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Circuit and Layout Co-Design for ESD Protection in
Bipolar-CMOS-DMOS (BCD) High-Voltage Process
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Abstract—The n-channel lateral double-diffused metal-oxide—
semiconductor (nLDMOS) devices in high-voltage (HV) tech-
nologies are known to have poor electrostatic discharge (ESD)
robustness. To improve the ESD robustness of nLDMOS, a co-de-
sign method combining a new waffle layout structure and a trigger
circuit is proposed to fulfill the body current injection technique
in this work. The proposed layout and circuit co-design method
on HV nLDMOS has successfully been verified in a 0.5-pm 16-V
bipolar-CMOS-DMOS (BCD) process and a 0.35-pm 24-V BCD
process without using additional process modification. Exper-
imental results through transmission line pulse measurement
and failure analyses have shown that the proposed body current
injection technique can significantly improve the ESD robustness
of HV nLDMOS.

Index Terms—Bipolar-CMOS-DMOS (BCD) process, body
current injection, electrostatic discharge (ESD), lateral double-dif-
fused metal-oxide—semiconductor (LDMOS).

1. INTRODUCTION

ITH the thriving applications on automotive elec-
W tronics, liquid-crystal display, and light-emitting-diode
driver ICs, the demands of high-voltage (HV) ICs are rapidly
increasing [1]. In HV ICs, the power supply voltage V¢ is
often over 10 V or even higher. To fabricate devices to sustain
such a high operating voltage, not only the process complexity
but also the difficulty to guarantee the reliability of HV devices
is increased. Among the reliability issues of ICs, electrostatic
discharge (ESD) is an important and inevitable event to the
circuits and systems of microelectronics products during fab-
rication, packaging, and assembling processes [2]-[5]. ESD
protection in HV technology is challenging and has recently
received much attention [6]-[9].

To improve the ESD robustness of HV n-channel
metal-oxide—semiconductors (NMOSs), several techniques
related to process modifications have been reported [9]-[13].
The method of inserting N+ buried layer has been used to en-
hance the ESD robustness of n-channel lateral double-diffused
metal-oxide—semiconductor (nLDMOS) [9]. However, addi-
tional process steps and mask layers are needed. In addition, a
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heavily doped P-type adaptive implantation at the source side
of HV NMOS has been used to avoid the nonuniform triggering
of a parasitic n-p-n bipolar junction transistor (BJT) when
the HV NMOS is drawn with a large array, i.e., large device
dimensions (W/L) [13].

In this paper, the influence of a highly doped P-type boron im-
plantation (PBI) layer on the ESD robustness of HV n-channel
lateral DMOS (nLDMOS) is first investigated. The nLDMOS
was designed to discharge the ESD current through the parasitic
BIJT inherent in the nLDMOS. A circuit and layout co-design
method is then proposed to improve the ESD robustness of
the nLDMOS [14], [15]. The proposed method exploits the
body current injection to improve the turn-on uniformity of
nLDMOS devices during ESD stresses. Therefore, it does not
require process modifications or additional mask layers, and
has been verified in a 0.5-um 16-V bipolar-CMOS-DMOS
(BCD) process and a 0.35-um 24-V BCD process.

II. EFFECT OF PBI ON THE ESD PERFORMANCE
OF HV NLDMOS

Fig. 1(a) shows the traditional (stripe) layout diagram of an
nLDMOS in the 0.5-pm 16-V BCD process. The nLDMOS in
the 0.5-pum 16-V BCD process is defined within one single oxide
diffusion (OD) region, so that the gap between the N+ drain and
the polygate is the active area. Device cross-sectional view of
the 16-V nLDMOS along the A — A’ line in Fig. 1(a) is shown
in Fig. 1(b). A PBI was optionally implanted underneath the
source N+ and P+ regions in the 16-V nLDMOS to investigate
its effectiveness on ESD robustness.

For the nLDMOS in the 0.35-um 24-V BCD process, the
drain and source/body regions are defined in different active
areas, as shown in Fig. 2(a). The gap between the N+ drain
and the polygate of the nLDMOS device is thereby a field oxide
(FOX) region. A device cross-sectional view along the A — A’
line of the 24-V nLDMOS in Fig. 2(a) is shown in Fig. 2(b). The
FOX gap of the 24-V nLDMOS can avoid the field crowding
near the drain of nLDMOS, which, in turn, helps the nLDMOS
to sustain the high operating voltage of 24 V. In both HV tech-
nologies, because the nLDMOS devices are surrounded by HV
n-well [16], the p-type body (p-body) of nLDMOS devices are
fully separated from the common p-type substrate (P-sub). Ad-
ditional P+ body pick up at every source region is required to
provide the potential of the p-body. Channel lengths are defined
by the overlapped distance of the p-body and the polygate.

To analyze the characteristics of devices under human body
model (HBM) ESD stresses, a transmission line pulse (TLP)
system with 100-ns pulsewidth is commonly adopted [17].
Fig. 3 shows the TLP-measured I — V characteristics of the
16-V nLDMOS with traditional (stripe) layout style. Both 16-V
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Fig. 1. (a) Layout diagram and (b) device cross-sectional view along the A —
A’ line of the nLDMOS in a 0.5-pm 16-V BCD process with optional PBI
implantation.

nLDMOSs with and without PBI layer in Fig. 3 have the same
device dimension (W/L) of 363.6 pm/0.35 pum, with each
finger having a width of 45.45 pm. From the TLP measurement
results, the bipolar trigger voltage V;; of the gate-grounded
16-V nLDMOS without PBI implantation is 21.4 V. With
the heavily doped PBI implantation to reduce the parasitic
p-body resistance at the source side of nLDMOS, the V;; of the
gate-grounded 16-V nLDMOS is increased to 23.4 V. Because
the bipolar beta gain of parasitic BJT in nLDMOS is also
suppressed by the PBI implantation, the holding voltage of the
first snapback is slightly increased from 10 to 10.86 V by the
insertion of the PBI layer. However, the secondary breakdown
current Iy, of the 16-V nLDMOS was found to be degraded
from 0.39 to 0.28 A due to the insertion of the PBI layer.

To explain the degradation on the ESD robustness of
nLDMOS with PBI implantation, the typical I — V character-
istic of a gate-grounded NMOS (ggNMOS) during ESD stresses
is depicted in Fig. 4. When the voltage across the ggNMOS is
higher than the reverse drain/body junction breakdown voltage
of the ggNMOS, the HV n-well/p-body in Fig. 2(b), e.g., the
drain current of the ggNMOS, starts to increase due to the
avalanche generation. The junction breakdown V,, is typically
defined as the voltage corresponding to a 1-p4A current level in
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Fig.2. (a)Layoutdiagram and (b) device cross-sectional view along the A — A’
line of the nLDMOS in a 0.35-pm 24-V BCD process.
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Fig. 3. TLP-measured I — V characteristics of the gate-grounded 16-V
nLDMOS devices with or without the PBI implantation in the source region.

the ggNMOS. Before the avalanche generation current is large
enough to forward bias the parasitic body/source junction diode,
the ggNMOS acts as a reverse-biased diode [HV n-well/p-body
in Fig. 2(b)]. Therefore, the voltage keeps increasing without
snapback. When the avalanche-generated hole current forward
biases the parasitic body/source junction diode, parasitic n-p-n
BJT is turned on, and the snapback happens. Due to the turn-on
operation of the BJT inherent in the ggNMOS, the voltage
across the ggNMOS is clamped down to the holding region.
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Fig. 4. Typical I — V characteristic of a ggNMOS under ESD stresses.

The maximum reverse diode current before the snapback of
the ggNMOS is defined as [;; in this work. For devices with
large-array design, the effective device width W is usually
higher than several thousands of micrometers in order to have
high driving capability or low turn-on resistance in specified
applications. With a large effective device width, considerable
I can flow through large-array devices before the triggering
of parasitic BJT. Due to the consideration of silicon area,
large-array devices are not drawn with the foundry-provided
ESD design rules in IC products. Therefore, nonuniform trig-
gering among BJT inherent in the large-array device is serious.
Consequently, triggering of BJT induces devastating results to
the large-array devices [13]. Triggering of BJT has also been
reported to cause ESD failures of HV power-rail ESD clamp
circuits with big field-effect transistor (BigFET) [18].

For the 16-V nLDMOS studied in this work, the heavily
doped PBI layer reduces the effective resistance of p-body
(Rbody). With the reduced Ryoay, the I;1 of nLDMOS is
increased, because the turn-on operation of the BJT requires
(It1 X Rbody) > Vidiode, Where Vigiode is the voltage to forward
bias the p-body/N+ junction diode. Due to the fact that the
considerable I;; can flow through large-array nLDMOS, where
BIJT triggering is devastating, the additional P-type implanta-
tion at the source side of nLDMOS is beneficial to the ESD
robustness of stand-alone large-array nLDMOS. ESD energy is
mainly discharged through the reverse diode current I;; of the
large-array nLDMOS. However, for lack of snapback to clamp
down the ESD discharging voltage, large-array nLDMOS is not
suitable to protect internal circuits.

For ESD protection nLDMOS devices that are not large-array
devices, they usually rely on the turn-on operation of BJT to
clamp down ESD voltages to their holding regions and to pro-
tect the gate oxide of internal circuits from being damaged by
the high ESD stressing voltages. They are therefore drawn with
ESD design rules, and the overall effective gate widths are much
smaller, compared with those of large-array nLDMOS devices.
These devices exhibit low I;;, because the high current density
of (I;1/W) makes the p-body/N+ diode easily forward biased
under ESD stresses. As a result, the effect of PBI on increasing
11 is negligible. As shown in Fig. 3, both 16-V nLDMOSs with
and without PBI implantation exhibit low [;; current. Further-
more, the magnitude of I3; is not critical for nonlarge-array ESD

1041

protection nLDMOS, because the ESD current is mainly dis-
charged through the holding region of the nLDMOS. With the
bipolar beta gain being suppressed by the PBI implantation, the
measured I;2 of nNLDMOS was found to be degraded by the in-
sertion of PBI implantation.

III. NEW LAYOUT STRUCTURE WITH CIRCUIT CO-DESIGN TO
IMPROVE THE ESD ROBUSTNESS OF NLDMOS

From the measurement results shown in Fig. 3, it is known
that the PBI layer degrades the ESD robustness of nLDMOS
when the nLDMOS device relies on the parasitic BJT to dis-
charge ESD energies, i.e., snapback-based nLDMOS. Because
the available process modification from foundry is not effective
in improving the ESD robustness of snapback-based nLDMOS,
a layout technique without additional mask or process step is
proposed in this work.

In low-voltage (LV) CMOS technologies, one of the most ef-
fective methods to increase the ESD robustness of ESD protec-
tion devices is the substrate-triggered/substrate-pump technique
[19]-[24]. To inject the substrate-triggered current into the base
of the parasitic n-p-n BJT inherent in LV NMOS, a P+ trigger
node was placed at the drain and connected to the trigger circuit
[20]. However, in HV nLDMOS, the base of its parasitic n-p-n
BIJT is the p-body region, which is surrounded by the HV n-well.
As a result, the traditional layout method in LV technologies to
inject the substrate-triggered current by placing the P+ trigger
node at the drain side cannot be implemented in the HV BCD
processes.

In order to effectively inject the trigger current into the p-body
of nLDMOS (the base of n-p-n BJT), nLDMOS realized in
waffle layout style is proposed in this work. Fig. 5(a) shows the
layout diagram of nLDMOS with the waffle layout style (waffle
nLDMOS). In the waffle layout style, the drain of nLDMOS is
drawn in a square. The source and body of the waffle nLDMOS
are laid out at the four sides of the drain square. Such a waffle
layout style leads to four squares (trigger nodes) at the diagonal
corner of a drain square. Both the p-body regions in the two
studied BCD processes are implanted before the formation of
gate oxide; therefore, the four squares at the diagonal corner of
drain are shorted to the body pick up at the source/body region.
Device cross-sectional views along the A — A’ and B — B’ lines
of Fig. 5(a) are shown in Fig. 5(b) and (c), respectively. By using
the waffle layout structure, the body current can be injected from
trigger nodes and be collected by the grounded P+ pick up at the
source/body. The injected body current at the trigger node acts
as the base current to turn on the parasitic n-p-n BJT inherent in
nLDMOS. With such a new waffle layout arrangement, the P+
contacts at the source/body side can ensure the body potential
of the waffle nLDMOS at ground during normal circuit opera-
tion. The potential of the trigger nodes of the waffle nLDMOS
is dynamically controlled through the circuit co-design method.
A trigger circuit is designed to distinguish normal circuit oper-
ating conditions and ESD stress conditions [25]. Under normal
circuit operating conditions, the trigger circuit biases the trigger
nodes of the waffle nNLDMOS at ground potential. Under ESD
stress conditions, the trigger circuit provides the required body
injection current to enhance the turn-on uniformity of the waffle



1042

Gate

Source

N+
P-Bod NDD
HV N-Well
P-sub
(b)
Sogrce Gate Trigger Node
B’ ate (i B
|N+ P+ N+| | P+ |
P-Body
HV N-Well
P-sub
©

Fig. 5. (a) Layout top view, (b) device cross-sectional view along the A — A’
line, and (c) device cross-sectional view along the B — B’ line of the nLDMOS
with the new proposed waffle layout style in a 0.5-p¢m 16-V BCD process.

nLDMOS. Effectiveness of the newly proposed layout and cir-
cuit co-design method has been verified in a 0.5-um 16-V BCD
process and a 0.35-um 24-V BCD process.

A. In 0.5-um 16-V BCD Process

To verify the turn-on ability of the parasitic n-p-n BJT in the
waffle nLDMOS through the body current injection, a stand-
alone waffle nLDMOS with its trigger nodes connected to a
bonding pad was fabricated in the 0.5-pym 16-V BCD process.
Different levels of body current Iz were injected into the stand-
alone waffle nLDMOS through its trigger nodes. Measurement
setup is shown in the inset of Fig. 6, where Rp,qy denotes the
equivalent resistance of the p-body from the trigger nodes to
the P+ body pick up. With the larger injected I current, the
nLDMOS exhibited the higher collector current /. This result
has verified that the parasitic n-p-n BJT inherent in the waffle
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Fig. 6. Turn-on verification of the stand-alone 16-V nLDMOS drawn in waffle
style with the additional body current (I ) injection.

nLDMOS can successfully be triggered on through the body
current injection.

To provide the body current during ESD stresses, a trigger
circuit composed of an RC distinguisher and an HV inverter
was fabricated on chip. Because the ESD voltage transition is
on the order of nanoseconds but normal circuit power-on tran-
sition is on the order of milliseconds, they can be distinguished
through the time delay of the RC distinguisher. Corresponding
measurement setup to verify the stand-alone trigger circuit and
the device dimensions of the HV inverter used in the 0.5-um
process is shown in the inset of Fig. 7. During the verification
measurement, the output of the stand-alone trigger circuit was
externally shorted to the trigger nodes of a stand-alone 16-V
waffle nLDMOS. Measurement result showed that the trigger
circuit can provide a peak trigger current Iyjgger Of 25 mA to
the trigger nodes of the stand-alone waffle nLDMOS when a
20-V voltage pulse with 10-ns rise time ¢, and 1-us pulsewidth
tpw was applied, as shown in Fig. 7. After 200 ns, Ityigger fades
to 0 mA, because the input voltage of the inverter has followed
up the input voltage transition through the RC distinguisher. The
trigger circuit can therefore effectively distinguish ESD transi-
tion from the normal circuit power-on transition, because the
normal circuit power-on transition has a rise time on the order
of milliseconds.

The 100-ns TLP-measured I — V curves among the
stand-alone stripe, stand-alone waffle, and body-injected waffle
nLDMOS devices are shown in Fig. 8. The stripe nLDMOS in
Fig. 8 has a layout style as that shown in Fig. 1(a). The waffle
nLDMOS in Fig. 8 has a layout style as that shown in Fig. 5(a),
and the trigger nodes of the waffle nLDMOS are internally
shorted to source. The body-injected waffle nLDMOS in Fig. 8
has a layout style as that shown in Fig. 5(a), and the trigger
nodes in the body-injected waffle nLDMOS were internally
connected to the trigger circuit through metal directly wiring
in the chip. The trigger circuit has the same design parameters
to the one verified in Fig. 7. These three nLDMOS have the
same device dimension of 363.6 xm/0.35 pm in layout. Failure
criterion (1-pA leakage current under 16-V drain bias voltage)
is the same to all devices to judge their ESD robustness. The
measured results show that the stripe nLDMOS and waffle
nLDMOS have roughly the same secondary breakdown current
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Iio of 0.39 A and 0.41 A, respectively, if the body current in-
jection was not applied. By applying the body current injection,
the I;o of the waffle nNLDMOS can significantly be increased
from 0.41 to 0.95 A. From the 100-ns TLP measurement, a
more-than-twice increase on ;2 has been achieved through the
waffle layout style and the body current injection technique.
The measured HBM ESD robustness for stand-alone stripe,
stand-alone waffle, and body-injected waffle nNLDMOS devices
is 0.75, 0.75, and 1.25 kV, respectively.

A scanning electron microscope (SEM) image of the
body-injected waffle nLDMOS after 100-ns TLP measurement
is shown in Fig. 9. The failure location of the body-injected
waffle nLDMOS was found on the drain of the nLDMOS.
This result shows that the ESD current is mainly discharged
by the nLDMOS, instead of the trigger circuit, which, in turn,
confirms the effectiveness of body current injection to improve
the ESD robustness of the waffle nLDMOS.

B. In 0.35-um 24-V BCD Process

In the 0.5-um 16-V BCD process, substantial improvement
on the ESD robustness of the nLDMOS has been achieved
by using the waffle layout style along with the trigger circuit
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Fig. 10. TLP-measured I — V' characteristics of stand-alone 24-V nLDMOS
in stripe layout style. The dimension for each finger of the stripe nLDMOS is
73.2 pm/0.75 pm.

to provide body current injection. To study the width scaling
to the ESD protection level of the nLDMOS, the circuit and
layout co-design technique was fulfilled in a 0.35-pm 24-V
BCD process.

The TLP-measured I — V characteristics of stand-alone
stripe nLDMOS and stand-alone waffle nLDMOS in the
0.35-um 24-V BCD process are shown in Figs. 10 and 11,
respectively. The measured I for stand-alone stripe nLDMOS
with a finger number of 4, 6, 8, and 12 is 1.94, 2.81, 3.15, and
3.16 A, respectively. Each finger of the 24-V stripe nLDMOS
is 73.2 pm/0.75 pm. For stand-alone waffle nLDMOS with
2 x 2,3 x 3, and 4 X 4 drain squares, the measured I;5 is
1.8, 2.78, and 3.49 A, respectively. Each drain square of the
24-V waffle nLDMOS is 73.2 ym/0.75 pm. From the TLP
measurement results, nonlinear scaling of ESD robustness to
the device width was observed on both stand-alone waffle and
stand-alone stripe nNLDMOS. A SEM image of the stand-alone
2 x 2 waffle nLDMOS after TLP measurement is shown in
Fig. 12(a). ESD failures were found only on two drain squares
of the 2 x 2 stand-alone waffle nLDMOS. Furthermore, the
enlarged image of the ESD failure locations in Fig. 12(a) is
shown in Fig. 12(b). Surface current filamentation traces are
observed in Fig. 12(b), which implies a superficial current
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Fig. 12. (a) SEM image of the stand-alone 24-V waffle nLDMOS with 2 X 2
drain squares after 100-ns TLP measurement and (b) enlarged image of ESD
failure locations.

discharging path of the stand-alone nLDMOS devices during
ESD stresses.

In the 0.35-um 24-V BCD process, the ESD detection circuit
was also composed of an RC distinguisher and an HV inverter.
A stand-alone trigger circuit was fabricated on-chip to verify the
driving capability of the trigger circuit, as shown in Fig. 13. The
corresponding measurement setup and device dimensions of the
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Fig. 13. Turn-on verification of the stand-alone trigger circuit in the 0.35-ym
24-V BCD process. The measurement setup is shown in the inset of this figure.
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Fig. 14. TLP-measured I — V" characteristics of body-injected 24-V nLDMOS
with waffle layout style.

HYV inverter used in the 0.35-pm process are shown in the inset
of Fig. 13.

The output of the stand-alone trigger circuit was externally
shorted to the trigger nodes of a stand-alone 24-V nLDMOS
with waffle layout style. A voltage pulse with 10-ns rise time %,
and 1-us pulsewidth £y, was given into the stand-alone trigger
circuit. Measurement result showed that the trigger circuit can
provide a peak Itrigger Of 50 mA into the trigger nodes of the
waffle nLDMOS.

With the body current injection, TLP-measured I — V' charac-
teristics for body-injected waffle nLDMOS are shown in Fig. 14.
TLP-measured I35 for body-injected waffle nLDMOS with 2 x
2,3 x 3, and 4 x 4 drain squares are 2.07, 4.41, and 7.42 A,
respectively.

In addition to the body-injected waffle nLDMOS, the body
current injection method was managed to be implemented on the
nLDMOS with stripe layout style. As the layout diagram shown
inFig. 15, two P+ trigger bars were drawn at the two sides of the
24-V nLDMOS with the stripe layout style. The output of the
trigger circuit was internally connected to these two P+ trigger
bars, and these two P+ trigger bars were electrically shorted
to the grounded P+ at the source side through the p-body of
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Fig. 15. Layout diagram of the 24-V stripe nLDMOS with two P+ trigger bars
at two sides of the device for body current injection.
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Fig. 16. TLP-measured I — V' characteristics of body-injected 24-V nLDMOS
in stripe layout style.

the nLDMOS. The 24-V stripe nLDMOS can therefore be body
injected during ESD stresses through the two P+ trigger bars.

For the body-injected stripe nLDMOS, the studied device
has 12 fingers, each having a width of 73.2 um/0.75 pm. The
TLP-measured I — V' characteristic for the body-injected stripe
nLDMOS is shown in Fig. 16. Compared to the stand-alone
stripe nLDMOS with 12 fingers, the measured I;» is increased
from 3.16 to 4.2 A by using the body current injection.

To compare the ESD performances between different types
of nLDMOS, TLP-measured I;» values are normalized to corre-
sponding effective device widths (W), as shown in Fig. 17. For
stand-alone nLDMOS devices, a slightly higher normalized ;5
is found on the stripe nLDMOS when the number of fingers is 4.
With the increasing number of fingers, normalized ;o for stand-
alone stripe nLDMOS is found to more rapidly degrade than
that for stand-alone waffle nNLDMOS. For the stripe nLDMOS
devices studied in this work, fingers were drawn in parallel.
For the waffle nNLDMOS devices, drain squares were both hor-
izontally and vertically expanded. As a result, the horizontal
layout width of the stripe nLDMOS is larger than that of the
waffle nLDMOS. For example, the layout width for the stripe
nLDMOS with 12 fingers is 180.2 xm, whereas the layout width
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Fig. 18. SEM image of the body-injected 24-V nLDMOS with stripe layout
style after 100-ns TLP measurement.

for the waffle nLDMOS with 4 x 4 drain squares is 136.5 pm.
Because bonding pads were placed at the middle of the testing
devices, the stripe nLDMOS has the higher mismatch of para-
sitic metal resistance from the bonding pad to each finger of the
nLDMOS. Accordingly, the stand-alone stripe structure shown
in Fig. 17 shows a severer degradation rate on the normalized
I values, compared with the stand-alone waffle structure [13].

With the body current injection, the stripe nLDMOS with
P+ trigger bars was found to have normalized I;» lie in be-
tween stand-alone nLDMOS devices and body-injected waffle
nLDMOS. A SEM image of the body-injected stripe nLDMOS
with P4 trigger bars after TLP measurement is shown in Fig. 18.
From the SEM image, contact spiking was observed in every
finger of the body-injected stripe nLDMOS. However, contact
spiking was found only on the drain regions near the two P+
trigger bars. No ESD failure was observed at the center por-
tion of the stripe nLDMOS with body current injection. Because
the body current was injected from the two P+ trigger bars,
which was grounded by the P+ body contacts at the source side,
parasitic BJTs closer to the P+ trigger bars have smaller para-
sitic p-body resistance from the P+ trigger bars to the grounded
P+ body contacts. As a result, parasitic BJTs closer to the P+
trigger bars receive higher body injection current during ESD
stresses. This inhomogeneous body current distribution leads to
the result that ESD failures were found to localize on the drain
contacts close to the two P+ trigger bars. For nLDMOS de-
vices in waffle layout style, because the side width of each drain
square is 18.3 um (which is much shorter than the 73.2-um
finger width of the body-injected stripe nLDMOS), they were
less impacted by the inhomogeneous body current distribution.
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Trigger

Fig. 19. OBIRCH and SEM images of the body-injected 24-V nLDMOS with
waffle layout style after 100-ns TLP measurement.

TABLE I
ESD ROBUSTNESS OF NLDMOS DEVICES STUDIED IN THIS WORK

WIL (umipm) | I1p(A) | HBM (kv)
s“"gd'.‘“"e (45.45/0.35)x8 |  0.39 0.75
tripe
16-V Stand-Alone
nLDMOS Waffle 0.41 0.7
o] (40.4/035)x9
° ‘)’Va'f‘:l‘:’ e 0.95 1.25
(73.210.75)x4 | 1.94 35
Stand-Alone | (73.2/0.75)x6 | 2.81 4
Stripe (73.210.75)x8 | 3.15 5
(73.210.75)x12 | 3.16 5.5
B°d§;:_?r’,‘:°'°d (73.20.75)x12 | 4.2 7
24-v
nLDMOS (73.210.75) x 4 18 3
Stand-Alone
Waffle (73.210.75)x9 | 2.78 45
(73.210.75)x 16 | 3.49 6.5
(73.210.75)x4 | 2.07 4
Body-Injected
Waffle (73.210.75)x9 | 4.41 7
(73.210.75)x 16 |  7.42 >8

Body-injected waffle nLDMOS thereby performed higher nor-
malized I;» than that of body-injected stripe nLDMOS.

From the normalized I;» among different types of nLDMOS
devices shown in Fig. 17, nonuniform triggering was found
to be substantially alleviated by using the waffle layout style
and the body current injection. Body-injected waffle nLDMOS
therefore exhibits the highest normalized I;» among different
types of nLDMOS shown in Fig. 17. Optical-beam-induced
resistance change (OBIRCH) and SEM images of the body-in-
jected waffle nLDMOS with 4 x 4 drain squares after TLP
measurement are shown in Fig. 19. OBIRCH analysis in Fig. 19
shows uniform ESD failure locations on the waffle nLDMOS,
instead of the trigger circuit, which implies that the ESD current
is properly discharged through the ESD protection nLDMOS.
With ESD failures spreading on every drain square of the 4 x 4
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waffle nLDMOS, the SEM image further confirms that uniform
triggering of nLDMOS is successfully achieved by using the
body current injection. From the TLP measurement results and
failure analyses, the effectiveness of body current injection
on improving the ESD robustness of HV nLDMOS has been
verified. The ESD robustness of nLDMOS devices studied in
this work is summarized in Table I. Six samples were tested
for the HBM ESD protection levels shown in Table I, and the
levels reported in Table I are the lowest ESD-sustained levels
among the six tested samples.

IV. CONCLUSION

nLDMOS in high-voltage technologies has been known to
have poor ESD robustness. Additional PBI on the source side
of nLDMOS has been found to degrade the ESD robustness
of snapback-based nLDMOS. Through the collaboration of the
newly proposed waffle layout style and the ESD trigger circuit,
the body-injected technique has been fulfilled in a 0.5-pym 16-V
BCD process and a 0.35-um 24-V BCD process. The 100-ns
TLP measurement results have shown that, by using the body
current injection, the ;o of the waffle nLDMOS can substan-
tially be increased. Failure analyses have further revealed the
improved turn-on uniformity of nLDMOS devices by the body
current injection. From these experimental results, the body-in-
jected technique has been verified as an effective method to in-
crease the ESD robustness of nLDMOS in HV ICs without mod-
ifying process steps nor increasing mask layers.

ACKNOWLEDGMENT

The authors would like to thank Y.-N. Jou, Y.-J. Huang, and
G.-L. Lin, Vanguard International Semiconductor Corporation,
Hsinchu, Taiwan, for their valuable technical discussion and
chip fabrication of this work.

REFERENCES

[1] P. Wessels, M. Swanenberg, H. Zwol, B. Krabbenborg, H. Boezen, M.

Berkhout, and A. Grakist, “Advanced BCD technology for automotive,

audio and power applications,” Solid State Electron., vol. 51, no. 2, pp.

195-211, Feb. 2007.

S.-H. Chen and M.-D. Ker, “Area-efficient ESD-transient detection cir-

cuit with smaller capacitance for on-chip power-rail ESD protection in

CMOS ICs,” IEEE Trans. Circuits Syst. I, Exp. Briefs, vol. 56, no. 5,

pp. 359-363, May 2009.

M.-D. Ker, W.-Y. Chen, and K.-C. Hsu, “Design on power-rail ESD

clamp circuit for 3.3-V I/O interface by using only 1-V/2.5-V low-

voltage devices in a 130-nm CMOS process,” IEEE Trans. Circuits

Syst. I, Reg. Papers, vol. 53, no. 10, pp. 2187-2193, Oct. 2006.

[4] M.-D. Ker and K.-H. Lin, “Overview on electrostatic discharge pro-
tection designs for mixed-voltage I/O interfaces: Design concept and
circuitimplementations,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol.
53, no. 2, pp. 235-246, Feb. 2006.

[5] M.-D. Ker and H.-C. Hsu, “ESD protection design for mixed-voltage
1/0 buffer with substrate-triggered circuit,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 52, no. 1, pp. 44-53, Jan. 2005.

[6] M. Mergens, W. Wilkening, S. Mettler, H. Wolf, A. Stricker, and
W. Fichtner, “Analysis of lateral DMOS power devices under ESD
stress conditions,” IEEE Trans. Electron Devices, vol. 47, no. 11, pp.
2128-2137, Nov. 2000.

[7] M.-D. Ker and W.-J. Chang, “On-chip ESD protection design for au-
tomotive vacuum-fluorescent-display (VFD) driver IC to sustain high
ESD stress,” IEEE Trans. Device Mater. Rel., vol.7,no. 3, pp. 438-445,
Sep. 2007.

[2

—

3

—



CHEN AND KER: CIRCUIT AND LAYOUT CO-DESIGN FOR ESD PROTECTION IN BCD HV PROCESS

[8] G. Boselli, V. Vassilev, and C. Duvvury, “Drain extended NMOS high

[9

—

[10]

[11

[12

[13

[14

[15

[16

[17

[18

[19

[20

]

]

1

1

1

]
1

]

]

[21]

[22]

[23]

[24

current behavior and ESD protection strategy for HV applications in
sub-100 nm CMOS technologies,” in Proc. IEEE Int. Reliab. Phys.
Symp., 2007, pp. 342-347.

J.-H. Lee, S.-H. Chen, Y.-T. Tsai, D.-B. Lee, F.-H. Chen, W.-C. Liu,
C.-M. Chung, S.-L. Hsu, J.-R. Shih, A.-Y. Liang, and K. Wu, “The
influence of NBL layout and LOCOS space on component ESD and
system level ESD for HV-LDMOS,” in Proc. Int. Symp. Power Semi-
cond. Devices ICs, 2007, pp. 173-176.

V. Parthasarathy, V. Khemka, R. Zhu, J. Whitfield, A. Bose, and R.
Ida, “A double RESURF LDMOS with drain profile engineering for
improved ESD robustness,” IEEE Electron Device Lett., vol. 23, no. 4,
pp. 212-214, Apr. 2002.

Y .-J. Seo and K.-H. Kim, “Effects of background doping concentration
on electrostatic discharge protection of high voltage operating extended
drain N-type MOS device,” Microelectron. Eng., vol. 84, no. 1, pp.
161-164, Jan. 2007.

K.-H. Kim and W.-J. Choi, “Effects of background doping concentra-
tion on ESD protection properties of high voltage operation extended
drain N-type MOSFET device,” in Proc. IEEE Int. Reliab. Phys. Symp.,
2007, pp. 334-341.

K. Kawamoto, S. Takahashi, S. Fujino, and I. Shirakawa, “A no-snap-
back LDMOSFET with automotive ESD endurance,” IEEE Trans.
Electron Devices, vol. 49, no. 11, pp. 2047-2053, Nov. 2002.

W.-Y. Chen and M.-D. Ker, “High-voltage NLDMOS in waffle-layout
style with body-injected technique for ESD protection,” I[EEE Electron
Device Lett., vol. 30, no. 4, pp. 389-391, Apr. 2009.

W.-Y. Chen, M.-D. Ker, Y.-N. Jou, Y.-J. Huang, and G.-L. Lin, “Im-
provement on ESD robustness of lateral DMOS in high-voltage CMOS
ICs by body current injection,” in Proc. IEEE Int. Symp. Circuits Syst.,
2009, pp. 385-388.

A. W. Ludikhuize, “A review of RESURF technology,” in Proc. Int.
Symp. Power Semicond. Devices ICs, 2000, pp. 11-18.

T. Maloney and N. Khurana, “Transmission line pulsing techniques for
circuit modeling of ESD phenomena,” in Proc. EOS/ESD Symp., 1985,
pp. 49-54.

G. Notermans, O. Quittard, A. Heringa, 7. Mrearica, F. Blanc, H. Zwol,
T. Smedes, T. Keller, and P. Jong, “Designing HV active clamps for
HBM robustness,” in Proc. EOS/ESD Symp., 2007, pp. 47-52.

T.-Y. Chen and M.-D. Ker, “Investigation of the gate-driven effect and
substrate-triggered effect on ESD robustness of CMOS devices,” [EEE
Trans. Device Mater. Rel., vol. 1, no. 4, pp. 190-203, Dec. 2001.
M.-D. Ker and J.-H. Chen, “Self-substrate-triggered technique to
enhance turn-on uniformity of multi-finger ESD protection devices,”
IEEE J. Solid-State Circuits, vol. 41, no. 11, pp. 2601-2609, Nov.
2006.

M.-D. Ker, T.-Y. Chen, and C.-Y. Wu, “Substrate-triggered ESD clamp
devices for using in power-rail ESD clamp circuits,” Solid State Elec-
tron., vol. 46, no. 5, pp. 721-734, May 2002.

T. L. Polgreen and A. Chatterjee, “Improving the ESD failure threshold
of silicided n-MOS output transistors by ensuring uniform current,”
IEEE Trans. Electron Devices, vol. 39, no. 2, pp. 379-388, Feb. 1992.
A. Amerasekera, C. Duvvury, V. Reddy, and M. Rodder, “Substrate
triggering and salicide effects on ESD performance and protection cir-
cuit design in deep submicron CMOS processes,” in IEDM Tech. Dig.,
1995, pp. 547-550.

C. Duvvury, S. Ramaswamy, A. Amerasekera, R. A. Cline, B. H. An-
dresen, and V. Gupta, “Substrate pump NMOS for ESD protection ap-
plications,” in Proc. EOS/ESD Symp., 2000, pp. 7-17.

1047

[25] M.-D. Ker, “Whole-chip ESD protection design with efficient
VDD-to-VSS ESD clamp circuit for submicron CMOS VLSI,” IEEE
Trans. Electron Devices, vol. 46, no. 1, pp. 173-183, Jan. 1999.

Wen-Yi Chen (S’08) received the B.S. and M.S. de-
grees, in 2003 and 2005, respectively, from National
Chiao-Tung University, Hsinchu, Taiwan, where he is
currently working toward the Ph.D. degree with the
Institute of Electronics.

After military service, he joined the Circuit De-
sign Department, SoC Technology Center, Industrial
Technology Research Institute (ITRI), Hsinchu, as
a Circuit Design Engineer. In 2006, he joined the
Amazing Microelectronic Corporation and worked
with system-level ESD protection design. His current
research interests include the reliability of high-voltage CMOS devices and
ESD protection design in mixed-voltage 1/O circuits.

Ming-Dou Ker (S°92-M’94-SM’97-F’08) received
the Ph.D. degree from National Chiao-Tung Univer-
sity, Hsinchu, Taiwan, in 1993.

He has been the Department Manager of the VLSI
Design Division, Computer and Communication Re-
search Laboratories, Industrial Technology Research
Institute (ITRI), Hsinchu. Since 2004, he has been
a Full Professor with the Department of Electronics
Engineering, National Chiao-Tung University. From
2006 to 2008, he served as the Director of the Master
degree program with the College of Electrical Engi-
neering and Computer Science, National Chiao-Tung University, as well as the
Associate Executive Director of National Science and Technology Program on
System-on-Chip (NSoC) in Taiwan. Since 2008, he was rotated to serve as the
Chair Professor and Vice President with I-Shou University, Kaohsiung, Taiwan.
He had been invited to teach and/or to consult the reliability and quality design
for integrated circuits by hundreds of design houses and semiconductor compa-
nies in the worldwide IC industry. He has proposed many solutions to improve
the reliability and quality of integrated circuits. He has published more than 380
technical papers in international journals and conference proceedings in the field
of reliability and quality design for circuits and systems in CMOS technology.
He is the inventor of 156 U.S. patents and 146 Taiwan patents. His current re-
search interests include the reliability and quality design for nanoelectronics and
gigascale systems, high-speed and mixed-voltage I/O interface circuits, on-glass
circuits for system-on-panel applications, and biomimetic circuits and systems
for intelligent prosthesis.

Prof. Ker has served as the Associate Editor for the IEEE TRANSACTIONS ON
VERY LARGE-SCALE INTEGRATION (VLSI) SYSTEMS. He has been selected as
the Distinguished Lecturer in the IEEE Circuits and Systems Society from 2006
to 2007 and in the IEEE Electron Devices Society from 2008 to 2010. He was
the President of Foundation of the Taiwan ESD Association. He has served as
a member of the Technical Program Committee and the Session Chair of nu-
merous international conferences. In 2008, he has been elevated as an IEEE
Fellow “for his contributions to the electrostatic protection in integrated cir-
cuits and the performance optimization of VLSI Microsystems.” In 2009, he
was awarded as one of the top ten Distinguished Inventors in Taiwan and one of
the top hundred Distinguished Inventors in China.




