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In this paper, an electrostatic discharge (ESD)
protection circuit is designed for use as a 12 V
power clamp by using a parasitic-diode-triggered
silicon controlled rectifier. The breakdown voltage
and trigger voltage (Vt) of the proposed ESD
protection circuit are improved by varying the
length between the n-well and the p-well, and by
adding n+/p+ floating regions. Moreover, the
holding voltage (Vh) is improved by using
segmented technology. The proposed circuit was
fabricated using a 0.18-lm bipolar-CMOS-DMOS
process with a width of 100 lm. The electrical
characteristics and robustness of the proposed ESD
circuit were analyzed using transmission line pulse
measurements and an ESD pulse generator. The
electrical characteristics of the proposed circuit
were also analyzed at high temperature (300 K to
500 K) to verify thermal performance. After
optimization, the Vt of the proposed circuit
increased from 14 V to 27.8 V, and Vh increased
from 5.3 V to 13.6 V. The proposed circuit
exhibited good robustness characteristics, enduring
human-body-model surges at 7.4 kV and machine-
model surges at 450 V.

Keywords: Electrostatic discharge, Holding voltage,
Silicon controlled rectifier, Trigger voltage.

I. Introduction

With the advances in process technology, electrostatic
discharge protection (ESD) has become critical for the
reliability of integrated circuits (ICs). These advances
have hitherto resulted in further miniaturization and
performance improvement, but malfunctions and
breakdowns owing to electrostatic discharges under
normal operating conditions have become critical issues
[1]. Therefore, novel electrostatic discharge protection
circuits need to be developed. Gate grounded n-type
metal-oxide-semiconductor field-effect transistors
(GGNMOS) and silicon controlled rectifiers (SCR) are the
most commonly used devices for ESD protection [2]. The
merits of GGNMOS are its compatibility with the general
bipolar-CMOS-DMOS (BCD) process, and the discharge
across the parasitic bipolar transistor. However, its large
p-n junction parasitic capacitance may degrade the
performance of the I/O signal in radio-frequency ICs [3],
[4]. The SCR-based ESD protection circuits, on the other
hand, form a discharge path inside the silicon and exhibit
high current driving capability. However, conventional
SCRs fabricated with a 0.18-lm BCD process exhibit a
high trigger voltage (Vt) of 18 V, owing to the breakdown
voltage between the n- and p-wells and the turn-on voltage
of the parasitic NPN/PNP bipolar transistor; further, they
exhibit a low holding voltage (Vh) of approximately 2 V
[5], [6].
The ESD protection circuit proposed in this study was

fabricated using a 0.18-lm BCD process with a width of
100 lm. A transmission-line pulse (TLP) system, an ESS-
6008 ESD pulse generator, and a high temperature
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chamber were used to verify the electrical characteristics
and robustness of the proposed circuit.

II. Proposed ESD Protection Circuit

1. Circuit Simulation

Figure 1 shows a cross-section of the proposed ESD
protection circuit and its equivalent circuit. The overall
circuit is composed of a modified SCR structure (on the
right side), and a parasitic diode structure (on the left
side). It achieves a low Vt by injecting the trigger current
through the additional parasitic diode structure, and a high
Vh because of the p+/n+ floating regions in the SCR
structure. By constraining the distance between the p-well
of the parasitic diode and the n-well of the SCR structure
to be smaller than the distance between the wells of the
SCR structure, the parasitic diode structure is ensured to
be triggered first. The current is therefore generated by
avalanche breakdown in the diode structure, and flows
into the p-well across the p+ tab (triggering current) of the
SCR structure. The injected current builds up the potential

at the p-well and results in a low Vt. The electron-hole
pairs (EHPs) generated after the avalanche breakdown in
the diode structure then flow through the n+ (D4) and p+
floating (D3) regions. The base recombination rate of the
parasitic NPN/PNP bipolar transistors increases owing to
the current passing through the n+ (D4) and p+ (D3)
floating regions, and the parasitic bipolar current gain (b)
decreases.
The details of the operating mechanism are as follows.

When the anode voltage increases, the potential of the n-
well increases, and the junction between the n- and p-wells
is reverse biased. The distance between the diode structure
and the SCR structure is set to be smaller than the distance
between wells in the SCR structure, to prompt the parasitic
diode structure operation. As the distance between the
diode structure and the SCR structure reduces, the
depletion region becomes narrower. Therefore, the junction
between the p-well of the parasitic diode and the n-well of
SCR structure reaches the avalanche breakdown voltage
earlier than the junction between wells in the SCR
structure. After the avalanche breakdown in the parasitic
diode structure occurs, EHPs are generated. The generated
electrons flow into the anode electrode, and the holes flow
into the p-well on the left side. When the voltage passing
through the p-well and the n+ diffusion region reaches
approximately 0.7 V, the parasitic diode structure operates
as a forward-biased diode. The hole-currents flow into the
p-well (triggering current) of the SCR structure through a
connected metal line. The injected hole current increases
the potential in the p-well of the SCR across the p+ tab,
and leads to a lower avalanche breakdown voltage in the
SCR. The electrons generated by the avalanche
breakdown in the SCR structure flow into the n-well, and
the holes flow into the p-well on the right side. The
electron current turns on the parasitic NPN bipolar
transistor by generating a voltage drop across RPW.
Subsequently, the current generates a voltage drop across
RNW and turns on the parasitic PNP bipolar transistor.
Eventually, the parasitic NPN and PNP bipolar

transistors operate in positive feedback mode, thus
operating the latch mode of the SCR. The n+/p+ floating
diffusion regions lead to a low b value in each bipolar
transistor. Therefore, more bias is needed to maintain the
operation of both transistors, resulting in a high Vh. On
the contrary, when a negative ESD current is applied to
the anode using a cathode, the diode (p+ cathode/
p-well/n-well/n+ anode) in the circuit will be forward
biased and discharges the negative ESD current.
The circuit electrical behavior is verified using a

Synopsys Technology Computer-Aided Design (TCAD)
simulation tool. The structure is simulated using the
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Fig. 1. Proposed ESD protection circuit: (a) cross-section and
(b) equivalent circuit.
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TSUPREM-4 manufacture process simulation tool, and
the electrical characteristics are verified using the Medici
simulation tool. Figure 2 shows the proposed circuit
structure, as simulated with TSUPREM4.
Figure 3 shows the expansion of the depletion region as

the anode voltage increases. The electric field across the n-
and p-well depletion regions becomes sufficiently high to
cause an avalanche breakdown. The breakdown voltage
can be improved by varying the distance between the
wells. It is observed that the depletion region between the
p-well of the diode structure and the n-well of the SCR
structure (D1) is narrower than the distance between the
wells in the SCR structure (D2) in order to prompt the
trigger of the diode structure.
Figure 4 shows the overall current flow in the proposed

ESD protection circuit. Initially, the current flowing
through the parasitic diode structure is injected into the p-
well of the SCR structure on the right side, as shown in
Fig. 4(a). Subsequently, the SCR initiates operation, as
shown in Fig. 4(b), and when the SCR is fully turned on
the current is discharged through the SCR structure, as
shown in Fig. 4(c).

Conventional SCRs are not appropriate for low- and
high-voltage applications, because of the high trigger
voltage (by breakdown voltage between the n-well and p-
well) and low holding voltage (resulting from the parasitic
NPN/PNP bipolar turn-on voltage positive feedback). It is
difficult to use conventional SCRs in 5 V or 12 V
applications, because the high trigger voltage causes an
oxide breakdown of the internal circuit, and the low
holding voltage causes latch-up by noise and overshoot
voltage. The proposed ESD protection circuit improves
the Vt and Vh values of both conventional SCR circuits
and p-substrate triggered SCRs (PTSCR) [7], [8]; the
circuit electrical characteristics are verified with a TCAD
simulation tool.
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Fig. 2. Simulated structure of the proposed ESD protection
circuit.
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Fig. 3. Expansion of the depletion region as the anode voltage
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0 5 10 15
Distance (μ) 

0

5

10

15

D
is

ta
nc

e 
(μ

) 

Anode  Cathode  

N+ N+ P+ P+ N+ P+

(a) 

0 5 10 15
Distance (μ) 

0

5

10

15

D
is

ta
nc

e 
(μ

)

(b) 

0 5 10 15
Distance (μ) 

0

5

10

15

D
is

ta
nc

e 
(μ

) 

(c) 

Fig. 4. Current flow lines across the proposed ESD protection
circuit (a) parasitic diode turn-on, (b) SCR turn-on,
and (c) fully turned on.
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Figure 5(a) compares the I–V characteristics of the
conventional SCR, PTSCR, and proposed ESD protection
circuits. The PTSCR structure is characterized by low
breakdown and trigger voltages, achieved by supplying
the hole currents through the ggNMOS structure.
However, PTSCRs with ggNMOS triggering mechanisms
are designed for low voltage applications, when the circuit
operates below 5 V. This is due to low positive feedback
gain and low PTSCR holding voltage (as low as 3 V to
6 V). Furthermore, PTSCRs have a Vt of 6 V, whereas
the proposed ESD protection circuit has a Vt of 15 V and a
Vh of 13 V. Therefore, the proposed ESD protection
circuit is suitable for high voltage applications.
Figure 5(b) shows a comparison of the turn-on speed of

the proposed circuit with that of the PTSCR. The PTSCR
turns on after 2.2 ns, and the proposed circuit turns on
after 3 ns; therefore, both circuits exhibit fast turn-on
speeds.
The circuit electrical characteristics (such as Vt and Vh)

can be optimized by adjusting the design parameters D1 to

D4 shown in Fig. 1. D1 is the distance between the n-well
in the SCR structure and the p-well in the diode structure
(on the left side), and D2 is the distance between the p-
and n-wells in the SCR structure (on the right side).
Figure 6 shows the TCAD simulation results obtained by
varying D1 and D2. In this figure, D2 is maintained fixed at
2 lm, and D1 is increased from 0 lm to 2 lm, so as to
trigger the parasitic diode structure. Note that the floating
diffusion regions corresponding to D3 and D4 are not
considered in this simulation. According to the obtained
results, the breakdown voltage increases from 14.5 V to
38.5 V, and Vt increases from 17 V to 39.4 V, whereas Vh

is maintained at 1.3 V; this happens because D1 and D2

are the dominant factors influencing the avalanche
breakdown voltage. Table 1 summarizes the simulation
characteristics shown in Fig. 6.
Figure 7 shows the simulation results obtained by

varying D3 and D4 (the widths of the floating regions of
the p- and n-well, respectively). As the design parameters
D3 and D4 increase from 0 lm to 11 lm, Vt increases from
15.4 V to 16.5 V and Vh increases from 1.3 V to 5 V. In
this simulation, D1 is fixed at 0 lm, and D2 is fixed at
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Fig. 5. TCAD simulation results: (a) I–V characteristics of the
conventional SCR, PTSCR, and the proposed circuit and
(b) turn-on time of PTSCR and the proposed circuit.
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Fig. 6. Simulated I–V characteristics of the proposed circuit, for
different values of D1 and D2.

Table 1. Simulated characteristics of the proposed circuit, for
different values of the design parameters D1 and D2.

Design
parameters
D1 and D2

Breakdown
voltage

Trigger
voltage

Holding
voltage

D1: 0 lm
D2: 2 lm

14.5 V 17 V 1.3 V

D1: 1 lm
D2: 2 lm

26.3 V 28.9 V 1.3 V

D1: 2 lm
D2: 2 lm

38.5 V 39.4 V 1.3 V
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2 lm. Table 2 summarizes the simulation characteristics
shown in Fig. 8.
The simulated structures of the PTSCR and the

proposed circuit were designed with the Synopsys
TSUPREM4 tool; the electrical characteristics were
analyzed with the Medici tool.

2. Transmission Line Pulse Analysis of the Proposed
Circuit

The TLP method is used to verify the various
characteristics (Vt, Vh, It2, and so on) of the proposed ESD
protection circuit; this method is widely used to analyze
the electrical characteristics and robustness of ESD
protection circuits [9].
The layouts of the PTSCR and the proposed ESD

protection circuit are shown in Fig. 9(a). A comparison of
the I�V characteristics obtained by TLP (see Fig. 9(b))
shows that the proposed circuit achieves an increase of the
breakdown voltage by 7.5 V (from 5 V to 12.5 V) and an
increase of Vt by 6.5 V (from 6.5 V to 12.9 V), achieved
by stricture chance. The design parameters are initially

fixed at 0 lm, so that the structural features of the
proposed circuit can be determined.
The layout of the proposed ESD protection circuit is

based on a 0.18-lm BCD process, and is shown in
Fig. 10(a). Figure 10(b) shows the TLP I–V
characteristics and leakage current when D2 is fixed at 0.3
lm and D1 increases from 0 lm to 0.3 lm. The floating
diffusion regions corresponding to D3 and D4 are not
considered in this test. The design parameters D1 and D2

are similar to those used in the simulation, but their values
are adjusted to consider a real processing profile. The
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Table 2. Simulated characteristics of the proposed circuit, for
different values of the design parameters D3 and D4.

Design
parameters
D3 and D4

Breakdown
voltage

Trigger
voltage

Holding
voltage

D3, D4: 0 lm 14.5 V 15.4 V 1.3 V

D3, D4: 4 lm 14.5 V 15.7 V 2.2 V
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obtained measurement results show that the breakdown
voltage increases from 12.5 V to 24 V, Vt increases from
14 V to 27.8 V, and Vh increases from 5.6 V to 8 V.
Therefore, the distance between the wells affects the
breakdown voltage and Vt more than it does Vh. Moreover,
a high value of It2 (above 6.2 A) is observed. Table 3
summarizes the TLP characteristics shown in Fig. 10(b).
Figure 11(a) shows the layout of the proposed ESD

protection circuit again, but this time with the floating
diffusion regions. Figure 11(b) shows the TLP I–V
characteristics and leakage current when D3 and D4 are
changed from 0 lm to 11 lm. In this figure, D1 is fixed at
0 lm and D2 is fixed at 0.3 lm. The measurement results
show that, as D3 and D4 increase, Vt increases from 13 V
to 18.2 V, Vh increases from 5.2 V to 13.6 V, and the
breakdown voltage remains at 12.5 V. After the avalanche
breakdown occurs, the generated EHPs flow through the
n+ (D4) /p+ (D3) floating regions. As a result of this
current flow through the n+ (D4) /p+ (D3) floating regions,
the value of b of the parasitic PNP/NPN bipolar transistors
is reduced, because the doping concentration and width of
the base regions are significantly increased.
Table 4 summarizes the TLP characteristics shown

in Fig. 11(b). The high second breakdown current

characteristic of approximately 4 A when D3 and D4

reached 11 lm was limited to 3.7 A, because of the
19.5 V internal circuit oxide damage region limitation.
The reason for this is the reduced ability for a second

breakdown current resulting from the increased total
resistance of the ESD protection circuit implied by the
additional D1, D2, D3, and D4 regions of the n-well and
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Table 3. TLP characteristics of the proposed ESD protection
circuit according to design parameters D1 and D2.

Design
parameters
D1 and D2

Breakdown
voltage

Holding
voltage

Trigger
voltage

D1: 0 lm
D2: 0.3 lm

12.5 V 5.6 V 14 V

D1: 0.1 lm
D2: 0.3 lm

18.6 V 6 V 22.5 V

D1: 0.2 lm
D2: 0.3 lm

19 V 6.9 V 24.3 V

D1: 0.3 lm
D2: 0.3 lm

24 V 8 V 27.8 V
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p-well, which were added to improve the trigger and
holding voltages. This addition also increased the overall
ESD protection circuit area. The next chapter discusses
how to achieve high trigger and holding voltages in a
small area, using segmented technology.

3. Using Segmented Technology to Increase the
Holding Voltage

The layout of the proposed ESD protection circuit
with segmented emitter technology is based on the
0.18-lm BCD process and is shown in Fig. 12(a).
This study is focused on a 1:1 segment ratio (one
emitter region versus one well tie-down region).
Figure 12(b) shows the TLP characteristics and
leakage current as the number of emitter segments
varies from 0 to 13, with D1 fixed at 0 lm and D2 fixed
at 0.3 lm. The widths D3 and D4 of the floating
diffusion regions are fixed at 7 lm. This allows a
reduction in the total size.
The measurement results show that Vh increases from

7.8 V to 15.6 V, Vt increases from 13 V to 19.2 V, and the
second breakdown current decreases from 5.2 A to 3.8 A.
Table 5 summarizes the TLP I–V characteristics shown in
Fig. 12(b).
Given that the number of segments in the segmented

emitter affects Vh and therefore reduces the effective
emitter area of the parasitic PNP and NPN, the
segmented technology is implemented as shown in
Fig. 12(a), with the segmented n+ and p+ diffusion
regions separated by the n-well and p-well regions. The
proposed ESD protection circuit with segmented
technology exhibits a slightly higher Vt than the
previously discussed circuits. However, the second
breakdown current decreases with the increasing number
of segments in the emitter, because of the current
crowding phenomenon that results from the smaller
emitter area. Therefore, an increased Vh leads to a lower
second breakdown current. Table 5 summarizes the TLP
characteristics shown in Fig. 12(b).

4. Robustness of the Proposed ESD Protection Circuit

The TLP system can provide insight into the robustness
of the device under test (DUT) by measuring the
maximum current levels. However, the TLP measurement
is not an exhaustive robustness test, because of the
limitations of the measurement environment. Generally,

Table 4. TLP characteristics of the proposed ESD protection
circuit according to design parameters D3 and D4.

Design parameters
D3 and D4

Breakdown
voltage

Trigger
voltage

Holding
voltage

Second
breakdown
current

D3, D4: 0 lm 12.5 V 13 V 5.2 V 6.3 A

D3, D4: 7 lm 12.5 V 15 V 7.8 V 5.2 A

D3, D4: 9 lm 12.5 V 17.2 V 10.2 V 4.5 A

D3, D4: 11 lm 12.5 V 18.2 V 13.6 V 4 A
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Fig. 12. (a) Layout of the proposed ESD protection circuit with a
segmented emitter topology (13 segments) and (b) TLP
I�V characteristics curve with various segment counts.

Table 5. TLP characteristics of the proposed ESD protection
circuit according to the number of emitter segments.

Design parameter
(# of segments)

Breakdown
voltage

Trigger
voltage

Holding
voltage

Second
breakdown
current

0 12.5 V 13 V 7.8 V 5.2 A

5 12.5 V 17.3 V 12.9 V 4.8 A

9 12.5 V 18 V 14.5 V 4.2 A

13 12.5 V 19.2 V 15.6 V 3.8 A
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the value of the second breakdown current is correlated
with the use of either the human body model (HBM) or
the machine model (MM). Therefore, HBM and MM
zapping tests are carried out [10].
The HBM/MM surge is generated using the ESS-6008

ESD simulator. Subsequently, the electrical characteristics
of the DUT are confirmed using a 370 Tektronix curve
tracer and an HP4145 parameter analyzer. If the DUT is
damaged, the curve shows an increase in leakage current
or short-circuited characteristics. The HBM/MM zapping
is repeated while raising the surge level until a failure in
the DUT is observed, and the breakdown voltage of the
proposed circuit is then recorded.
The HBM/MM zapping test system is shown in

Fig. 13(a). Fig. 13(b) shows the dramatic increase in
current at the breakdown voltage. If there is junction
damage or destruction the circuit is shorted, as shown in
Fig. 13(c). The proposed ESD protection circuit is thus
verified to be robust for HBM at 7.4 kV and MM at 450
V. It is noteworthy that the proposed circuit has a smaller
area and better robustness than the PTSCR.

5. Temperatures Characteristics of the Proposed ESD
Protection Circuit

The thermal reliability of the proposed circuit at high
temperatures (300 K to 500 K) is also measured, as shown
in Fig. 14. The high temperature characteristics are
important because they affect the electrical characteristics
and robustness of the circuit [11].
In the thermal test, the TLP system is used for

measurement, while the wafer is being heated by a hot

chuck and a controller. The ESD protection circuit used
for these measurements has D1 = 0 lm, D2 = 0.3 lm, and
no D3 or D4 regions.
The obtained results indicate that, when the temperature

increases, Vh decreases from 5.2 V to 4.85 V and the
holding current decreases from 1.3 A to 1.2 A, as a result
of the increase in the current flowing through the diode.
Consequently, a decrease in the base-emitter voltage of the
NPN/PNP transistor is observed, and therefore Vh

decreases, as implied by (2). In addition, the substrate and
well resistances increase because of the decrease in carrier
mobility at high temperature, causing a decrease in the
holding current, as implied by (3).

Vh ¼ VEBQ1 þ VBCQ1 þ VBEQ2; (1)

Vh ¼ VBEon þ VBCQ1; (2)

Ih ¼ VBEon=ðbNPNbPNP�1Þ½1=RNWðbNPN þ 1ÞbNPN
þ 1=RPWðbNPN þ 1ÞbPNP�:

(3)

(a) 

(c)(b)

Fig. 13. (a) HBM/MM zapping system (b) DC I–V
characteristics of the proposed circuit for HBM at 7.4
kV, and (c) for HBM at 7.5 kV.
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Fig. 14. Electrical characteristics at high temperature (300 K
to 500 K): (a) holding voltage and current and (b)
breakdown current.

753Bo Bae Song et al.

http://onlinelibrary.wiley.com/journal/10.4218/(ISSN)2233-7326

http://onlinelibrary.wiley.com/journal/10.4218/(ISSN)2233-7326


0 2 4 6 8 10 12 14 16 18 20
VDUT (Anode) (V) 

6

5

4

3

2

1

0

I D
U

T (
A

no
de

) (
A

) 

10–10 10–9 10–8 10–7 10–6 10–5 10–4 10–3 10–2 10–1 100

22

IC operating voltage: 12 V 
Target design window 

for 0.18 μm BCD

Core damage 
region: 
19.5 V 

Max It2: 3.7 A

P-substrate triggered SCR 
Proposed circuit 
Proposed circuit with 9 segment number 
Proposed circuit with 11 μm floating length 

8

7

Fig. 15. Comparison of the I–V characteristics of SCR-based
ESD protection circuits with design optimization.

Table 6. TLP characteristics of the proposed ESD protection
circuit in different configurations, compared with the
PTSCR.

ESD
protection

type

Breakdown
voltage

Trigger
voltage

Holding
voltage

Second
breakdown
current

PTSCR 5.5 V 6.5 V 4.5 V 6.3 A

Proposed
type

12.5 V 12.9 V 5.2 V 6.2 A

Proposed
type (9 emitter
segments)

12.5 V 18 V 14.5 V 4.2 A

Proposed
type (11 lm

floating region)
12.5 V 18.2 V 13.6 V 4 A

As the temperature increases, the second breakdown
current decreases from 6.3 A to 5.1 A, because of thermal
damage. Therefore, the robustness degrades as the
temperature rises. The proposed ESD protection circuit
exhibits good thermal reliability, in that its electrical
parameters do not critically change until it fails. Moreover,
it exhibits high robustness above 5.1 A, even when the
temperature rises to 500 K.

6. Comparison of SCR-based ESD Protection Circuits
with Design Optimization

The target design window for the requirements imposed
to the ESD protection circuit will naturally depend on the
envisaged application. The requirements for 12 V power
clamp operation are now considered. Normal operation of
the ESD protection circuit should occur between the IC
operating voltage of 12 V and the core damage region of
19.5 V. The proposed ESD protection circuit exhibits a Vt

of 12.9 V and a Vh of 5.2 V. It is therefore outside the
established target design window owing to its low Vh; this
limitation has been overcome through design
optimization. The ESD protection circuit for the 12 V
power clamp with a floating diffusion region of 11 lm
exhibits a Vt of 18.2 V and a Vh of 13.6 V. It has a
relatively high current capability, above 4 A. The
proposed ESD protection circuit with segmented emitter
technology fully satisfies the design window. With 11
emitter segments, it exhibits a Vt of 18 V and a Vh of 14.5
V. Figure 15 shows the TLP I–V characteristics and
leakage current of the various SCR-based ESD protection
circuits employing design optimization.
After optimization, the proposed ESD protection circuits

can therefore be applied as power clamps with 12 V IC
operating voltages, and thus effectively offer protection
against ESD damage. Table 6 shows the specific
comparison results.

III. Conclusion

In this paper, ESD protection circuits suitable for 12 V
power clamp applications were designed and proposed.
Transmission line pulse measurements were obtained and
verified through TCAD simulation, and the effects of
changes in the design parameters were evaluated. In the
simulation results, the trigger voltage increased from 17 V
to 39.4 V with the change in the distance between wells,
and the holding voltage increased from 1.3 V to 5 V with
a change in the length of the n+/p+ floating regions.
The proposed ESD protection circuit was fabricated

using a 0.18-lm BCD process with a width of 100 lm,

and verified using a TLP system, an ESS-6008 ESD
simulator, and a high temperature chamber. When D2 was
fixed at 0.3 lm and D1 was changed from 0 lm to 0.3 lm,
the breakdown voltage increased from 12.5 V to 24 V, the
trigger voltage increased from 14 V to 27.8 V, and the
holding voltage increased from 5.6 V to 8 V. Moreover,
when D3 and D4 were changed from 0 lm to 11 lm, the
holding voltage increased from 5.2 V to 13.6 V, and the
trigger voltage increased from 13 V to 18.2 V. Moreover,
for a breakdown voltage of 12.5 V and no change in D3 or
D4, when the number of emitter segments was varied from
0 to 13, the trigger voltage increased from 13 V to 19.2 V,
and the holding voltage increased from 7.7 V to 15.6 V.
The robustness of the proposed ESD protection circuit was
verified to exceed 2 kV for HBM, and 200 V for MM. In

754 ETRI Journal, Vol. 39, No. 5, October 2017

https://doi.org/10.4218/etrij.17.0117.0026



fact, the proposed circuit was confirmed to endure HBM at
7.4 kV, and MM at 450 V, and it does so with a smaller
size than PTSCR. In addition, we verified that the proposed
circuit is reliable at high temperatures, from 300 K to 500
K. The proposed ESD protection circuit is expected to
further improve the reliability of integrated circuits.
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