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Abstract—Mutual ESD behavior dependency between
multiple devices under Transmission Line Pulse stress was
investigated using transient 3-D TCAD simulation. Interestingly,
the transient response of drain voltage has multiple snapback
profiles in the mixed-mode test. When one of the devices in the
mixed-mode test is turned on, the current waveform of the other
adjacent devices shows snapback profile. This mutual relation
between protection devices affects the ESD robustness. If there is
a big imbalance of individual ESD characteristics between the
devices under the mixed-mode test, the lattice temperature hot-
spot and failure may occurs in the device even though the
robustness of the other connected device is lower than that of the
device in the single-device test.
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[. INTRODUCTION

Electrical parameters of single device are extracted through
the use of nano-scale tungsten wires (nano probing) in the
semiconductor industry. The characterization of individual
devices such as ESD protection devices is instrumental to
engineers and circuit designers during initial product
development and failure analysis to aid with yield
enhancement, quality and reliability issues [1]. However,
extracting device characteristics of each individual protection
device in the circuit such as ODT circuit, including several
physical devices and lumped elements, through the nano
probing is difficult because of the possibility of damage on
probe itself.

Over the last few decades, the robust development
methodology and optimization of ESD protection devices have
been extensively studied and reported [2—7]. However, these
studies of the ESD behavior were concentrated on single
protection device characteristics; the mutual ESD behavior
between several devices has not yet been clarified. In this work,
we report on the mutual ESD behavior dependency between
multiple devices (NMOS) under Transmission Line Pulse (TLP,
100 ns square pulse) stress and its effect on the ESD robustness.
In order to take into account the interrelation between the
protection devices, the mixed-mode 3D TCAD simulation
approach is employed [2]. Circuit diagrams and device layouts
for the single and mixed-mode test are presented in Figs. 1 and
2.

II. SIMULATION MODEL

Fig. 1 shows circuit diagrams for single-device test and
mixed-mode test. In the mixed-mode test, DUT A and B are
connected to a single PAD, as shown in Fig. 1(b). DUT A
represents Tr. 1 (Fig. 2(a)) and DUT B represents Tr. 2 (Fig.
2(b) or Tr. 3 (Fig. 2(c)) for two different combinations (Tr. 1-
Tr. 2 and Tr. 1-Tr. 3). Device layout top views of each NMOS
device are shown as Fig. 2. Geometrical parameters such as W,
C represent the finger width and the contact width, respectively.
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Fig. 1. Circuit diagrams of (a) single-device test and (b) mixed-mode test.
DUT A denotes Tr. 1 and DUT B denotes Tr. 2 or Tr. 3.
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Fig. 2. Device layout top views of NMOS devices. Geometrical parameters
such as W, C represent the finger width and the contact width, respectively.
(a) Tr. 1. (b) Tr. 2. (¢) Tr.3.
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TLP stress is injected through the PAD and current level is
10 mA for the single-device test and 20 mA for the mixed-
mode test.

II. RESULTS AND DISCCUSIONS

Fig. 3 shows the simulated transient responses of both drain
voltage and lattice temperature for TLP under the single-device
test. Arrow in the figure indicates the point of failure of Tr. 3.
In other words, Tr. 3 can’t endure the injected current level and
hot-spot (Tmax > Trmeiting) 18 formed. This in turn results in an
increase of possibility of device failures (second breakdown
failure). In view of lattice temperature, Tr. 1 has the best ESD
robustness (Tr. 1 > Tr. 2 > Tr. 3) among the three devices
because most ESD damages are thermally initiated, as show in
Fig. 3.
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Fig. 3. Simulated transient responses of both drain voltage and lattice
temperature for TLP under the single-device test.

In the mixed-mode test, however, ESD behavior are
different aspect. Fig. 4 shows simulated transient responses of
both drain voltage and drain current for TLP when both Tr.1
and Tr. 2 are connected to a single PAD. In the mixed-mode
test, waveform of drain voltages of Tr. 1 and Tr. 2 are almost
the same. Because of that, the injected current level through the
PAD will be divided unequally into the two different devices.

In the single-device test, the drain voltage level of Tr. 2 (Vp,
1.2 = 9.3 V) is higher than that of Tr. 1 (Vp 1. = 6.92 V)
under the same drain current during pulse on time. In contrast,
in the mixed-mode test, the drain current level of Tr. 1 is higher
than that of Tr. 2 under the same drain voltage (Vp ;. 142 = 7.65
V), as shown in Fig. 4. Att=0.7 ns, Tr. 1 is turned on first and
the drain current of Tr. 2 shows snapback profile. Then, at t =
3.2 ns, Tr. 2 is turned on and the drain current of Tr. 1 shows
snapback profile. In other words, when the device is turned on,
current waveform of the other adjacent (or connected) devices
show snapback profile. That is because, when Tr. 1 is turned
on, the voltage required to sustain the same current level is
reduced. Thus, the drain voltage shows snapback profile as
shown in Fig. 4. However, the injected current increases until

468

the peak of TLP is reached; thus, Tr. 1’s current level increases
continually. At this time, the node of drain of Tr. 2 is
connected to the same node of Tr. 1; thus, the current of Tr. 2
follows the drain voltage. This in turn results in the snapback
profile of the drain current of Tr. 2, as shown in Fig. 4.

Fig. 5 shows simulated transient responses of both drain
voltage and drain current for TLP when Tr. 1 and Tr. 3 are
connected under the mixed-mode test. As shown in previous
case (Fig. 4), the multiple snapback profile is also observed. Tr.
1 is turned on first and the drain current of Tr. 3 shows
snapback profile. Then, Tr. 3 is turned on and the drain current
of Tr. 1 shows snapback profile. However, there is a big
difference of drain voltage between the devices (Vp, 1, 1 = 6.92
V, Vp, 1.3 > 13.2 V) under the single-device test. Thus, in the
mixed-mode test, the drain voltage level of Tr. 1 is pulled up
and that of Tr. 3 is pulled down to about 9.43 V (= Vp 1, 113),
as shown in Fig. 5.
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Fig. 4. Simulated transient responses of both drain voltage and drain current
for TLP when Tr.1 and Tr. 2 are connected under the mixed-mode test.
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Fig. 5. Simulated transient responses of both drain voltage and drain
currentfor TLP when Tr.1 and Tr. 3 are connected under the mixed-mode test.



This in turn results in the sharp increase in lattice
temperature and the formation of hot-spot at Tr. 1 in the
mixed-mode test with Tr. 1 and Tr. 3. In other words, if there is
a big imbalance of ESD robustness between the devices under
the mixed-mode test, the lattice temperature hot-spot may
occurs at the device with better ESD performance among the

devices.

Figs. 6 and 7 show simulated transient responses of max
lattice temperature for TLP under the mixed-mode test. As
shown in Fig. 6, after Tr. 1 is turned on first at t = 0.7 ns, the
max lattice temperature of Tr. 1 increases further than that of
Tr. 2. However, the turning on of Tr. 2 after t = 3.2 ns is
accompanied by a sharp increase in lattice temperature. Finally,
the lattice temperature of Tr. 2 will overtake Tr. 1’s lattice
temperature. This is because the ESD robustness of Tr. 1 is

better than Tr. 2, as shown in Fig. 3 in the single-device test.
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Fig. 6. Simulated transient responses of max lattice temperature for TLP

when Tr.1 and Tr. 2 are connected under the mixed-mode test.
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Fig. 7. Simulated transient responses of max lattice temperature for TLP
when Tr.1 and Tr. 3 are connected under the mixed-mode test.
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In the mixed-mode test with Tr. 1 and Tr. 3, a sharp
increase in a lattice temperature of Tr. 3 is also observed after
Tr. 3 is turned on. However, the lattice temperature of Tr. 3
can’t overtake that of Tr. 1 even though Tr. 3 has the lowest
ESD robustness in the single-device test, as shown in Fig. 7.
This kind of mutual ESD behavior between the devices under
TLP stress will eventually affect the ESD robustness as
presented in Fig. 8.

Fig. 8 shows simulated lattice temperature hot-spot profiles
in the mixed-mode test. TLP stress is injected through the PAD
with current level of 25 mA for the hot-spot formation. Arrows
in the figures indicate hot-spot as the position of possible
failures. In the mixed-mode test with Tr. 1 and Tr. 2, the lattice
temperature of Tr. 2 increases faster than that of Tr. 1. Thus,
hot-spot is formed and failure occurs in the Tr. 2 as shown in
Fig. 8 (b).

(b)

Fig. 8. Simulated lattice temperature hot-spot profiles in the mixed-mode test
with Tr. 1-Tr. 2. Arrows in figures indicate hot-spots as the position of
possible failures. (a) Tr. 1. (b) Tr. 2.
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Fig. 9. Simulated lattice temperature hot-spot profiles in the mixed-mode test
with Tr. 1-Tr. 3. Arrows in figures indicate hot-spots as the position of
possible failures. (a) Tr. 1. (b) Tr. 3..

In contrast, the test with Tr. 1 and Tr. 3, the lattice
temperature of Tr. 1 increases faster than that of Tr. 3 and the
hot-spot is formed first in Tr. 1. Then, the hot-spot is also
formed in Tr. 3, as shown in Fig. 9. As already discussed, this
is because the adjacent device Tr. 3 has lower ESD robustness
and Tr. 1’s drain current level is pumped up for the unequal
divide of the injected current. Thus, in the mixed-mode test
with Tr. 1 and Tr. 3, hot-spot will be formed first in Tr. 1 even
though Tr. 3 has the lowest ESD robustness among the other
devices in the single-device test.

IV. CONCLUSION

In conclusion, mutual ESD behavior dependency between
multiple devices under TLP stress has been presented. In the
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mixed-mode test, transient response of drain voltage has
multiple (= total number of devices) snapback profiles.

When one of the devices in the mixed-mode test is turned
on, the current waveform of the other adjacent devices shows
snapback profile. This kind of mutual relation between the
protection devices under TLP stress will eventually affect the
ESD robustness. In other words, if there is a big imbalance of
individual ESD characteristics between the devices under the
mixed-mode test, the lattice temperature hot-spot and failure
may occur in the device (ex. Tr. 1) even though the robustness
of the other connected device (ex. Tr. 3) is lower than that of
the device in the single-device test.

REFERENCES

[1] S. L. Toh, P. K. Tan, Y. W. Goh, E. Hendarto, J. L. Cai, H. Tan, Q. F.
Wang, Q. Deng, J. Lam, L. C. Hsia, and Z. H. Mai, "In-Depth Electrical
Analysis to Reveal the Failure Mechanisms With Nanoprobing," IEEE
Trans. Device Mater. Rel., vol. 8, pp. 387-393, June 2008.

[2] T. Cilento, M. Schenkel, C. Yun, R. Mishra, J. Li, K. Chatty, R.
Gauthier, "Simulation of ESD protection devices in an advanced CMOS
technology using a TCAD workbench based on an ESD calibration
methodology," Microelectron. Reliab., vol. 50, pp. 1367-1372, August
2010.

[3] K. Esmark, H. Gossner,W. Stadler, “Advanced simulation methods for
ESD protection development”, 1st ed., Springer, 2003.

[4] V. Vassilev, V. Vashchenko, Ph. Jansen, B. J. Choi, A. Concannon, J. -J.
Yang, G. Groeseneken, M. 1. Natarajan, M. Terbeek, P. Hopper, M.
Steyaert, H. E. Maes, “A CAD-assisted design and optimization
methodology for overvoltage ESD protection circuits”, European
Symposium on Reliability of Electron Devices, Failure Physics and
Analysis, Zurich, Switzerland, vol. 44, pp. 1885-1890, Apr. 2004.

[51 J. A. Salcedo, J. J. Liou, L. Zhiwei, J. E. Vinson, “TCAD methodology
for design of SCR devices for electrostatic discharge (ESD)
applications,” IEEE Trans. Electron Devices, vol. 54, pp. 822-832, Apr.
2007.

[6] D. Alvarez, K. Chatty, C. Russ, M. J. Abou-Khalil, J. Li, R. Gauthier, K.
Esmark, R. Halback, C. Seguin, “Design optimization of gate-silicided
ESD NMOSFETs in a 45nm bulk CMOS technology,” Electrical
Overstress/Electrostatic Discharge Symposium, Anaheim, USA, pp.
1A.4-1 - 1A.4-9, Sep.2007.

[71 M. -D. Ker, K. -H. Lin, “Double snapback characteristics in high-
voltage nMOSFETs and the impact to on-chip ESD protection design,”
IEEE Electron Device Lett., vol. 25, pp. 640-642, Sept. 2004.





