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Abstract—This paper investigates optimization strategies for
Electrostatic Discharge (ESD) protection of Die-to-Die (D2D)
interfaces, tightly constrained in terms of area and capaci-
tance budget due to the sheer number of IOs and bandwidth
requirements. Calibrated Technology Computer-Aided Design
(TCAD) simulations are leveraged to investigate the behavior of
ESD diodes undergoing ultrafast, high-current pulses predicted
for this interface type. A physics-based comprehensive compact
model for the diode is then extracted and exploited for circuit-
level simulations, including fast transient phenomena neglected
with standard models. A set of practical design guidelines is
finally attained from sensitivity studies.

Index Terms—ESD Diode, TCAD Simulation, Compact Model,
D2D, Voltage Overshoot.

I. INTRODUCTION

Heterogeneous integration of multi-die systems, relying
on 2.5D and 3D interconnect technologies, has emerged as
mainstream solution to overcome performance bottlenecks in
advanced computing platforms [1], [2]. Electrostatic Discharge
(ESD) can occur during Die-to-Die (D2D) and Die-to-Wafer
(D2W) bonding processes in such technologies [3]. Simu-
lations and measurements show that these Charged Device
Model (CDM) events are characterized by ultrafast rise times
(down to few tens of picoseconds) and peak currents reaching
several hundreds of milliamperes [4]–[6]. In such conditions,
diode forward recovery effect causes significant transient volt-
age overshoots during its turn on [7]–[9], and on-die parasitics
of high-speed IOs further increase the peak voltage [10]. The
failure level of protected victims is therefore lowered due to
voltage-induced breakdown of thin gate oxides (GOX) [11].

The fast transient behavior of ESD diodes is investigated
by means of Very-Fast and Ultrafast Transmission Line Pulse
techniques (vfTLP, ufTLP) [12]. Technology Computer-Aided
Design (TCAD) simulations are crucial to understand the
physical mechanisms determining the diode response to such
ultrafast pulses, and can be leveraged for device-level opti-
mization. TCAD studies show that voltage overshoots increase
with faster rise times [13], posing a severe reliability threat
for tightly constrained ESD protection of D2D interfaces.
Diode transient response becomes the main concern for such
interfaces to comply with GOX safe operating limits, even in
the case of reduced CDM target levels for high-density D2D.

From single device characterization, compact models can be
extracted to conduct circuit-level analysis and optimization of
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Fig. 1: Setup for diode vfTLP and ufTLP characterization,
exploited for TCAD and Spice simulations.

D2D interface protection networks. The diode compact model
used in this study includes additional physics-based elements
with respect to standard ones, aimed at capturing fast transient
phenomena and supported by TCAD investigation [14], [15].
Both approaches are therefore exploited, with TCAD simula-
tions providing reference device corners for compact model
calibration, in turn introduced into a system-level perspective.
Sensitivity studies are carried out to investigate the effect of
design parameters and parasitics on the voltage overshoot at
the protected victim device, bringing novel circuit solutions to
optimize the tightly constrained ESD design for D2D IOs.

II. SIMULATION SETUP

Both TCAD and Spice diode models are included in a
simulation setup that mimics a real TLP system used for
transient device characterization, as shown in Fig. 1. The pulse
features (rise time, duration, peak value) are set with a voltage
generator connected to the diode via a 50Ω resistor. Parasitic
resistive and inductive contributions of the metal interconnects
are included, associated to both anode and cathode terminals.
Such an approach avoids non-physical behavior in the presence
of high transient on resistance of the diode [13].

A. TCAD Model

A P+/Nwell Shallow Trench Isolation (STI) diode is con-
sidered for ESD protection, representing a suitable example of
sub-20 nm FinFET technology. When a TLP pulse is applied,
holes are injected in the substrate region (N doping, yellow)
at the anode side (P+ doping, blue) and move towards the
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Fig. 2: 3D TCAD model with cutplane (left) and correspond-
ing 2D structure (right) of the reference P+/Nwell diode.

cathode (N+ doping, red) in a direction orthogonal to the fins.
A 2D cross-section obtained by cutting the 3D structure across
the anode/cathode region as shown in Fig. 2 can therefore be
exploited, assuming uniform current distribution among the
fingers. The diode electrical width is then used to account for
its effective size. Such a 2D model is plugged into the com-
plete TLP setup of Fig. 1, replacing the compact diode model
in a mixed-mode simulation. A more detailed description of
the physical models chosen for ufTLP simulation, including an
investigation of the impact of avalanche generation in forward-
biased diodes, can be found in [13].

B. Spice Compact Model

Standard diode compact models do not include forward
recovery, high-field saturation, and self-heating effects which
are critical for ESD protection. A comprehensive model in-
cluding additional lumped elements as shown in Fig. 3 to
include these effects was proposed in [16]. The resistance Rd,
related to highly doped fin regions and metal interconnects, is
constant. Conversely, the well resistance Rsm is modulated by
the injection of carriers in the silicon substrate, which leads to
a dramatic reduction of the total series resistance after effective
diode turn on [14]:

Rsm =
Rsm0

1 +Qm/Q0
, (1)

where Rsm0 is the well resistance before conductivity modula-
tion, usually rather high and therefore responsible for the large
transient on resistance, and Q0 is the charge injection threshold
for the onset of conductivity modulation. These parameters
are defined according to the diode dimensions and doping
concentrations, chosen in line with the TCAD model. Instead
of using the diode transit time τ t, significantly longer than the
rise time of ultrafast pulses and therefore responsible for the
forward recovery effect, the time t is chosen to evaluate the
injected charge Qm from the diode conduction current Id. This
improves the matching with measured waveforms and TCAD
simulations in the initial part of the pulse, while correctly
reproducing the physical mechanism of charge modulation
by asymptotically reducing Rsm to zero. With respect to the
model proposed in [14], an additional contribution to the diode
current due to avalanche generation of carriers in the presence
of large electric fields is also included, in line with TCAD-
based studies [13]. This contribution appears as a multiplica-
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Fig. 3: Spice compact model for the diode.

tion factor M av derived from the van Overstraeten model for
avalanche generation employed in TCAD simulations [17]:

Qm = t Id(1 +M av), M av = a exp

(
− b

V Rsm

)
, (2)

where a and b are calibration parameters chosen to match
TCAD results, and V Rsm is the voltage drop across the well.

Finally, a 3-stage RC thermal monitor is used to estimate
the junction temperature from the diode instantaneous power,
hence resistance increase due to self-heating (relevant for high
currents towards the end of long pulses) is also captured [15].
Fig. 3 depicts the diode compact model plugged into the
testbench of Fig. 1 for TLP circuit simulation.

C. Model Calibration

The presented diode models were initially calibrated against
vfTLP measurement data, featuring pulses with nominal 100 ps
rise time and 1 ns width. The quasi-static IV curves in the
left-hand side of Fig. 4 show an excellent agreement between
TCAD (red squares) and Spice (blue dots) models and the
experimental data (black line), including bending at high
currents due to self-heating. The two models also reproduce
correctly the fast transient behavior of the diode, matching the
peak voltage at different vfTLP current levels as shown in the
right-hand side of Fig. 4. In the plots, current densities are
normalized to the measured thermal failure current It2.

Transient voltage overshoots become increasingly severe
with faster pulses. For this reason, the models validity is also
checked against ufTLP data at nominal 20 ps rise time. Fig. 5
shows the time domain voltage waveforms at two different
current densities, with both TCAD (red) and Spice (blue)
models yielding good agreement with measurements (black).

Fig. 4: vfTLP calibration of the diode models, including quasi-
static IV (left) and peak voltage vs. TLP current (right).



Fig. 5: ufTLP calibration of the diode models, with transient
voltage overshoot at low (left) and high (right) currents.

III. CIRCUIT-LEVEL OPTIMIZATION

An exemplary ESD IO network is shown in Fig. 6, consist-
ing of a dual-stage diode protection with ballasting resistor and
power clamp. A victim receiver is also shown, with sensitive
GOX connected to the input. Protection elements and possible
optimization strategies are discussed in the following for the
current D2D interface CDM target level [3], supported by
circuit simulation results. The main focus is shifted from the
conventional quasi-static behavior to the fast transient one,
with peak voltage at the thin gate oxide as main figure of merit.
The compact model for the power clamp was also calibrated
against measurement data.

A. Diode Stages and Ballasting

The area budget for ESD protection of D2D interfaces is
extremely constrained due to the high interconnect density.
For this reason, a single-stage protection with minimum width
diodes (D1, D2) is chosen as reference case for the following
study. This choice leads to significant voltage overshoots even
at relatively low peak currents, as the current density is high.

A second diode stage (D3, D4) with ballasting resistor
(Rbal) as shown in Fig. 6 is commonly used for improving
the ESD current distribution, reducing the voltage level at
GOX. The influence of such a secondary protection on the
peak voltage sensed by the victim is shown in Fig. 7 (green
X markers). Increasing the ballasting on the IO line reduces
the voltage overshoot at GOX with respect to the reference
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Fig. 6: Exemplary ESD protection of a D2D IO, including two
diode-based ESD stages, victim (GOX) and power clamp.

Fig. 7: Effect of ballasting resistor (Rbal) and series inductor
(Lio) on the peak voltage sensed at GOX with respect to the
reference case.

case with no second stage, corresponding to the leftmost point
in the plot at 100% level. The diode count is the same as
in the reference case, hence the total capacitive load is not
significantly modified. The area footprint is however increased,
becoming the limiting factor in high-density D2D. Also, the
peak voltage reduction is rather limited (less than 5%) in
the considered range, and higher values of Rbal may be
detrimental for high-speed operation.

A small inductor placed on the signal path (Lio), introduced
intentionally or associated to the parasitic inductance of the
microbump, has a beneficial effect mitigating the voltage
overshoot at the victim. A sensitivity study is reported in Fig. 7
(purple diamonds), highlighting a stronger overshoot reduction
with respect to the ballasting resistance solution (up to 25%).
Also in this case, increasing the value of Lio may compromise
the high-speed operation of the interface, hence its intentional
usage must be evaluated according to the design constraints.

B. Power Clamp Network

A power clamp (PC) and the associated parasitic R and
L due to Vss and Vdd busses are included in the ESD
protection schematic of Fig. 6. Notice that a single large PC
may be placed away from the victim and shared among several
interfaces, thus the wiring inductance is not negligible and
could add to the diode overshoot during fast transients. In
the reference case, a single large clamp is shared among 100
interfaces to optimize its area footprint.

To mitigate the impact of parasitic R and L, smaller clamps
can be employed close to the interface. When the number
of interfaces sharing a single PC (Npc) is reduced, and both
clamp size and distance from the victim are scaled accordingly,
circuit simulations show an improvement in terms of peak volt-
age (red plus markers in Fig. 8). The minimum peak voltage is
obtained choosing Npc = 25, with a 10% reduction with respect
to the reference case. However, the peak voltage increases
again rapidly when further decreasing Npc, exceeding the



reference level for Npc = 10. The overshoot contribution due
to long inductive busses is effectively mitigated with this
strategy, but smaller PCs introduce additional voltage spikes
that become dominant below a certain threshold. Moreover,
the total clamp area represents the main design bottleneck for
split PCs, including a large FET and its control logic.

Significant capacitive coupling (Cp) is also expected in
the PC network, associated to well, diffusions, and metal
lines capacitance. This can be exploited locally to improve
the overall CDM tolerance without impacting the area and
capacitance footprint. The results of a sensitivity study are
reported in Fig. 8 (red stars), with a 15% peak voltage
reduction with respect to the reference case for capacitance
values increasing up to 1 pF. The mitigation effect is saturating
for higher cap values, which could anyway be unrealistic.

IV. CONCLUSIONS

This work proposed a comprehensive approach for ESD
protection optimization in the context of D2D interfaces,
susceptible to ultrafast discharge events with rise times lower
than 50 ps requiring expanded diode compact models and a de-
tailed study of inductive components in the protection circuit.
Calibrated TCAD simulations provided physical insights on
the ESD diode fast transient behavior, characterized by voltage
overshoots due to forward recovery effect that can exceed the
safe operating limits of the protected thin gate oxides. Spice
compact models were then extracted accordingly, including
a physics-based description of charge modulation of diode
transient on resistance and avalanche multiplication in the
presence of large peak electric fields. These were exploited in
circuit-level simulations to investigate the impact of different
design approaches and parasitic elements on the peak voltage
sensed by the GOX. Novel optimization venues can be found
with such an approach, with small improvements that can
result in a relevant boost for the overall performance due to
the sheer number of D2D interfaces.

Fig. 8: Effect of number of interfaces sharing the same power
clamp (Npc) and parallel parasitic capacitance (Cp) on the
peak voltage sensed at GOX with respect to the reference case.
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