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The Dynamics of Latchup Turn-On Behavior in Scaled
CMOS

SHINJI ODANAKA, MUTSUKO WWAKABAYASHI, aNp TAKASHI OHZONE

Abstract—This paper presents the dynamics of latchup turn-on behav-
ior in scaled CMOS structures using an exact time-dependent and ivwo-
dimensional numerical analysis based on the finite-difference approach.
Both the dynamics of surface-induced latchup triggering by a parasitic
PMOSFET and direct forward biasing are examined to discuss the 1wo-
dimensional effects of parasitic devices in a scaled CMOS structure dur-
ing latchup turn-on. In the case of an n-well scaled CMOS, the 1wo-
dimensional nature of the well structure plays an important role for
surface-induced latchup.

I. INTRODUCTION

HE DEVELOPMENT of CMOS integrated circuits has be-

come of major interest in VLSI technology. Latchwup
phenomena, however, limit the densities of CMOS. In h gh-
density CMOS circuits, it becomes difficult to determine I ow
to scale down CMOS structures and layout rules of CMOS cir-
cuits without understanding latchup turn-on mechanisms.

In particular, several authors have paid much attention to
the dynamics of latchup turn-on for achieving high latchiup
immunity of CMOS circuits [1], [2]. Although they have
investigated the dynamics of latchup turn-on based on their
proposed analytical models, these models did not include the
multidimensional effects of current flow paths and the re sis-
tances depending on parasitic device geometries. More recently,
G. J. Hu has been the first to show that two-dimensional t1an-
sient analysis is more effective in explaining the entire CM.OS
latchup turn-on process [3], [4]. He has also pointed out that
the latchup holding voltage is a meaningful term for the evalua-
tion of latchup immunity based on simulated results. Althoigh
two-dimensional transient analysis is required for much {PU
time, it can be used for showing quantitative characteristic;; of
parasitic devices in a CMOS structure during latchup turn-oi.

In this paper, the dynamics of latchup turn-on behavior are
examined using an exact time-dependent and two-dimensic nal
device simulator. The two-dimensional effects of parasitic dle-
vices in a scaled non-epi CMOS structure during latchup turn-on
are discussed for achieving the optimum scaling of a CMOS
structure. For this purpose, in particular, the study of so-cailed
surface-induced latchup, as D. Tacaks et al pointed out [5],
is focused on. In reducing lateral dimensions of a CMOS st:uc-
ture, it is shown that the two-dimensional nature of the /¢l
structure as well as the influence of a parasitic wiring line cver
the field oxide plays an important role for surface-indu:sd
latchup. In the case of an n-well CMOS process, the two-di-

Manuscript received September 19, 1984; revised February 20, 19.35.
The authors are with the Central Research Laboratory, Matsus 1ita
Electric Industrial Company, Ltd., Moriguchi-shi, Osaka Japan.

mensional action of the parasitic p-n-p transistor leads to the
decrease of latchup immunity of the CMOS structure.

II. BRIEF DESCRIPTION OF THE TwO-DIMENSIONAL
NuUMERICAL DEVICE SIMULATOR

A. Device Model

The latchup turn-on behaviors of n-well CMOS structures are
investigated using the results of a two-dimensional numerical
device simulator. This simulator has been developed to ob-
tain transient solutions of Poisson’s equation and continuity
equations for electrons and holes in a two-dimensional cross
section of nonplanar semiconductor devices such as CMOS
structures,

Under nondegenerate conditions, the electron and hole dif-
fusion coefficients D,,, D, and the mobilities u,, up are related
by Einstein relation, and carrier densities are given by the
Boltzmann approximation. The device is modeled by Poisson’s
equation and current continuity equations.

VY =-qN-n+p) 6y
on 1
33 VR @)
o 1
—£—=——q—VJp—R. 3)

The continuity equations (2) and (3) are further specified by
writing the current density J,, and J, in the following forms:

In = -qupnVy + gD, Vn 4)
Jp = - quppVy - gD, Vp %)

where N = Nj, - N is the active impurity concentration and n
and p are the electron and hole densities, respectively. ¢ is the
electrostatic potential. g is the electronic charge, and ¢, is the
semiconductor permittivity. In this work, the displacement
current is neglected.

The boundary conditions for the electrostatic potential
satisfy the following forms:

kT
v= Vi—q—ln(;N[/n,-) (6)
at the n* or p* contacts and
VY -n=0 @)

at boundaries except for the n* and p* contacts. For the con-
tinuity equations, the electron and hole densities are set up to be
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the value of the doping concentration at the n* or p* contacts,
respectively. At the boundaries except for the n* and p* con-
tacts, the current densities normal to the boundary lines are
zero; J - =0, where V is an applied voltage. # is the unit vec-
tor normal to the boundaries. »; is the intrinsic carrier density.
k is Boltzmann’s constant and T is the carrier temperature.

The factor R is introduced as the bulk and surface Schockley-
Read-Hall recombination processes and Auger recombination
process [6], [7]. In this work, the avalanche generation term
and bandgap narrowing effects are neglected.

Rsrir = (03 = )| [1(p + 1) + 7p(n + 1)) ®)
Rsur = 8(y - y5) (1 - )/ [(p + m)/sy + (n + m)ls,]

©)
Ryuc =(n} - pn) (Cy, - n+Cy - p) (10)

where 7, and 7, are the electron and hole lifetimes, 1.1 X
1078 s, 3.5 X 1077 s, respectively. s, and s, are the surface
recombination velocities. C, and Cp, are Auger recombination
coefficients. y =y, denotes the SiO,-Si interface. § is the
Dirac delta function. It is assumed the most effective trap
occurs in the middle of the bandgap.

The electron and hole mobilities , and u, are modeled in
the following form [8] :

Ho Igf()Ng 2
[1 i (T> ]

where ug (V) is the low field mobility and v, is the saturation
velocity. F is the electric field.

The two-dimensional doping profile is calculated by the one-
dimensional process simulator SUPREM-II [9], which is fitted
in the lateral directions.

WV, E) = (11)

B. Discretization

The three coupled nonlinear partial differential equations
(1), (2), and (3) are solved using Gummel’s algorithm [10].
In order to analyze nonplanar devices such as CMOS structures,
the finite-difference discretization is applied to these equations
based on the box method [11], [12]. Applying the divergence
theorem to the vector function F = Vu at the cell S as shown
in Fig. 1

Jf dexdy=jvu-ﬁdl.
S !

(12)

The right-hand side is discretized at each cell. Then, except

for boundaries, the discretization of Poisson’s equation (1) be-
comes the five-point difference scheme, and the discretization
of the current continuity equations (2) and (3) becomes the
Scharfetter-Gummel difference scheme in two dimensions.
The Scharfetter~Gummel difference scheme shows the upwind
scheme for the convection terms of (2) and (3) and leads to
stability in high field regions (cf. Appendix). In addition, the
implicit-scheme is adopted for time-discretization of (2) and
3).

This simulation program uses the memory size of 2 M byte
on the IBM3081K. In this work, typically about 7000 grid
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Fig. 2. n-well CMOS structure.

points are used for a 22 X 24 um CMOS cross section, and
CPU time is 2-3 h using one CPU of the IBM3081K.

UI. THE DyNamMics oF LATcHUP TURN-ON BEHAVIOR
A. CMOS Structure

A typical 2-D cross section of an n-well CMOS structure is
shown in Fig. 2. Device parameters of the CMOS structure
consist of the parts of vertical and lateral dimensions. The
n-well junction depth x; of the vertical dimensions is deter-
mined by the choice of a CMOS process. The n*.p* spacing L
of the lateral dimensions depends on the layout rules of CMOS
integrated circuits. Therefore, even if one CMOS process is
established, various kinds of CMOS structures are available in
CMOS integrated circuits. In general, although the n-well junc-
tion depth x; must be scaled down with reducing the minimum
n*-p* spacing, the pinched n-well resistance increases with the
reduction of x; in a standard bulk CMOS process. Therefore,
it is difficult to scale down the vertical dimensions propor-
tionally to the lateral dimensions because of the decrease in
the latchup immunity of the CMOS circuits.

In this work, two types of CMOS structure with 6-um n*-p*
spacing on the mask are investigated as shown in Fig. 3(a) and
(b). Structure 4 is formed by applying a standard 2-um n-well
CMOS process [13] to the 6-um n*-p* spacing. This structure
has a substrate doping of 1.0 X 10'5 cm™2, a 4.8-um-deep n-
well, and an n-well resistance of 2.3 k/CJ. In this structure,
the relation between the effective vertical and lateral base
widths Wy, Wy of the parasitic p-n-p transistor is W; < Wy,
because scaling down in the n-well junction depth is neglected.
As shown in Fig. 4, it is necessary for distance d from the p*
to the n-well implantation edge to be longer than 1.7 um on
the mask in order to satisfy Wy, > Wy. So, the n*-p* spacing
should be longer than 7.7 um on the mask. Moreover, the
parasitic PMOSFET turn-on voltage in structure 4 is measured
as low as 6.3 V because of the phosphorus lateral diffusion of
the n-well. This structure cannot be applied to actual inte-
grated circuits without using both n- and p-channe! stops simi-
lar to a p-well process. On the other hand, structure B has
a scaled 3.0-um-deep n-well by using a so-called retrograde
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Fig. 3. Two-types of CMOS structure: (a) structure A and (b) st uc-
ture B.
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Fig. 4. Calculated effective lateral and vertical base widths of the pira-
sitic p-n-p transistor for the structure A as a function of the dista 1ce
d from the p* to the n-well implantation edge.

n-well structure [14], [15] to keep approximately the samne
sheet resistance 1.6 k2/00 as that of structure 4 and Wy <
Wg.

B. Surface-Induced Latchup Triggering
by the Parasitic PMOSFET

Transient current flow paths for typical surface-induced
latchup can be examined by investigating latchup turn-on e-
havior triggered by the parasitic PMOSFET in structure 4 with
the parasitic poly-Si gate. Fig. 5 shows measured latchup dc
characteristics of fabricated structure A with the parasitic
poly-Si gate over the field oxide when overvoltages are applizd.
Fig. 6 shows electrostatic potential of this structure at 70
when the parasitic poly-Si gate Vg =0 V and the power supply
voltage Vpp =7.9 V are applied as step functions. In this
work, electrostatic potentials are calculated as the Fermi level
in intrinsic silicon at zero bias is zero potential. Fig. 7 shcws
electron and hole collector currents at the n-well/p-substr ite
junction as a function of time. As shown in the hole collec :or
current, the parasitic PMOSFET turns on at =110 ps. The
voltage drop caused by this hole current turns on the parasitic
n-p-n transistor, which registers as electron current in 1he
n-well: The electron current flowing into the n-well, however,
does not lead to an increase of the hole current enough to in-
crease the electron current from the n*. Therefore, both elsc-
tron and hole currents approach a steady-state value,
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TURN-ON YOLTAGE

Voo (V)

Fig. 5. Measured latchup dc characteristics of the fabricated structure
A with the parasitic poly-Si gate. Vertical and horizontal axes are
the supply current (100 wA/div) and the power supply voltage (1.
V/div), respectively.
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Fig. 6. Electrostatic potential of the structure 4 with the parasitic
poly-Si gate at r= 0. The parasitic poly-Si gate voltage Vg = 0, and
the power supply voltage Vpp = 7.9 V.
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Fig. 7. Electron and hole collector currents at the n-well/p-substrate

junction for structure 4 as a function of time. The dashed lines and

the solid lines show the currents at Vg =0V and Vpp=7.9V, and
Vg=0Vand Vpp = 8.2 V, respectively.
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On the other hand, when Vg =0 V and Vpp =8.2 V are
applied as step functions, the electron collector current /,,
continues to increase with (d%1,,)/(dt*)>0 from ¢=0.7 ns.
Fig. 8 shows lateral electric field for structure 4. Electrons
are accelerated toward the n-well by the lateral electric field
1.0-2.0 X 10® V/cm, which is set up by the hole current
through the p-substrate, and flow into the n-well by the high
electric field between the n-well and the p-substrate. There-
fore, the lateral n-p-n transistor operates near the surface as
indicated in Fig. 9(a). On the other hand, the parasitic p-n-p
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Fig. 9. Electron and hole densities at ¢ =3.1ns. Vpp=82V. Vg=
0 V. (a) Electron density. (b) Hole density.

transistor operates in a lateral mode at ¢= 3.1 ns as indicated
in Fig. 9(b). This is because the n-well surface underneath the
field oxide is depleted and inverted which reduces the emitter-
base potential barrier of the p-n-p transistor near the surface
and consequently favors the hole injection near the surface.
The regeneration action of the positive feedback starts and
causes the rapid increase of both electron and hole currents
as shown in Fig. 7. During the regeneration loop, as shown in
Fig. 10(a), the electron current path is within the n-well junc-
tion depth. The hole current path is in a lateral mode due to
Wy, < Wy in structure A rather than due to the influence of
the parasitic poly-Si gate as shown in Fig. 10(b). Since both
p-n-p and n-p-n transistors are operating in a lateral mode, the
p-n-p-n operates ina lateral mode near the surface.

C. Surface-Induced Latchup Triggering
by Direct Forward Biasing

Fig. 11 shows the electron and hole collector currents at the
n-well junction of structure A as a function of time when a
step voltage pulse is applied to the n* from £=0 to 3.0 ns.
The forward bias voltage is -0.76 V. The solid lines and the
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Fig. 10. Electron and hole densities at ¢ = 4.2 ns for structure 4. Vpp =
8.2V. Vg =0YV. (a)Electron density. (b) Hole density.
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Fig. 11. Electron and hole collector currents at the well junction of
structure 4 as a function of time. The dashed lines and the solid
lines show the currents after a step voltage pulse is removed to 0 V
and -0.57 V at 3.0 ns, respectively.

dashed lines show the electron and hole collector currents
after the pulse is removed to 0 V and -0.57 V at t=3.0 ns,
respectively,

Before the stimulus is removed, the parasitic n-p-n transistor
begins to be active at ¢ = 2.4 ns, and the electron collector cur-
rent increases rapidly. On the other hand, the parasitic p-n-p
transistor begins to be active at 7= 2.8 ns. Since the lateral
electric field in the p-substrate is not generated and the effec-
tive base width of the p-n-p transistor is in the lateral direction,
this time 7= 2.8 ns is approximately estimated as the sum of
both base transit times W3,,/2D, + W3,/2D,, where Wg,, and
Wpp are the effective base widths of parasitic bipolar transis-
tors. Actually, as shown in the electrostatic potential and the
electron density at =29 ns in Fig. 12(a) and (b), there is no
electrostatic potential modulation by the hole current flowing
into the p-substrate, which is different from the case of trigger-
ing by the parasitic PMOSFET, and electrons deeply diffuse
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Fig. 12. Electrostatic potential and the electron density at ¢= 2.9 ns
for structure A: (a) electrostatic potential and (b) electron density.

Fig. 13. Electrostatic potential at # = 3.06 ns for structure 4 after the
stimulus is removed.

into the p-substrate. The current path in the latched staie is
always in the surface mode for structure A.

After the stimulus is removed as a step function at £ = 3.0 as,
the regeneration loop can be observed from ¢=3.18 ns. "Chis
regeneration loop time is estimated as 200 ps by the interval
of locally minimum points of the electron collector current or
the hole collector current. In fact,fromr=3.0nsto¢r=7.18
ns, the base area electrostatic potential of the parasitic r-p-n
transistor is modulated in reverse-biased mode by electror s as
indicated in Fig. 13. The electron collector current, however,
reincreases from r=3.18 ns by the hole collector curent
which is increasing until ¢ = 3.08 ns. Therefore, the reincrsase
of the electron current in the case of the incomplete stimulus
recovery (the dashed line) occurs at higher current level 1han
that in the case of the complete stimulus recovery (the :olid
line). Fig. 14(a), (b), and (c) shows the electrostatic potertial,
the electron current density, and the hole current density at
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©

Fig. 14. Electrostatic potential, electron current density, and hole cuz-
rent density at ¢ = 3.4 ns for structure 4 after latchup turn-on. (a)
Electrostatic potential. (b) Electron current density. (c) Hole cur-
rent density.

t= 3.4 ns during regeneration loop, respectively. The p-sub-
strate electrostatic potential shows that the hole current in-
jected from the p* flows toward the lateral direction. At the
beginning of latchup turn-on, the parasitic p-n-p-n path also
operates in a lateral mode near the surface as shown in elec-
tron and hole current densities in Fig. 14(b) and (¢). With the
increase of the hole and electron currents, the CMOS structure
enters a low impedance state.

IV. DiscussioN

As shown in the two types of latchup turn-on behavior for
structure A4 in Section III, the p-substrate potential is modu-
lated to reverse- and forward-bias states by electrons or holes
flowing through the p-substrate. Therefore, the electrostatic
potential modulation in the p-substrate will be influenced as
functions of the time and the current flow paths during latchup
turn-on. Since, however, the parasitic n-p-n transistor action
is essentially lateral in both cases of the electron current in-
dependent of drift or diffusion transport mechanisms, the
n-well structure determines whether the parasitic p-n-p-n
path is in the surface mode or not at the beginning of latchup
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Fig. 15. Hole density at ¢t = 2.9 ns for structure B. The n' is forward
biased at -0.77 V.
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Fig. 16. Electrostatic potential and hole density at ¢ = 3.4 ns for struc-
ture B with the stimulus on: (a) electrostatic potential and (b) hole
density.

turn-on. Even in the case of structure B with Wy < W, as
shown in Fig. 15, the parasitic p-n-p transistor starts in vertical
action at the beginning of the turn-on, then the effective base
area is pushed out toward the vertical direction with the in-
crease of the hole current, and finally the hole current begins
to flow toward the lateral direction as shown in Fig. 16(a) and
(b). Therefore, in reducing the lateral dimensions in CMOS
structures, the ratio of the effective lateral and vertical base
widths will become an important factor for improving opti-
mum latchup immunity of scaled CMOS structures. Moreover,
the two-dimensional action of the parasitic p-n-p transistor
depending on this factor decreases the effects of a low-resistive
substrate. In particular, applying a low-resistive substrate to
a CMOS process, the epi-layer thickness is an important device
parameter for achieving high latchup immunity of scaled epi-
CMOS. As shown in Fig. 17, this factor controlling the hole
current flow paths will also play an important role for the
determination of the epi-layer thickness.

V. SUMMARY
The dynamics of latchup turn-on behavior in scaled CMOS
structures have been examined using exact time-dependent
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Fig. 17. Schematic hole current flow paths.

and two-dimensional analysis based on the finite-difference
approach. Both the dynamics of surface-induced latchup
triggering by the parasitic PMOSFET and direct forward bias-
ing have been compared to investigate the two-dimensional
effects of parasitic devices during latchup turn-on. Although
the electrostatic potential is modulated to the reverse- or
forward-bias states by the carrier density, the n-well structure
essentially determines whether the parasitic p-n-p-n path is in
the surface mode or not at the beginning of latchup turn-on.
Therefore, the ratio of the lateral and vertical effective base
widths plays an important role for improving scaled CMOS
latchup immunity.

APPENDIX

In this Appendix, the Scharfetter-Gummel discretization is
discussed. The Scharfetter-Gummel finite-difference scheme
is shown to become the upwind scheme for the convection
terms of the continuity equations at high electric field regions.
The upwind scheme is often used to discretize the diffusion
equation with the convection term for stability.

After the normalization, the electron current density equa-
tion is described in the following form:

In = upVn - upnVy. (A1)

In the right-hand side, the first term shows the diffusion term,
and the second term is regarded as the convection term. If it
is assumed that the generation-recombination term and the
avalanche generation term are neglected, the electron continu-
ity equation becomes

vjn =0 (A2)

in the steady state. Equation (A2) can be rewritten as the fol-
lowing form:
O LoV

a 3 0
— upe¥ — (e -n)+a—yu,,e"” — (e -n)=0.

ox ox oy (43)

The Scharfetter-Gummel discretization of the continuity equa-
tion (A3) is based on the following evaluation of ¥ at a interval
(x4, X141, 4]

Vien,j~ Wi, j
5 Ve F
@ Yiwypnp=| e - e Vinn (a4)
d/. ;
et > 11/i+1,j=¢/i,j-

Using this evaluation, the x electron current component J,
(the y component J,, is obtained similarly) can be discretized
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; _ E’.ﬂ i~ Wi shows the upwind scheme, where £ = -V{. The same result is
Xie1f2,) Mmisie,g A, obtained for the hole current.
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e WiV Vi j Vi, ]
1__ek1/i+1,j‘\l’i,j--el] LI e b T LT 4 (2]

(46) 1]
and
;‘—;\H'}I'W= 1+ e\ﬁi,j“¢’i+1,j +0(n?). (A7) [2]
Using (A6) and (A7) to (A5) 3]
Teiarsa; = Mnparys, Wien i = DIV 4007 )
Apar,j = i, Vienj ™ Vi,j (5]
' ——/T—— T Hngyqgn, g ———hz———
g 1©
Similarly, if W; ; - 1,7 >>1 and n = e**27 7Y% then 7]
in+1/2,j - “"i+1/2,]‘(¢i,f ~ Vir,g) [ewﬂ’j_w,j +00r) (8]
Rivn,j = My, Vier,j = Vi,
S T SN LA A T (9]
(#9)

[10]
Therefore, in the form v =, E, the difference scheme of :he
convection term

_ [11]
E:zhz——: (Mngyyjy, jEierja, Mg 12l
~ ~ Hngyyyy, -2, iMi-1,7)s Eieyja, ;<0 [13]
(Vo n)y; ;= )
m:(“”in/z,jEiH/z,i”iﬂ,i (14]
~tingyrya Bz gme ) Bisap >0 [15)

(A10)
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