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Abstract—A second-breakdown phenomenon (It2) in a drain-
extended n-type metal–oxide–semiconductor (DENMOS) is asso-
ciated with complex triggering of a parasitic bipolar transistor.
Full comprehension of the problem requires 3-D modeling; how-
ever, there is even deficiency in the understanding of the phe-
nomenon occurring in the 2-D cross-sectional plane. We present
experiments and models to understand the physics of bipolar
turn-on and its impact on the onset of space-charge modulation in
a DENMOS device. We present a detailed analysis of the current
paths involved during the bipolar turn-on. We show that a strong
snapback is triggered due to coupling of the parasitic bipolar
turn-on in a deeper region of the p-body and avalanche injection
at the drain junction. Furthermore, we show that the ballast
resistor formed in the drain region due to current crowding of
electrons under high-current conditions can be modeled through a
simplified 1-D analysis of the n+/n− resistive structure.

Index Terms—Avalanche injection, current crowding, electron
ballasting, filamentation, hole ballasting, stages of Bipolar turn-on.

I. INTRODUCTION

AGGRESSIVE scaling of devices, in adherence to
Moore’s law, has resulted in a fall in the core voltage

level down to an operative level of 0.9 V at the 90-nm node.
However, mainstream input–output (I/O) voltages continue to
be higher than 1.8 V, which requires high-voltage (HV)
drivers that can be easily integrated into low-cost comple-
mentary metal–oxide–semiconductor (CMOS) technologies.
A nanometer-scale drain-extended n-type metal–oxide–
semiconductor (DENMOS) (see Fig. 1)—an HV device com-
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Fig. 1. Schematic of a 90-nm DENMOS.

pared with low-voltage core CMOS devices—is suitable for
I/O drivers as they can satisfy higher voltage requirements and
stringent requirements such as low leakage at high temperature
and lower capacitive loading, which is essential for signaling
application.

HV technologies resort to local oxidation of silicon for HV
isolation, which allows poly to terminate on the thick field
oxide.

However, the technique is not applicable for nanometer-
scale technologies. In the deep-submicrometer process, analog
and power integrated circuit technologies have incorporated
methods that are used in mainstream nanometer-scale CMOS
technologies. Shallow trench isolation (STI) is one such critical
low-voltage technology that allows increased logic density.
Drain extension, which has so far been used only in mature
HV analog processes, can now be integrated in standard CMOS
processes without the requirement for a field oxide. A very
thin gate oxide in the DENMOS can withstand high breakdown
voltages, and extra costs for the thicker gate oxides of the HV
devices can be avoided [1].

In spite of the ease of process flow, which allows cost-
effective integration with the CMOS technology, the reliability
of the HV drivers against electrostatic discharge (ESD) strikes
has remained a big concern [3]. Protection circuitry for the
HV I/O can be based on devices such as diodes, low-voltage
NMOS, and silicon-controlled rectifiers (SCRs). However,
using low-voltage devices requires stacking in order to support
5-V applications, which is not a feasible solution due to relia-
bility issues such as hot-carrier effects and gate-oxide reliability

0018-9383/$26.00 © 2011 IEEE
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[3]. Similarly, using a diode is also a highly inefficient protec-
tion strategy. A larger voltage drop across the diode makes it
unsuitable for HV applications. An alternative approach can
be based on the SCR, which has an efficient current-handling
structure [3]–[4]. However, it is normally not suitable for
protecting such HV pins due to the extremely low sustaining
voltage, which makes the SCR susceptible to latch-up either
during transients or during power-on ESD strikes. An effective
and simple solution may be is to use a gate-grounded (GG)
DENMOS as the protection element itself having a variable rise
time. However, these HV devices are susceptible to ESD events,
and their failure mechanism has remained enigmatic. The weak
behavior of the DENMOS is explained through inhomogeneous
triggering of bipolars along the width as it leads to current
filamentation due to localized heating and permanent damage
of the device [2], [5]–[6]. However, in order to understand this
behavior in the 3-D structure and deconvolute the processes
involved, one needs to understand the 2-D behavior of the par-
asitic bipolar turn-on in DENMOS devices first. This requires a
detailed study of turn mechanisms and an accurately established
model for the current-crowding mechanisms involved. A better
understanding of the 2-D electrostatics of the breakdown field
and the physics of avalanche injection around the drain region
allows improving the design of these devices for improved
robustness [4]–[9].

In the current–voltage (I–V ) characteristics of DENMOS
devices, strong snapback behavior can be found, which often
coincides with the failure of the devices under ESD conditions.
This monotonic fall in the device voltage is triggered by the
onset of current filamentation or localization in the DENMOS
due to modulation of space charge, which is simultaneously
accompanied by excess heating and device damage [10]–[13].
The dynamics of the bipolar turn-on and the sequential events
has been systematically investigated in this paper. Finally, ex-
periments and analysis have been presented to corroborate the
model. Generalized models established in this paper are useful
in building high-current models for field-effect transistor (FET)
structures having an n-p-n-n+ structure, wherein compact mod-
els can be extracted for building I/O circuits. Simulation of turn-
on behavior, and hence space-charge-limited (SCL) transport, is
established.

II. EXPERIMENTAL ANALYSIS OF DENMOS FAILURE

UNDER HUMAN BODY MODEL STRESS

GG DENMOS devices exhibit failure due to filament forma-
tion (see Fig. 2) from the drain to the source under transmission
line pulsing (TLP) stress conditions at very low failure current
densities It2 = 0.1 mA/μm. Fig. 3 shows the failure point on
the I–V curve. The nature and location of the damage points
shows the critical role of the localized turn-on of a parasitic
bipolar junction transistor, which is formed by the drain n+, the
substrate p−, and the source n+ [10]–[13].

The goal of this paper is to analyze the localized turn-on
of the parasitic bipolar and space-charge modulation (or base
push-out) conditions in a non-STI-type DENMOS device [15].
In this section, we first present a technology computer-aided

Fig. 2. Scanning electron microscopic image showing a filament that extends
from drain-to-source points to the critical role of the parasitic bipolar turn-on.

Fig. 3. Extremely low failure current in the DENMOS under TLP stressing
compared with a predicted It2 value at the knee of the I–V curve.

design-based (TCAD) study of the dynamical bipolar turn-on
under a current ramp having a variable rise time.

III. UNDERSTANDING THE DYNAMICAL TURN-ON

OF THE PARASITIC BIPOLAR IN THE DENMOS:
TCAD-BASED ANALYSIS

A. Analysis of a Strong Snapback in the DENMOS

In this section, a strong snapback has been investigated using
calibrated 2-D transient device simulations on a test structure
realized using a well-calibrated process simulation deck. A
current ramp is applied. Substrate contacts are added at the
left boundary of the simulation structure, which approximates
the flow of holes through the substrate in the experimental
test structure. The variables I(t) and V (t), which are explicit
functions of time, are together plotted to generate an I–V re-
lationship. In the simulations, the current ramp can be adjusted
to study the dependence of a snapback on the rise time of the
pulse.

The quasi-steady behavior can be simulated by slowing the
current ramp. Under these conditions, a recombination current
across the drain–substrate diode becomes comparable with the
magnitude of the input current as it minimizes the dv/dt effect
(see Appendix A.1). As the breakdown current increases, the
device exhibits a prolonged negative resistance region or a
strong snapback beyond the knee (see Fig. 3), which is marked
as the onset of catastrophic failure due to filamentation.

The impact of an avalanche-generated hole current on the
bipolar turn-on was analyzed through simulations by adding
the resistance Rsub (per device width) to the substrate contact
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Fig. 4. Dependence of snapback features on the ramp rate: The monotonic
fall in voltage when Rsub = intrinsic is very prominent and less predominant
when Rsub = 10 K/μm. The substrate resistance Rsub is given as resistance
per device width (to be consistent, stage 2 in blue must be stage).

Fig. 5. Ramp rate dependence of the snapback on the I–V curve slow (S)
and fast (F). The strong snapback observed is due to the intrinsic substrate
resistance, whereas the double snapback (hence the weak first snapback) can
be observed for higher Rsub. The different stages of snapback for Rsub =
10 kΩ/μm are the following: stage 0, prebreakdown; stage 1, hole ballast;
stage 2, bipolar turn-on; stage 3, electron ballast; stage 4, current-controlled
snapback. Slow (S) 1 A/μm/ms, fast (F) 1 A/μm/ns.

(i.e., Rsub; see Fig. 4) in the calibrated structure (see Fig. 3).
Irrespective of the ramp rate, the device with the intrinsic sub-
strate resistance Rsub = 0 always exhibits a strong snapback in
Figs. 4 and 5 (i.e., the device goes from stage 1 to stage 4).

For higher Rsub = 10 K/μm, an additional positive resistive
branch is observed (stage 3) in between two negative resistance
regions for slower ramps. This disappears at faster current
ramps.

This behavior can be explained as follows.
Stage 1: Breakdown in the Depletion Region and Formation

of the Current Path Controlled by the Hole Current (Hole
Ballast Region): During an ESD event, the voltage buildup
establishes twin pockets of the electric field (E-field), namely,
PX and PA, in the structure: The first of these appears deep
in the bulk at well junctions, and the second appears around
the region of the drain sidewall junction, i.e., the gate-to-
drain edge (see Fig. 6). Both peaks lead to a current in the
bulk by avalanche-generated holes. For a GG configuration
DENMOS, the E-field shows a reversal around the region,

Fig. 6. Contours showing the electrostatic potential and E-field distribution.
Twin pockets of the E-field, i.e., PX and PA, where the impact-ionized-
generated holes lower the barrier around the source end. Holes are attracted
by the gate, and their crowding leads to the buildup of the potential ΔΦ

where the surface potential ΦS in the channel is equal to the
metal–semiconductor work function ΦMS, i.e., ΦS = ΦMS, and
thus, avalanche-generated holes in the region PX are pulled
toward the gate [24].

Thus, the drain region, which is under the influence of SCL
transport of accumulated holes, behaves as a current-controlled
2-D SCL resistor in the process and exhibits a ballast action
due to the hole current, whereby the potential ΔΦ builds up
across this region (see Appendix A.2). Interestingly, the ballast
action due to the hole current shows a linear characteristic. The
flow of holes also influences the barrier height at the source
end, both within the bulk (SB) and around the gate region (SG).
Around the drain region, electrons diffusing below the oxide
are initially pushed toward the substrate (pinchoff region in a
depleted channel), where they get eventually collected at the
drain contact [see Fig. 7(a)].

Stage 2: First Snapback (Presnapback) Due to n-p-n Turn-
On: Thus, initially, most of the electron current is through
the depleted channel below the gate and the extremely low
injection inside the bulk. However, the increased flow of
holes into the substrate can substantially lower ΦSB (SB) and
causes electron injection into the depleted channel (see Fig. 8).
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Fig. 7. Turn-on of the parasitic bipolar where the electrons are initially
injected across path 1 and subsequently initiate higher injection across path
2 (the lower barrier around SG compared with SB makes the initial injection
easier).

At a certain stage, when the source injection becomes very
prominent, avalanche-generated carriers begin to modulate the
depleted drain region. Subsequently, a snapback is triggered
(shown by the change in ΔΨ1 for the potential contour Ψ1

and in ΔΨ2 for the potential contour Ψ2), which leads to
more electron–hole pair generation (see Fig. 8). Electrons that
diffuse along path 2 now help sustain an avalanche-generated
phenomenon, which was initially triggered due to increased
electron injection through the channel (path 1; see Fig. 7).

Stage 3: Postsnapback and Ballast Action Due to the Elec-
tron Current: This is marked by a positive slope, which ex-
hibits the inability of the device to maintain the regenerative
process. Now, in order to sustain avalanche injection in this
region, a sufficient potential drop needs to be established across
the space-charge region for a given current density. The current
density below a threshold value can lead to a positive slope in
the I–V curve [see Fig. 9(a)]. Thus, during this dynamical turn-
on process, the space-charge region behaves as an SCL resistor
under avalanche injection, whereby it exhibits a positive slope
(for structure 2). The dynamical ballast action on the I–V curve
during the bipolar turn-on can be efficiently utilized to limit
the current, which can prevent filamentation during the bipolar
turn-on [19].

Fig. 8. Avalanche injection phenomenon across the drain region as the initial
impact ionization peak shifts from the region PX to the region PZ.

Faster ramps (under ESD-like conditions) lead to a larger
displacement current, making the positive resistive trend less
prominent.

Stage 4: Strong Avalanche Injection: This is due to trigger-
ing of a regenerative avalanche injection phenomenon at the
drain contact. As the current increases beyond region 3, the
E-field continues to peak around the junction of the N-well
(n− region) and the drain contact (n+ region) [see Fig. 9(b)].
Finally, at a critical current density, space-charge modula-
tion in the lowly doped drain leading to a shift of the peak
E-field to the highly doped drain junction (similar to the Kirk
effect) triggers a further snapback. This, again, can be seen as a
monotonic fall in the drain voltage (see Appendix A.3) Often,
this gives rise to filament formation along the device width and
failure of the device [15]. Electrothermal and self-heating in
the ballast region can have a strong impact on the localization
phenomenon due to nonuniform triggering of bipolar, as well
as in the final stages of thermal runaway.

B. Twin Path on Injection Across the Surface and the Bulk

In summary, the process is principally governed by coupling
of electron injection across two paths (see Fig. 10).

Path 1: This is critical for the initial turn-on of the parasitic
bipolar formed below the thin oxide.

Path 2: This is critical for establishing a current path in the bulk,
which is essential to sustain a strong snapback.

Thus, the bipolar snapback is initially triggered due to higher
electron injection across path 1, which is eventually maintained
through diffusive electron injection across path 2. The flow
of electron injection across path 1 is established primarily
due to the 2-D coupled electrostatics of the source and gate
regions. However, electron injection into the bulk is relatively
less impacted by the electrostatics of the gate region once the
barrier is sufficiently lowered and triggers the onset of space-
charge modulation (see Fig. 11).
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Fig. 9. Positive slope due to the ballast action of the space-charge region
(stage 3).

C. Comparing a Single Snapback in a DENMOS With a
Double Snapback in an NMOS

Thus, when Rsub = 0 (i.e., no external substrate resistance is
added), a strong snapback (i.e., the device goes to stage 1–stage
2–stage 4) is triggered at a higher current and a higher voltage
when compared with the weaker snapback, which involves an
additional stage 3. If the role of path 2 is ignored, the snapback
mechanisms become identical to a regular n-p-n turn-on in a
low-voltage NMOS [21]–[22]. Conventionally, the snapback in
a low-voltage NMOS is characterized by a continuous decline
in the E-field across the depleted junction, whereas at a higher
current density, it leads to a voltage buildup ΔV across the
space-charge region until extremely high current densities trig-
ger the second snapback due to the onset of an avalanche injec-
tion phenomenon across the SCL nonlinear resistor R2. In the
process, the electrical instability-driven current filamentation
or the “strong snapback” in the DENMOS is characterized
by the simultaneity of the collapse of electron flow from the
surface to the bulk, i.e., the switching of path 1→path 2, as it
triggers strong avalanche injection across path 2, which is the

Fig. 10. Twin paths of electron injection. Path 1 is constituted due to channel
injection, whereas path 2 is constituted due to bulk injection. The shift of
electron injection modulates the ballast resistor R1.

Fig. 11. Circuit model to represent thermal effects as the surface and bulk
currents are impacted differently.

TABLE I
COMPARISON OF THE 2-D BIPOLAR PROPERTIES

OF NMOS VERSUS DENMOS

critical phase in a current localization process (the comparison
is summarized in Table I).

IV. ANALYSIS OF EXPERIMENTS: CORROBORATING

THE MODEL

Thus, filamentation causing failure can be attributed to cur-
rent localization during space-charge modulation as the drain
region behaves as a ballast resistor due to SCL transport of
avalanche-generated carriers at a critical low current density.
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The model is next corroborated through a detailed analysis of
the following experiments.

1) Independence of a strong snapback on the pulse rise time
dv/dt: The device shows a lack of dv/dt dependence
when tested under a TLP setup. The simulated I–V
curve shows that the preballast region (i.e., stage 0) is
determined by the magnitude of the displacement current
under the transient simulation.

As the displacement current subsides and the device
goes into the presnapback region, a jump (or a kink)
is observed (see Fig. 5). However, in the hole ballast
(presnapback region stage 1), there is a marginal impact
on the speed of the ramp, whereas the slope is determined
by the ballast action due to localization of the hole current
in the drain region. This also confirms our experimental
observation that the current-controlled phenomenon is
marginally impacted by the ramp speed.

2) Avoiding filamentation through the abutment of the
source and the substrate: The turn-on path of the parasitic
bipolar in the DENMOS can be changed by abutting
the source and the substrate contact in the device. The
lack of electron injection across path 1 (see Fig. 10)
can restrict current localization and alleviate the onset
of space-charge modulation or avalanche injection in
the process, which can prevent the onset of isothermal
filament formation.

V. CONCLUSION

We have presented the failure analysis of a nanometer-scale
DENMOS under an ESD event. Through detailed TCAD-
based transient simulations, we have investigated the 2-D
electrostatics of the drain region and analyzed the high-current
ballast action under SCL conditions. We have demonstrated the
bipolar-driven snapback action at different stages under exces-
sive current localization in the drain region, which eventually
leads to different bipolar paths after bipolar triggering. This
paper demonstrates the possible role of avalanche injection
through various parasitic paths (i.e., flipping in the dominant
bipolar conduction path) causing electrical instability, which
may eventually lead toward current filamentation. An analytical
model that is established for the critical stages will help develop
a compact model for understanding the dynamical bipolar
turn-on.

APPENDIX

A. Ramp Rate Dependence

The ramp rate dependence is given as

IRamp = IDisplacement + IRecombination + IBreakdown.

In the prebreakdown region, IDisplacement � IBreakdown,
whereas in the hole ballast region, IDisplacement � IBreakdown.

The device voltage in the preballast region for a faster ramp
speed is given by (2), whereas recombination-limited slower
ones obey (3) in the prebreakdown region (as shown in Fig. 5),

Fig. 12. Potential distribution due to the flow of holes, which shows a linear
rise in the device voltage.

where W is the depletion width, and τ is the average carrier
lifetime of holes and electrons. Thus

For faster ramps :
d(ε0E)

dt
Displacement

= Irampt+Irev− Ni
W

τ
Recombination

(1)

V ≈
(

qNa

2ε0

)(
Irmpt2

2qNa

)2

≈
(

I2

2qNaIrmp

)2

(2)

For slower ramps :

V ≈
(

qNa

2ε0

)
W 2 =

(
qNa

2ε0

) (
Iτ

A

)2

I = Irampt = A
W

τ
.

(3)

B. Modeling a Ballast Resistor Due to the Flow of Holes

In the hole ballast regime, the current is primarily dominated
by the avalanche-generated holes and electrons. The flow of
avalanche-generated holes establishes a space-charge region
near the n+ drain diffusion region, which defines the buildup
of drain voltage and can be modeled as a nonlinear resistor. In
Fig. 12, Ihole is the hole current injected into the substrate, and
r is the depth where the electron concentration due to the SCL
current is equal to the background concentration NB . Thus, the
ballast resistor RH-Ballast due to hole accumulation exhibits a
fall in the drain voltage (see Fig. 3).

C. Modeling an Avalanche Injection Phenomenon in a Ballast
Resistor Due to the Flow of Electrons

The physics of a snapback in the DENMOS is intricately re-
lated to avalanche injection across the 2-D nonlinear resistor in
the drain region (see Section III, stage 4 of the bipolar turn-on).
As the electron current density increases, the parasitic bipolar
turns on completely, the impact of hole flow into the substrate
can be neglected, and a strong snapback in the n-p-n structure
can be approximated through a quasi-steady simulation of an
n−/n+ resistive slab.

The drain region initially shows a nonlinear resistive be-
havior (i.e., a ballast action due to electron flow). However,
at a higher current at a critical density, i.e., Jcritical, it ex-
hibits space-charge modulation. In this section, we analyze the
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Fig. 13. The quasi-steadily simulated I–V curve shows a nonlinear resistive
behavior, which triggers a snapback at a critical value of the current density
Jcritical.

Fig. 14. Band diagram showing the contribution of the net current due to both
electron and hole flows. The maximum multiplication factor is achieved when
JElectron = JHole across zone 3 (region of saturated drift velocity).

snapback of a 1-D resistive slab (a low-doped n−/n+) during
heavy charge modulation as follows:

∇ · �E =
ρ

εsi
=

J

εsiVS
(4)

1
r

∂

∂r

(
r
∂Φ
∂r

)
=

I

εsirθVS
(5)

RH-Ballast =
Φ
I

=
1

εsiθVS
. (6)

1) Avalanche Injection Across an SCL 1-D Resistor: Now,
as the current density increases, the I–V curve (see Fig. 13)
makes a transition from an ohmic regime into a regime of

TABLE II
SUMMARY OF THE TRANSPORT MECHANISM OF CARRIERS ACROSS

DIFFERENT ZONES OF AN n−/n+ RESISTIVE SLAB

Fig. 15. Potential Distribution showing non-linear resistive behavior in the 1D
showing an expansion in zone 4 (avalanche) AA→BB (when J1 → Jcritical)
and a shrinking of zone 2 (drift) CC→DD (when J2 → Jcritical). (Inset)
Showing E-Field distribution. Snapback is observed when an increase in
potential across zone 4 is less than drop in potential other zones (10).

SCL transport [13], [26], [27]. The energy band diagram (see
Fig. 14) shows that avalanche-generated holes drift under the
field established due to injected electrons. The transport mech-
anisms of carriers are summarized in Table II. As the space
charge of avalanche-multiplied electrons increases, the voltage
across the slab increases first, which works as a ballast resistor.
However, beyond the positive nonlinear slope, a snapback is
triggered in the n−/n+ resistor [23]–[30]. An analytical model,
which has been established, has been compared with simulation
of the structure.

2) Understanding the Snapback Voltage in an n−/n+ Resis-
tive Slab: Avalanche injection plays a critical role in a strong
snapback in the DENMOS, where the SCL resistor first exhibits
a buildup of voltage and then a snapback as the potential across
the device falls. Thus

d2E

dx2
=

q

εsi

(
dp

dx
− dn

dx

)
=

1
εsi

dρ

dx
(7)

εsi
d2E

dx2
= ρ

dρ

dx

=
2ε

Vs
Jα

⎡
⎣ J = Jn + Jp

p = Jp

Vs
, n = Jn

Vs

α(E) = aEn[EmpiricalModel]

⎤
⎦ . (8)

The structure (see Fig. 13) first exhibits an SCL positive slope
(ballast action) until, at a critical current density, a snapback is
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Fig. 16. E-field distribution under high-current conditions, where the peak
E-field continues to increase at contact and the injection of holes modulates the
E-field in the bulk.

triggered. Thus, under strong avalanche injection, accumulated
holes efficiently modulate the E-field due to injected electrons,
which enhances the length over which electrons can diffuse
and increases the transit time of average electron–hole pair
or ambipolar transit time. At any voltage, the injected plasma
concentration builds up to the point where, approximately, the
pair transit time is equal to the pair lifetime, i.e.,

dE

dx
=

[
4J

VSεsi

a

n + 1

(
En+1 − En+1

m

)] 1
2

(9)

∂Φ
∂I

∣∣∣∣
I+II

+
∂Φ
∂I

∣∣∣∣
III+IV

= 0. (10)

Moreover, the second term in (9) can be neglected under
strong injection, and at a certain stage, the potential across
the structure begins to fall when the condition in (10) is met.
Once the snapback is triggered, we make an approximation
that the peak E-field is pinned at Ec, whereas xbreak decreases.
Now, under modulation of space charge by the reverse-injected
holes, the distance xbreak over which the critical breakdown
field Ec is established reduces (see Fig. 16). Thus

Ec =
[

4J

VSεsi

a

n + 1

] 1
2

x
2

1−n

break (11)

Therefore, the xbreak distance for the critical E-field Ec can
be defined from

xbreak =
Vs

J

[
εsi

(n + 1)
4a

]
E

1−n
2

c . (12)

Therefore, the potential V across the slab can be estimated
by integrating the following:

V =

xbreak∫
0

E · dx (13)

V = K
2−n

n
Γ

[
n−2
n−1

]
Γ

[
2 − 2

n−1

] . (14)

Therefore, the expression can be reduced to allometric form
using the gamma function Γ, i.e.,

V = const · I
2−n

2 = const · Iβ . (15)
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