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Abstract—A new physical criterion and an analytical timing model for transient latchup in a p—n—p-n
structure are developed and verified. In the new physical transient latchup criterion, two new parameters
called the large-signal transient current gains of the parasitic vertical and lateral BJTs in the p-—n—p-n
structure are defined. If their product rather than the forward beta-gain product becomes larger than unity
right after triggering and remains larger than unity, the latchup occurs. With the piecewise-linearized
device currents of the parasitic BJTs and the averaged junction depletion and diffusion capacitances in
the p—n—p—n structure, the large-signal transient current gains are derived as functions of time and device
parameters. Moreover, the dynamic behaviors and the associated timing of transient latchup can alse be
fully characterized. Model calculation results using the developed criterion and timing model agree very
well with both SPICE simulation and experimental results. Thus the developed criterion and timing model
can be applied to transient latchup analysis and prediction in CMOS ICs.

1. INTRODUCTION

As the device dimensions are scaled to the submicron
range, latchup becomes a more serious problem to be
solved. Latchup, which creates a low impedance path
in the inherent parasitic p—n—p-n structure from the
power supply Fpp to ground, is one of the major
failure mechanisms of bulk CMOS ICs. Thus latchup
characterization and prevention are important issues
in developing submicron CMOS technology.

Since latchup is mostly triggered in the dynamic
mode, transient latchup and its mechanism have
attracted much attention recently[1-15]. Some efforts
have been contributed to characterize transient
latchup[1-9], including using 2-D numerical simu-
lations[10-15]. However, a good criterion for transi-
ent latchup is required so that it can be used with the
accurate characterization models to judge whether
the p—n-p-n structure is triggered into its latchup
state. Otherwise, extensive trial-and-error steps are
required, which may consume too much computing
resource.

A criterion for transient latchup initiated by cur-
rent pulses has been proposed[8]. In that criterion, a
quantitative change of charges stored in the junction
capacitances of the p—n—p—n structure was selected to
predict the occurrence of latchup. It was found that
the change of charges remains unchanged when the
P—n—p-n structure is triggered into latchup by differ-
ent pulse currents. The constant change of charges
can only be obtained empirically from the trial-and-
error SPICE simulations and used as a criterion to
Judge the occurrence of latchup triggered by different
Pulse currents. The reason why the change of charges
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at the base nodes of a p—n—p-—n structure keeps
constant when it is triggered into latchup is still not
clear. Thus an explicit formula for the change of
charges and the criterion cannot be obtained. This
not only complicates the numerical calculation but
blocks the physical understanding on the mechanism
of transient latchup, although the criterion can accu-
rately predict the required current pulse to trigger
latchup.

In our work, the dynamic mechanism of transient
latchup is explored and a general physical criterion is
developed[16]. As compared to the previous criterion,
this new criterion has-an explicit .formula which is
associated with both device parameters and circuit
parameters of the p—n—p—n structure. The criterion
can also provide a clear understanding of the mech-
anism of transient latchup. Thus it is called a physical
criterion. Based upon the developed criterion, the
time and the magnitude of trigger sources required to
cause a latchup in any p—n—p-n structure can be
accurately calculated through a timing model without
any trial-and-error process. Using the definition in
the previous work[8], the change of charges at the
base nodes of a p—n—p—n structure can be directly
calculated from the new developed criterion and
timing model. OQur criterion is general because it can
be applied to various triggering cases and to analyti-
cal and numerical analyses.

In order to enhance the physical understanding of
the latchup transition, a rigorously simplified quasi-
analytical timing model was developed. It is based
upon the physical criterion[16] and the classical two-
transistor model of a p—n—p—n structure[1-8] with the



256

device parameters extracted from the fabricated
p—n—p-n structure in CMOS ICs. With the physical
criterion and the exactly extracted device parameters
including the current-dependent beta gain, the
voltage-dependent junction capacitances, and the
transit time (calculated from the measured unity-gain
frequency), the developed timing model can provide
a reasonably accurate characterization on the transi-
ent latchup parameters.

The dynamic behaviors of transient latchup in a
p—-n—p-n structure are analyzed and the large-signal
transient current gains are defined and derived in
Section 2. From the theoretical analysis of the current
ipp which flows out from the voltage supply Vpp
source and the verification of SPICE simulated wave-
forms, a physical criterion for transient latchup which
is related to the product of large-signal transient
current gains is proposed[16]. With the piecewise-lin-
earized bipolar junction transistor (BJT) currents and
the averaged junction capacitances, a timing model of
transient latchup is developed in Section 3. Using the
timing model and the physical criterion, the relations
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between the minimum pulse width and the magnitude
of pulse-type trigger currents for transient latchup
initiation can be directly calculated. Comparisons of
theoretical calculations results with both SPICE
simulated and experimental results are given in Sec-
tion 4. Good agreement among these results confirms
the validity of the proposed latchup criterion and
timing model. Finally, a conclusion is given in
Section 5.

2. TRANSIENT LATCHUP CRITERION

To simplify the analysis and get a physical insight
into the dynamic mechanism, transient latchup is
characterized by the traditional two-transistor model
[1-8]. Figure 1(a) shows the cross-sectional view of a
CMOS inverter and its parasitic p—n—p—n latching
path in p-well n-substrate CMOS technology. The
corresponding lumped two-transistor equivalent cir-
cuit is shown in Fig. 1(b), where Q1 is the parasitic
lateral p—n—p transistor and Q2 is the parasitic
vertical n—p-n transistor. The Q1 transistor is

(a) VDD o GND
Vout
1 é
N+ P+ P+ N+ N+ P+
Ce1l + (PMOS ) (AN Ce2 #Hw
o= ~ P-WELL
Rs c 5l
S Cc2
Latching path
N-SUBSTRATE

(b)

VDD

O

Fig. 1. (a) The cross-sectional view of a CMOS inverter and the parasitic resistances and capacitances
of a p-n—p-n structure; (b) the lumped equivalent circuit of the p—n—p-n structure in (a).
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Table 1. The current equations of the BJT used in SPICE[18]

The modified Gummel-Poon model in forward active region

1. Base current:

Iy= é - (eVeE/VT N _ 1) 4 y (eVﬂEIVT'NE -1)
F

+£ _(eVBCJVT-Na - l)+ ‘rsc' (cvnch'r-Nc_ 1)_
R

2. Collector current:

15‘ " (eVEt'VT'NF sy eVaC,'VT'NR)

¥
C‘]b

I,
— 5. (ghBciVT Nr _ 1) — Iy - (e¥Be/vT Me _ 1y
R
3. Emitter current:

lg=1Iy+ I,
where

_ql.l 1 =l 0.5
D=5 [1+(1+4-4,)"]

2= l % 3 W
Var  Var
Is . 15 Vec/VT: N
=_.(eYﬂEIVr NF_1)+_.(e ec/¥T:Nr _ 1)
" Ixr Ikr

Vr(thermal voltage) =k - T/q.

composed of p* diffusion as emitter, n-substrate as
base, and p-well as its collector. The Q2 transistor is
composed of n-substrate as collector, p-well as base,
and n * diffusion in p-well as its emitter. The intercon-
nected bases and collectors of the transistors @1 and
Q2 form a silicon controlled rectifier (SCR) circuit.
Rs and Rw represent the inherent substrate and well
shunt resistances across the base—emitter junctions of
the transistors Q1 and Q2, respectively. Cel, Ccl,
Ce2, and Cc2 in Fig. 1(a,b) are the bias-dependent
junction capacitances. In the equivalent circuit, 7, (/;)
is the external trigger current in the n-substrate
(p-well).

Taking the effects of junction depletion and diffu-
sion capacitances into considerations and using the
modified Gummel-Poon model of BJTs in SPICE
[17,18], the base—emitter voltages vgg, () and vgg,(2)
in Fig. 1(b) can be expressed as:

Ovgg, (1)
ot
=Ip1'(Ccl +Cc2+ Ce2) — I, (Cel + Cc2) )
Ac
Ovgg, (1)
dt
1" (Cel + Ce2 + Cel) — I, - (Cel + Ce2) @
AC .
where
Ac=(Ccl + Cc2)-(Cel + Ce2) + Cel-Ce2 (3)

IFIEICz_Im—%""IJ “4)

v
Ipzslc1~1m——}-z"f‘f+12. (5)
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The detailed derivation of the above equations is
given in Appendix A with a reasonable assumption of
“0(G; - v;)/0t = C; - (0v;/0t)”, where the C; and v; rep-
resent the capacitance and its voltage bias of each
junction in the p—n—p-n structure. I, Iy,, Ic,, and
I, in (4) and (5) are the intrinsic base and collector
currents of the BJTs Q1 and Q2, respectively. These
currents are exponential functions of the BJT termi-
nal voltages as shown in Table 1. The Ce1(2) and
Ccl(2) in (1)+(3) are the base—emitter and base—
collector junction capacitances of Q0 1(2), respectively.
All these capacitances are dependent upon their
junction voltages as shown in Table 2. Thus, vgg, (¢)
and vy, (¢) are nonlinear differential equations of
time, trigger currents, and device parameters of the
BITs Q1 and Q2 in the p—n—p—n structure. These
equations can only be solved by intricate numerical
methods. The time-varying vgg, () and vgg,(¢) are the
basically dominant factors in the lumped equivalent
circuit and can be used to model the latchup tran-
sition in Section 3.

To develop the transient latchup criterion, new
transient parameters called the time-dependent large-
signal transient current gains f,,.(¢) and B, (¢) of the
transistors Q 1 and Q 2, respectively, are defined from

Table 2. The equations of junction diffusion and depletion capaci-
- tances of a BJT used in SPICE[18]

1. The junction diffusion capacitances: C,, and C,, -

a(/, . .
Coe=T¢" 9Une/an) for forward-biased base—emitter junction;
BE
ol p < .
Cope=Tr" (Isc) for reverse-biased base—collector junction,
Ve
where

Iog=1Ig - ("7 NF_1) for Vpe>0
Tge=1Ig- (3T ¥ _ 1) for Vy.<0
q,, has been listed in Table 1.

2. The junction depletion capacitances: Cj,, and Cy,
C,

(o =—-~4—-]’;°E e for Vyg < FC - ¢g,
oo BE
B
e ; B -
C}M*II—FC]U‘PME) [l FC - (1 +mg) + mg %

for Vg = FC - ¢g;

and

[1—-Fc-(l+mc)+mc-@]

C
G i
dc

jbe = [] -—FC]“ +mc) i
for Vge = FC - ¢e.
where

Cico = zero-biased base-emitter junction capacitance;
Cjco = zero-biased base—collector junction capacitance;
mg and mc=0.5 for abrupt junction;

mgand mc=1/3 for grading junction;

FC = 0.5 (default);

¢ =base—emitter built-in potential (0.75 V, default);
¢ = base—collector built-in potential {0.75 V, default).
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the large-signal base and collector currents which
include the transient currents of junction capaci-
tances. f,,(¢) and B,,(z) can be written as:

_ i (1)

B =2 ©)
. icy (1)

B (1) = i) @)

Using the relations of (1)—(5) and (A1)—(A11), B,,.()
and f..(¢) can be derived as:
Bltr(t)
_ Ac-Igg—1TI5 - Ccl - Ce2 —Ig, - Cel - Cel
T Ac Bk Ly - (Ag— Ce2 - Ce2) — Iy Cel - Ce2
(3

ﬂer(Z)
Ac- I, — I, Cc2-Cel — I - Ce2 - Ce2
- KBt Eg-(Ae— Cel - 1) —dpy ~ G2 - Cel
®)
Note that f,,(¢) and f,,(¢) are heavily dependent
upon the junction capacitances of @1 and Q2. In the
d.c. case, they reduce to the forward beta gains. The
product of B,,(¢) and B,,(¢) is an important par-
ameter to judge the transient latchup occurrence as
will be described later.

Based upon the definition of ,,,(¢) and B, (¢) in (6)
and (7), respectively, the instantaneous current ipp
flowing out from the voltage source Vpp right after
the current triggering can be derived by taking all the
transient currents in the device capacitances into
considerations and expressed as:

the latchup case maintains at about 0.8 (0.85)V after
the pulse-type current triggering, whereas those in the
non-latchup case drop to 0 V. Figure 2(b) shows the
product of the forward beta gains during the transient
operation. The forward beta gain is defined as the
ratio of the collector current over its corresponding
base current without including the transient currents
in the device capacitances of a p—n—p-n structure.
Although the forward beta current-gain product in
the non-latchup case is even as high as about 206 after
triggering, it still does not cause latchup. On the other
hand, the curves in Fig. 2(c) show the product of the
large-signal transient current gains, which first raises
to be above unity and then maintains at 1.431 in the
latchup case. In the non-latchup case, the product
drops to be below unity right after the pulse-type
current triggering. This exactly coincides with the
theoretical prediction from (10). Note that the transi-
ent currents of the junction capacitances make the
product of the forward beta current gains very differ-
ent from that of the large-signal transient current
gains. The corresponding iy, waveform is also shown
in Fig. 2(d). It is found that i, maintains at about
9.3 mA in the latchup case but drops to zero in the
non-latchup case. All of the device parameters used
in the SPICE simulations are listed in Table 3.

From the above analysis, the transient latchup
criterion can be described as:

The p-—n—p-—n structure can be triggered to
cause a transient latchup if and only if the
product of the large-signal transient current
gains (not the forward beta gains) of the para-

B * Bow - (Vppa/RW + vggy [RS) + Boy, * (Upgs /RW) + By, (UEm/RS).

Ipp =

ﬁlu— : ﬁ2tr —1

(10)

Note that this iy, also varies with time because f8,,.(¢),
B (t), veg(t), and vge,(2) are all functions of time
during the latchup transition. But, the vgg, (#) and
vggs (t) will hold about 0.8-0.9 V if both 01 and 02
are turned on in the p—n—p-n structure. Thus vgg, /Rw
and g /Rs are of some finite wvalues. If
0< B Bar<1 in (10), ipp, has a negative value
which means that transient current would flow into
Vpp. But this condition is impossible from the circuit
operation and it implies that the degenerative process
occurs and latchup is not sustained. This is the state
without latchup. If §,,, - B, = 1, ipp is positive which
means the current flows out from Vp, after current
triggering and the regeneration process starts to
sustain latchup. This is the latchup state.

The above latchup judgment has been verified by
many SPICE simulation results. One of the typical
SPICE simulated waveforms in both latchup and
non-latchup cases are shown in Fig. 2(a—d) for differ-
ent trigger-current pulse widths and Rs (Rw) =800
(5600)Q. It is clear from Fig. 2(a) that vgy, (vgg,) in

sitic n—p—n and p-n—p BJTs becomes larger
than unity right after the triggering and re-
mains larger than unity.

This criterion is general and very useful in either
analytical or nurherical transient latchup analyses
under the triggering of various sources. In this work,
the criterion will be applied in the analytical modeling
of transient latchup.

3. PHYSICAL TIMING MODEL OF TRANSIENT LATCHUP

The dominant factors in the lumped equivalent
circuit of a p—n—p-n structure are the base—emitter
voltages vgg, (1) and vgg, (¢). This is because both base
and collector currents as well as the emitter junction
capacitances of the BJTs Q1 and Q2 are basically
functions of their base—emitter voltages. If both
veg; (1) and vgg, (1) can be found, not only each branch
current or node voltage in the lumped equivalent
circuit can be directly calculated by the equations
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listed in Tables 1 and 2 and Appendix A, but the
large-signal transient current gains f,,.(¢) and f,.(¢)
can also be found. Then the above proposed criterion
can be used to judge whether the latchup is initiated
in a p—n—p-n structure. Unfortunately, the base—
emitter voltages vgg (¢) and wvgp,(¢) expressed in
(1)—(5) are nonlinear differential equations of time.
They can only be solved by intricate numerical
methods.

To clearly understand the physical mechanism of
transient latchup, analytical solutions of vgg, (¢) and
vpea(#) are presented in this work. This can be
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achieved by piecewisely linearizing the BJT currents
and approximating the bias-dependent junction ca-
pacitances by the averaged values within their operat-
ing voltage ranges. The piecewise linearization of
intrinsic collector and emitter currents of BJTs are
derived in Appendix B, whereas the averaged junc-
tion capacitances are derived and listed in Table 7. By
using the method of piecewise linearization in Appen-
dix B, the intrinsic base and collector currents can be
expressed as linear functions of their base—emitter
voltages when the base—emitter voltages are greater
than their corresponding turn-on voltage Fgg,,, and

1.0
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ol [ ]
Ciaiiniial 1L PR LT -
ool o Latchup Case

0.4

0.2

00

N Non-Latchup
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.0.4 1 " L " L 1
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] -
= H
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Fig. 2(a, b). Caption overleaf.
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Triggered by 11 =5mA, 12 = 0.

2 -
: Non-Latchup case
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Fig. 2. (a) The typical SPICE simulated vgg, (¢) and vye,(t) waveforms of the p—n—p-n structure with
Rs =800Q and Rw = 5.6 k) in both latchup and non-latchup cases; (b) the product of the forward beta
gains as a function of time in latchup (solid line) and non-latchup (dashed line) cases corresponding to
the curves in (a); (c) the product of large-signal transient current gains as a function of time in latchup
(solid line) and non-latchup (dashed line) cases as derived from the curves in (a); (d) the iy, waveform as
a function of time in latchup (solid line) and non-latchup (dashed line) cases corresponding to those in (a).

Vgeson. The intrinsic base and collector currents are
set to zero when the base—emitter voltages are less
than their turn-on voltages.

3.1. The four operating modes of a p—n—p—n structure

Based upon the ON and OFF operations of the
BJTs Q1 and Q2, there are four operating modes in

the lumped equivalent circuit of a p—n—p—n structure
during latchup transition. The BJTs Q1 and Q2 are
initially in their OFF states before the external trigger
sources are applied. When the external trigger sources
which are the pulse-type current sources /, and £, are
applied to the structure, the BJTs Q1 and Q2 first
remain off and the junction capacitances are charged
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Table 3. Device parameters of the parasitic BJTs in a p-n—p-n
structure used in the theoretical calculations

PR

O, (p—n-p) Q,(n-p-n)

Parameter Lateral BJT Vertical BJT
Be 1.104 277.2

B 0.2 2.0

I5(A) 2.833E— 16 8.112E — 16
Igp(A) 6.909E — 5 4.867E — 4
Le(A) 4.250E — 14 1.217E — 13
7(nS) 20 0.25

75 (nS) 10 2.0

C.(pF) 2.0 0.6

Cien(PF) 0.6 1.3

by the external trigger sources so that the base—
emitter voltages arise as functions of time. When the
base—emitter voltage vgg, () [Or vge, (7)] raises up to be
greater than its turn-on voltage, Q1 (or Q2) is driven
into its ON state and the circuit operation is changed
to the next mode. Due to the different turn-on speed
of 01 and Q2, the circuit has two different operation
modes in which Q1 is first turned on with Q2 off or
Q2 is first turned on with Q1 off. Finally, with the
continuous and enough supply of external trigger
sources, both @1 and Q2 can be turned on and the
circuit operation is changed to the last mode. In that
mode, the above developed new criterion is used to
judge the occurrence of latchup, and the required
minimum pulse width (time) and magnitude of the
pulse-type current source I, or [, can be easily
calculated. If the p—n—p-n structure remains in its
latchup state after the external trigger sources die out,
the latchup changes from the transient type to the
static type. On the other hand, if the p-n—p-n
structure gradually turns off from the transient
latchup state after the external trigger sources are
removed, it was called the recoverable latchup[21].

In the following subsections, vgg, (1) and vgg, (2) will
be solved in the four operating modes.

3.1.1. Mode 1: (Q1 and Q2 off). In this mode, the
base and collector currents are zero since the BJTs Q1
and Q2 are in their OFF states. All the bias-depen-
dent junction capacitances are estimated by their
averaged values within the operating voltage ranges.
With the initial condition, vg(0_)=0 and
vpg2(0_) = 0, the solutions of vgg, (#) and vgg, (¢) in the
Laplace form can be solved from (1)—(5) as:

Ven (S)
N ay- S +(ayg by +by-ap)
S [S*+(ay+by) S+ (ay, - by —ay, - b))l
(11)

Ve (S)
. bip S+ (b ay +ay b)
i {S2+ (agn+b,) 8 + (a;, - by _alz'blz)].

Then their time-domain solutions can be expressed as
two-pole functions of time as:

UEB!-(I) — Al(] + A” e~ -0 + AlZ e~ (20 (13)
(14)

All the coefficients (ay;, b,;, 4);, and B);) and the poles
(py) (G=0,1,2) in the above equations can be
derived in terms of substrate and well resistances,

Vpg2(2) = Byp + By, - e P 4 B, - e (P21

. junction capacitances, and the magnitudes of trigger

sources (7, and 1,). The results are listed in Table 4.
In this mode, the p—n—p—n structure has two negative
real poles and the base-emitter voltages raise up as
time increases. The transistor Q1 (Q2) will be turned
on when its base—emitter voltage raises up to its
turn-on voltage Vigion (Meezon) Which can be calcu-
lated by using (B9) in Appendix B. The required time
period ¢, (¢,) to turn on the transistor @1 (Q2) can
be solved from (13) and (14) as:

- : - “fha) —
A10+A“ N tat f1a)+A12.e (P12 ta) — VEBion

(15)

B+ B, - e~ (Pt B, - e~ (P2 tiv) — VBE2on- (]6)

Note that the ¢, and ¢,, can be easily solved from (15)
and (16) without complicated numerical methods or
steps.

The turn-on speed of @1 and Q2 can be judged by
the solved time variables ¢, and ¢,,. If ¢,, <1,;,, Q1
will turn on before 2 and the circuit operation
enters into the mode 2 when time increases to ¢,,. On
the contrary, Q2 will first turn on if ¢, > ¢, and it
enters into the mode 3 when time increases to t,,. The
base—emitter voltages in this mode at the time ¢,, or
t,, are the initial conditions of the next mode and they
can be calculated from (13) and (14) with the solved
t,, and ¢,,,. The initial conditions of the next mode can
be summarized as:

Ugpi (1) = Venion 17

vpg2(t1a) = Bjg + By, - e~ #n-ta) 4 By, - e~ na) (18)
for the mode 2, and |

vEBl(tlb) = AIO + A” . e*(Pll"lb) + A‘z . e"‘U’!!"Ih) (19)
(20)

Upe2(1v) = VaE2en

for the mode 3.

3.1.2. Mode 2: (Q1 on but Q2 off). In this mode,
the base and collector currents of Q2 are still nearly
zero, but those of Q1 are the linearized functions of
its base—emitter voltage. The junction capacitances
are averaged over their operating voltage ranges.
With the initial conditions of base—emitter voltages in
this mode given in (17) and (18), the solutions of

(12)  vgg (?) and vgg,(2) in the Laplace form are:
Ve (S) = 5% vgg (1) + S - [by) - vgg (1) + a2 - vag2 (11a) + @] + (@ * by + ayy " b)) @
S [S*+ (ay + by) - S + (@ * by — asy - by,)]
Vaes(S) = 8% vagy(11,) + S - [ay * vega(h1a) + Doy - Vggy (£12) + bag] + (byp-az + by - azu)_ 22)

S ‘[Sz+(0'2| + b)) S+ (ay - by — ay - by)]
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Table 4. The coefficients in the four operation modes of the equivalent circuit in Fig. 1(b)

Mode I:
_ (@ +byy) —[(ay, —bn) +4-ay by
Pu= 2
_lay+by) +lay — b)) +4-ay;- b
= 5
and
¥ ="m‘bn+bm‘au
1 ap by —apn-by
Hiyes ayp Py — (@ by + by - ay3)
: P @2—py)
e SW P12 —(ay b+ byo-ap)
& Pz (P —P12)
By = b ay+ay by
ay by —ay by
B = by pn— (b an +ayp byy)
H Pu (P2 —pPu)
H by pia— by an +ay - by3)
Pz Py —Pi2)
where
Cel + Ce2
“11=—‘—‘—~Ac_ Rw
Cel + Cc2+ Ce2
= —— —AC'-RJ- e
(Cel + Ce2+ Ce2) - I, — (Cel + Ce)- I
Ay = A
Cecl + Ce2
by, = ____Ac “Rs
Cel 4+ Ce2+ Cel
by =——Ac “Rw
(Cel + €2+ Cel) - I, — (Cel + Ce2) - I,
b= Ac
Mode 2:
_(ay +by) —l(ay — by V' +4-ay - bpl™®
Pn™= 3
_(ay +by) + ay — by ) +4-ay - byl
= 2
and
e Ay by + by - ayy
ay by —ay - by
1 .
Ay =m AP ) - vepi (1a) = Py * B2y Ve (1) + @3~ Vapa (1) + 3] + (ay
1
A Pn Pr—Pu) {(P22) - vemi (11a) = Poa [y vepy (1) + a0y Vpea (1) + @3] + (@9
B =bm-a2, + ayy - byy
* ay by —ay - by
1
By =m “{n)- a2 (11a) — P2 " [@2) " Opea (110 )+ Byy * Vg (1) + Byl + (b
1
B :m {P2) - veea(1a) — P2~ a3 Vnea (81,) + by Vg (112) + B3] + (bag
where
Ccl + Cc2
ag= —Ac R
1
ay = 5 [(Cel + Ce2 + Ce) - (g + 1/RS) + (Cel +Ce2) gl
1
ayy=—"[Cel + Cc2 + Ce2)-(J; — Ig;) — (Ccl + Cc2) - (I, + Ieyo)]

-2

by =3~ (Cel + Ce2 + Cel) - gey +(Cel + Ce2) - (guy + 1/Rs)]
C

Cel+ Cc2 + Cel
bz'=——AC-Rw

1
by = A [(Cel 4+ Ce2+ Cel)- (B + Jew) = (Cel + Ce)- (1, — )]

"By + by ay)}

by by @)}

ray tay bn)}

" @y + ay - by )}

continued
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Table 4—continued

Mode 3:
_ (ay + by) — [{a5, — by Y +4-ay by,
= 5
_lay +by) + (a3 — by ) + 4 a3y b3,]"
12 = 5
and
Ay =G0 by + by * a3
- ay * by —as - by,
1
Ay B ¥ {(p31 ¥ - vgai (115) — Py~ [B3) - vepy (1) + @33~ Vgpa (01,) + aze] + (a3 -
Py Py — P3z)
1
Apy=——"1——r- {232+ vep (1) — Paz - (B3 - vggy (4) + a3y - Vppa(t,) + @30 + (a5 -
P2 (P —P3y)
B — by ay + ay - by
T T N
ay - by —ayy - by
1
By me——————r {(31) vaga (lin) — Py - @3 pea (1) + Byy - vepy (1) + b3g] + (b3 -
P3Py — Pa2)
1
By =——————{(P)” 2ae2 (1) — a2 " [@3, ~ Paga (1) + B3y - 2y (1) + Byo] + (Bsg -
P32 (P32 — py)
where
1
as, " [(Cel +Ce2+ Ce2) goy+ (Ccl + Ce2) - (gp, + 1/ Rw))
c
Cel 4+ Cc2 + Ce2
ay=—— """

Ac- Rs

1
g [(Ccl + Ce2+ Ce2) - (I, + Iezg) — (Cel + Ce2) - (I — Fazp)]

by + b3

b]i. +b30

ay +ay

Ay +dy

ay))

-ay)}

by )}

by )}

Cel + Ce2
v
1
by, = [(Ccl +Cc2+ Cel) (g + 1/Rw) + (Ccl+ Ce2)- gl
C
I
by = A— [(Ccl 4+ Ce2+ Cel) - (I — Iypg) —(Cel + Cc2) - (I, + Iyg)]
C
Mode 4:
_(ay +byy) = [(ay — by Y +4- ay,- b
Pa= 3
Cag b))+ ey — by +4-a,- b,
Py = 2
and
v =aw‘b4,+b,,o~a42
* Ay by —ag by
1 .
Ay=——"——"—- {1 vEm (1) — Py~ [bar * Pep1 (22) + @z g2 (6) + agg] + (ag - bay + bag* ai)}
Py (Pyy — Paz) )
|
A= {Ba2) - vepi (12) — Paz~ [bay ~ Ve (4) + @iz vaga (1) + ag] + (Gag * by + byp - a42)}
Py (P — Pay)
B *bm'a.ﬂ"'a«]'bu
. ay by —agp by,
1
Bjm———— {(Pa1) - vag2(t2) — Pa1 (341~ Poea (12) + bay Vg1 (1) + bag] + (Bag* @y + G40~ baz)}
Pt (Py1 — Paz)
l .
Bp=e—— s {(paa)? vepa (53) — Pay - [y gy (1) + bag - Vg (1) + bygl + (Byg - @4y + @y by}
Paz" (Paz — Par)
where
1
aip = 3 [(CEl + Ce2 + Ce2) - ger + (Cel + Ce2) (g + 1/ RW)]
: .
ay =3~ [(Cel + Ce2 + Ce2) - (g + 1/Rs)+(Cel + Ce2)  gg]
c
1
g =3 [(Ccl+ Ce2+ Ce2) (1) + Iz — Taio) — (Cel + Ce2) - (I, + Iy — Tazo)]
C
1
by =" [(Cecl + Ce2 + Cel) - ge + (Cel + Ce2) - (g + 1/RS)]
c
1
by == [(Cel + Ce2+ Cel) - 8 + 1/Rw) + (Col + Ce2) - g
c
1
by =-—[(Ccl + Cc2+ Cel) (Il + Icyo — Taz) — (Cel + Ce2) - () + Iczg — Iny)]
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The corresponding time-domain solutions are:
vgpi (1) = Ay + Ay - e~P20 4 Ay e—Wwn-n

DBEZ(I) = Bz() 4 BZI ce~ -0 4 BZZ . e—(ﬂzz'l)_

(23)
(24)

The coefficients and the poles in (21)—(24) are also
listed in Table 4. With the negative real poles —p,,
and — p,,, these base—emitter voltages also monoton-
ically increase as time increases. The required time
period t,, to turn on Q2 can be easily obtained by
solving the following equation:

By + By - e—{patn) 4 B, e (Pa-tm) — Fiposi (25)

When Q2 is turned on after Q 1, the circuit operation
enters into the mode 4. The base—emitter voltages in
this mode at the time ¢,, are the initial conditions of
the mode 4 and they are:

DEB:(,«%) = A20+A21 . g = (P21 120) + Azz . e~ (pn-np) (26)

g2 (f2) = ViEson- (27)

3.1.3. Mode 3: (Q2 on but Q1 off ). Similar to the
mode 2, the base and collector currents of Q1 in this
mode are still zero, but those of Q2 are the linearized
functions of its base—emitter voltage. The vgy, (¢) and
vggo (1) can be similarly solved with their coefficients
and poles listed in Table 4. The required time period
t,, to turn on Q1 can be easily obtained. The initial
conditions for the mode 4 can be determined similarly
as those in the mode 2.

3.1.4. Mode 4: (Both Q1 and Q2 have been turned
on). In this mode, the base and collector currents of
Q1 and Q2 are the linearized functions of their
base—emitter voltages. The junction capacitances are
also averaged over their operating voltage ranges. To
conveniently express the initial conditions, the nota-
tions vgg, (7,) and vge,(2;) are used to generally rep-
resent these initial conditions from the modes 2 and
3. Then, the solutions of the base—emitter voltages in
the Laplace form are:

MinG-Dou Ker and CHUNG-YU Wu

structure can be quickly triggered into its latchup
state.

3.2. The required minimum time (o initiate latchup

With the above solved vgg, (1) and vgg, (1) in each
operation mode, all the node voltages and branch
currents in the equivalent circuit shown in Fig. 1(b)
can be calculated and the dynamic behaviors of a
p—-n—p-n structure as functions of time due to exter-
nal currents triggering can be fully characterized.
Then, the product f,,(#) - f,.(r) can be obtained and
the physical criterion can be used to determine
whether the transient latchup occurs in a p—n—p-n
structure. Because either Q1 or Q2 is off in the
piecewise-linearized operation modes 1-3, the latchup
does not occur in these modes. The product of the
large-signal transient current gains in the modes 1-3
may have a value due to the transient currents in the
device capacitances but it is near zero as shown
in Fig. 2(c) before the occurrence of latchup. When
the ‘circuit operation enters into- the mode 4, the
product of large-signal current gains arises from
zero as time increases and the p-n—p-n structure
becomes latchup when f,,.(z)- B, (t)=1. When
B (1) - B2, (1) > 1, the p—n—p—n structure has been in
its latchup state.

Substituting the piecewisely linearized base and
collector currents derived in Appendix B with the
solved base—emitter voltages expressed in (30) and
(31) into (8) and (9), the time equation of the product
of the large-signal current gains can be obtained and
the time period in the mode 4 corresponding to
Bi.(?) - B2, (t) =1 can be solved from the relation:

L+1- e—(par-0) [2 se—lpa2c ) 4 L e~ Upa +pa)-1l

+ 1 e~ @pan 4 I - e~ @ Pz ) — 0, (32)

The coefficients /,—/; are derived in terms of device
parameters of a p—n—p—n structure and the magni-

VEBI (S) = —

h}
Vee2(S) =

2 vgp (1) + S - [bay * vep1 (12) + @gy " Uppa (12) + Gag] + (Ao * bay + a4y * bao) (28)
S-[S?+(ay+b4) S+ (ag - by —as b))
2 vppa(t;) + S - [@4 " Vppa (1;) + by * Vg (1) + bag] + (bao - G4y + byy - Agg) (29)

S - [S2+(a4, +b4) S+ (ay by —ag - byy)]

The corresponding time-domain solutions are:
Vgp) (t) = A40 + A“ 3 C_(”“ ) + A42 - e_(sz' ]

UBEZ(t) = B40 -+ B," s ei(p‘“.r) - 342 . ef(sz").

(30)

€2))

The coefficients and the poles in (28)—(31) are also
listed in Table 4. The pole — p,, is a negative real pole
whereas —p,, is a positive real pole due to the
positive-feedback regeneration process in the
p—n—p—n structure. It is interesting to note that only
this mode of operation has a positive pole which leads
to the rapid positive regeneration in both base and
collector currents of Q1 and Q2, so that the p—n-p-n

tudes of the external trigger current sources. The
expression of [;—/; are summarized in Table 5.

From the equations of the time periods in each
mode, the minimum required pulse width to initiate
transient latchup can be calculated. For example, if
only 7, is applied and I, = 0, the transistor Q1 is first
turned on and then Q2 is turned on later. The
corresponding circuit operation mode is from the
mode 1, through the mode 2, and then to the mode
4. Therefore, the required minimum pulse width of /,
to initiate latchup can be calculated as:

Tminny = Hy + r2br+ Ly (33)
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Table 5. The coefficients of the equation (32)

L=k -Ag+ky-By+ky- A+ k- B+ ks

" Az By

W=k Ay +ky By+2-ky Ay Ay +2-ky By By + ks (Ayg- By + By~ Ayy)
L=k Ap+ky Bo+2 ky Ay Ap+2-ky By Byy+ ks (Ay By + By~ Ay)
Iy=2-ky- Ay Ap+2-ky By - By + ks (Ag - B+ By - Ay)

Ly=ky- Af + kg B + ks Ay, - By,
Ii=ky- AL+ bk, B+ ks Ay, By,

where
ko= (Ac—Ccl-Cel) Ieyg+ Cel - Cel - fgpg+ Ccl - Ce2 - (Jayo — Ico)
i Rs
i (Ac—Cec2-Ce2) feyg+ Cc2- Cel - Igg+ Cc2 - Cel - (Igyg — Ic)o)
, =

Rw

k _Cel -Ce2+gc| “(Ac—Ccl-Cel)+ gy - Cel-Ce2

. Rs? Rs

Cc2-Cel
k= +

8c:"(Ac—Cc2-Ce2) + gy, - Ce2-Cel

Rw? Rw

ks Rw

_Ccl *Ce2+ Cc2-Cel + Cel - Ce2
Rs - Rw

_&p " Cc2-Ce2 —gc, - Ce2-Cel +gm'Ccl'Celfgc2'Ccl “Ce

Rs

where t;, is the time period when the B,.(?) - 5. (2)
product raises up to be equal to unity after the circuit
operation enters the mode 4. The #;, can be solved
from (32). The time periods ¢, and 7, have been
solved in the modes 1 and 2, respectively. For I,
triggering, similar relation of the minimum pulse
width 7,1, as (33) to initiate latchup can be found
with the circuit operation of mode 1-—+mode
3—mode 4.

Certainly, when both 7, and 7, are applied simul-
taneously, the required minimum pulse width to
induce transient latchup can also be found similarly
by using the proposed criterion and analytical timing
model. Depending on the turn-on speed of each
transistor, the sequence of the operation modes could
be 152—4 or 13-4

3.3. The minimum pulse height of trigger currents to
induce latchup

If the applied external currents are not large
enough, the p—n—p—n structure can not be turned on
even though the trigger time is very long. Thus the
structure can never be triggered into the latchup state.
The minimum required pulse height of external trig-
ger currents can also be found through the above
described timing model.

For I, triggering (1, = 0), Q2 will be turned on after
Q1 does and then the p—n—p-n structure could be
triggered to transient latchup. If Q2 can not be
turned on due to /; triggering, the latchup state will
not occur. In the mode-2 operation where Q1 has
been turned on but Q2 remains off, the base—emitter
voltage of Q2 monotonically raises up to its final
value with two negative poles as described in (24). If
the final base—emitter voltage of Q2 in the mode 2 is
smaller than its turn-on voltage, latchup never oc-

curs. Thus a necessary condition for transient latchup
initiation is that the final base—emitter voltage of Q2
in the mode 2 due to I, triggering must be greater
than its turn-on voltage Vg, - The final base—emitter
voltage of Q2 is the term B, in (24) with [, triggering
and I, = 0. Substituting the corresponding coefficients
into B,,, this necessary condition can be written as:

Icyo - (gpi + 1/RS) + g - (1, — Igyo)
(gp + 1/Rs) - (1/Rw)

By = 2 Vagson-
(34)

From the above equation, the required minimum
magnitude of 7, to initiate transient latchup under
I, =0 can be written as:

(gs1 + 1/Rs) I:VBEZDn

I min = 1 it

1 Bl10O gCI RW

Similarly, the minimum pulse height of 7, in the

mode 3 to initiate latchup under 7, = 0 can be written
as:

s IClE)]‘ (35)

Dymin = 320 +

(gs2 + 1/Rw) |:VEBIQn
8c2 Rs

It can be seen from (35) and (36) that smaller Rs
and Rw cause larger [, and I,;,. This means that
a p—n—p—n structure with smaller substrate and well
resistances has a higher transient latchup immunity
against the substrate or well current triggering.

e Iczu:|- (36)

4. RESULTS OF MODEL CALCULATION AND
DISCUSSION

4.1. Comparisons with SPICE simulation results

By using the developed new criterion and timing
model, the required minimum pulse widths to initiate
latchup with different pulse heights of trigger current
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Fig. 3. The SPICE simulated and the model calculated results of the required minimum pulse width of
the trigger currents to initiate latchup as functions of the pulse current heights.

£, anu I, are calculated and compared to those
obtained from SPICE simulations. The results are
shown in Fig. 3 where the adopted device parameters
of a p—n—p—n structure are listed in Table 3 with the
piecewise-linearized currents in Appendix B and the
averaged junction capacitances in Table 7. As can be
seen from Fig. 3, good agreement is obtained between
analytically calculated and SPICE simulated results.
It is also found in Fig. 3 that a smaller trigger current
requires a longer trigger time to induce latchup, and
it never becomes latchup if the pulse width of a
trigger current is smaller than the corresponding
minimum values 7., (or f; ;) in (33).

Figure 4(a) and (b) show the variations of the
minimum pulse widths 7., ;, and 7., » as functions of
the substrate and the well resistances, respectively, for
I, =5mA or I,=0.5mA triggering. It is noted that
the decrease of the substrate or the well resistances
increases the values of the required minimum pulse
widths of I, and I, to initiate transient latchup so that
the latchup immunity is enhanced. Good agreement
is also obtained between analytically calculated and
SPICE simulated results.

The effect of well-substrate junction capacitance on
transient latchup is shown in Fig. 5. The minimum
pulse widths of I, and I are linearly proportional to
the zero-biased well-substrate capacitance. This is
also consistent with the previous results[8]. This
result indicates that the larger well-substrate junction
capacitance in a p—n—p-n structure leads to a higher
transient latchup immunity against well and substrate
currents triggering. The larger well-substrate junction
capacitance can be achieved by a larger well region.

Figure 6(a) and (b) show the model calculated and
SPICE simulated results of the minimum pulse widths

as functions of the forward transit times 15, and 1,
of the BJTs Q1 and @2, respectively, with 7, = SmA
or L, =0.5mA triggering. As seen from the first
equation in Table 7, the transit time has an important
effect on the averaged base—emitter junction diffusion
capacitance which is dominant in the total capaci-
tance of the forward-biased base—emitter junction. A
larger transit time which may be caused by a wider
base width of the parasitic BJTs in a p-n—p-n
structure leads to a larger minimum pulse width and
thus a higher latchup immunity, as seen in Fig. 6(a,b).

The minimum pulse width as functions of the
maximum forward beta gains, fiy, and Bg,, of @1 and
Q2 with I; =5mA or I,=05mA are shown in
Fig. 7(a) and (b), respectively. As shown in these
figures, the minimum pulse widths of well-triggering

“current I, and substrate-triggering current I, have a

stronger dependence on the beta gains of Q1 and Q2
when the beta gains are smaller. But the dependence
becomes less when the beta gains are large enough.
Smaller beta gains increase the transient latchup
immunity as expected.

From the above figures, it can be concluded that
the transient latchup immunity can be effectively
improved through the increase of the collector junc-
tion capacitances of the parasitic transistors. But the
immunity can not be strictly improved if Rs (Rw) and
Bri (Bg,) are large enough or 1, (1) is small enough.

By using the proposed transient latchup criterion
and the latchup timing model, the minimum magni-
tudes of [, and /, to induce latchup have been derived
in (35) and (36), respectively. The model calculated
and SPICE simulated results of /., and L, are
shown in Fig. 8(a,b) with good agreements. As shown
in Fig. 8(a,b), smaller substrate and well resistances
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lead to larger I, and I,,;,. This means that a
p—n—p—n structure with smaller .substrate and well
resistances has a higher transient latchup immunity as
expected. The result of Fig. 8(b) also shows that the
minimum magnitude of the well-triggering current 7,
applied to the base of the parasitic n—p—n BJT Q2 is
more sensitive to well resistance (dashed line) than
substrate resistance (solid line). This implies
that decreasing the well resistance has a more signifi-

cant efficiency on the enhancement of transient
latchup immunity than decreasing the substrate re-
sistance.

All the model calculated results with the different
variations on device parameters of a p—n—p—n struc-
ture have shown good agreements to those of SPICE
simulations in the above figures. These substantiate
the validity of the proposed new transient latchup
criterion and the timing model.

(a) 20
Model-Calculated Result
= SPICE-Simulated Result
a ---------- Model-Calculated Result
= 1% | o} SPICE-Simulated Result
=
=
% 12 = 0.5mA triggering
0 101 B O ) .
= 1 v O CTreesEsRe i f...... e dh e L csmssannnnnmninmnnusanninslharanansaan
a Q.
£
.
E “ o o o oo
= 5 1 = 5mA triggering
E r
Rw = 5.6 KQ
0 A A A L A A A . N Wt LAY AR R A
1 1 10 100
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(b) 15 q
%)
=
=
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m ...........
@ e = e - O St
=3 I1=5mA triggering
a
E L
3 5
= Model-Calculated Result
= O  SPICE-Simulated Result
= | Model-Calculated Result
o SPICE-Simulated Resulit Rs=800Q
o : . 10 100

Well Resistance Rw (kQ)

Fig. 4. The SPICE simulated and the model calculated results of the required minimum pulse widths with
I,=5mA or I,=0.5mA triggering as functions of (a) the substrate resistance Rs with a fixed well
resistance Rw = 5.6 kQ; (b) the well resistance Rw with a fixed substrate resistance Rs = 800 Q.
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Fig. 5. The SPICE simulated and the model calculated results of the required minimum pulse widths as
a function of the zero-biased well-substrate junction capacitance with 7, = 5 mA or I, = 0.5 mA triggering.

(current) is 1.2 V (4.54 mA). The device parameters of

4.2. Comparisons with experimental results

To experimentally investigate the dynamic trigger-
ing characteristics of transient latchup and verify the
developed criterion and model, a p—n—p—n structure
with the anode-to-cathode spacing of 35 um has been
fabricated by using a 0.8 um twin-well n-substrate
bulk CMOS technology and measured. The d.c.
triggering voltage (current) of the fabricated p—n—p-n
structure is 29.8 V (3.06 mA) and the holding voltage

both parasitic lateral p—n—p and the vertical n—p—n
BJTs in this experimental test structure has been
extracted and listed in Table 6. Although the parasitic
vertical n—p—n BJT Q2 has a Sy, as high as 322, its
knee current [ for high-level injection[17-20] is only
0.226 mA which is much smaller than that of a
normal BJT.

Figure 9 shows the model calculated and exper-
imentally measured results of the minimum pulse

Meodel-Calculated Resuit P
o SPICE-Simulated Result _9"
1T | Model-Calculated Result Q,:"
©  SPICE-Simulated Result &
¥ o
TF2=0.25nS o o

Minimum Pulse Width (nS)

11=5mA triggering

S . " el —a a i al

1 10 100

Forward Transit Time of BJT Q1 (TF1) (nS)
Fig. 6(a). Caption on facing page.
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Fig. 6. The SPICE simulated and the model calculated results of the required minimum pulse widths with

I, =5mA or I, = 0.5 mA triggering, Rs =800 Q, and Rw = 5.6 kQ as functions of (a) the forward transit

time of the BJT Q1 with a fixed 0.25-nS forward transit time of the BJT Q2; (b) the forward transit time
of the BIT Q2 with a fixed 20-nS forward transit time of the BJT Q1.

widths as functions of the pulse heights of I, and 5. CONCLUSION
L. It is shown that good agreement is obtained
between calculated and measured results. This A new general and physical criterion for transient

also verifies the exactness of the proposed new latchup has been developed. It is based upon the
physical transient latchup criterion and the timing product of large-signal transient current gains of the

model. parasitic lateral and vertical BJTs in the p-n—p-n
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Model-Calculated Result
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Fig. 7. The SPICE simulated and the model calculated results of the required minimum pulse widths with

I, =5mA or I, = 0.5 mA triggering, Rs = 800 €, and Rw = 5.6 kQ as functions of (a) the forward beta

gain of the BJT Q1 with a fixed B, = 277.2 forward beta gain of the BIT Q2; (b) the forward beta gain
of the BJT Q2 with a fixed f, = 1.104 forward beta gain of the BJT Q1.

structure. The large-signal transient current gain is a
new parameter which describes the transient current
gain of a BJT, taking all the transient currents of the
device capacitances into consideration. As the
product of the large-signal transient current gains is
equal to or greater than unity right after triggering,

transient latchup occurs. Using the developed cri-
terion and the derived analytical timing model with
properly linearized equations, the required minimum
pulse width for transient latchup as functions of the
pulse heights of the well-triggering or the substrate-
triggering currents can be calculated analytically.

(a 3
Model-Calculated Result
o SPICE-Simulated Result
. S L Model-Qatculated FlesultA
o SPICE-Simulated Result
I2=0
— 21
<
£ qQ
= I .-‘d‘- Rw variation with
E ‘s, fixed Rs=0.8KQ2
- 5
1+ /
Rs variation with
fixed Rw=5.6KQ
o A i Bttt A_a_s ol e P S S Sy
1 3 10 100

Well or Substrate Resistance (KQ)
Fig. 8(a). Caption on facing page.
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I 2 Rw variation with
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—_ Jr
< !
£
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= :
b— b-
‘E e e
= oaf MN=0 b,
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""""" Model-Calculated Result Q... .
©  SPICE-Simulated Result .O'"'-O...Q_‘T
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Well or Substrate Resistance (KQ)

Fig. 8. The SPICE simulated and the model calculated results of the minimum trigger currents (a) 7.,
or (b) L, to induce latchup as functions of the parasitic resistances Rs or Rw.

Both SPICE simulated and experimental results show
good agreements to the model calculated results,
which substantiate the validity of the proposed new
criterion. It can be shown from the above results that
larger forward transient times, larger well-substrate
junction capacitance, smaller well and substrate re-

sistances, smaller forward beta gains, and significant
high-level injection effect of the parasitic BJTs lead to
a higher transient latchup immunity in a p-n—p-n
structure against well or substrate currents triggering.

The developed physical criterion and timing model
for transient latchup are useful and convenient in

1000
Model-Calculated Resulit
- =] Experiment-Measured Result
a """"" Model-Calculated Resuit
e 800 | o Experiment-Measured Result
= Substrate Resistance : Rs = 428Q
] Well Resistance : Rw = 7.91KQ
3 600 [
g 1 triggering
5 L
o
400 -
£
g Q,, 12 triggering O
§ 200 ....Q""-Q._-- 9 Q.
E = e dana,, '""0""0---- e
G B R o p—
0 i . A ' L ol A
7 9 11 13 15 17 19

Trigger Current (mA)

Fig. 9. The comparison of the measured and the model calculated results of the minimum pulse widths
to initiate latchup as functions of the trigger currents with the substrate resistance 428 Q and the well
resistance 7.91 kQ.
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Table 6. Device parameters of the parasitic BJTs in the fabricated
test structure

Q1(p-n-p) Q2n-—p—n)
Parameter Lateral BJT Vertical BJT

Be 0.623 322
B 0.104 6.5
Is(A) 8.48E — I8 4.29E — 15
TIee(A) 7.59E — 3 2.26E — 4
Ise(A) 1.166E — 17 4.04E — 14
Isc(A) 5.134E — 15 6.819E — 13
(S) 1.05E - 6 1.745E — 7
15(5) 4.04E — 6 6.57TE—7
Cieo (F) 9E — 13 9E — 13
Cio(F) 8.82E — 14 4.80E — 14
Ve 40 8.6

A 20 2

e 1.002 1.405
Ne 0.989 2.093
Ne 1.084 2.674
Ny 1.026 1.041
MIE 0.5 0.5
MIC 0.33 0.33

transient latchup analyses with any type of triggering.
The developed physical criterion can also be applied
to the numerical transient latchup analysis as well.
Moreover, the developed criterion and model can be

Table 7. The piecewise-averaged junction capacitances of the para-
sitic BJTs in a p—n—p-—n structure

I. The averaged diffusion capacitance of a forward-biased
base—emitter junction over its operating voltage range from vgg,
to vggy is:

s eIy

The

I:Bnnewrfr-.vp |

eBEa/FT NF _ l]
Gy (Vpgy)

Upgy — UBEs 9 (Upea)

2. The averaged diffusion capacitance of a reverse-biased
base—collector junction with its operating voltage range from vy,
to vgey is:

P
= __3[;5 - [e"BCei¥ T MR — gtBCavT M),

the T
Uscbh — Vnca

3. The averaged depletion capacitance of an abrupt base—emitter
junction over its operating voltage range from vgg, to vyg, is:

= _2¢,-Cp UpEs ' Upgn '
Cpe=—""+||1=—F] —[1-="
Vseb — UBka Py by
when vge, <vggy < $4/2,

— &
Cipe =——2

et O]
(om-?) l(z)]}

457" By
when vge, < ¢, /2 < vggy»

Cieo (Vgeb + VaEa)

e 4 0.5 [] LA ]

when vye, > vge, > ¢y, /2.

0

4. The averaged depletion capacitance of a reverse-biased grading
base—collector junction over its operating voltage range from vy,
to vyey, is:

= % % Cio g |:(l _ ”BC::)I"3 - (1 _ Uncn:)w]
Vpch ~— Unca (9 @y

when vy, < vye, < 0.

o

applied to the automatic latchup immunity checking,
which are required in future CMOS VLSI design with
submicron technologies.
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APPENDIX A

Through the circuit connection in Fig. 1(b), the relations
among the large-signal branch currents and node voltages

e . . Uep (1)
‘cz(f)"']!(f)‘fm(f)“T:O (A1)
; ; vpea (1)
lc1(1)+]1(1)—131(5)*7 =0 (A2)
Uepi (1) = vpea (1) = —[Vpp — vep (1) — vpea (1)) (A3)

The Vpp power supply used in CMOS ICs is generally of
5 V. Taking the transient currents of junction depletion and
diffusion capacitances into considerations and using the
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modified Gummel-Poon model of BIT[17-19], the large-
signal base and collector currents of BJTs Q1 and Q2 in
Fig. 1(b) can be written as:

d(Cel - vgg) % d(Ccl - veg)

ig (1) =1y + 2 a (A4)
(Ccl - vcpy)
Bl dey——— (A5)
{
9(Ce2 - vggy,) (Cc2 - vyey)
il Tt ( BE2) ( BC2 (A6)
at ot
d(Cc2 - vpey)
ic2 (1) =1cz**a"ﬁ's (AT)
t
where
Cel = Cjpey + Crpe (AB)
Cel = Cjpey + Crpey (A9)
Ce2 = Cpey + Cper (Al0)
Cc2=Cjpr+ Cppr (All)

In above equations, the /g, and I, are the voltage-
dependent intrinsic base and collector currents of Q1(2).
The Cjeyy and Cjy are the base-emitter and base—
collector junction depletion capacitances of Q 1(2), whereas
the Cez and C,p are the base-emitter and base-
collector diffusion capacitances of Q1(2). The equations of
the intrinsic base and collector currents as well as the
junction depletion and diffusion capacitances of a BJT
device have been summarized in Tables 1 and 2, respect-
ively[18].

The 3(C;-v;)/dt terms in (A4)—(A7) can be further ap-
proximated as C;- (dv;/0t) because the value of the 0C;/dt
term is much smaller and can be negligible at each operating
voltage range, where the C; and v, represent the junction
capacitance and its voltage bias in each junction of a
p—n—p—n structure. Substituting (A4)—(A7) into (Al) and
(A2), and using the voltage relations in (A3), the dynamic
behaviors of the base-emitter voltages vgg, (1) and wvpg, (1)
can be exactly obtained as expressed in (1)—(5).
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APPENDIX B

Choosing two proper values of the base—emitter voltages for
each of the BJTs Q1 and Q2, their base and collector
currents can be approximated by using the piecewise linear
models as:

ey = Icio + &c1 " Vemi (BI)
Iy, = Ig\o + &p1 " Veni (B2)
for Q1, when vgg, 2 Vegions
and
Ica=Icn + 8c2 Ve (B3)
Iy = I + gm2 " Vpe2 (B4)

for 02, when vgg; = Vggaon-

If the base-emitter voltage is less than its corresponding
turn-on voltage VFggon (Feeon)» the base and collector
currents of Q1 (Q2) are set to zeros to simplify model
calculation.

In (Bl) and (B2), the large-signal transconductances of
the collector and the base currents with respect to the
base—emitter voltage of Q1 BJT are defined as:

goe AICI - ICI(VBBII;? VCBlb)'— ICI(VEBia’ VCBIa)

& = (B5)

= Avgg, Vesio — Vesia
- AIBI. Ty Venins Vews) — Ipi (Veria» Verta)

Em = = , (B6)
Avgg, Vesie — Vesia
and the zero-biased initial currents are

Icio=Ic,(Venins Vepn) — 8c1 Veaw (B7)

Tgi0 = Tp; (Vegiv> Vemb) — 8w Ves- (B8)

With the above linearized relations, the approximated
turn-on voltages of the BJT @1 can be obtained as:

_l.(@+’_ﬂlﬂ)_
2 \ga1  8&m

The two base—emitter voltages, Vgg,, and Vg, used in the
above linearized equations for Q| are estimated at the fixed
voltages of 0.68 and 0.78 V, respectively. The corresponding
base-collector voltages can be found by (A3). Similar
technique is also applied with the base-emitter voltages
Vag2a(0.65V) and Vpeyp (0.75V) of Q2 to determine the
piecewise-linearized parameters of gc, 8g2, fc20s fp20. and
Vigaon in (B3) and (B4).

Vebion = (B9)
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