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Abstract—In this work, we present an improved physics-based
ESD compact model to capture the snapback triggering voltage
(Vt1) and the snapback triggering current (It1) which defines
the on-set of the ESD protection device. The proposed model is
designed to capture snapback behavior in both MOSFETs and
HV-MOSFETs, without relying on parameters extracted solely
from measurement data. The proposed model is successfully
validated through extensive TCAD simulations and experimental
data for HV-MOSFETs. The proposed model is simple and can
be easily integrated with industry standard compact models.

I. INTRODUCTION

Electrostatic discharge (ESD) poses a significant threat to
the reliability and performance of integrated circuits (ICs).
As semiconductor technology advances towards smaller ge-
ometries and higher densities, the susceptibility of devices to
ESD events has increased markedly. These events can induce
catastrophic failures or cause latent damage that may not be
immediately evident but can lead to long-term reliability issues
[1]–[4]. Consequently, accurate modeling of ESD phenomena
is critical for the development of robust ICs.

One of the key challenges in ESD protection design is
accurately modeling the snapback behavior observed in MOS-
FET devices during an ESD event. Snapback refers to the
phenomenon where, after the device enters breakdown, the
voltage across the device drops sharply while the current
through the device increases exhibiting the negative resistance
behavior [5], [6]. This behavior is crucial in defining the
ESD protection characteristics of MOSFETs, as it determines
the onset of effective current diversion away from sensitive
circuitry and into the protection device.

Several ESD models have been developed over the years,
focusing on various device structures such as diodes, silicon-
controlled rectifiers (SCRs), and NMOS transistors [7]. These
models often rely on empirical approaches to capture the snap-
back and fundamental ESD parameters [8]. While empirically
derived models can accurately capture the device behavior
based on measurement data, they often lack the underlying
physical accuracy required for a comprehensive understanding
and prediction of ESD performance across different operating
conditions and device geometries.
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Fig. 1. Schematic of the improved ESD FET model: Rsub represents the
substrate resistance, current source between drain and source is a function
of internal voltage Vint [8]. C1 and C2 are the parallel capacitances of the
subcircuit, which can be utilized for transient analysis.

In this paper, we present an improved physics-based ESD
compact model specifically designed to capture the snapback
triggering voltage (Vt1) and snapback triggering current (It1)
that define the onset of ESD protection in MOSFET devices.
Unlike traditional empirical models, our approach is rooted
in the fundamental physical mechanisms governing snapback
behavior, thereby enhancing the predictive capability and
robustness of the model across a wide range of scenarios. Our
proposed model is versatile and applicable to both standard
MOSFETs and high-voltage MOSFETs (HV-MOSFETs) [9],
addressing the need for a unified modeling framework that
can be seamlessly integrated into industry-standard compact
modeling tools. The model’s accuracy and effectiveness are
validated through extensive Technology Computer-Aided De-
sign (TCAD) simulations and experimental data, demonstrat-
ing its ability to replicate observed snapback characteristics
with high fidelity. The proposed improved compact model
offers a significant advancement in the accurate representation
of ESD snapback behavior in MOSFET devices. Its simplicity
and integration capability make it a valuable tool for ESD
protection design in modern semiconductor technologies. Rest
of the paper is organized as follows: Snapback modeling is
discussed in setion II followed by results and discussion in
section III. Conclusion is drawn in section IV.
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Fig. 2. (a) Id − Vg and (b) Id − Vd characteristics of TCAD simulated
DEMOS calibrated with [12]. Inset shows the device structure (L = 250nm).

II. SNAPBACK MODELING

Fig. 1 shows the schematic of the circuit implementation of
the ESD FET model where, Vint represents an internal state
variable physically modeled to capture the snapback [8]. The
voltage-controlled current source (VCCS) is applied between
the drain-source terminal of the device where the current
is determined by the combination of instantaneous voltage
and the on/off state of the subcircuit. f(Vint) characterizes
the ESD snapback behavior, utilizing triggering voltage (Vt1)
and triggering current (It1). In this work, we develop a new
physics based compact model of Vt1 and It1 as a function
of gate and substrate doping (Nsub). During device operation,
as the drain-source voltage increases, breakdown occurs due
to impact ionization, resulting in a high current flow through
the substrate terminal. This voltage surge triggers the parasitic
BJT effect in the device, leading to a significant increase in the
source current. The voltage at which the parasitic BJT turns
on is defined as the snapback triggering voltage (Vt1) and the
corresponding current as It1 [3].

These snapback parameters have been modeled using the
impact ionization (II) components such as substrate current,
peak electric field and electron density. The proposed model is
implemented in BSIM-BULK HV compact model [10] and is
validated with experimentally calibrated numerical simulations
as well as with experimental data. As we discuss in the next
section, accurate modeling of substrate current is crucial and
therefore we have used recently developed improved II model
for calibration [11]. Fig. 2 shows the TCAD and BSIM-BULK
calibration with experimental DEMOS [12].

A. Vt1 modeling

The total drain current constitutes of channel current, par-
asitic bipolar current and the avalanche generation current
(Id = Ich + IBJT + Isub) [13]. The critical substrate current
(Icrit) caused by impact ionization (II) is required to create a
sufficient voltage drop across the emitter and base terminals
of the parasitic BJT, leading to the onset of snapback. For
different gate voltages, Icrit remains constant (see Fig. 3).
Icrit depends on the peak electric field (Em) and the electrons
participating in impact ionization, which can be correlated to
the channel current (Ids) [11]. At a larger gate voltage, electron

Fig. 3. Impact of Vg on Vt1: Plot of Isub − Vd shows Icrit remains
constant for different Vg at the onset of snapback.

density increases, and a lower electric field or drain voltage
is required to achieve the same critical substrate current. This
explains the decrease in Vt1 with increasing Vg . A brief model
development of Vt1, derived from physics-based equations of
impact ionization (II), is presented in the following equations.

Isub
Ids

= Em · exp
(−β

Em

)
(1)

Using Taylor series expansion,

exp
(−β

Em

)
= 1− −β

Em
+

−β2

2E2
m

+ ... (2)

Neglecting higher order terms,
Isub
Ids

= Em · exp
(
1− β

Em

)
(3)

BJT turn on: Isub = Icrit and Vd = Vt1

Em =
Vd − (Vg − Vth)

∆L
(4)

Here, ∆L represents the effective length over which electron-
hole pairs are generated by impact ionization.

Icrit
Ids

≈ Em − β ≈ Vt1 − (Vg − Vth)

∆L
− β (5)

Vt1 ≈ ∆L · Icrit
Ids

+ (Vg − c) (6)

Vt1 ≈ Icrit
k(Vg − c)2

+ (Vg − c) (7)

Here, β is II model parameter, k is a constant which includes
channel length, low field mobility and other process parame-
ters and c is a voltage-based constant.
Compact model for Vt1

Vt1 ≈ p1 · Vg +
p2

V 2
g

+ p3 (8)

Here p1, p2 and p3 are model fitting parameters. We
have ensured there is no discontinuity at Vg = 0V by using
a continuous quadratic polynominal function. As shown in
Fig. 4, the proposed model captures the variations with Vg

accurately.
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Fig. 4. Model validation for Vt1 and It1: The model captures the variations
with Vg accurately. The model have been developed keeping in mind the
continuity and differentiability for higher order derivatives.

Fig. 5. Impact of Vg on Is: At constant Icrit, increasing Vg leads to higher
Is. Hence, It1 increases with high Vg . Is starts to dominates on the onset of
snapback.

B. It1 modeling

For high Vg , It1 increases. As discussed above, the total
current Id is the sum of three components: Ich, IBJT , and
Isub. Before snapback, the source current component (Is) is
equivalent to channel current (Ich). At high gate voltages, the
BJT turns on early because Isub reaches to critical substrate
current (Icrit) level earlier. This increases the source current
and makes it primarily determining factor of the total current
as shown in Fig. 5. Hence, the magnitude of It1 increases with
the gate voltage (see Fig. 4).

III. RESULTS AND DISCUSSIONS

Fig. 6 shows the snapback characteristics for the TCAD
simulated DEMOS experimentally calibrated with [12]. The
model accurately captures Vt1 and It1 for different gate
voltages. The impact of substrate doping (Nsub) on snap-
back characteristics is also examined. As Nsub increases,
the substrate resistance (Rsub) reduces since it is inversely
proportional to the doping concentration. At a lower Rsub,
reduced Vt1 and a slightly increased It1 are observed at the
same gate voltage as shown in Fig. 7. Reduced Rsub requires
higher critical substrate current to get sufficient forward bias

Fig. 6. Model validation: Snapback characteristics of TCAD simulated
DEMOS having Nsub = 1015cm−3. The model is able to capture the
snapback accurately for different gate voltages.

Fig. 7. Isub−Vd characteristics for different substrate doping (Nsub). Icrit
increases with increasing Nsub (indicating decreased substrate resistance).

of base-emitter junction. Now, at same gate voltage, electron
density increases further due to which a lower peak electric
field is needed to achieve the same increased Icrit. Hence, Vt1

reduces. As the gate voltage remains constant, the relationship
between electron density and peak electric field becomes
evident, highlighting the interplay between these factors in
maintaining the critical substrate current. Similarly, as Icrit
increases, the total current Id (comprising the channel current
Ich, the BJT current IBJT , and the substrate current Isub also
rises, resulting in a higher It1. This increase in total current
corresponds to the rise in the critical substrate current, as
shown in Fig. 7. The elevated Icrit enhances the overall current
through the device, indicating a direct correlation between
Icrit and It1. As the critical current increases, it drives higher
contributions from Ich, IBJT , and Isub, leading to a significant
rise in Id and consequently in It1. This relationship is essential
for understanding the impact of critical substrate current on the
device’s overall performance. To validate the model for dif-
ferent Nsub, experimentally calibrated DEMOS [12] has been
tested for Nsub = 1016cm−3. Fig. 8 shows the snapback char-
acteristics in which the proposed model accurately captures the
snapback behaviour. To ensure a comprehensive validation of
the model, it has been tested for the DEMOS experimental data
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Fig. 8. Snapback model validation at different substrate doping concentration
(Nsub = 1016cm−3). The model is able to capture the variations due to
change in doping concentration accurately.

[14], as presented in Fig. 9. This thorough validation process
confirms the model’s reliability and precision in replicating
the observed experimental phenomena, thereby underscoring
its robustness. The consistency between the simulated results
and the experimental data further validates the effectiveness of
our model in accurately predicting snapback behavior under
various conditions.

IV. CONCLUSION

We have proposed an improved physics-based ESD compact
model tailored to accurately capture snapback behavior in
both MOSFETs and HV-MOSFETs. The model accurately
captures doping and gate-bias dependency on both the trig-
gering voltage Vt1 and the triggering current It1. It is im-
plemented in BSIM-BULK industry standard compact model,
and is validated with numerical as well as experimental data.
The proposed model represents a significant advancement
in the precise modeling of ESD phenomena, contributing
to improved device design and performance optimization in
semiconductor technologies.
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