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circuits due to their high energy transfer. Catastrophic or latent failures in ICs can result
from ESD damage, with latent damage potentially causing malfunctions or premature
failure. To safeguard against ESD, protection methods and schemes, such as CMOS -
based approaches, are implemented to divert and minimize high currents and voltages,
especially as IC technology advances to smaller scales. This project proposed a
protection scheme based on 45 nm CMOS technology which was done in Cadence EDA
tools. CMOS structures and clamping diode with the implementation of inverter were
utilized to reduce peak discharge current and mitigate ESD damage through fast rise
times. The Human Body Model (HBM) which is equivalent to 2 kV was used as a
testbench for the protection circuit. The first peak current (31.169 mA) of proposed
design has results in 97.66 % reduction with the rise time of 55.58 fs, fall time 2.188
ps, and a peak discharge current period of 174.66 fs. The total power dissipation for the
DUT is 29.15 mW with circuit layout of 16.81 nmZ2. In summary, the proposed ESD

protection circuit can be implemented in the low voltage application.

1. Introduction

Electrostatic discharge (ESD) is a phenomenon characterized by the rapid transfer of charges
between objects, leading to high voltage and current levels that can cause significant damage to
devices and circuits [1-2]. To prevent ESD damage, one approach is to divert the ESD current away
from the main circuits, input/output (1/0) ports, and power sources by adding a low impedance clamp
circuit [3]. ESD-induced current can cause various issues such as thin film burnout, junction
filamentation, and junction spiking, leading to permanent malfunctioning of devices [4]. Charge
injection and breaking of the oxide layer can also occur due to ESD-induced voltage, resulting in latent
damage that may not immediately affect device performance [4]. As technology nodes for ICs
become smaller, the susceptibility of complementary metal-oxide semiconductor (CMOS) devices to
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ESD failure increases due to thinner gate oxides and shallower junctions [5-7]. To design effective
ESD protection, ESD events can be simulated using models such as the Human Body Model (HBM),
Machine Model (MM), and Charged Device Model (CDM) [8]. These models mimic real-world ESD
events and help in the design process. Several approaches can be employed to protect circuits from
ESD, including the design of ESD protection circuits, utilization of ESD protection devices, adherence
to ESD control and handling protocols, and the use of ESD protection integrated circuits (ICs) [9-10].
Designing circuits with materials and structures resistant to ESD, such as Silicon-On-Insulator (SOI)
technology, can enhance ESD protection [10]. ESD protection devices like diodes or transistors can
be integrated into the circuit to safely dissipate ESD current and prevent damage [10]. The
discharging clamp circuit is also known as the power clamp due to the design allowing the discharging
path between the power line VDD and VSS which will optimize the overall discharging process when
an ESD event occurs [11]. One of the most popular power clamps is the three-stage RC delay. Three
inverters are connected in series with an RC detecting component to create the delay buffer as shown
in Fig.1.

Diode is the most common device for ESD protection circuit due to its high protection
efficiency when it is in forward bias. Aside from that, Zener diodes could also be used as a protection
device when implementing it in reverse bias mode [13-14]. Due to the low turn on voltage
characteristics, diodes are usually stacked in order to withstand a higher voltage node [11]. The I-V
characteristics of a diode are shown in Fig. 2. One downside of diodes is that they have a large leakage
current as compared to the other ESD protection devices which will then increase its power
consumption.

VI)l) Reversed Bias §
=
- + © Ron
PN
< Rb‘ last
< alla
k2 Fli FII [Ili
. Van Vox
I C::)am!)mg Voltage
evice
C = [: I: l: o~ P|N|o
R()\
Forward Bias

Vs

Fig.1. Equivalent power clamp protection scheme Fig. 2. Current-Voltage characteristics for diode [11]
using three stage RC delay [12]

CMOS technology consists of two most significant IC devices, PMOS and NMOS, as they are
also helpful in the ESD protection design. P-type and n-type transistors are both employed in CMOS
circuits as shown in Fig.3. A p-type semiconductor is a substance that lacks electrons and is used to
make p-type transistors. The n-type transistors, on the other hand, are constructed from a substance
known as an n-type semiconductor that has an overabundance of electrons [11]. The equivalent
circuit for the HBM ESD is shown in Fig. 4.
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Fig. 3. |-V characteristics for diode Fig. 4. Simplified HBM equivalent circuit [4]

In the human body, there are initially static charges that are being stored and could be
transferred into an Integrated Circuit just by touching the ICs. The standard for any ESD protection
circuit is that it could sustain at least 2 kV HBM ESD stress which could generate an ESD peak current
of around 1.3 A and a rise time of around 10 ns with a decay time of 130 ns to 170 ns [15]. There are
a few important parameters in the HMB equivalent circuit which include an ESD capacitor of 100 pF
and an ESD resistor of 1500 Q [4].

Table 1 shows the classification of HBM standards published by JEDEC which were according
to the threshold voltage in the HBM testing [11].

Table 1

HBM classification based on JEDEC.
Classification Voltage range (V)
0 <250
1A 250to < 500
1B 500 to < 1000
1C 1000 to < 2000
2 2000 to < 4000
3A 4000 to < 8000
3B > 8000

Various studies have proposed ESD protection circuit designs using different CMOS processes
and structures. For example, a 40 nm CMOS process was used to design an ESD clamp circuit for input
transistors, which demonstrated improved ESD robustness with current withstand capacities of 2 A
(NMOS) and 1.4 A (CMOS) [16]. Another study [17] investigated optimal ESD structures using a 0.35
um CMOS technology and showed significant reductions in peak current through the implementation
of protective circuits. A 28 V ESD clamp circuit occupying 0.21 mm? was designed using a 40 nm CMOS
process and achieved a maximum leakage current of 3 mA, withstanding 6 kV HBM testing [18]. Latch-
up-free ESD protection designs using SCR and CMOS were presented, demonstrating fast turn-on
times and high ESD levels in a 130 nm CMOS process [19]. Resistor-less power-rail ESD clamp circuits
with ultra-low leakage current and standby leakage current were proposed and verified in a 65 nm
CMOS process [20-21]. Overall, these studies highlight the development of ESD protection circuits
using various CMOS processes and structures to enhance ESD robustness and prevent damage in ICs.
Different widths of SCR and CMOS structures have been explored, achieving significant
improvements in ESD performance and current withstand capacities.
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2. Methodology
2.1 Proposed CMOS-Based ESD Protection Circuit Architecture

Fig.5 illustrates the block diagram for the CMOS-based ESD protection circuit which consists
of diodes as clamping devices and CMOS. Meanwhile, Fig. 6 shows the proposed design schematic
for the ESD protection circuit which consists of diodes, PMOS, NMQOS, and resistors. In this design, it
implements the CMOS ESD protection device with an additional clamping diode. The additional
diodes shunt the transient current to VCC and Ground power supply line which reduces the excessive
voltage that could damage the internal circuit.
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Fig. 5. Block diagram of CMOS-based ESD Fig. 6. CMOS based ESD protection circuit.
protection structure

The resistors that are placed in between the clamping diodes will limit the peak current. The
resistors are carefully selected with regards to the fact that the usage of large series resistance and
large junction capacitance of ESD clamp devices results in a prolonged resistance-capacitance (RC)
delay for input signals, which is not desirable for high-precision circuit applications.

Besides, the complexity of the design process increased as well, necessitating accurate CMOS
circuit modelling. The gate length and gate oxide of MOS transistors have been two critical aspects
in improving the vulnerability of CMOS devices. The proposed protection structure includes the
clamping diode and gate coupling which limits the voltage and current while at the same time
diverting the ESD current. Besides, the gate coupling method is used to reduce the overstress voltage
and protect the thin gate oxide. The size of N1 and P1 transistors must be designed with large
dimensions so that it can withstand the high ESD level which in this case, P1: 100 um (W) /150 nm (L)
and N1: 50 nm (W) /150 nm (L). The width size of the transistors for PMOS must be doubled from the
NMOS since the rise time and fall time of the gate should be equal. Furthermore, resistors R1 and R2
need to limit the ESD current flowing through the short channel of the transistor efficiently. Besides,
due to the high-precision issues, the value for the resistance should not be large, thus the value R1
and R2 were chosen as 750 Q while R3 and R4 values are 350 Q and 100 Q, respectively. Table 2
illustrates the parameters for the overall device that are implemented in the ESD protection circuit.
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Table 2

Device parameter FOR ESD protection circuit

Device / Component Values

R1 750 Q (W =1um/L=50
pm)

R2 750 Q (W =1um/L=50
pm)

R3 350QW=1um /L=
23.335 um)

R4 100QW=1um /L=
6.67 um)

P1 W =100 um/L=150 nm

P2 W=800nm/L=150 nm

P3 W=800nm/L=150 nm

N1 W =50um/L=150 nm

N2 W =400nm/L=150 nm

N3 W =400nm/L=150 nm

N4 W =400nm/L=150 nm

CMOS based ESD protection circuit is encapsulated into the HBM equivalent circuit as shown in
Fig.7. The HBM analysis is intended to investigate the reliability and robustness of the protection
structure using CMOS technology in an ESD events.

In the HBM test circuit, it imitates the ESD phenomenon from human body that is electrostatically
charged contacted a chip and then form a discharge path. Two important parts in this
implementation are the resistor and capacitor which are equivalent with the resistance value of 1.5
kQ while the capacitance of 100 pF indicates the static charge carried by a human body while the
Vpuise is varied depending on the test which in this case 2 kV is chosen.

ESD
protection
circut

DUt

Fig. 7. Equivalent HBM testing of the CMOS based ESD protection circuit

The resistor R1 is used to reduce the incoming voltage from source which is one of the reasons
that the value for this resistor is low. Table 3 lists the components parameters for the purpose of
testing using HBM model.

Table 3

Components parameter for the HBM test circuit
Component Values
Pulse Voltage 2 kV
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Resistor 1 1 MQ
ESD resistor 1.5kQ
ESD capacitor 100 pF
DUT resistor 30Q

2.1 Power dissipation to the Device Under Test (DUT)

Power dissipation refers to the amount of electrical power that is absorbed by the DUT during
an ESD event. When an ESD event occurs the high voltage discharge could cause rapid current flow
through the DUT which will eventually cause localized heating and high risk of malfunction to the
DUT. The power dissipation to the device under test can be expressed by using (1), where the i%(t) is
the discharge current value and RDUT is the resistance value for the device under test.

P(t) = i*(t) x RDUT (1)
3. Results

The Human Body Model is used to simulate ESD protection circuits, which turns out to be an
important task. This section delves into the findings from HBM simulations, illuminating how the
addition of ESD protection circuits affects the behaviour of devices exposed to ESD events brought
on by human touch. The durability of the device can be ensured by incorporating these circuits, which
can limit any potential ESD damage.

3.1 Simulation of ESD protection circuit using HBM model

The analysis of HBM simulation using ESD protection circuits is an important aspect of
designing a robust and reliable electronic device. HBM simulation allow engineers to understand and
evaluate the behaviour of devices when subjected to ESD events caused by human touch. By
incorporating ESD protection circuits into the design which could mitigate the potential damage
caused by ESD and ensure the longevity of the device.

This transient analysis involves studying the response of the circuit during HBM simulation,
including the current and voltage levels experienced by the device. By simulating the HBM scenario,
the effectiveness of the ESD protection circuits in diverting the ESD current away from critical
components and preventing damage can be measured and analysed. Fig. 8 shows the schematic of
the CMOS-based ESD protection circuit which is done in the Cadence EDA tools and has been verified
its electrical rule.

Fig. 9 illustrates the implementation of the protection circuit in the HBM model for the
purpose of testing. The test was conducted in Cadence Virtuoso ADE L by using 2kV voltage pulse to
simulate the charge human body. Besides, 3.3V power supply is used to power the protection circuit.
The discharge current that represents the peak current for 2 kV voltage which are equivalent to 1.33
A is applied on the input of the protection circuit.
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Fig. 8. Schematic of the CMOS based ESD protection circuit implemented in Cadence EDA tools

HBM equivalent circuit Protection circuit

Fig. 9. Protection circuit implementation in the HBM model using Cadence EDA tools

3.2 Transient response of ESD protection circuit

Based on the simulation waveform that was obtained in the implementation of the protection
circuit has resulted in a significant reduction in the peak discharge current as shown in Fig. 10. Prior
to the implementation of the protection circuit, the peak current was measured at 1.33 A, indicating
the maximum amount of current flowing through the circuit during its operation. However, after the
protection circuit was introduced, the peak current decreased to 31.169 mA, which is equivalent to
97.66 % representing a substantial decrease in the magnitude of the current.

Fig. 11 show an the discharge current waveform with the rise time and fall time after the
protection circuit was introduced. Rise time and fall time before the protection circuit are 17.44 fs
and 185.5 ns respectively while after the implementation of the protection circuit, the rise time is
55.58 fs and fall time 2.188 ps.
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Fig. 10. Discharge current waveforms of peak current with rise time and fall time of conventional HBM
waveform (without protection circuits)
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Fig. 11. The overall waveform of peak current with rise time and fall time of the HBM test using the proposed
protection circuits.

The peak discharge current represents the maximum amount of current flowing through the
circuit as presented in Fig.10 and Fig. 11 was significantly reduced from 1.33 A to 31.169 mA which
equivalent to 97.66 % decrease of current. In the previous work [17], the peak current was measured
at 1.25 A (without protection circuit) while it decreases to 56.8 mA which equivalent to 95.46 %
reduction with circuit protection. Hence, the proposed protection circuit\ effectively limits the
current to a safer level, preventing potential damage to the circuit.

Similarly, the peak discharge current period, which measures the time taken for the current
to reach maximum value before declining. Prior to the implementation of protection circuit, the peak
discharge current period was measured at 97.1 ps. This value significantly reduced to 174.7 fs (with
protection circuit), indicating faster time to reach maximum current. Furthermore, the peak
discharge current period increased from 12.8 ns to 47.5 ns [17]. These results indicate that the
proposed design achieves a greater reduction in time taken to reach maximum discharge current.

In addition, the rise time was measured at 17.44 fs (without protection circuit), indicating the
time it takes for the signal to transition from the low level to the high level. However, the rise time
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slightly increased to 55.58 fs with protection circuit implementation. Similarly, the fall time, which
measures the signal's transition from the high level to the low level, also experienced a noticeable
change. Initially, the fall time was measured at 185.5 ns. However, after the protection circuit was
incorporated, the fall time significantly decreased to 2.188 ps, indicating a much faster signal
transition. These changes in rise and fall times highlight the effectiveness of the protection circuit in
optimizing the signal performance. The circuit has successfully enhanced the speed at which the
signal rises and falls, thereby improving the overall reliability of the system.

By obtaining the discharge current value from the simulation, we can calculate the power
dissipation to the DUT using (1). Based on the proposed protection circuit peak discharge current
value, the power dissipation is measured at 29.15 mW which is smaller than the conventional HBM
testing without any protection circuit that is 53.07 W. RDUT value of 30 Q in [17] is assumed equal to
the one that are used in the proposed design, the power dissipation obtained for the DUT is 96.79
mW.

Table 3 presents the comparison between the proposed ESD protection circuit with the
previous work [17]. Based on the proposed design, the power obtained is 29.15 mW while higher
power (96.79 mW) was gained in [17].

Table 4
Proposed ESD protection circuit comparison to the
previous work in [17]

Proposed design  Previous work

[17]
Technology node 45 350
(nm)
HBM testing (kV) 2 2
Peak current (mA) 31.169 56.8
Current reduction 97.66 95.46
(%)
Rise time (s) 55.58 f -
Fall time (s) 2.188 p -
Peak discharge 174.66f 47.5n
current period (s)
Power dissipation 29.15 96.79
(mW)

3.3 Layout of ESD protection circuit

Fig. 12 illustrates the layout of the proposed ESD protection circuit. The layout is then needed
to undergo the physical verification steps such as DRC, LVS, ERC, and PEX to make sure it is free from
any error. Furthermore, if the layout is not debugged properly, the layout will not work as schematic
design. The overall size of the layout is 16.81 nm?, where the width is 130.55 um and the length is
128.78 um.
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Fig. 12. Layout of the proposed ESD protection circuit

The MOSFETS layout of PMOS and NMOS (P2, P3, N2, N3, and N4) were chosen from the
Cadence gpdk045 library which in this case the pmos2v and nmos2v are used. The PMOS and NMOS
will have 3 terminals consisting of Gate, Drain and Source with one extra connection which is bulk
that are connected on either the VCC or ground depending on the connection. The bulk needs to be
connected to the correct terminals to avoid any error in DRC stage. Some of the common errors for
PMOS and NMOS are the latch-up error and p-well stamp error connect.

3.3 Layout of ESD protection circuit

The results of Design Rule Checker (DRC) using Assura are shown in Fig. 13. The DRC step is passed
without any error indicating that the proposed layout has met the requirement which includes the
minimum metals width, minimum spacing, minimum enclosure, etc. The results of Layout versus
Schematic (LVS) using Assura are shown in Fig. 14. The LVS step is passed without any error and
mismatched between schematic and layout. The LVS process is where the comparison between
layout and schematic is conducted to make sure that all the components and netlists are identical.
Some of the common errors in LVS are the unmatched nets, unmatched pins, and parameters
mismatched.

Fig. 13. DRC log result
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Fig. 14. LVS log result
4. Conclusions

This project expand the awareness of the ESD damage towards electronics devices under
certain circumstances which are gained from the review of previous research, website and resources.
The ESD protection circuit can reduce and nullify the high surge of discharge current which will
eventually cause damage to the electronic devices in an instance or in a long run. This project consists
of two types of design which are the schematic design and layout design. The layout design includes
the DRC and LVS part which are successfully drawn in Cadence EDA tools using Asura.

In addition, the overall objectives of this project were achieved which includes the design of
a CMOS-based ESD protection circuit that can be implemented in low-voltage electronics applications
that are mentioned in the methodology. Next, to verify the functionality of the CMOS structure ESD
protection circuit which is stated in the result and discussion. Lastly, to evaluate the performance of
CMOS structure ESD protection circuit for low voltage application in terms of the first peak current
of discharge and time of discharge current. In conclusion, the proposed CMOS-based ESD protection
circuit for low voltage system using 45 nm CMOS technology is constructed and simulated
successfully using Cadence EDA tools and the results obtain are in sync with the desired value. The
first peak current of the proposed design is 31.169 mA which is equivalent to 97.66 % reduction while
implementing the 2 kV voltage pulse with the rise time of 55.58 fs, fall time 2.188 ps, and a peak
discharge current period of 174.66 fs. The total power dissipation drawn for the DUT is 29.15 mW
with ESD protection circuit layout of 16.81 nm?2.
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