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    Abstract- We present 3D device modeling of RESURF or 
non-STI type DeNMOS device under ESD conditions. The 
impact of base push-out, pulse-to-pulse instability and 
electrical imbalance on the various phases of filamentation 
is discussed. A new phenomenon called "week NPN 
action" and the cause of early and fast failure is identified. 
A modification of the device is proposed which achieved 
an improvement of ~5X in failure threshold (IT2) and ~2X 
in ESD window without degrading its I/O performance. 

   Index Terms- DEMOS, ESD Failure, space charge build-
up, Filamentation, pulse-to-pulse instability. 

I. INTRODUCTION 

Shallow Trench Isolation (STI) and non-STI type Drain 
extended MOS (DeMOS) devices, used for high voltage I/O 
applications, have been found to be extremely vulnerable to 
ESD events. In order to improve the behavior of these devices 
under ESD conditions, there have been several attempts from 
various groups which provide an insight into their failure 
mechanism [1]-[4]. Recently it has been proposed that carrier 
heating in the high-field region influences the saturation 
velocity and the impact ionization, triggering a regenerative 
NPN action which causes the second breakdown [5]. Space 
charge limited current leads to filamentation and device 
failure [6-7]. Regenerative turn on of parasitic NPN causes a 
short circuit power dissipation leading to a failure [8]. Further, 
a complete understanding of various phases of filamentation 
and the final thermal runaway has been discussed for STI type 
DeNMOS devices [9]. However, a complete picture of the 
transient device behavior during base push-out with an 
understanding of the various phases of filamentation based on 
3D simulation studies is still missing for RESURF (or non-
STI) type DeNMOS, which is needed for improving its ESD 
behavior in order to design robust I/O devices. 

II. DEVICE DESCRIPTION AND SIMULATION 
RESULTS 

Before we discuss the simulation results, it is worth 
mentioning that in order to capture the current filamentation, 
we created physical non-uniformity along the device width in 
the following way: (i) Non-Uniform contact strip i.e. Multiple 
contacts with unequal spacing between different contact holes 
or Single contact strip having width less than the total device 
width and (ii) Single sided termination (along the width) of 
device with a dummy STI. A triangular meshing scheme was 

used with a grid size resolution less than 200nm along the Z-
axis. This simulation study was performed for silicide blocked 
RESURF type DeNMOS devices with thin gate oxide, as 
shown in Fig. 1, in a typical state-of-art 65 nm node CMOS 
technology. A well-calibrated process/device simulation deck 
was used as discussed in our previous work [9].The advantage 
of RESURF device over STI-DeMOS is its better RON v/s VBD 
performance and smaller gate length, which provides a higher 
current driving capability and less gate-oxide capacitance. In 
order to model filamentation and device failure mechanism, 
this work extensively utilizes systematic 3D device 
simulations. This device can be used in two ways (i) I/O 
driver or (ii) high-voltage ESD clamp.  

 

 

 

 

 

 

The RESURF device has a good electrical performance in 
order to meet the I/O driving capability, however the device 
has shown only a low ESD robustness (Fig. 2 and 3). These 
reliability issues make the RESURF device less attractive as 
an output driver or power clamp. Fig. 3 shows that the devices 
with a larger width are prone to early failures, i.e. just at the 
onset of base push-out driven snapback. 

 

 

 

 

 

 

 

Fig. 1: RESURF DeNMOS device structure (Type 1). 

0 2 4 6 8 10 12 14 16 18 20
0.0

200.0µ

400.0µ

600.0µ

800.0µ

1.0m

1.2m

1.4m

0.0 500.0µ1.0m 1.5m

400
600
800

1000
1200
1400

Onset of BasePush
  

  2D-Simulation
  3D-Sim. (Width=5μm)

D
ra

in
 C

ur
re

nt
: I

D
 (A

/μ
m

)

Drain Voltage: VD (Volts)

  Failure @
Low current
Pulse-to-pulse
   Instability

out @ 0.3mA/μm

 M
ax

. T
em

pe
ra

tu
re

 (o K
)

 Drain Current: I
D
 (A/μm)

Fig. 2: Simulated (2D and 3D) TLP characteristics of RESURF
DeNMOS under HBM like ESD condition. Width in 3D simulation is
chosen to 5 µm. 3D simulations are done with single contact strip. 
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Two different states (i.e. pulse-to-pulse instability) were 
observed in TLP characteristics (Fig. 2 and 3), which is 
attributed to different locations of current filament along the 
device width. After the formation of current filamentation, i.e. 
after base push-out, we found that only very few bipolar keeps 
turned on along the device width. For most of the pulses (Fig. 
4b & 4d), device leads to a filament formation at any one of 
the corners and causes deep snapback (low resistance state).  

 

 

 

 

 

 

 

 

 

However, for a few pulses, NPN triggers uniformly across the 
device width (Fig 4a & 4c) and causes no significant 
filamentation or snapback (high resistance state). Fig. 5 shows 
that pulse-to-pulse instability was observed for slow HBM 
pulses, whereas it was absent for fast pulses. It is worth 
mentioning that we have observed these pulse-to-pulse 
instabilities for various cases, i.e. device with different widths, 
device with different contact scheme (Fig. 2 & 3) and for 
different rise time of the TLP pulse. This validates that the 
observed pulse-to-pulse instabilities have some physical 
significance and are not due to some numerical inaccuracies. 
Figures 3,6 & 7 summarize the device behavior: (i) The 
junction breakdown occurs at a very low current followed by 
a parasitic bipolar triggering at 0.1mA/μm. The device fails at 
even higher currents, which proves that the parasitic bipolar 
turn-on is not the dominant cause of device failure unlike to  
the proposed model in [2][4][8] (ii) The onset of base push-
out at 0.3mA/μm which leads to a deep snap back (iii) Fig. 6 
(b & d) shows that the current leading to filamentation after 
the base push out, which causes a localized (along the width) 
hot spot under the drain diffusion. This is leading to 
significant temperature rise, which can eventually cause the 
device failure for higher width devices. Whereas in smaller 
width device it is visible in the form of lower resistance state. 
In contrast, when the device survives filamentation (a & c) or 
when the filament forms in the center of the device, the 
temperature is quite relaxed along the width and leads to high 
resistance state. (iv) Fig. 7 shows that when the filamentation 
occurs (b & d), the device shows an even higher carrier 
modulation in the localized region along the device width, 
which is named as "localized base push-out" in the later 
sections. 

 

 

 

 

 

 

 

 

 

III. PHYSICS OF ESD FAILURE 

Before we discuss the ESD failure mechanism, it is worth 
pointing out the failure criterion used in this work. Fig. 2 and 
3 shows a significant rise in the temperature just after the base 
push out driven snap-back. This is due to the current 
filamentation and hot spot formation. Furthermore, it also 
shows that temperature rise for device with larger width (Fig. 
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Fig 3: (a) Simulated TLP characteristics (HBM) of single contact
strip and multiple contact strip devices with different widths. Devices
with higher width fail at the onset of base push out driven snapback.
(b) Shows Temperature rise with increasing TLP current for device
with width = 10μm.   

Fig. 4: Current density plot (A/cm2). Figure describes two different
conditions- (i) uniform bipolar triggering along the width and (ii)
non uniform triggering or current filamentation (Width=5μm). 
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3, 10μm device) is significantly higher compared to device 
with smaller widths (Fig. 2, 5μm). For ex: @ ITLP = 
0.4mA/μm, when width was increased from 5μm to 10 μm, 
maximum temperature inside the hot spot increases from 
800K to 1200K respectively. Another simulation (data not 
shown here) for device with 15μm width @ ITLP~0.35mA/μm 
shows temperature greater than 1600K at 100ns. These 
observations are due to the following fact- We found that the 
cross-sectional diameter of current filament does not changes 
with the device width. Due to this, device with higher widths 
leads to increased current density inside the filament, which 
eventually attributes to larger temperature rise inside the hot 
spot. Due to the very huge TLP simulation time required for 
device with width ≥ 15μm, we have restricted our studies to 
device with width = 10μm. In this way, the onset of current 
filamentation, i.e. the onset of base push-out is defined here as 
the failure point. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figures 4c-4d, 6c-6d and 7c-7d differentiate the device 
behavior under two different conditions- (i) almost uniform 
bipolar triggering along the width and filament formation in 
the center of the device and (ii) non-uniform triggering or 
current filamentation at any one of the corners of the device.  
Furthermore, Fig. 8 illustrates the failure model of the device. 

(i) Onset of base push out, which causes snapback. This 
happens at ~ 0.3mA/mm, at which the carrier concentration in 
the drain extension region exceeds the background doping. 

(ii) Base push-out in the 2D plane causes snapback, which 
may lead to an electrical instability. If the device survives this 
instability, current flows almost uniformly along the width 
without any significant temperature rise.  

(iii) Deep snapback because of the base push out-driven 
electrical instability which leads to a lower Impact Ionization 
(II) generated carriers, making it less efficient in triggering the 
distributed parasitic bipolar along the width. Such a non-
uniform bipolar triggering causes the current to shrink 
(filamentation) at any one of the corner along the width and 
leads to significant temperature rise inside the localized hot 
spot. We refer to this phenomenon as “Week  NPN action”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Lattice temperature plot (K). Self heating in the device under
two different conditions. (i) Relaxed temperature when bipolar
triggers uniformly and device survived electrical instability, (ii)
localized heating after current filamentation. (Width=5μm). 

Figure 7: Electric field (V/cm) plot (Width=5μm) at different TLP
level. Figure shows uniform bipolar triggering  after base push out in
2D plane for few pulses (Fig. 7a and 7c), whereas filament, shrink at
the corner, (Fig. 7b and 7d) leads to higher carrier modulation
(causes  deep snapback) for other pulses. 

      ONSET OF
BASE PUSH OUT

  BASE PUSH OUT
DRIVEN SNAPBACK

dVDS/dt < 0

          WEAK 
BIPOLAR ACTION

  NO FILAMENTATION 
AND DEVICE SURVIVED

 FILAMENTATION CAUSES 
FURTHER BASE PUSH OUT

    LEADS
INSTABILITY
         ?

      ELECTRICAL INSTABILITY
      LEADS TO NON-UNIFORM
         BIPOLAR TRIGGERING

ONSET OF FILAMENTATION

  WAS FILAMENT
 WIDTH AT DRAIN
SIDE SATURATED?

DEVICE FAIL!!!!

NO

YES

YES

NO

Fig. 8: Flowchart representation of current filamentation and device
failure model. 

0

4

8

12

16

20

0.0 10.0n 20.0n 30.0n 40.0n 50.0n
300

600

900

1200

1500

 0.65mA/μm
 0.55mA/μm

M
ax

. T
em

pe
ra

tu
re

 (o K
)

Time (sec)

1

2

3

2. Week NPN action.
1. Soft Basepushout.

3. Strong basepushout
4. Strong filamentation

4

and device failure.

No Filament instability
 device survived.

Filament instability 

device destroyed.
(Week NPN action)

D
ra

in
 V

ol
ta

ge
: V

D
 (V

ol
ts

)

Fig. 9: Figure shows voltage drop because of base push out and early 
heating. Also describes various phases of filamentation. 

IRPS10-843EL.2.3
Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on October 06,2022 at 06:25:58 UTC from IEEE Xplore.  Restrictions apply. 



(iv) Increased carrier/current density in a localized region 
along the device width due to the onset of current 
filamentation leads to further carrier modulation in that 
localized region (i.e. localized base push out) and causes 
further shrink of the current filament in a way similar to (iii). 

(v) Week NPN action, localized base push out and current 
filamentation act as  positive feedbacks to each other, 
eventually leading to a very fast and dense filament formation 
(within 2-3ns) causing early device failures (Fig.  9). 

IV. VALIDATION OF FAILURE MODEL 

It was claimed in the past that these devices gets fail due to 
the regenerative triggering of parasitic bipolar [5][8]. As 
discussed in [9], drain hole current is the direct measure of 
excess carrier generation, which leads to regenerative NPN 
triggering. Fig. 10 shows the absence of regenerative NPN 
(i.e. significantly small amount of drain hole current) action 
after the base push out, different from previously reported 
works [5][8]. Fig. 9 also shows that when the device survives 
an electrical instability, there is no significant voltage drop 
and temperature rise, whereas in the presence of electrical 
instability temperature rises significantly with a simultaneous 
drop in the potential within a very short time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 validates the failure model and the time evolution. It 
shows that when parasitic bipolar is triggered using an 
external substrate bias, there is no electrical instability and 
temperature rise. On the other hand, when the substrate bias is 
removed, the device goes into a filamentation and elevated 
temperature because of the electrical instability. Fig. 12 shows 
that the device failure occurs because of filamentation even 
under CDM like conditions. 

  

 

 

 

 

 

 

 

 

 

V. DEVICE MODIFICATION AND PERFORMANCE 
IMPROVEMENT 

 

 

 

 

 

 

 

 

 

 

 

 

  

1µ

10µ

0.0 10.0n 20.0n 30.0n
100p

1n

10n

 Hollow=0.65mA/μm (U)

 Drain 
 Source
 Substrate

N
or

m
. D

ra
in

 h
C

ur
re

nt
 (A

/μ
m

)

Time (Sec)

Solid=0.55mA/μm (F)

No regenerative
    NPN action

Normalized with respect to abs. TLP current

N
or

m
. S

ub
. &

 S
ou

r. 
hc

ur
re

nt
 (A

/μ
m

)

Fig. 10: Figure shows hole current at various terminals, proves
absence of regenerative NPN action. (Markers: F→Filamentation
and U→Uniform)
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Figure 11: Validation of filament behavior and failure model. 
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Fig. 13: Various modified RESURF DeMOS devices. (a) Device 
with extra STI and N-Well -"Type 2" (b) Further modified device 
with added triple well- "Type 3".  
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In order to improve the device ESD robustness, modifications 
are required which should ideally push the onset of base push 
out to higher current levels. Furthermore, the mixed signal 
performance of the device should not be sacrificed while 
incorporating any changes. Fig. 13 shows the modified 
RESURF device where an extra n-well implant far from the p-
well to RESURF-well junction is added, which increases the 
onset of base push out by increasing the background doping. 
A STI region is also added which pushes the current deep into 
the n-well and RESURF-well in order to overcome the 
electrical instability. Since the STI and n-well implant exist in 
the standard sub 100nm node CMOS technologies, the 
modified device has no extra processing cost. 

 

 

 

 

 

 

 

 

 

 

Figure 14 shows that the modified device has a significantly 
improved ESD performance and from TABLE-I one can see 
that the RON v/s VBD performance is degraded only by about 
10%, which is still in the optimum range [10]. This 
performance improvement is attributed to the absence of base 
push out. 

 

 

 

 

 

 

 

 

V. CONCLUSION 

We found that the filamentation is caused by the electrical 
instability at the onset of base push out. The degree of 
confinement and the rate of filament formation strongly 
depends on the existence of week NPN action. The 
regenerative NPN triggering is shown to be absent even at 
higher currents (and temperature) and the bipolar turn-on is 
therefore not the dominant cause of device failure. Further a 
modified-RESURF DeNMOS device is proposed with an 
extra N-Well and STI region near the drain diffusion in order 
to avoid the base push out, which improved the ESD window 
by a factor of ~2X and the failure threshold by a factor ~5X. 
The proposed modification has been shown to not degrade the 
RON v/s VBD performance and has no extra processing cost.  

REFRENCES 
 

[1] P. L. Hower, J. Lin, S. Haynie, S. Paiva, R. Shaw and N. 
Hepfinger, "Proceedings of International Symposium on Power 
Semiconductor Devices and ICs, ISPSD '99, pp. 55-58.  
[2] P. L. Hower, J. Lin and Steve Merchant, "Snapback and Safe 
operating area of LDMOS Transistors", Proceedings of International 
Electron Device Meeting, pp. 193-196, 99.  
[3] P. Moens, S. Bychikhin, K. Reynders, D. Pogony and M. 
Zubeidat, " Effects of hot spot hopping and drain ballasting in 
Integrated Vertical DMOS devices under TLP stress", Proceedings of 
International Reliability Physics Symposium, pp. 393-398, 2004.   
[4] Gianluca Boselli, Vesselin Vassilev and Charvaka Duvvury, " 
Drain Extended NMOS High Current behavior and ESD protection 
strategy for HV application in sub 100nm CMOS technologies", 
Proceedings of International Reliability Physics Symposium, pp. 
342-347, 2007.   
[5] A. Chatterjee, C. Duvvury and K. Banerjee, "New Physical 
Insight and Modeling of Second Breakdown (It2) Phenomenon in 
Advanced ESD Protection Devices", Proceedings of International 
Electron Device Meeting 2005, pp 195-198. 
[6] A. Chatterjee, S. Pendharkar, Y-Y Lin, C. Duvvury and K. 
Banerjee , "An Insight into the High Current ESD Behavior of Drain 
Extended NMOS (DENMOS) Devices in Nanometer Scale CMOS 
Technologies", IEEE International Reliability Physics Symposium , 
2007, pp 608-609. 
[7] A. Chatterjee, S. Pendharkar, Y-Y. Lin, C. Duvvury and K. 
Banerjee, "A Microscopic Understanding of DENMOS Device 
Failure Mechanism Under ESD Conditions", IEEE International 
Electron Devices Meeting (IEDM), 2007, pp 181-184. 
[8] A. Chatterjee, S. Pendharkar, H. Gossner, C. Duvvury and K. 
Banerjee, "3D Device Modeling of Damage due to Filamentation 
under an ESD Event in Nanometer Scale Drain Extended NMOS 
(DE-NMOS)", IEEE International Reliability Physics Symposium 
(IRPS), 2008, pp 639-640. 
[9] Mayank Shrivastava, Jens Schneider, M. S. Baghini, Harald 
Gossner and V. Ramgopal Rao, "A new physical insight and 3D 
device modeling of STI type DeNMOS device failure under ESD 
conditions", IEEE International Reliability Physics Symposium, 
2009, pp. 669-675. 

[10] R. A. Bianchi, F. Monsieur, F. Blanchet, C. Raynaud, O.  
Noblanc, "High voltage devices integration into advanced CMOS 
technologies", Proceedings of International Electron Device 
Meeting, IEDM 2008, pp 137-140. 

0 5 10 15 20 25 30
0.0

400.0µ

800.0µ

1.2m

1.6m

2.0m

0.0 700.0µ 1.4m 2.1m
300

600

900

1200

1500

 Type 1
 Type 2
 Type 3

D
ra

in
 C

ur
re

nt
: I

D
 (A

/μ
m

)

Drain Voltage: VD (Volts)

Fail @1.6mA/μm

Fail at low current.

High IT2 and VT2

change in VBD

No significant 

Width=5μm

 M
ax

. T
em

pe
ra

tu
re

 (o K)

 Drain Current: I
D
 (A/μm)

Fig. 14: Comparison of  simulated TLP characteristics of standard
and modified RESURF devices. Modified RESURF device show
higher IT2 and ESD window. 

TABLE I 

DIMENSIONS AND SIMULATED ELECTRICAL 
PERFORMANCE PARAMETERS  OF VARIOUS INVESTIGATED 

DEVICE TYPES.   
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