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Schottky-Embedded Silicon-Controlled Rectifier
With High Holding Voltage Realized in a
0.18-μm Low-Voltage CMOS Process
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Abstract— The silicon-controlledrectifier (SCR) has been
reported to protect CMOS integrated circuits (ICs), due to
high ESD robustness within a small silicon area. However,
the holding voltage (Vh) of the SCR device was too low to
suffer the latch-up issue. Thus, the Vh value of the SCR
device must be improved to be greater than the circuit
operating voltage for safe applications. In this work, the
Schottky-embedded modified lateral SCR (SMLSCR) with
high holding voltage for ESD protection was proposed and
verified in a 0.18-µm 1.8-V/3.3-V CMOS process. By using
the Schottky barrier junction, the Vh value of the SCR
device can be improved by the reverse-bias Schottky barrier
diode (SBD) that is embedded into the SCR device struc-
ture. Among those experimental results on the SMLSCR
devices with split layout parameters in the silicon test
chip, the SMLSCR device without P+ guard ring has the
best second breakdown current (It2) of 3.1 A and a high Vh
value of 9.7 V.

Index Terms— Electrostatic discharge (ESD), latch-up,
Schottky barrier diode (SBD), Schottky-embedded mod-
ified lateral silicon-controlled rectifier (SMLSCR), silicon
controlled rectifier (SCR).

I. INTRODUCTION

THE Schottky barrier diode (SBD) [1] is a kind of low
turn-on voltage device, which can be switched under

high-speed mode. Because the SBD device is a single-pole
and multiple carrier device working through the metal semi-
conductor contact barrier [2], the forward voltage drop of the
SBD device is lower than that of the normal p-n junction
diode. In addition, the reverse recovery time of SBD device
is much smaller than that of the normal p-n junction diode.
Therefore, the SBD devices are suitable for the applications of
high-frequency circuits, rectifier circuits, and power protection
circuits [3]–[5].
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With the progress of process improvement, the shrinking of
gate oxide causes worse electrostatic discharge (ESD) robust-
ness in the CMOS devices [6]. Thus, the CMOS integrated
circuits (ICs) must be equipped with on-chip ESD protection
devices to avoid the overstress from the ESD events. The
silicon-controlled rectifier (SCR), with high ESD robustness
within a small silicon area, had been studied for ESD protec-
tion in some CMOS processes [7]–[10]. However, the very low
holding voltage (Vh) of SCR devices would lead to potential
latch-up risk [11]–[13] when the IC’s are operating under
normal circuit applications.

In this work, a new Schottky-embedded modified lateral
SCR (SMLSCR) is proposed and verified in a 0.18-μm
1.8-V/3.3-V CMOS process. With the embedded Schot-
tky barrier junction, the holding voltage of the proposed
SMLSCR can be significantly increased for high-voltage
circuit applications.

II. DEVICE STRUCTURES

A. Prior-Art MLSCR
The modified lateral SCR (MLSCR) was earlier reported

for on-chip ESD protection application in CMOS technology
[14]. Fig. 1 shows the layout top view and the correspond-
ing cross-sectional view of the MLSCR device, which can
effectively reduce the turn-on voltage (Vt1) of the SCR device
by inserting the heavily doped N+ or P+ regions across
the boundary of n-well and p-well. In Fig. 1, the SCR path
includes P+, n-well, p-well, and N+ from anode port to
cathode port, and the inserted heavily doping region has been
selected with N+ diffusion between the boundary of n-well
and p-well. The distance (D1) from anode to cathode of the
SCR path inside the MLSCR is drawn with 4.6 μm in a given
0.18-μm 1.8-V/3.3-V CMOS process as a baseline for
comparison.

Fig. 2 shows the TLP-measured I–V characteristic of the
fabricated MLSCR device with 100-μm device width under
positive anode-to-cathode TLP stress. The turn-on voltage
(Vt1), holding voltage (Vh), and the second breakdown current
(It2) of this MLSCR device are 11.6 V, 2.8 V, and 7.5 A,
respectively. Although the MLSCR can reach a very high
level of It2 current for good ESD robustness, yet the holding
voltage of MLSCR was still too low for the applications
in some neuro-stimulation biomedical chips those are often
operated with higher voltage levels. Thus, the holding voltage
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Fig. 1. (a) Layout top view and (b) corresponding cross-sectional view,
of the MLSCR [14].

Fig. 2. (a) TLP-measured I–V characteristic of the MLSCR device
under positive anode-to-cathode TLP stress. (b) Zoomed-in view for
investigating the trigger voltage (Vt1) and holding voltage (Vh) of the
MLSCR.

of MLSCR must be further increased for safe applications in
high-voltage circuits [15].

B. Proposed Schottky-Embedded Modified Lateral SCR
The SBDs were ever studied in some ESD protection

designs [16], [17]. In this work, to enhance the holding voltage
of MLSCR, the reverse bias of the Schottky barrier junction
is used to increase the Vh of the SCR device [18].

Fig. 3. (a) Layout top view, (b) corresponding cross-sectional view, and
(c) equivalent circuit of the proposed type-A SMLSCR.

Fig. 3 shows the schematic layout top view and the
corresponding cross-sectional view of the proposed type-A
SMLSCR. The SCR path includes P+, n-well, p-well, and
n-well from anode port to cathode port, and a Schottky
junction has been inserted between the cathode port and
the second n-well region to enhance the total holding voltage.
The inserted heavily doping region between the boundary of
n-well and p-well has been selected as N+ diffusion to reduce
the turn-on voltage of the SCR device. The narrow floating
N+ regions around the Schottky junction in the second N-well
are the original cathode port of the Schottky diode, and these
N+ regions cannot be removed due to the request of design
rules from foundry. The Schottky junction that connected to
the cathode port was surrounded by the P+ guard ring, and the
maximum value of Schottky junction width (W1) is 16 μm,
as specified by design rules. In the test chip, a single finger
width of the SMLSCR device layout is drawn as 50 μm,
so the cathode port of SMLSCR is consisted of three segments
of SDB devices. The distance of the SCR path (D2) from
anode to cathode in the SMLSCR is kept as the same as that
(4.6 μm) of MLSCR for performance comparison.

To investigate the influence of some layout parameters
on the SMLSCR devices, three types of SMLSCR devices
have been split and fabricated in this work, as the list
shown in Table I. The total widths of type-A to type-C
SMLSCR devices are 100 μm, and the width of each finger
is 50 μm. The Schottky junction width (W1) of type-A, B,
C SMLSCR devices is 16 μm, so the number of Schottky
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TABLE I
PARAMETERS OF PROPOSED SCR DEVICES

area in each finger is 3. The Schottky junction area of type-A
and type-C SMLSCR devices is surrounded by P+ guard
ring. To investigate the relationship between device ESD
level and the P+ guard ring that surrounding the Schottky
junction, the difference among the type-A, type-B, type-C
SMLSCR devices in layout is the width of P+ guard ring.
The width of P+ guard ring in type-A and type-C SMLSCR
devices are 0.22 and 0.5 μm, respectively. Different to the
type-A and type-C SMLSCR, the Schottky junction area of
type-B SMLSCR device is not surrounded by P+ guard ring
(i.e., without P+ guard ring) for performance study. The layout
parameters of all proposed SMLSCR devices are listed in
Table I.

III. EXPERIMENTAL RESULTS

The proposed type-A to type-C SMLSCR devices in this
work have been fabricated in a 0.18-μm 1.8-V/3.3-V CMOS
process.

A. Transmission Line Pulsing Measurement

To investigate the I-V characteristics of the test devices,
a transmission line pulsing (TLP) generator [19] with a
pulsewidth of 100 ns and rising time of 10 ns is used to
measure the second breakdown current (It2) and holding volt-
age (Vh) of the proposed type-A to type-C SMLSCR devices.
Fig. 4 shows the TLP-measured I–V characteristics of the
proposed SMLSCR devices under positive anode-to-cathode
TLP stress. The SCR current paths of the proposed type-A
to type-C SMLSCR devices can be triggered at 15.4, 13.9,
and 15.8 V, respectively. Both of the proposed devices have a
snapback phenomenon, and the holding voltage (Vh) of these
SMLSCR devices from type-A to type-C are 10.7, 9.7, and
12 V, respectively. According to the snapback phenomenon,
the SCR path of proposed SMLSCR devices sure can be
triggered under positive anode-to-cathode ESD stress. The
second breakdown currents (It2) of the proposed type-A to
type-C SMLSCR devices are 2.1, 3.1, and 1.5 A, respectively.

To investigate the turn-on speed of the proposed devices
during the ESD stress, a very fast TLP (VF-TLP) system with
a 200-ps rise time and a 5-ns pulsewidth is used. The VF-TLP
measurements in this work are on-wafer, which are measured
without bonding wire. Fig. 5 shows the VF-TLP I–V curves

Fig. 4. (a) TLP-measured I–V characteristics of the proposed type-
A to type-C SMLSCR devices with two fingers under positive anode-
to-cathode TLP stress. (b) Zoomed-in view for investigating the trigger
voltage (Vt1) and holding voltage (Vh).

comparison among the proposed SMLSCR devices and the
prior art MLSCR device. According to the measurement
results, the trigger voltages of proposed type-A to type-C
SMLSCR devices and MLSCR devices are 13.6, 12, 14, and
10 V, respectively.

To investigate the clamping voltage of the proposed
SMLSCR devices and prior art MLSCR device, the VF-TLP
measured voltage waveform under 3-A condition is shown
in Fig. 6, where the voltage waveform is chosen under 3-A
condition of VF-TLP current. The peak overshoot voltages
of type-A to type-C SMLSCR and MLSCR devices are 29.3,
28.2, 30, and 20 V, respectively. The clamping voltages of
type-A to type-C SMLSCR devices are similar, but the type-B
SMLSCR device has a little lower clamp voltage as shown in
Fig. 6.

B. Leakage Current

Fig. 7 shows the leakage currents of all proposed devices,
which were measured from anode port to cathode port.
As devices at the temperature of 25 ◦C, the leakage current of
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Fig. 5. VF-TLP measured I–V curves of proposed devices and prior art
MLSCR device with two fingers under positive anode-to-cathode VF-TLP
stress.

Fig. 6. VF-TLP measured voltage waveforms among proposed devices
and prior art MLSCR device with two fingers under 3-A condition.

proposed SMLSCR devices from type-A to type-C are 0.7, 1.3,
and 0.9 nA under 9-V supply voltage. When the temperature
rises to 125 ◦C, the leakage currents under 9-V supply voltage
from type-A to type-C SMLSCR are 0.68, 0.73, and 0.71 μA,
respectively. For the proposed SMLSCR devices, the leakage
currents are sufficiently low under 9-V operating condition,
and there is no considerable difference between all proposed
SMLSCR devices at high temperatures.

C. DC I–V Curve

To investigate the holding voltage (Vh) of the proposed
devices, the dc I–V curves of type-A to type-C SMLSCR
devices have been measured by curve tracers. Fig. 8 shows
the measured dc I–V curves of all devices from anode port

Fig. 7. Measured leakage currents of proposed type-A to type-C
SMLSCR devices at (a) 25 ◦C and (b) 125 ◦C.

to cathode port at 25 ◦C and 125 ◦C. According to Fig. 8,
the Vh values of type-A to type-C SMLSCR devices are
11.2, 10.1, and 11.7 V at 25 ◦C, respectively. Compared with
the measured results from TLP, the Vh values measured by
curve tracers do not have an obvious difference. When the
temperature rises to 125 ◦C, the Vh values from type-A to
type-C SMLSCR devices are 9.6, 8.7, and 9.8 V, respectively.
According to the abovementioned results, the relationship of
Vh values between type-A to type-C SMLSCR devices can
remain at the same level.

D. Failure Analysis

To further observe the certain failure locations, the scanning
electron microscope (SEM) experiment was used. Fig. 9 shows
the SEM photograph of the proposed type-B SMLSCR device
after 4.5-kV HBM ESD test. The ESD current flowing through
the silicon chip caused the serious nonrecoverable burned-out
failure, which is obviously located at the path from the P+
implant region to the Schottky junction area. According to
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Fig. 8. Measured dc I–V curves of proposed type-A to type-C SMLSCR
devices at (a) 25 ◦C and (b) 125 ◦C.

the result, the proposed devices do discharge the ESD current
from anode to cathode through the SCR path.

IV. COMPARISON AND DISCUSSION

A. Discussion of Measurement Results

The SCR device is widely known as a low holding voltage
(Vh) ESD protection device, so many studies are devoted to
improving Vh of the SCR device. Moreover, lots of circuit
applications are often operated with higher voltage levels, such
as implanted biomedical devices. Among them, the supply
voltage of ±9 V has been used in the circuits of implanted
biomedical devices, such as a charge pump system and stimu-
lator circuit [20]–[22]. Therefore, the SCR devices under 9-V
VDD-to-GND or I/O-to-GND applications will be explored in
this work.

Compared with the MLSCR device, the holding voltage
(Vh) of the proposed SMLSCR devices has been enhanced
by the Schottky junction. In Section II-A, the holding voltage
(Vh) of prior art MLSCR device is only 2.8 V, and this Vh

can be enhanced to 10.7 V by using the Schottky junction

Fig. 9. (a) SEM photograph of proposed type-B SMLSCR device and
(b) zoomed-in view after 4.5-kV HBM ESD test.

at the cathode port like proposed type-A SMLSCR. However,
the turn-on voltage (Vt1) of the proposed type-A SMLSCR has
been raised from 11.6 to 15.4 V at the same time, but the Vt1

can also be reduced by using the trigger circuit [23].
In Section III-A, the holding voltage (Vh), turn-on voltage

(Vt1), and second breakdown current (It2) have been measured
by the TLP system. Type-A and type-C SMLSCR devices
have higher Vt1 due to the presence of the P+ guard ring.
Without the P+ guard ring, the Vt1 can be reduced like
type-B SMLSCR device as 13.9 V. To avoid the latch-up
risk under normal circuit operation, the holding voltage (Vh)
should be higher than the supply voltage. By changing the
width of the P+ guard ring from 0.22 to 0.5 μm, the Vh of
type-A and type-C SMLSCR devices are obvious difference
as 10.7 and 12 V, respectively. The Vh value can also be
effectively reduced by removing the P+ guard ring, just like
type-B SMLSCR device as 9.7 V. The reason for the lower
Vh and Vt1 of type-B SMLSCR device is due to the “edge
effect.” The crowding of the high electric field gives rise
to excess leakage current and low breakdown voltage [24],
which can be also confirmed by the previous measurement
results. Although the Vh value of type-B SMLSCR device
is closest to 9-V supply voltage, it will degrade to 8.7 V at
125 ◦C as shown in Fig. 8(b). Therefore, the type-B SMLSCR
device is suitable for the circuit of operation voltage below
8 V in a high-temperature situation. The second breakdown
current (It2) is a value which used to judge the ESD pro-
tection capability of devices. The higher value of device It2

can provide a better ESD protection capability for circuits.
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Fig. 10. TLP-measured I–V characteristics of the proposed type-B
SMLSCR device with a different number of fingers under positive anode-
to-cathode TLP stress.

Based on the type-A SMLSCR device, the It2 value of devices
would be degraded by increasing the width of the P+ guard
ring. The It2 values of type-C SMLSCR devices is only 1.5 A.
On the other hand, the type-B SMLSCR device has the highest
It2 value of 3.1 A by removing the P+ guard ring. According
to the abovementioned reasons, the proposed type-B SMLSCR
device has better ESD protection ability due to the lower
turn-on voltage (Vt1), suitable holding voltage (Vh), and the
highest second breakdown current (It2) value.

To find out the difference between devices size, changing
the number of fingers is a simpler way which can considerably
influence the devices current-handling capability and ON-state
resistance (RON). The increasing fingers number is expected to
increase the devices current-handling capability and decrease
RON because of the enlarged device size. Fig. 10 shows the
TLP-measured I–V characteristics of the proposed type-B
SMLSCR device with a different number of fingers under
positive anode-to-cathode TLP stress. By using the Schottky
barrier layer, the ON-state resistance (RON) of type-B SMLSCR
device with 1, 2, and 4 fingers have an obvious change
around 0.93, 2.06, and 4.18 A, respectively. Compared with
the It2 values of each device from finger 1 to 4 as 1.34,
3.10, 6.06 A, the ON-state resistance (RON) would be changed
around 70% along the whole snapback region. In addition,
from the VF-TLP measured I–V curves shown in Fig. 5,
the ON-state resistance (RON) would be changed around 50%
along the whole snapback region. According to the above-
mentioned results, the number of device fingers should be
carefully selected to meet the ESD protection window in the
applications.

Fig. 11(a) shows the ON-state resistance (RON) of proposed
type-B SMLSCR devices with a different number of fingers.
The Ron values of the type-B SMLSCR device from 1 to
4 fingers are 4.91, 2.93, and 0.77 �, respectively, and when
the number of finger increases, it sure has lower Ron value.
Although the lower Vt1 value can turn on the proposed
SMLSCR device first to release the ESD current before
internal circuit breakdown, the high clamping voltage shown
in Fig. 6 may still have some risk to cause damage to the

Fig. 11. (a) ON-state resistances of proposed type-B SMLSCR device
with a different number of fingers. (b) TLP-measured second breakdown
current (It2) of proposed type-B SMLSCR device with a different number
of fingers.

TABLE II
MEASURED RESULTS OF DEVICES

internal circuits [25], [26]. To solve this issue, the number
of device fingers should be increased to reduce its turned-on
resistance, and therefore to reduce the clamping voltage at the
same current level. Fig. 11(b) shows the TLP measured second
breakdown current (It2) of proposed type-B SMLSCR devices
with a different number of fingers. Compared with Fig. 11(a),
the one-finger device has the highest RON and lowest It2 value,
while the four fingers device has the lowest RON and highest It2

value, respectively. According to the abovementioned results,
the ESD robustness can be enhanced by increasing the finger
number of device.

Table II shows the HBM ESD Level of prior art MLSCR
and proposed type-A, type-B SMLSCR devices. The HBM
ESD robustness of prior art MLSCR is ≥8 kV, and the HBM
ESD robustness of proposed type-A and type-B SMLSCR are
4 and 4.5 kV, respectively. According to the abovementioned
results, the HBM ESD Level values of all devices are similar to
their TLP measured results. All of the main measured results
of MLSCR, type-A, and type-B SMLSCR devices are shown
in Table II.

In summary, the proposed SMLSCR devices can provide
a good ESD protection ability for high-voltage applications.
However, the proposed SMLSCR devices would have a high
voltage overshoot at a lower ESD transient voltage. To improve
the capability of protecting the internal circuits, the finger
number of the proposed SMLSCR device should be further
increased to reach a lower RON value and therefore to get
a lower voltage overshoot. In addition, the risk of high
voltage overshoot can be mitigated by the two-stage ESD
protection circuit structure [27] where an isolation resistor was
connected between the primarily ESD protection device and

Authorized licensed use limited to: National Chiao Tung Univ.. Downloaded on March 25,2021 at 11:40:59 UTC from IEEE Xplore.  Restrictions apply. 



1770 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 4, APRIL 2021

TABLE III
COMPARISON OF LAYOUT AREA AND ESD ROBUSTNESS

BETWEEN SCR DEVICES

the I/O devices. With the two-stage protection structure,
the ESD current can be released first by the co-designed I/O
devices before the proposed SMLSCR is triggered. After the
proposed SMLSCR is turned on, the ESD current can be fully
discharged through the proposed SMLSCR to the GND.

B. FOM Comparison

Table III shows the figures of merit (FOMs) comparison
of devices. To avoid the latch-up risk under normal circuit
operation, the holding voltage (Vh) of ESD protection devices
should be higher than the supply voltage. In this work,
the discussion of ESD protection devices is focused on the
9-V supply voltage application. Although the prior art MLSCR
device has a good It2 value, the Vh value of the MLSCR
device is too low to suffer the latch-up issue. There are many
ways to increase the value of Vh , and one simple way is the
stacking structure [28]–[30]. By using the stacking structure,
the value of Vh can be effectively increased, and the Vh value
will grow several times with the number of stacking devices
[31], [32]. The value of device It2 will not change drastically
by increasing the stacking number of devices, and it can
be maintained at the same level. For the 9-V supply volt-
age application, higher current-handling capability and high
enough holding voltage (Vh) value are needed. According to
the abovementioned reasons, higher value of It2/(Layout Area
for 9-V Application) is preferable, and this FOM can more
effectively reflect the ESD robustness of the SCR device than
It2 alone. To enhance the Vh value of MLSCR, the number
of stacking MLSCR should be 4, and the Vh value of stacked
MLSCR would be enhanced to 11.2 V. Thus, the test results
of It2/(Layout Area for 9-V Application) for MLSCR, type-A
SMLSCR, type-B SMLSCR are 1.29, 1.45, and 2.14 A/mm2,
respectively. According to the abovementioned results, type-A
and type-B SMLSCR devices both have better It2/(Layout
Area for 9-V Application) values under 9-V supply voltage
applications.

V. CONCLUSION

The proposed SMLSCR devices have been successfully
verified in a 0.18-μm 1.8-V/3.3-V CMOS process, where the
devices holding voltage (Vh) can be increased effectively by
using the Schottky barrier junction. The proposed SMLSCR
devices have a high enough holding voltage (Vh) to avoid
the latch-up risk under 9-V supply voltage applications, and
the proposed type-B SMLSCR device has the highest sec-
ond breakdown current (It2) value as 3.1 A. Compared to

the prior art MLSCR device, the FOM of the proposed
type-A and type-B SMLSCR devices both have better current-
handling capability under the same layout area, and they
also have sufficiently low leakage current under high-voltage
circuit applications. Therefore, the proposed devices verified
in this article will be a useful ESD protection solution for
high-voltage circuit applications in the CMOS technology.

ACKNOWLEDGMENT

The authors would like to thank Taiwan Semiconductor
Research Institute (TSRI) for the EDA support for testchip
design and layout. They also thank the Editor and the
Reviewers for their comprehensive and valuable suggestions
to improve this work for publication.

REFERENCES

[1] D. A. Neamen, Semiconductor Physics and Devices. New York, NY,
USA: McGraw-Hill Education, 2011.

[2] M. Nagase, H. Umezawa, and S.-I. Shikata, “Vertical diamond Schottky
barrier diode fabricated on insulating diamond substrate using deep
etching technique,” IEEE Trans. Electron Devices, vol. 60, no. 4,
pp. 1416–1420, Apr. 2013, doi: 10.1109/TED.2013.2247609.

[3] P. J. Sobis, N. Wadefalk, A. Emrich, and J. Stake, “A broadband,
low noise, integrated 340 GHz Schottky diode receiver,” IEEE Microw.
Wireless Compon. Lett., vol. 22, no. 7, pp. 366–368, Jul. 2012, doi: 10.
1109/LMWC.2012.2202280.

[4] D. Defives et al., “Barrier inhomogeneities and electrical characteristics
of Ti/4H-SiC Schottky rectifiers,” IEEE Trans. Electron Devices, vol. 46,
no. 3, pp. 449–455, Mar. 1999, doi: 10.1109/16.748861.

[5] Y. Shi, R. Xie, L. Wang, Y. Shi, and H. Li, “Switching characterization
and short-circuit protection of 1200 V SiC MOSFET T-Type module in
PV inverter application,” IEEE Trans. Ind. Electron., vol. 64, no. 11,
pp. 9135–9143, Nov. 2017, doi: 10.1109/TIE.2017.2682800.

[6] A. A. Salman et al., “ESD-induced oxide breakdown on self-protecting
GG-nMOSFET in 0.1-μm CMOS technology,” IEEE Trans. Device
Mater. Rel., vol. 3, no. 3, pp. 79–84, Sep. 2003, doi: 10.1109/TDMR.
2003.815275.

[7] M.-D. Ker and K.-C. Hsu, “Overview of on-chip electrostatic discharge
protection design with SCR-based devices in CMOS integrated circuits,”
IEEE Trans. Device Mater. Rel., vol. 5, no. 2, pp. 235–249, Jun. 2005,
doi: 10.1109/TDMR.2005.846824.

[8] H. Liang, X. Gu, S. Dong, and J. J. Liou, “RC-embedded LDMOS-SCR
with high holding current for high-voltage I/O ESD protection,” IEEE
Trans. Device Mater. Rel., vol. 15, no. 4, pp. 495–499, Dec. 2015,
doi: 10.1109/TDMR.2015.2463120.

[9] C.-Y. Huang, F.-C. Chiu, C.-M. Ou, Q.-K. Chen, Y.-J. Huang, and
J.-C. Tseng, “ESD and latchup optimization of an embedded-floating-
pMOS SCR-incorporated BJT,” IEEE Trans. Electron Devices, vol. 63,
no. 8, pp. 3036–3043, Aug. 2016, doi: 10.1109/TED.2016.2582848.

[10] Z. Wang, R.-C. Sun, J. J. Liou, and D.-G. Liu, “Optimized
pMOS-triggered bidirectional SCR for low-voltage ESD protec-
tion applications,” IEEE Trans. Electron Devices, vol. 61, no. 7,
pp. 2588–2594, May 2014, doi: 10.1109/TED.2014.2320827.

[11] C.-T. Dai and M.-D. Ker, “Optimization of guard ring structures to
improve latchup immunity in an 18 V DDDMOS process,” IEEE Trans.
Electron Devices, vol. 63, no. 6, pp. 2449–2454, Jun. 2016, doi: 10.
1109/TED.2016.2549598.

[12] C.-Y. Huang, F.-C. Chiu, Q.-K. Chen, M.-F. Lai, and J.-C. Tseng,
“An SCR-incorporated BJT device for robust ESD protection with
high latchup immunity in high-voltage technology,” IEEE Trans. Device
Mater. Rel., vol. 12, no. 1, pp. 113–123, Mar. 2012, doi: 10.1109/TDMR.
2011.2170839.

[13] C.-C. Chen and M.-D. Ker, “Study and verification on the latch-up
path between I/O pMOS and N-Type decoupling capacitors in
0.18-μm CMOS technology,” IEEE Trans. Device Mater. Rel., vol. 19,
no. 2, pp. 445–451, Jun. 2019, doi: 10.1109/TDMR.2019.2916721.

[14] C. Duvvury and R. Rountree, “A synthesis of ESD input protection
scheme,” in Proc. EOS/ESD Symp., 1991, pp. 88–97.

[15] J. A. Salcedo, J.-J. Hajjar, S. Malobabic, and J. J. Liou, “Bidirectional
devices for automotive-grade electrostatic discharge applications,” IEEE
Electron Device Lett., vol. 33, no. 6, pp. 860–862, Jun. 2012, doi: 10.
1109/LED.2012.2190261.

Authorized licensed use limited to: National Chiao Tung Univ.. Downloaded on March 25,2021 at 11:40:59 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/TED.2013.2247609
http://dx.doi.org/10.1109/16.748861
http://dx.doi.org/10.1109/TIE.2017.2682800
http://dx.doi.org/10.1109/TDMR.2005.846824
http://dx.doi.org/10.1109/TDMR.2015.2463120
http://dx.doi.org/10.1109/TED.2016.2582848
http://dx.doi.org/10.1109/TED.2014.2320827
http://dx.doi.org/10.1109/TDMR.2019.2916721
http://dx.doi.org/10.1109/LMWC.2012.2202280
http://dx.doi.org/10.1109/LMWC.2012.2202280
http://dx.doi.org/10.1109/TDMR.2003.815275
http://dx.doi.org/10.1109/TDMR.2003.815275
http://dx.doi.org/10.1109/TED.2016.2549598
http://dx.doi.org/10.1109/TED.2016.2549598
http://dx.doi.org/10.1109/TDMR.2011.2170839
http://dx.doi.org/10.1109/TDMR.2011.2170839
http://dx.doi.org/10.1109/LED.2012.2190261
http://dx.doi.org/10.1109/LED.2012.2190261


CHANG et al.: SCHOTTKY-EMBEDDED SCR WITH HIGH HOLDING VOLTAGE 1771

[16] C.-Y. Hung et al., “Improving the electrostatic discharge robustness
of a junction barrier Schottky diode using an embedded p-n-p BJT,”
IEEE Electron Device Lett., vol. 35, no. 10, pp. 1052–1054, Oct. 2014,
doi: 10.1109/LED.2014.2350020.

[17] S.-H. Chen et al., “HBM ESD robustness of GaN-on-Si Schottky
diodes,” in Proc. EOS/ESD Symp., Sep. 2011, pp. 1–8.

[18] J.-W. Lee, Y.-F. Chang, C.-W. Hsu, T.-C. Tsai, W.-Y. Lin, and
M. H. Song, “Novel isolation ring structure for latch-up and power
efficiency improvement of smart power IC’s,” in Proc. EOS/ESD Symp.,
Sep. 2013, pp. 1–5.

[19] T. J. Maloney and N. Khurana, “Transmission line pulsing techniques
for circuit modeling of ESD phenomena,” in Proc. EOS/ESD Symp.,
1985, pp. 49–54.

[20] S.-P. Lin and M.-D. Ker, “Design of multiple-charge-pump system for
implantable biomedical applications,” in Proc. IEEE Biomed. Circuits
Syst. Conf. (BioCAS), Oct. 2018, pp. 1–4, doi: 10.1109/BIOCAS.2018.
8584758.

[21] M. Haas, U. Bihr, J. Anders, and M. Ortmanns, “A bidirectional neural
interface IC with high voltage compliance and spectral separation,” in
Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2016, pp. 2743–2746,
doi: 10.1109/ISCAS.2016.7539160.

[22] C.-C. Hsieh and M.-D. Ker, “Design of multi-channel monopolar bipha-
sic stimulator for implantable biomedical applications,” in Proc. IEEE
61st Int. Midwest Symp. Circuits Syst. (MWSCAS), Aug. 2018, pp. 1–4,
doi: 10.1109/MWSCAS.2018.8623995.

[23] S.-H. Chen and M.-D. Ker, “Optimization on MOS-triggered SCR
structures for on-chip ESD protection,” IEEE Trans. Electron Devices,
vol. 56, no. 7, pp. 1466–1472, Jul. 2009, doi: 10.1109/TED.2009.
2021359.

[24] M. P. Lepselter and S. M. Sze, “Silicon Schottky barrier diode with
near-ideal I-V characteristics,” Bell Syst. Tech. J., vol. 47, no. 2,
pp. 195–208, Feb. 1968, doi: 10.1002/j.1538-7305.1968.tb00038.x.

[25] S. Malobabic, J. A. Salcedo, J.-J. Hajjar, and J. J. Liou, “Analysis
of safe operating area of NLDMOS and PLDMOS transistors subject
to transient stresses,” IEEE Trans. Electron Devices, vol. 57, no. 10,
pp. 2655–2663, Oct. 2010, doi: 10.1109/TED.2010.2058310.

[26] J. A. Salcedo, H. Zhu, A. W. Righter, and J.-J. Hajjar, “Electrostatic
discharge protection framework for mixed-signal high voltage CMOS
applications,” in Proc. 9th Int. Conf. Solid-State Integr.-Circuit Technol.,
Oct. 2008, pp. 329–332, doi: 10.1109/ICSICT.2008.4734538.

[27] T. Li et al., “Optimum design for a two-stage CMOS I/O ESD protec-
tion circuit,” in Proc. IEEE Int. Symp. Circuits Syst., May/Jun. 1998,
pp. 113–116, doi: 10.1109/ISCAS.1998.706854.

[28] M.-D. Ker and H.-H. Chang, “Cascoded LVTSCR with tunable hold-
ing voltage for ESD protection in bulk CMOS technology without
latchup danger,” Solid-State Electron., vol. 44, no. 3, pp. 425–445,
Mar. 2000.

[29] L. He, J. A. Salcedo, S. Parthasarathy, J.-J. Hajjar, and K.
Sundaram, “A new low-capacitance high-voltage-tolerant protection
clamp for high-speed applications,” IEEE Trans. Electron Devices,
vol. 67, no. 8, pp. 3030–3034, Aug. 2020, doi: 10.1109/TED.
2020.3002877.

[30] L. He, J. A. Salcedo, J.-J. Hajjar, and K. Sundaram, “Stacking switch
to achieve low-trigger and high-holding-voltage-clamp characteristics,”
IEEE Trans. Electron Devices, vol. 67, no. 4, pp. 1506–1510, Apr. 2020,
doi: 10.1109/TED.2020.2971827.

[31] F. Ma et al., “High holding voltage SCR-LDMOS stacking struc-
ture with ring-resistance-triggered technique,” IEEE Electron Device
Lett., vol. 34, no. 9, pp. 1178–1180, Sep. 2013, doi: 10.1109/LED.
2013.2272591.

[32] S.-S. Yen et al., “Investigation of double-snapback characteristic
in resistor-triggered SCRs stacking structure,” IEEE Trans. Electron
Devices, vol. 64, no. 10, pp. 4200–4205, Oct. 2017, doi: 10.1109/TED.
2017.2736511.

Authorized licensed use limited to: National Chiao Tung Univ.. Downloaded on March 25,2021 at 11:40:59 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/LED.2014.2350020
http://dx.doi.org/10.1109/ISCAS.2016.7539160
http://dx.doi.org/10.1109/MWSCAS.2018.8623995
http://dx.doi.org/10.1002/j.1538-7305.1968.tb00038.x
http://dx.doi.org/10.1109/TED.2010.2058310
http://dx.doi.org/10.1109/ICSICT.2008.4734538
http://dx.doi.org/10.1109/ISCAS.1998.706854
http://dx.doi.org/10.1109/TED.2020.2971827
http://dx.doi.org/10.1109/BIOCAS.2018.8584758
http://dx.doi.org/10.1109/BIOCAS.2018.8584758
http://dx.doi.org/10.1109/TED.2009.2021359
http://dx.doi.org/10.1109/TED.2009.2021359
http://dx.doi.org/10.1109/TED.2020.3002877
http://dx.doi.org/10.1109/TED.2020.3002877
http://dx.doi.org/10.1109/LED.2013.2272591
http://dx.doi.org/10.1109/LED.2013.2272591
http://dx.doi.org/10.1109/TED.2017.2736511
http://dx.doi.org/10.1109/TED.2017.2736511


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


