

1) First, the p-n-p-n structure is initially off as the transient- 
induced substrate or well currents just start to trigger, 
while gBl(2) and gcl(z) are nearly zero. The term in 
(23) is positive due to the presence of substrate and well 
resistances Rs and Rw, and thus pl pole is initially 
negative. 

As time increases and trigger currents are applied, the 
base and collector currents in the parasitic BJT's Q1 
and QZ increase and lead to the increase of gB1(z) and 
gC1(z). But, the term in (23) is still positive and pl pole 
is negative. 
With continuous supporting from trigger currents, gBl(2) 
and gc1(2) apparently grow up. Especially, gcz increases 
much faster than gB2 because the maximum beta gain 
of vertical BJT Q2 is much greater than unity. At one 
critical time, the term in (23) will change from positive 
to negative due to the continuous increase of gcl and 
gcz.  This leads pl pole to become positive. As listed 
in Table 11, the A1 and B1 coefficients in (19) and (20) 
are positive if the pl pole is positive. These positive 
AI ,&,  and pl cause VEBl(t) and W B E Z ( ~ )  to raise up 
fast with an exponential increasing rate. Moreover, the 
base and collector currents of BJT's Q1 and QZ are 
basically exponential functions of  WEB^ (t) and V B E Z ( ~ ) ,  

respectively. So the base and collector currents change 
quite quickly in a double exponential functions of time. 
These quickly increasing base and collector currents 
in turns lead to sharp increase of gcl and gcz. Thus 
the positive-feedback regeneration occurs with a double 
exponential increasing rate to push the p-n-p-n structure 
into its latching state. The pl pole becomes more and 
more positive. 
As latchup is under exponential regeneration, the faster 
increasing collector currents of Q1 and QZ will cause 
the high-level injection effect modeled by the I K F  
parameter in HSPZCE [44]. The high-level injection 
effect induces the degradation in current gain of BJT 
device [42]-[44], [47]. The IKF parameter of parasitic 
vertical BJT Qz in CMOS technology is only about 
0.4867 mA which is much smaller than that of a normal 
BJT device. This means that the high-level injection 
effect in a parasitic p-n-p-n structure of CMOS IC's 
will happen very early during latchup transition. The 
beginning of high-level injection effect in BJT's Q1 and 
QZ not only stops the increase of gcl and gC2 but also 
further decreases the ratios of gCl/gBl and gCZ/gBZ. 
This effect stops the increase of pl pole and then it 
gradually decreases. 
With gradually decrease of pl pole, it will change from 
positive to negative at a certain time dependent on the 
strength of high-level injection effect in the p-n-p-n 
structure. After then, the negative pl and p z  poles make 
V E B ~ ( ~ )  and W B E Z ( ~ )  stop to increase but stay at their 
final stable values. Finally, the p-n-p-n structure will 
hold in its stable latching state and a low-impedance 
path is formed from Voo supply to ground. 

Corresponding to the HSPZCE simulated w ~ ~ l ( t )  and 
u g ~ z ( t )  in Fig. 2, the time-varying transient poles can be 
calculated from (21) and (22) at each time interval. The 
calculated results are shown in Fig. 3 in both latchup and 
nonlatchup cases. As above descriptions, p z  pole varies in time 
and is always negative in both latchup and nonlatchup cases, 
but pl pole in the latchup case indeed changes from negative 
to positive and then becomes negative again during latchup 
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transition. Under the triggering of 5-mA Il with only 3.5-11s 
pulse width, p l  pole increases a little but does not further 
becomes positive. Thus, a necessary condition to initiate the 
occurrence of latchup is that trigger signals must sustain long 

O.OOe+O 

* - 2 . M  

Through ( 19)-(23), the positive-feedback regenerative -5.M)e+8 

process in a p-n-p-n structure can be modeled by this -75oe+8 

feedback regeneration is on the time when pl pole changes 
from negative to positive. The intensity of positive-feedback 
regeneration can be characterized by the value of positive 
pole during latchup transition. The maximum peak value 
of positive p l  pole and the time required to initiate this 

to quantitatively model the positive-feedback regeneration 

enough in time to push pl pole to become positive. 

time-varying positive transient pole. The beginning of positive- 

W 

-1.ooe+9 

-1 m + 9  

-1 .m+9 

Time (nS) 

positive pole can be adopted as two important Fig. 3. 
nonlatchup cases with the corresponding base-emitter voltages of Fig. 2 .  

The calculated time-varying transient poles in both latchup and 

in a p-n-p-n structure. They are marked as the pl(max) and 
t ,  in Fig. 3, respectively. Using these two parameters, the 
influence of device parameters in a p-n-p-n structure on its 
positive-feedback regeneration during latchup transition can 
be quantitatively investigated in details. 

Besides, a p-n-p-n structure can be latchup-free if the 
term in (23) is always positive. There are two ways to 
get a positive value of (23). One is to reduce the ratio of 
(gC1 . g C p ) / ( g B 1  . g B 2 )  which is corresponding to the product 
of beta gains in BJT's Q1 and Q 2 .  The other is to reduce 
the parasitic substrate and well resistances. As Rs and Rw 
are small enough, the term in (23) can be positive even if the 
ratio of (gel . g c 2 ) / ( . 9 B l  . gS2) is large in a p-n-p-n structure. 
This provides us with a way to prevent CMOS latchup. 

APPENDIX A 

To simplify model calculation, the bias-dependent capaci- 
tances can be estimated as bias-independent averaged values 
in each operating voltage range [12]. 

The averaged diffusion capacitance of a forward-biased 
base-emitter junction over its voltage range from V B E ~  to 
VBEb can be derived as 

7 F  . IS 
VBEb - VBEa 

' [ qb(VBEb) qb ( V B E a )  

~ _ _ _  - - 

e V U L b l V T  N F  - 1 e u B E ~ l V r  N F  - 1 
- 

Similarly, the averaged diffusion capacitance of a reverse- 
biased base-collector junction with its operating voltage range 
from V B C ~  to VBCb is 

~ I .  ( A 4  
7R ' I s  

VBCb - "JBCa 
. [ e U B L b / C T  N R  - e u B C a / b l  N R  Crbc = 

In CMOS technology, the base-emitter junctions of the 
parasitic lateral p-n-p BJT Q1 and the parasitic vertical n- 
p-n BJT Q2 are nearly abrupt junctions whereas the base- 
collector junctions of these BJT's are nearly grading junctions. 
The averaged depletion capacitance of an abrupt base-emitter 
junction over its biasing voltage range from V B E ~  to VBEb 

L J I  
('4.4) 

when VBEb > VBEa > ( @ E / 2 ) .  
The averaged depletion capacitance of a reverse-biased 

grading base-collector junction over its operating voltage range 
from W B C ~  to VBCb is 

VBCb - VBCa [ ( 1-- "le.) - (1 - F) '"1 (A.6) 

when VBCb < VBCa < 0. 
Substituting the proper operating voltage ranges of the 

transistors &I and Q2 into the above equations, the bias- 
independent piecewise-averaged junction diffusion and deple- 
tion capacitances can be obtained. 
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APPENDIX B 

The first-order piecewise-linearized base and collector cur- 
rent equations of BJT’s Q1 and Q 2  can be approximated at 
each time interval as 

I B 1  I S 1 0  + g B l  ’ V E B l  (B. 1)  
I c i  g Ic io  + g c i  . ~ E B I  (B.2) 
I S 2  IB20 + gB2 . v B E 2  03.3) 
IC2 IC20 + gC2 . v B E 2  (B.4) 

From the HSPZCE step-by-step simulated results, the base- 
emitter and base-collector voltages during latchup transition 
can be obtained. At the certain time interval Tk, the sim- 
ulated base-emitter and base-collector voltages of BJT Q1 
are denoted as V E B ~ ~  and V , B l a ,  respectively. While at the 
next time interval T ~ C + I ,  those voltages are denoted as V E B l b  

and VCB1b. The large-signal transconductances of base and 
collector currents in (B.l) and (B.2) with respect to its base- 
emitter voltage of BJT Q 1  are defined as 

and the piecewise-linearized initial currents are 

I B i o  IB1(VEB1br  V C B l b )  - g B l  . V E B l b  03.7) 
IC10 I C l ( V E B 1 6 ,  V C B l b )  - g C l  ’ V E B l b .  (B.8) 

Similar technique is also applied to 1 ~ 2  and Ic2 of BJT 
Q 2  to determine the piecewise-linearized parameters of 
gB2,  gC2,  IB209 and IC20 in (B.3) and (B.4). 

VI. CONCLUSION 

A new method to characterize the positive-feedback re- 
generation of CMOS latchup transition has been developed. 
Based on conventional two-transistor lumped equivalent cir- 
cuit with extracted device parameters in the p-n-p-n structure, 
the large-signal base-emitter voltages of the parasitic vertical 
and lateral BJT’s can be represented as two-pole functions 
of time at each time interval. One of the poles is found to 
change from negative to positive during the turn-on process 
of CMOS latchup. The occurrence of the positive pole means 
the happening of the positive-feedback regeneration in the p- 
n-p-n structure. The positive-feedback regeneration is found 
to have a double exponential increase rate of time. This 
very fast and complex regenerative process has been clearly 
explained and quantitatively characterized by the time-varying 
positive transient pole. The maximum positive pole and the 
time required to initiate the positive pole can be adopted as two 
important parameters to quantitatively investigate the influence 
of device parameters on the positive-feedback regeneration of 
CMOS latchup. 
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