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ABSTRACT In this paper, using calibrated 2-D simulations we have reported a new gate grounded trench
impact ionization MOS (GGTIMOS) electrostatic discharge (ESD) protection device for sub-2V operating
voltage applications. The proposedGGTIMOSESD device exhibits∼3x, and∼1.75x reduction in the trigger
voltage in comparison to the traditional GGIMOS, and GGNMOS, respectively. The proposed GGTIMOS
ESD device also exhibits a hold voltage of ∼2.2 V, which is ∼2x higher than the recently published π -SCR
ESD device, hence, the proposed GGTIMOS is a suitable ESD device for the sub-2V operating voltage
applications. Moreover, for the 2 kV human body model (HBM) the proposed GGTIMOS ESD device
requires ∼28% less device width than its counterpart GGIMOS ESD device, which makes it more area
efficient. In addition, through 2 kV HBM simulation, we have shown that the GGTIMOS ESD device
eliminates ESD stress ∼1 µs and the maximum temperature reached during the event is approximately
750 K which is well within the failure limits. Therefore, the results demonstrated in this paper can pave the
way for future ESD design for the technology nodes where the maximum voltage handling capacity of the
input/output (I/O) driver is in the range of 1.2 V to 1.8 V.

INDEX TERMS Electrostatic discharge (ESD), impact ionization MOS (I-MOS), GGNMOS, trigger
voltage, human body model, impact ionization.

I. INTRODUCTION
The continuous miniaturization of technology nodes has
fueled innovation in the integrated circuits (ICs) indus-
try. While the technology node scaling has enhanced the
ICs performance, several reliability challenges have also
emerged [1]. Among them, electrostatic discharge (ESD) is
a serious threat to the IC industry as it is responsible for
majorities of the total failures of ICs [2]. Thus, to insulate
the ICs from ESD stress, various devices, and circuits have
been reported by different researchers in the literature [3],
[4], [5], [6], [7], [8]. For example, the gate grounded NMOS
(GGNMOS) device [3] is highly used in the semiconductor
industry as an ESD protection device because of its immunity
to false triggering. Similarly, for the high voltage applications
drain extendedNMOS (DeNMOS) [5], and silicon-controlled
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rectifier (SCR) based ESD devices [7] have been investigated.
In addition, researchers have also investigated steep slope
devices such as tunnel FET, impact ionization MOS, etc. for
the ESD design [9], [10]. For example, Sithanandam and
Kumar [9] have reported a novel impact ionization MOS
(IMOS) based gate grounded IMOS (GGIMOS) device for 5
V applications, whereas Kranthi and Shrivastava [10] have
demonstrated the application of tunnel field effect transis-
tor as an ESD protection device. Furthermore, it has been
reported in the literature that designing ESD at lower tech-
nology nodes is very difficult due to a significant reduction
in the ESD design window [11], [12]. Therefore, devices
and circuits that require an operating voltage of <2 V, will
need the ESD protection device with a triggering voltage
of <3 V [13].

Therefore, to overcome the low trigger voltage require-
ment different ESD devices have been published [14], [15],
[16], [17]. Among them, Chatterjee and Polgreen [14] have
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FIGURE 1. (a) 2-D schematic of the proposed gate grounded trench I-MOS
(GGTIMOS) ESD device, (b) The layout of the proposed GGTIMOS without
metallization layers and cross-section view, and (c) the proposed
GGTIMOS device dimensions, and doping in the source/channel/drain
regions.

reported a low voltage trigger SCR (LVTSCR) device using
the integration of an NMOS device with SCR. Although the
LVTSCR device exhibits good CMOS compatibility, the low
holding voltage restricts its uses for lower operating voltage.
To enhance the holding voltage of the LVTSCR ESD device,
recently, Song et al. [15] have reported a novel LVTSCR
(NLVTSCR) by embedding a gate to VDD PMOS and GGN-
MOS transistor in the LVTSCR ESD device. The NLVTSCR
ESD device shows a holding voltage in the range of 3.44 V to
4.93 V, however, the use of an extra transistor makes it area
inefficient ESD device. Similarly, Liu et al. [16] have pro-
posed a novel voltage divider trigger SCR (VDTSCR) ESD
device with a low trigger voltage of ∼2.88 V. The VDTSCR
consists of two series capacitors and an NMOS transistor
which are used to form a voltage divider and trigger the SCR
device, respectively. Circuit techniques are also demonstrated
in the literature to decrease the trigger voltage [18], [19], [20].
For example, in [18] an extra trigger circuit is incorporated
to reduce trigger voltage, which would introduce complexity
in the circuit and cause more area consumption. In each of
the previously published ESD devices and circuits have two
major challenges: (a) they need an additional device or trigger
circuit for reducing the trigger voltage, and (b) they are very
area inefficient.

Therefore, in this context, to mitigate the shortcomings
of the previously published ESD protection devices, in this
paper, we have proposed a gate grounded trench I-MOS
(GGTIMOS) ESD device. Unlike the conventional IMOS
ESD device, in the proposed ESD device we have doped
the source, and the drain regions with a similar dopant [9].
The gate is placed near the source side, as a result, the
accelerated electrons will travel to the drain without passing
the channel region underneath the gate region, consequently,
one can expect a lower hot carrier injection in the case of
the proposed device [21]. To obtain the trigger voltage <

3 V, there are two major differences between the GGTIMOS
and GGIMOS: (1) open base BJT configuration breakdown
mechanism is included to trigger the avalanche mechanism
at lower voltages [22], [23], [24], and (2) we have adopted a
trench gate that results in crowding of the electric field near
the gate edges, consequently, further cut downs the trigger

FIGURE 2. (a) The impact ionization model parameters calibration by
reproducing the conventional IMOS output characteristics at VGS = 0 V.
(b) The output characteristics comparison of the proposed IMOS with and
without trench gate at VGS = 0 V. (c), and (d) The contour plots of the
electric field at VGS = 0 V for the proposed IMOS without and with trench
gate, respectively.

voltage [25]. In addition, it is worth mentioning that GGTI-
MOS has been investigated for neuromorphic applications
[25], however, there are no researchers that have investigated
GGTIMOS for ESD clamp design. Using calibrated electro-
thermal simulations, we have shown that the GGTIMOS
ESD protection device shows a trigger voltage of ∼ 2.85 V,
which is significantly lower than the other counterpart ESD
protection devices. The proposed ESD device is targeted for
operating voltage < 2 V. In addition, the proposed ESD
protection device is very area efficient in comparison to
the GGIMOS, as it exhibits a ∼ 29% reduction in width.
Furthermore, we have also tested the proposed ESD device’s
suitability as a protection device using 2 kV human body
model (HBM) simulations.

II. DEVICE STRUCTURE AND SIMULATION PARAMETERS
The 2-D cross-section view of the proposed GGTIMOS ESD
device is shown in the Fig. 1(a). The proposed GGTIMOS
ESD device layout with the poly gate, and source/drain con-
tacts is shown in Fig. 1(b). The channel region that has not
been covered by the gate is referred to as the impact ionization
region (LI), which is used to modify the trigger voltage of the
ESD device, hence the proposed ESD device can be adopted
for the different operating voltages. The proposed GGTIMOS
ESD device dimensions along with the doping in the source,
the channel, and the drain regions are displayed in Fig. 1(c).
The 2-D electro-thermal TCAD simulations are adopted to

demonstrate the GGTIMOS ESD device performance [26].
The bandgap narrowing (BGN), Fermi-Dirac, concentration,
and field dependent models are included in the simulation
setup [22], [23], [24], [25]. The band-to-band tunneling
model (me.tunnel= 0.3, andmh.tunnel= 0.2), and Shockely-
Read-Hall (τn = τp = 100 ns) models are also considered.
The Selberherr’s impact ionization model is also activated.
The electron and hole impact ionization rates αn, and αp,
respectively are [9]:

αn = ANexp
(

−
BN
Eeff,n

)
αp = APexp

(
−

BP
Eeff,p

)
VOLUME 11, 2023 108939



A. Lahgere, D. S. Gupta: Gate Grounded Trench I-MOS as an ESD Clamp for Sub-2V Applications

FIGURE 3. The transmission line pulsing (TLP) and very fast transmission
line pulsing (VFTLP) characteristics of the proposed GGTIMOS ESD device.
For the TLP and VFTLP extraction, the gate, and the source terminal of the
GGTIMOS are connected to the ground whereas the drain terminal is
connected to the input/output (I/O) pad.

where AN = 3.8 × 106/cm, AP = 2.25 × 107/cm, and BN =

1.23 × 106 V/cm, BP = 1.69 × 106 V/cm. The impact ion-
ization parameters are calibrated by recreating the previously
published results [24], as shown in Fig. 2(a). The thermal
model i.e. Lat.Temp, and energy balance transport models
i.e. HCTE are also incorporated into the simulation setup [9].
For the thermal simulation, the heat sink has been placed
5 µm below the BOX in the substrate, which is similar to [9].
This is because the thermal diffusion length for a 100 ns
TLP is 3.3 µm. To cover the worst-case self-heating, the heat
sink contact at the source, the drain, and the gate have not
considered in the simulation test bench. The transient simu-
lations based on ESDA specifications are used to extract the
proposed ESD device transmission line pulsing (TLP), and
very fast transmission line pulsing (VFTLP) characteristics
[27], [28].

III. RESULTS AND DISCUSSION
A. OUTPUT CHARACTERISTICS
The output characteristics of the proposed IMOS are shown in
Fig. 2(b). It can be seen that in comparison to the conventional
IMOS (Fig. 2(a)), the proposed IMOS (Fig. 2(b)) exhibits a
lower breakdown voltage. This happens due to the presence of
the internal current gainmechanism [21]. In other words, with
VGS = 0 V, the proposed IMOS device can be considered to
be an open-base BJTwith an internal positive feedbackmech-
anism that triggers the avalanche process at a lower voltage
than conventional IMOS [25]. Furthermore, to understand
the need for the trench gate, we have compared the output
characteristics of the proposed IMOS with and without the
trench gate at VGS = 0 V (Fig. 2(b)). For a fair comparison,
we have kept the other device dimensions the same. Although
both the device configurations use the open base BJT con-
figuration breakdown mechanism, due to the trench gate, the
proposed IMOS with the trench gate demonstrates a ∼1.2x
reduction in the breakdown voltage as compared to the IMOS

FIGURE 4. The contour plots of the lattice temperature or the maximum
temperature of the proposed GGTIMOS ESD device: (a) TLP, and (b) VFTLP
at drain current of 7 mA. It is clearly evident that for the slower transient
operation the self-heating is more pronounced than the faster transient
operation.

FIGURE 5. The proposed GGTIMOS ESD device contour plots of the total
current density, and electric field: (a) & (c) TLP, and (b) & (d) VFTLP at
failure current of 7 mA, and 17 mA, respectively.

without the trench gate. This happens due to crowding of the
electric field near the gate edges (Fig. 2(c), and (d)), which
is similar to the past reported paper [25]. The higher electric
field causes a higher impact ionization (II) rate, hence, a lower
DC breakdown voltage. Furthermore, the electric field for the
GGTIMOS with the trench gate is ∼1.67x higher than the
GGTIMOS without the trench gate.

B. TLP AND VFTLP CHARACTERISTICS OF GGTIMOS
The GGTIMOS ESD behavior is simulated through the trans-
mission line pulsing (TLP) and very fast transmission line
pulsing (VFTLP) simulations. The transient TLP and VFTLP
simulations are performed based on the ESDA specifications
[27], [28]. For the TLP simulations, the current pulse of rise
time (trise) of 10 ns and pulse width (twidth) of 100 ns has
been used, whereas for the VFTLP simulation, the trise of
200 ps and twidth of 10 ns has been used. To calculate the
average voltage, we have considered the drain voltage in the
30%-90% of the pulse width interval and averaged out those
values [9].
The averaged values of the voltages are used to extract

the proposed GGTIMOS ESD device TLP and VFTLP char-
acteristics, as shown in Fig 3. We can observe that for the
TLP and VFTLP characteristics the trigger voltage (Vt1) is
<3 V, which is ∼3x lower than the past reported GGIMOS
ESD device [9]. This happens due to two major reasons:
(1) the proposed ESD device uses the open base BJT config-
uration breakdown mechanism, which triggers the avalanche
mechanism at lower drain voltage due to the presence of the
positive feedback [21], and (2) the use trench gate allows
crowding of the electric near the gate edges, which further
lower the trigger voltage [25]. In addition, the hold voltage
during the TLP and VFTLP operation is also> 2 V, therefore,
the proposed GGTIMOSwill be a suitable ESD device for the
sub-2 V voltage applications.

Furthermore, after the hold voltage, the current starts rising
up to the failure current (It2). The It2 is the point of thermal
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FIGURE 6. (a) The TLP characteristics of the proposed GGTIMOS at
different channel dopings, (b) the variation in the lattice temperature,
and the impact ionization rate vs channel doping, and (c) extracted device
width using 2 kV HBM Ipeak, and On-state resistance vs channel doping.

breakdown of the device, which is the point at which we
observed the second snapback [9]. Owing to the slower tran-
sient, the It2 for the TLP characteristics is∼59% less than that
of the VFTLP characteristics. The slower transient results in
a higher impact ionization rate, hence, the ESD device during
TLP operation shows an early thermal breakdown in compar-
ison to the VFTLP operation (Fig. 3). Also, due to the higher
II rate, the maximum device temperature during the TLP
operation is significantly higher than the VFTLP operation,
as shown in Fig. 4(a), and (b). It can be seen that during TLP
operation at It2 = 7 mA, the GGTIMOS ESD device maxi-
mum temperature is∼1010K, which is∼1.8x higher than the
VFTLP operation. The reduced self-heating in the case of the
VFTLP also results in a steeper characteristic, which implies
an improved ON-state resistance (RON) (Fig. 3). The ON-
state resistance during the VFTLP operation is ∼37% less
than the TLP. Furthermore, the failure current per unit width
for the TLP and VFTLP characteristics is∼0.46 mA/µm, and
∼1.13 mA/µm, respectively. The contours plots for the total
current density and the electric field at the failure points for
both TLP and VFTLP characteristics can be seen in Fig. 5.
One can see that for the VFTLP operation, the total current
density (∼2x) and the electric field (∼1.3x) are much higher
than the TLP operation.

Further, for a 2 kV human body model (HBM) having
an Ipeak of 1.32 A [28], we can calculate the width of the
GGTIMOS to be around ∼2870 µm. The width of the pro-
posed GGTIMOS ESD device is ∼ 28% less than the past
published GGIMOS ESD device [9] and hence, the proposed
ESD device is more area efficient.

C. IMPACT OF CHANNEL DOPING VARIATION ON
GGTIMOS TLP CHARACTERISTICS
With technology node advancement, the number of dopants
in the channel region is significantly reduced. As a result,

FIGURE 7. (a) The TLP characteristics of the proposed GGTIMOS at
different impact ionization lengths, (b) the II rate contour plots at
different impact ionization lengths, and (c) extracted device width using
2 kV HBM Ipeak, and On-state resistance vs impact ionization length.

fluctuation in channel doping can significantly affect the
device’s performance. Therefore, it will be worthy to evaluate
the impact of channel doping on the proposed GGTIMOS
ESD device performance. Therefore, in Fig. 6(a) we have
simulated the impact of the channel doping on the pro-
posed ESD device TLP characteristics. We can observe that
increasing the channel doping causes an increment in the
trigger voltage. The increment in trigger voltage is due to the
reduction in the impact ionization (II) rate, as displayed in
Fig. 6(b). When the channel doping is varied from 1017 cm−3

to 1018 cm−3, the II rate is reduced by ∼103x. While a
lower channel doping can reduce the trigger/hold voltage
of the GGTIMOS further, but completely depleted channel
could lead to a very small trigger/hold voltage, which can
restrict the use of the device for sub-2V voltage applications.
Furthermore, due to a higher II rate at lower channel doping,
the GGTIMOS ESD device exhibits an early thermal failure,
as a result, at lower channel doping the device width increases
(Fig. 6(c)). In addition, increasing the channel doping also
causes ∼59% improvement in the RON. This happens due to
a rise in the failure current with an increase in channel doping.
Moreover, for the channel doping of 1018 cm−3, the proposed
ESD device Vt1 is >3 V, therefore, it may restrict the use
of the GGTIMOS ESD device for operating voltage <2 V.
Therefore, there is a tradeoff between the Vt1 and RON.

D. IMPACT OF IMPACT IONIZATION LENGTH SCALING
ON GGTIMOS TLP CHARACTERISTICS
In [21], [22], [23], and [24] the authors have demonstrated
that varying the impact ionization length can significantly
impact the device breakdown characteristics. Therefore,
in this sub-section, we have also evaluated the impact of the
impact ionization length on the proposed GGTIMOS ESD
characteristics. In Fig. 7(a), we have simulated the impact of
impact ionization length on the proposed ESD device TLP
characteristics. One can deduce that scaling the LI results in
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FIGURE 8. (a) 2 kV human body model response of the proposed
GGTIMOS. It is clearly evident that the proposed GGTIMOS ESD device
releases the ESD stress in few microseconds. (b) The benchmarking of the
proposed GGTIMOS ESD device trigger voltage, and the hold voltage
against the past published GGIMOS [9], GGNMSO [9], LVTSCR [14],
NVLVTSCR [15], VDTSCR [16], π-SCR [17], PSCR [18], NSCR [18], and
CCTSCR [20].

an enhanced electric field in the impact ionization region,
consequently, the impact ionization rate increases (Fig. 7(b)),
hence, the trigger voltage reduces. As the impact ionization
length scales from 100 nm to 50 nm, the trigger voltage
reduces ∼1.32x. Also, scaling the impact ionization length
from 100 nm to 50 nm, improves the ON-state resistance
(∼28%), and device width (∼0.8x), as shown in Fig. 7(c).
Therefore, a small impact ionization length is suitable for
the area improvement, but, a very small impact ionization
length could lead to a trigger/hold voltage <2 V, which may
hinder the use of the proposed ESD device for application
voltage <2 V.

E. 2 KV HUMAN BODY MODEL RESPONSE OF GGTIMOS
The human body model (HBM) is most dominantly used in
the semiconductor industry for qualifying the ESD clamp-
ing device. In this paper, therefore, to qualify the proposed
GGTIMOS ESD device we have used a 2 kV HBM response
to simulate the ESD event where the discharge occurs by the
human body. For a 2 kV HBM having an Ipeak of 1.32 A [29],
we can calculate the width of the GGTIMOS to be around
∼2870 µm. The proposed device width is higher, which
indicates the proposed ESD device robustness needs to be
improved in the future. The proposed device’s robustness
can be further enhanced by increasing the failure current of
the proposed device. This can be obtained either by using
a high thermal conductivity material [30] or using silicide

blocking [31]. The 2 kV HBM response for a 1.32A Ipeak
of the GGTIMOS can be seen in Fig. 8(a). One can see
that the clamp voltage is the same as the VT1. The proposed
device eliminates the ESD stress in ∼1 µs and the maximum
temperature reached during the event is ∼750 K which is
well within the limits of the actual melting point of Silicon
(∼1687 K). In addition, the turn-on time of the device can
predict whether the proposed device has CDM capability or
not [9]. The turn-on time of the device is defined as the time
taken for the oscillation to settle down. The turn-on time of
the proposed device is ∼180 ps, which is well within the
CDM standards, therefore, the proposed device is suitable for
the CDM standards.

F. BENCHMARKING OF GGTIMOS
In Fig. 8(b), we benchmarked the trigger voltage and the
hold voltage of the proposed GGTIMOS ESD device with the
previously published papers. One can see that the proposed
GGTIMOSESDdevice offers a better solution for ESD appli-
cations for operating voltage <2 V than the other traditional
ESD devices. It can be seen that the trigger voltage of the
GGTIMOS is ∼3x, and ∼1.75x less than the GGIMOS [9],
and GGNMOS [9], respectively. This is highly beneficial as
a reduced breakdown voltage would ensure that in an ESD
event, the device is triggered early and thus, minimizing dam-
age. Although the π -SCR [17] device shows∼1.4x reduction
in the trigger voltage in comparison to the GGTIMOS, the
hold voltage of the π -SCR ESD device is <1.2 V, which
restricts its application for the 1.2 V to 1.8 V applications.
Moreover, it will be worth mentioning that while the other
past reported PSCR [18], and NSCR [18] ESD devices based
on the 28 nmHigh-kmetal gate CMOS process demonstrate a
hold voltage >2 V, and the trigger voltage <3 V, they require
extra gates to cut down the trigger voltage, hence, make them
area inefficient. Also, the trigger voltage of the proposed
GGTIMOS can be modified according to the requirements by
varying the impact ionization length determined by designers
and hence the proposedGGTIMOSESD device is technology
independent.

IV. CONCLUSION
In this paper, we have reported a new gate grounded trench
I-MOS (GGTIMOS) ESD protection device for sub-2 V
applications. Through calibrated 2-D simulations we have
demonstrated that the GGTIMOS trigger voltage is ∼3x, and
1.75x less than the GGIMOS, and GGNMOS, respectively.
Also, the proposed GGTIMOS ESD device suitability for I/O
applications is demonstrated using the human body model
(HBM). The proposed GGTIMOS ESD device shows sig-
nificant a reduction in trigger voltage in comparison to the
previously published ESD protection devices. In addition,
the proposed ESD device exhibits significant area improve-
ment as it requires ∼28% less width than the past reported
GGIMOS ESD device. Although the proposed ESD shows
improvement in the trigger voltage and the area, this will need
experimental demonstration in the future.
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