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Abstract: To study the influence of electrothermal effect of ESD protection device on the reliability of integrated
circuit,a theoretical model of ESD protection device thermal resistance is constructed in the paper based on the
Conservation of Energy Principle. By analyzing the temperature relativity between electricity parameter and
thermology parameter of ESD protection device characterized by self-heating thermal resistance, the
quantitative relationship expression of physical parameter and geometric parameter is obtained, which can be
used to improve ESD protection device electro-thermal effect. The simulation testing and the real tape-out
testing of ESD protection device self-heating thermal resistance based on ggNMOS are shown and compared.
It is concluded that self-heating thermal resistance is an effective index for the protection device electrothermal
characterization. Based on the established model, the self-heating thermal resistance could be decreased to
improve the homogeneity of the heat transference. The uneven distribution of device temperature can be
reduced, and the overall reliability of chips can be improved.

Keywords: electrostatic discharge; grounded-gate N-channel metal oxide semiconductor; electrothermal
characteristic

1. Introduction

With the continuous improvement of integrated circuit design technology and production
process level, the characteristic size of ESD protection devices is continuously shrinking. The increase
in unit area protection device integration inevitably brings about heat dissipation problems, which
have increasingly attracted the attention of the integrated circuit industry and related scientific
research institutions regarding reliability and thermal failure issues. Therefore, some researchers in
academia have shifted the research focus from ESD electrical properties to electric-thermal properties,
in-depth research on the physical formation mechanism of protective device electric-thermal effects,
proposed methods and measures to reduce and mitigate electric-thermal effects, and hoped to open
up a way to solve chip reliability problems from the perspective of ESD electric-thermal properties
research. This research idea and method have significant implications for the overall reliability of
chips and have practical technological and economic value. As the electrostatic discharge (ESD) [1]
protection device is extensively applied on various analog integrated circuit chips [6], RF integrated
circuit chips and mixed-signal integrated circuit chips, its thermal stability has become a critical issue.
Despite having good electrical properties, ESD protection device generate a rapid rise in lattice
temperature [2] when discharging transient high-voltage large-current electrostatic pulses via a
single device or device combination. The ESD protection device generates certain heat within a brief
time (<lus) and limited space (1um ~ 2um)that causes the electrical parameters of the protected
core circuit to drift, which can degrade the rated safe operating range of the core circuit. This may
cause the failure of the protected core circuit and lead the occurrence of the irreversible heat
dissipation. This mechanism that device temperature rises due to the dissipation power of the ESD
protection device is called the electrothermal effect of protection devices. The electrothermal effect
has great influence on the ESD protection device and the protected core circuit. This would degrade
the normal operation of chips.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In order to study the electrothermal effect of the ESD protection device and also optimize the
electrical properties and safe operating area of the core circuit for withstanding external sudden pulse
events, people usually adopt thermal resistance as an effective indicator to measure the
electrothermal effect of the ESD protection device [7]. Thermal resistance includes ESD self-heated
thermal resistance and coupling thermal resistance. Self-heated thermal resistance, mainly
determined by the resistance, capacitance and parasitic effect parameters of the protection device,
reflects the temperature correlation of the electrical indicators of the ESD protection device and is an
effective physical quantity for representing the thermal stability of the ESD protection device.
Meanwhile, when the core circuit is operating, power dissipated by its own devices and circuits will
also generate certain heat, and the heat generated by the core circuit and the ESD protection device
is conducted mutually to cause uneven chip temperature distribution. The thermal resistance for
measuring this mutual heat transfer relationship is called coupling thermal resistance.

Due to limitations of technologies and test techniques, the influence of coupling thermal
resistance on the electrical parameters of the ESD protection device is ignored here. Along with
progress in integrated circuit technologies, the feature size of devices is decreasing constantly, the
current density of core circuit is doubled, and SOI technique and dielectric materials are continuously
applied to device separation technique, which constantly increase thermal resistance. As a result, the
influence of electrothermal effect on chip performance is further intensified. The reliability of the ESD
protection device is reduced, and the normal operation of the core circuit is affected. However,
because the ESD protection device has diversified structures and poor technological portability
currently, there is no general explanation with clear physical significance on relationship between the
thermal resistance and electrical parameters and geometric parameters of the ESD protection device.

This paper puts forward a method for calculating the self-heated thermal resistance of ESD
protection device based on grounded-gate NMOS (ggNMOS) structure according to the energy
conservation law and studies measures for improving the electrothermal effect of ESD protection
device. When the core circuit operates normally, a quantitative description is given to correlation
among the electrical parameters, geometric parameters and thermal parameters of the ESD protection
device by establishing a theoretical model for the thermal resistance of the ESD protection device,
and used as an effective reference indicator for increasing the thermal stability of the ESD protection
device.

2. Theoretical Model

Figure 1 illustrates the structural diagram of active zone of ggNMOS-based [3] protection device.
As the feature size of the device enters deep submicron order, the size of the ESD protection device
is very small, and the heating range of the active zone of the device can be equivalent to a
parallelepiped [6]. The length, width and height (thickness) of the active zone of the protection device
are respectively assumed as b, a and c. The thickness is determined by the technological level of the
chip manufacturer and material properties and is usually a fixed constant, so heat source of the active
zone of the protection device can be equivalent to a rectangular heat source unit [6]. Because the
dimensions of the equivalent rectangular unit are within submicron range, assuming that thermal
balance is basically kept between internal and external temperatures of the rectangular unit, the
temperature in the center of the rectangular unit can be used for representing the temperature of this
active heating region [6].
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Figure 1. Schematic of Active Zone of ggNMOS-based Protection Device

During normal operating, the ESD protection device is stationary, and the temperature is known
To. When an ESD event occurs, the protection devices suppresses high voltage and discharges high
current, heat will be generated inside, and its power is Qo. Meanwhile, partial area As on the outer
surface of the ESD protection device is exposed in the chip tube with temperature T:, the surface
coefficient of heat transfer between chip and tube is &, and the object volume of the heat conducting
zone of the protection device is Vo. The heat generating process inside the ESD protection device
follows the energy conservation law:

{Heat entering ESD protection device} + {heat generated by ESD protection device itself} = {Heat
discharged from ESD protection device} + {Change of heat stored in ESD protection device}, i.e.:

Hi + Hg=Ho + H;, (1)

Hi is the heat generated by ESD event, usually a product of voltage and current of human body
discharge model (HBM) [10] and a constant Qi; Hg is thermal energy generated by ESD protective
device varying with time according to:

Hg = Qoe ¥, )
Ho is the heat transiently transferred by ESD protection device, i.e.:
Ho = aAs(Tj- T), 3)

Tj is the internal transient peak temperature of ESD protection device; Hs is the change rate of
heat stored in ESD protection device, i.e.:

dT dT
Hs= mep- = pVon;, (4)

Substitute the above variables into formula (1) to obtain
Qe = aAs(Tj- Tr) + mey, (5)
Define
¢ =aAs/ mcp,0=Tj- T,
Then formula (5) is transformed into

D 50 = 20ebr (6)

dt mcp

When intitial conditions: t = 0, To = Tt are substituted into formula (6),

=T, - =L Br_ a-¢t
6=T)- Ti= —X—(ebe- e, @)

According to JEDEC standard No. 51-1, the self-heated thermal resistance of ESD protection
device is defined as
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_ Ti®-T¢ _ AT(D)
=T Py ®)
Tj is junction temperature of the device during transient operation, Tt is reference temperature,
and Pu is power dissipated to the device in the form of heat.
Substitute the above parameters into formula (8) to obtain the final expression of self-heated
thermal resistance of ESD protection device:

Rin

1—e=(@+P)
mcp(¢p - B) ’

Tj ®-T¢ _ Qo /e_BT _ e'(b't) —

Rth = = \
Py mcp (¢ - )Py

©)

From the view of energy conservation law, it can be seen that the self-heated thermal resistance
of ESD protection device is only related to the thermal conductivity and volume density of device
material, heat dissipation surface area and environment temperature, so that various effective
physical reference indicators and convenient ways are provided for design optimization of thermal
parameters of ESD protection device, and there is obvious guiding significance on thermal stability
of whole chip.

3. Results and Discussion

When 0.6 W pulse excitation is input into ESD protection device from outside, the self-heated
thermal resistance of ESD protection device can be calculated according to formula (9), as shown in
Figure 2 In general, when an ESD event occurs, the protection device is started immediately to
suppress injected high voltage within safe operating range, high current enters the chip substrate via
a discharge current, generated heat is restricted within the active zone of the device, self-heated
thermal resistance is small, and the protective device has good thermal stability. However, when ESD
pulse excitation gradually attenuates along with time, the conductivity modulation effect and
electrothermal coupling mechanism inside the protection device work, the physical properties of
various material layers forming the protection device have microscopic changes to convert partial
electric energy into thermal energy, so that the temperature of the protection device rises rapidly,
self-heated thermal resistance increases constantly until approaching to irreversible thermal failure
state [14]. From Figure 2, it can be seen that when dissipation power is 0.6 W, corresponding self-
heated thermal resistance is 79.78°C/W. As dissipation power reduces quickly along with time
constant, the electrothermal effect inside the protection device works, partial electric energy is
converted into thermal energy, thermal energy cannot be quickly conducted out within a small active
heating zone, and the self-heated thermal resistance rises gradually. When dissipation power is
attenuated to 0.1 W, corresponding self-heated thermal resistance rises to 478.7°C/W. Hence, the curve
of self-heated thermal resistance along with the change of dissipation power of ESD protection device
shown in Figure 2 complies with the change relationship between thermal resistance and power

consumption in ESD protection device operating principle.
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Figure 2. Change Curve of Self-heated Thermal Resistance vs. Dissipation Power.

The traditional on-chip ESD protection usually adopts field-oxide (FOX) device [15]. Due to
restrictions by the structure and manufacturing technology of this protection device, its self-heated
thermal resistance occupies a big space in the central area of the device, and heat cannot be conducted
out within short time, so that the temperature in the central area is higher than that at both sides of
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the device, causing uneven temperature distribution of the whole protection device [16], and that its
thermal stability is easily affected by self-heated thermal resistance to decrease. We make a
comparison study on ggNMOS-based protection device and FOX-based device to verify the
correlation between self-heated thermal resistance and temperature distribution of devices and put
forward effective measures for improving thermal stability of protection devices. Figure 3 shows the
temperature distribution curves of traditional FOX-based protection device and ggNMOS-based
protection device under the same ESD pulse excitation (0.6 W) condition. From the temperature
distribution chart, it can be seen that the temperature in the central area of the FOX-based protection
device deviates from the temperate at both sides of the protection device by 120°C, while the
temperature distribution curve of ggNMOS-based protection device is relatively mild, and the
maximum temperature in its central area only deviates from the temperature at both sides of the
protection device by 90°C. In addition, the maximum junction temperature of the ggNMOS-based
protection device is 135°C, with 41°C decreased from the maximum junction temperature of the FOX-
based protection device. Therefore, from the curves it can be observed that the temperature
distribution characteristic of the ggNMOS-based protection device has small amplitude change and
becomes mild gradually, self-heated thermal resistance is decreased, and thermal stability is

increased.
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Figure 3. Temperature Distribution of ggNMOS-based and FOX-based Protection Devices

4. Device Design and Experimental Results

Based on CSMC 0.5 um 5 V Mixed signal CMOS technology, a two-dimensional physical
structure model of the ggNMOS-based device was designed via the draw module in ISE-TCAD [18],
and a three-dimensional structure was generated from the two-dimensional device structure via the
DIP module [13]. Figure 4 shows the three-dimensional simulation cross-section of the ggNMOS-
based device, wherein the channel length is 0.5 pm, the channel width is 60 um, the distance between
surface of contact hole and substrate is 3 um, the side length of square source-drain contact hole is
0.7 um, with the drain-gate distance and the gate-source distance respectively set to 10 um and 5 pum.
The geometric parameters and layout of the ggNMOS-based ESD protection device were designed
according to the above procedure, and an actual tape-out test has been conducted. For better
describing temperature distribution characteristics of the ggNMOS-based device by comparison, the
FOX-based device was designed in the same technology and method, which has the same order of
magnitude as the ggNMOS-based protection device with regard to the geometric technology
parameters as well as dimensions.
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Figure 4. Simulation Structure Section of ggNMOS-based ESD Protection Device.

We conducted ESD electrical characterization testing of protective devices using the
Transmission Line Pulse (TLP) system HANWA HED-T50000. In addition, we performed ESD
thermal characterization testing of the chip using a non-contact thermal imager (FLUKE TiX580) and
an infrared microscope (FLK-LENS/25MAC2). Initially, we connected the computer, TLP system,
digital source meter, and probe station via GPIB bus in accordance with specifications and
conventional wiring methods. Then, we placed the protective device on the probe station and
connected its electrodes to the probe. The TLP system applied an ESD pulse excitation (rise time of
10ns and pulse width of 100ns) to the protective device through the probe, to measure its static
voltage-current characteristics. Based on the voltage-current characteristic test data and curves of the
protective device, we determined the state process and state changes of the protective device at
several key points. At the same time, we started the thermal imager equipped with the infrared
microscope to continuously record the temperature changes of the protective device at several key
points, and then processed the recorded temperature data using professional software. Figures 5 and
6 respectively show the real-time photos of the surface temperature distribution of ggNMOS
structure protective device and FOX structure protective device under the same ESD pulse excitation
conditions, measured using the infrared thermal imager. We extracted the temperature values at each
key point during the operation of the ESD protective device from the thermal distribution map using
professional software Smartview, and calculated the self-heating thermal resistance, as shown in
Figures 7 and 8.

Iig Kdil = 73.87
1Y )4ii = 47.05
s fi' = 24.23

Figure 5. Photo of surface temperature of ESD protection device based on ggNMOS. (The maximum
value is 73.87°C, the mean value is 47.05°C and the minimum value is 24.23°C).
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Figure 6. Photo of surface temperature of ESD protection device based on FOX.(The maximum
value is 113.55°C, the mean value is 59.51°C, and the minimum value is 21.40°C).
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Figure 7. Measured Variation Curve of Self-heated Thermal Resistance vs. Dissipation Power of ESD
Protection Devices (ggNMOS and FOX).
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Figure 8. The curve of ESD protection devices self-heating thermal resistance along with the change
of dissipation power(ggNMOS vs FOX).

In Figure 7, we observe that when an ESD pulse enters the FOX structure protection device and
heats it for 10 ns, the measured surface temperature of the device is 40°C. As the heating time of the
ESD pulse increases, the surface temperature of the device gradually decreases, from 98°C (with a
heating time of 50 ns) to 28°C (with a heating time of 80 ns). At the same time, we also observe that


https://doi.org/10.20944/preprints202305.0584.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2023 d0i:10.20944/preprints202305.0584.v1

when an ESD pulse enters the ggNMOS structure protection device and heats it for 10 ns, the
measured surface temperature of the device is 30°C. when it is increased to 40 ns, the surface
temperature reaches its highest value of 73.87°C. The surface temperature of the device then gradually
decreases, from 60°C (with a heating time of 50 ns) to 30°C (with a heating time of 80 ns). From the
data comparison in Figure 7, we can see that the surface temperature distribution of the ggNMOS
structure protection device is more uniform than that of the FOX structure protection device. The
highest and lowest temperature variations of the former occur within a range of about 50°C, while
the latter has a variation range of about 90°C. The temperature function relationship curves of these
two protection devices show a normal distribution, which fully characterizes the process of the
protection devices experiencing a severe temperature rise, fall, and finally returning to room
temperature during ESD events. This temperature change process is in accordance with the physical
reality of the protection devices during operation.

In Figure 8, we can see that the self-heating thermal resistance of the ggNMOS structure
protection device exhibits an obvious inverse proportional non-linear relationship with the
dissipated power: when the dissipated power is 3W, the self-heating thermal resistance value is
23°C/W; when the dissipated power is 0.25W, the self-heating thermal resistance value is 245°C/W. At
the same time, we can see that the self-heating thermal resistance of the FOX structure protection
device also exhibits an obvious inverse proportional non-linear relationship with the dissipated
power: when the dissipated power is 3W, the self-heating thermal resistance value is 30°C/W; when
the dissipated power is 0.25W, the self-heating thermal resistance value is 440°C/W. From the curve
data comparison in Figure 8, it can be seen that the relationship curve between the self-heating
thermal resistance and the dissipated power of the ggNMOS structure protection device is flatter than
that of the FOX structure protection device. As the dissipated power gradually decreases, the change
in self-heating thermal resistance of the latter is more drastic than that of the former, which reflects
that when the same ESD pulse excitation is applied, the temperature variation range of the ggNMOS
structure protection device is smaller than that of the FOX structure protection device, and the former
has higher working reliability than the latter.

From the analysis of the experimental data mentioned above, it can be concluded that the self-
heating thermal resistance index can universally reflect the temperature distribution characteristics
of the ESD event's electro-thermal interaction.

5. Conclusions

This paper presents self-heated thermal resistance as an evaluation indicator of the
electrothermal effect of protection devices and provides quantitative relationship expressions of
relevant key parameters such as geometric and physical parameters for improving electrothermal
properties through the study on the ggNMOS-based ESD protection device. After theoretical analysis
and actual tape-out test of both ggNMOS-based protection device and FOX-based protection device,
the comparison result shows that when self-heated thermal resistance decreases, the temperature
distribution of the protection device tends to be even, the whole temperature decreases and the
maximum junction temperature is within the safe operating area, thus improving the reliability of
the protection device under a sudden ESD impulse impact.
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