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Abstract: Continuously scaling down and decreasing operation voltages of ICs, from the 5V TTL-
compatible voltage to 3.3 V, then 1.2 V, and now 0.8 V for low-power ICs, results in more stringent
electrostatic discharge protection design requirements, such as a narrow ESD design window, low
operation voltage, and high ESD robustness. Based on traditional diode string and diode-triggered
silicon-controlled rectifiers, an enhanced diode-triggered silicon-controlled rectifier is proposed
to meet the requirements of low-voltage integrated circuits as bidirectional electrostatic discharge
protection. The new device employs an additional PMOS and NMOS in the N-well and P-well,
respectively, to offer additional current paths along the surface to significantly enhance its robustness.
TCAD simulation shows that the device is triggered by both the diode strings and embedded MOS,
making the device turn on faster and the current distribution more uniform during the ON state owing
to the additional surface current paths. The proposed new device has excellent dual-directional ESD
protection performance with a figure of merit of 4.01 mA /um?2, which is about a 71% improvement
compared with the conventional diode-triggered silicon-controlled rectifier. It also has higher area
efficiency, lower trigger voltage, lower current leakage, and a faster turn-on speed. The proposed
enhanced diode-triggered silicon-controlled rectifier is an attractive ESD protection solution for
ultra-low-voltage ICs.

Keywords: diode-triggered silicon-controlled rectifier; bidirectional electrostatic discharge protection;
ESD robustness

1. Introduction

Electrostatic discharge (ESD) is the major cause of IC failure in manufacturing, trans-
portation, PCB mounting, and the operation of electronic products [1]. With the develop-
ment of ultra-low-power integrated circuits, the operation voltage has been down-scaled
continuously from the 5 V TTL-compatible voltage to 3.3 V, then 1.2 V, and now 0.8 V
for low-power ICs [2-5]. A bidirectional ESD device is needed for protecting pins with
an operating voltage varying between positive and negative values, and a bidirectional
silicon-controlled rectifier (BSCR) capable of operating in the NS and PS modes of ESD
stresses is suitable for such an application [6]. Though bidirectional ESD protection based
on a simple back-to-back diode string has a good area efficiency ratio and a low trigger
voltage under a positive bias state, it easily results in a large turn-on resistance (Ron) and
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leakage current at the PN junction [7]. A diode-triggered SCR (DTSCR) can improve the
ESD robustness and reduces the ON resistance [8,9], but it requires a parallel connection
of two opposing-polarity one-directional DTSCRs to conduct both positive and negative
ESD currents. The BDTSCR proposed by Liu et al. [10] and the BLVSCR proposed by Du
et al. [11] realized dual-directional ESD protection, but the large Vt1 and ON resistance
restrict their practical application. F. Du et al. prepared a fast turn-on speed DTSCR
by embedding current gain amplifier modules, but its ESD robustness still needs to be
improved [11]. A high-performance bidirectional ESD protection scheme for ultra-low-
power integrated circuits has yet to be developed. In this paper, we propose an enhanced
diode-triggered silicon-controlled rectifier (EDTSCR). As will be demonstrated later, the
new device structure has a high area efficiency, low turn-on resistance, and high turn-on
speed due to the gate-coupling effect of MOS, which leads to an increased skin effect of the
current and a reduced response time.

2. New ESD Device Structure

A cross-sectional view and an equivalent schematic of the conventional DTSCR device
structure are illustrated in Figure 1. There are two conduction paths in the DTSCR. The
first path is illustrated in red and is via the diode string constituted by PN diodes D1 and
D2. The second path, drawn in green, is the SCR path formed by two bipolar junction
transistors (B]Ts), T1 and T2. In general, the DTSCR is triggered by the diode string path
first, and when the ESD stress increases, the parasitic BJTs are turned on, forming a positive
feedback to drain a large amount of the ESD current.

\ESD Pulse

Termianll Termianl2

Diode String Path

SCR/Path

Figure 1. Cross-sectional structure view and equivalent schematic of the DTSCR. The diode string
path (marked in red) is used as the trigger structure of the DTSCR. The SCR path (marked in green)
drains the main ESD current.

Figure 2 illustrates an improved DTSCR, the MDTSCR. Compared with the conven-
tional DTSCR, the MDTSCR has an extra highly doped P+ region in the N-well and a highly
doped N+ region in the P-well, which enables a bidirectional but not symmetrical ESD
protection structure. Similar to the DTSCR, there are two additional conduction paths. The
first path is the trigger path, constituted by the diode strings, which are marked in red. The
second conduction path passes via the SCR (T1 and T2) together with transistors T3 or T4,
depending on the ESD strike direction. The parasitic SCR in a positive ESD strike is the
main current conduction path, but under negative ESD stress, due to the extension of the
SCR path, a partial ESD current is also discharged through both the PNP path and NPN
path according to the principle that a current always takes a path with less impedance,
which results in a larger ON resistance and worse ESD robustness.
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Figure 2. Cross-sectional view of the device structure and equivalent schematics of the MDTSCR
under positive ESD stress (a) and negative ESD stress (b). The diode string path (marked in red) is
used as the trigger structure of the MDTSCR. The parasitic SCR in a positive ESD strike (marked in
green) is the main current conduction path, while under negative ESD stress, due to the extension of
the SCR path, partial ESD current is also discharged through both the PNP path (marked in purple)
and NPN path (marked in yellow).

Here, we further improved the ESD performance of the DTSCR above that of the
MDTSCR. As shown in Figure 3, we incorporated two highly doped P+ regions on the
surface of the N-well. It forms a PMOS on the surface. Similarly, two N+ regions were
inserted into the P-well to form an additional NMOS. The gates of the introduced PMOS
and NMOS were connected together. Similar to the MDTSCR, the current conduction of
the EDTSCR is bidirectional, and it is an inverter with an intrinsic LU structure where the
wells and gates are shorted. However, in addition to parasitic B]T paths (T3 and T4) in the
bulk, the EDTSCR offers an additional surface conduction path via the newly incorporated
MOS transistors, M1 and M2. The gates of the PMOS and NMOS were connected together.
As demonstrated in Figure 3b,d, due to the gate coupling effect, the majority carrier at the
channel will be depleted first, and then the minority carrier will accumulate on the channel
surface to form an inversion layer so that when an ESD pulse is applied, the MOS structure
will turn on quickly and offer additional current paths. Nevertheless, the MOS path current
mainly depends on the channel length, where the longer channel length is, the greater
gate capacitance and channel resistance are, and less current can be conducted. Moreover,
triggered by the diode string, the turn-on voltage of the EDTSCR is basically the same as
that of the above devices, but in the same way, the parasitic SCR conduction path in the
EDTSCR is shorter than that of a negative ESD pulse strike because of the asymmetrical
device structure. Therefore, a fair portion of the ESD current is also discharged through
both the PNP path and NPN path under negative ESD stress, and its positive characteristics
of a stronger ESD robustness and lower ON resistance can also be expected.

Diode String Path
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D1 D2
SCR Path » Rpw Ry
D2
(a) (b)

Figure 3. Cont.
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Figure 3. Cross-sectional view of the device structure and equivalent schematics of the EDTSCR under
positive ESD stress (a) and negative ESD stress (c). The diode string path (marked in red) is used
as the trigger structure of the EDTSCR. Due to the gate coupling effect in a positive (b) or negative
(d) ESD strike, the MOS structure (marked in blue and white) will turn on quickly and offer additional
current paths. The parasitic SCR (marked in green), as the main current conduction path, degrades
under negative ESD stress due to the extension of the SCR path, resulting in the partial ESD current
being discharged through both the PNP path (marked in purple) and NPN path (marked in yellow).

All of these devices, DTSCR, MDTSCR, and EDTSCR, have the same width and length.
In Section 3, the bidirectional turn-on process of the EDTSCR will be analyzed based on the
TCAD simulation. And in Section 4, the performance of all devices with the same area will
be tested to verify the superior characteristics of the newly proposed EDTSCR.

3. TCAD Simulation

The operation mechanisms of the EDTSCR under both positive and negative ESD
strikes were validated by the 2D TCAD simulations. As shown in Figure 4, the impurity
concentration profiles of the EDTSCR were inferred from the process simulation results,
while analytical functions were used to easily consider layout variations of the investigated
structures. All simulations were carried out using the drift-diffusion model coupled with
the heat-transfer equation. Shockley—Read-Hall and Auger generation-recombination mod-
els were used along with the Unibo impact-ionization model. Thermoelectric simulations
were carried out with ideal thermal boundary conditions, assuming room temperature at
the metal contacts. An electrical stress of a 30 V pulse with a 10 ns raise time and 100 ns
width was used in the current density simulation.
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Figure 4. Simulated doping concentration profile of the designed EDTSCR.

3.1. Bidirectional Turn-on Process

According to the simulated current density distribution at 1 ns, shown in Figure 5,
it was confirmed that the bidirectional EDTSCR is triggered by diode strings with two
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Diode String Path
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forward PN junctions and parasitic resistance in both the N-well and P-well. This trigger
mechanism leads to a low trigger voltage of about 1.4 V.
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Figure 5. Simulated current density profile of the EDTSCR at 1 ns under positive ESD stress (a) and
negative ESD stress (b). As the trigger structure of the EDTSCR, the ESD current only passes through
the diode string path when the input voltage exceeds about 1.4 V.

When the positive input voltage increased with the pulse rising edge, the positive
feedback of the SCR formed at 3 ns and most of the current began to flow from the anode
to the cathode through the SCR path, shown in Figure 6a. While under negative ESD
stress, the lengths of the PNP, NPN, and SCR paths are too long to participate in current
conduction, and thus the ESD current still preferred to drain from the diode string path, as
shown in Figure 6b. In addition, an initial channel current was also generated because of
the gate coupling effect under both positive and negative ESD stress.
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Figure 6. Simulated current density profile of the EDTSCR at 3 ns under positive ESD stress (a) and
negative ESD stress (b). At this moment, the positive feedback of the parasitic SCR has been formed
in a positive ESD strike so that the SCR path drains a large amount of the ESD current instead of the
diode string. While under negative ESD stress, the diode string path is still the main discharge path
due to the extension of the SCR path.

When the device was completely in ON mode at 10 ns, both the SCR and MOS,
including their channel paths and parasitic BJ Ts, discharged current together under positive
ESD stress, as shown in Figure 7a. However, in a negative strike, the parasitic PNP and NPN
in the MOS transistors destroyed the positive feedback needed for SCR path formation so
that the PNP and NPN paths were the main discharge paths at 10 ns, while partial current
still flowed through the MOS channel and the diode string path, as shown in Figure 7b.
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Figure 7. Simulated current density profile of the EDTSCR at 10 ns under positive ESD stress
(a) and negative ESD stress (b). After the device is completely turned on, both the PNP path and
NPN path can conduct. It is worth noting that the complementary MOS transistor pair instead of the
SCR dominates the current conduction in a negative ESD strike because the parasitic PNP and NPN
in the MOS transistors destroy the positive feedback needed for SCR path formation.

In general, the turn-on process of the EDTSCR can be summarized as follows:

For the positive ESD strike, as the trigger structure of the EDTSCR, current flows
through the diode string path first at a low trigger voltage of about 1.4 V. When the input
current increases, the positive feedback of the SCR forms and the parasitic SCR in the body
replaces the diode string as the main discharge path. Finally, when completely in ON
mode, both channel paths and parasitic BJTs in the MOS transistors are turned on, and now
multiple paths participate in ESD current conduction, resulting in a lower ON resistance
and stronger robustness.

For the negative ESD strike, the diode string path is still the trigger structure. But the
presence of the PNP and NPN paths destroys the positive feedback needed for SCR path
formation so that when the current increases gradually, the PNP and NPN paths always
dominate the conduction of the ESD current. The lack of the SCR discharge path results in
a larger ON resistance, higher snapback voltage, and lower failure current.

3.2. Gate Coupling Effect

In order to better understand the role of the gate coupling effect, the embedded NMOS
and PMOS in the EDTSCR were simulated specifically. As shown in Figure 8, the channel
current of the surface complementary NMOS and PMOS pair was significantly larger than
the parasitic B]T current in both directions at 3 ns due to the gate coupling effect, explained
in detail in Section 2, and this indicates that the EDTSCR will have a smaller ON resistance
than the MDTSCR because of the existence of the additional MOS channel conduction
paths. And, the simulation result also shows that this conduction path can make the current
distribution more uniform and, hence, improve the robustness of the device.

In the TACD simulation, the channel currents at different moments (1 ns to 5 ns) were
also studied. As shown in Figure 9a, the distribution of the embedded NMOS channel
current was extracted along the tangent line in the Z direction. According to the simulation
results in Figure 9b, with the addition of the diode string path, the charge accumulates
rapidly on the channel surface to form an inversion layer at 1 ns, offering another MOS
path. It is worth noting that the total current density at 1 ns was 8.2 x 10° A*cm~2, and
the individual MOS channel current density accounted for about 20%. Therefore, the
embedded MOS structure, which is involved in the triggering process, contributes to the
quick response of the device. Moreover, as the rising voltage caused a boost, the parasitic
BJT also started to work, and the current density in the Z direction increased with time.
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Figure 8. Simulated current density profile of the NMOS and PMOS in the EDTSCR at 3 ns: (a) positive
ESD strike, PMOS; (b) positive ESD strike, NMOS; (c) negative ESD strike, PMOS; (d) negative ESD
strike, NMOS. The channel current of the surface complementary NMOS and PMOS pair is significantly
larger than the parasitic BT current in both directions due to the gate coupling effect.
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Figure 9. The distribution of the embedded NMOS channel current (b) is extracted along the tangent
line in the Z direction (a) at different moments. The individual MOS channel current density accounts
for about 20% of the total current density at 1 ns, which means that the embedded MOS structure
contributes to the quick response of the device. As the rising voltage boosts, the parasitic BJT also
starts to work, and the current density in the Z direction increases with time.

The channel length L is one of the key parameters of the EDTSCR, and the percentage of
channel current with different channel lengths to the total current along the tangent line in the
Z direction was calculated. As shown in Figure 10a, when triggered was at 1 ns, the shorter
the channel length was, the larger the channel current proportion was due to the smaller
gate capacitance, making the channel path easier to generate. After the device was triggered
at 3 ns, as shown in Figure 10b, the channel current ratios of the different channel lengths
L =0.5/1.0/1.5 um were 10.5%, 9.2%, and 7.4%, which are all approximately the same.
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Figure 10. The percentage of channel current to total current with different channel lengths along the
tangent line in the Z direction at different moments: (a) 1 ns and (b) 3 ns. When triggered at 1 ns,
the shorter the channel length is, the larger the channel current proportion is due to the smaller gate
capacitance, making the channel path easier to generate. After the device is triggered at 3 ns, the
channel current ratios of the different channel lengths are approximately the same.

4. Test Results

The DTSCR, MDTSCR, and EDTSCR were fabricated in a commercial 0.35-pm CMOS
process with the same total width of 100 pm. The TLP measurements were conducted
with the Barth 4002 TLP standard test system by using the human body model parameters
with a 10 ns rising time and a 100 ns pulse width. Its setup is illustrated in Figure 11.
For each voltage pulse, current and voltage waveforms were captured by using a 10 GHz
oscilloscope. By averaging over 70-90% time windows of the stress pulse waveform, a
single data point of I-V characteristics was extracted. This was followed by a low 0.5 V bias
DC test at room temperature to confirm device failure.

TLP
Tester
Current
— Senor
9 S
€ ———— Switch B our
O
Current I Voltage
Wave Wave
Oscilloscope
SMU 10GHz

Figure 11. Experimental setup for the TLP. The low-bias (0.5 V) DC current is measured after each

pulse, while the response toward the pulse voltage is averaged in a window from 70% to 90% of the
pulse width.

The test results of the DTSCR, MDTSCR, and EDTSCR are illustrated in Figure 12,
where the current is normalized. The curves with solid symbols represent the current-
voltage (I-V) characteristics, and the curves with empty symbols are the leakage current
characteristics. In general, the leakage current of the EDTSCR (empty round markers) was
around 10~?, which is slightly larger than that of the MDTSCR or DTSCR.
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Figure 12. TLP characteristics of the DTSCR, MDTSCR, and EDTSCR: (a) TLP under positive ESD
stress; (b) TLP under negative ESD stress. The EDTSCR shows much higher second failure current
(It2) values and smaller ON resistance (Ron) values than the DTSCR and MDTSCR under both
positive and negative stress. Both the MDTSCR and EDTSCR at positive strike achieve a stronger
ESD robustness than the negative ones.

Table 1 summarizes the major performance indicators for the DTSCR, MDTSCR, and
EDTSCR in positive (pos) and negative (neg) ESD strikes. In general, due to the existence
of the additional MOS channel conduction paths, the EDTSCR shows much higher second
failure current (It2) values and smaller ON resistance (Ron) values than the DTSCR and
MDTSCR under both positive and negative stress. The figure of merit (FOM), defined as
the failure current per unit area, of the EDTSCR shows a near 71% improvement over the
DTSCR and a 29% improvement over the MDTSCR in a positive ESD strike. Meanwhile,
both the MDTSCR and EDTSCR at the positive strike achieved a stronger ESD robustness
than the negative ones because the presence of the PNP and NPN paths destroys the
positive feedback needed for SCR formation so that when the current increases gradually,
the PNP and NPN paths always dominate the conduction of the ESD current instead of
the SCR path. The FOM of the positive EDTSCR shows a near 27% advantage over the
negative one.

Table 1. Comparison of experimental measurements with the MDTSCR and EDTSCR under positive
(pos) and negative (neg) ESD strikes.

Device Vi (V) Vi, (V) (mn Alf/i m) Ron (Q) (mI;(/) i\fn 2)

DTSCR 1.40 1.31 28.1 1.78 2.34
MDTSCR (pos) 1.38 1.14 37.3 1.12 3.10
MDTSCR (neg) 1.38 / 36.0 1.34 3.00
EDTSCR (pos) 1.38 1.25 482 0.92 4.01
EDTSCR (neg) 1.37 / 37.8 1.05 3.15

To verify the turn-on speed of the EDTSCR, similar VFTLP measurements were also
conducted with a 200 ps rising time and a 1 ns pulse width. The transient voltage waveforms
of the DTSCR, MDTSCR, and EDTSCR under a 100 V positive VFTLP pulse are compared
in Figure 13. According to the test results, the DTSCR and MDTSCR had almost consistent
waveforms, with the same voltage overshoot of 4.80 V. But for the EDTSCR, as shown in the
TCAD simulation results, the introduced MOS structure and gate coupling effect benefitted the
low trigger voltage and quick response [12]. When the EDTSCR was turned on, its transient
voltage peaked at 240 ps while both the DTSCR and MDTSCR peaked at 300 ps, which means
that the EDTSCR had a lower voltage overshoot of 4.25 V and a faster turn-on ability.
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Figure 13. The transient voltage waveform of the DTSCR, MDTSCR, and EDTSCR under a 100 V
positive VFTLP pulse. When the EDTSCR is turned on, its transient voltage peaks at 240 ps while both
the DTSCR and MDTSCR peak at 300 ps, which means that EDTSCR has a lower voltage overshoot
of 4.25 V and a faster turn-on ability.

5. Conclusions

In short, the newly proposed bidirectional EDTSCR ESD protection is based on the
DTSCR structure with two additional NMOS and PMOS, which form a surface conduction
path. The operation mechanisms of the device were confirmed with TCAD simulations.
On account of the multiple additional conduction paths, including parasitic B]T paths and
MOS channel paths due to the gate coupling effect, the EDTSCR has several advanced
features, such as a low ON resistance, higher FOM, and faster turn-on speed. The channel
length L is one of the key parameters of the EDTSCR. A longer channel length means that
less channel current is involved in the triggering of the device, so the device turn-on speed
and robustness will decrease due to the lack of a MOS discharge path. The EDTSCR should
be a promising ESD protection solution for low-power IC applications.
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