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Comparison Between High-Holding-Voltage
SCR and Stacked Low-Voltage Devices for ESD
Protection in High-Voltage Applications

Chia-Tsen Dai and Ming-Dou Ker™, Fellow, IEEE

Abstract— The modified silicon-controlled rectifier (SCR)
fabricated in a 0.25-um high-voltage (HV) bipolar-CMOS-
DMOS (BCD) technology has been proposed to seek for
both effective electrostatic discharge (ESD) protection and
latchup immunity. Experimental results show that one of the
proposed SCRs has a high holding voltage of up to ~30 V in
the 100-ns transmission line pulsing measurement results.
However, through the experimental verification by using the
transient latchup test, the holding voltage of such proposed
device decreases to ~20 V. It is due to the increased bipolar
junction transistor current gains of the SCR path induced
by the Joule-heating effect in the long-term measurement.
For 20-V circuit applications, the ESD robustness of the
proposed SCR with a holding voltage of ~20 V is lower
than that of stacked low-voltage p-type MOS in the previous
studies. Developing special modification of such HV devices
is inefficient to achieve both effective ESD protection and
latchup-free design in this 0.25-um HV BCD technology.

Index Terms— Electrostatic discharge (ESD), latchup,
silicon-controlled rectifier (SCR).

I. INTRODUCTION

ITH the characteristics of high power consumption and

harsh operating environment in the high-voltage (HV)
applications, rigorous reliability design is strongly needed
for HV CMOS integrated circuits (ICs). Electrostatic dis-
charge (ESD) protection is one of the most important relia-
bility issues to CMOS ICs, especially in the HV applications.
To protect the internal circuits and to avoid latchup issue,
the I-V characteristics of on-chip ESD protection devices
must be within the ESD protection design window [1], [2].
Silicon-controlled rectifier (SCR) device has widely been used
as an efficient ESD protection device for its high ESD robust-
ness within a small silicon area. Owing to the regenerative
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Fig. 1. Cross-sectional view and equivalent circuit diagram of a modified
SCR with parasitic n-p-n BJT (Qp-p-n/) in [3].

feedback of coupled n-p-n and p-n-p bipolar junction transis-
tors (BJTs), the traditional SCR device features an extremely
low holding voltage (Vj). However, the major challenge to
apply SCR device for ESD protection in the HV applications is
the latchup issue since its V), is often much less than the supply
voltage. During normal circuit operation, the noise might
accidentally trigger the SCR-based ESD device, and then,
the supply voltage kept the SCR path turned ON continuously.
It would be burned out after a period of time under the circuit
normal operating condition. Thus, the traditional SCR device
was susceptible to latchup risk.

There have been some related studies to optimize the
SCR device for high Vj [3]-[5]. In [3], a parasitic n-p-
n BIT (Qu.p-n) was added into the traditional SCR device,
as illustrated in Fig. 1. By partly diverting the SCR current
through this parasitic BJT, it could break the positive feedback
of the inherent p-n-p (Qp-n-p) and n-p-n (Qnp.n) BJTs, and then
increase the Vj. Based on such design concept, a modified
SCR structure has been proposed in a 0.25-ym HV bipolar-
CMOS-DMOS (BCD) process in this brief. One of the pro-
posed SCRs can achieve a high Vj, of up to ~30 V in the
100-ns transmission line pulsing (TLP) measurement results.
In addition, whereas latchup event is a reliability issue with the
time duration longer than milliseconds, the /-V characteristics
of the proposed SCRs are also measured by curve tracer to
validate their V}, [6]. Furthermore, transient latchup (TLU)
test is applied to verify the measurement results [2].

In addition to the SCR-based design in this brief, the stacked
configuration of low-voltage (LV) devices is another way to
achieve high V}, for ESD protection in the HV applications,
as reported in [7]-[9]. The ESD robustness and evaluation
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Fig. 2. Cross-sectional views and equivalent circuit diagrams of the

proposed HVSCR_A, where the red dashed line is the p-n-connection
path.

of latchup risk for the proposed SCRs will be discussed and
compared with the performance of stacked LV devices in the
20-V circuit applications.

II. ESD PROTECTION DEVICES
A. Device Structure of the Proposed SCR

Based on [3], a modified HVSCR structure realized with
HV wells has been proposed in a 0.25-um HV BCD process
to achieve high Vj,. The cross-sectional view and equivalent
circuit diagram of the proposed type-A HVSCR (HVSCR_A)
are shown in Fig. 2. The n-well (NW) and HV n-well (HVNW)
are added to surround the p-well (PW) region of cathode side
and both kept floating. The HV p-well (HVPW) region near
anode side is surrounded by HVNW and N-buried layer for
the isolation from p-substrate. The p-type doping (p*) and the
n-type doping (n™) regions are added in HVPW and HVNW,
respectively. By electrically connecting those doping regions,
an additional path (p-n-connection path) from the collector
of upper p-n-p BJT (Qp-npa) to the collector of lower n-p-n
BJT (Qn-p-nb) is established, as red dashed line illustrated in
Fig. 2. The flowing hole and electron carriers within the SCR
path under the conduction state can be partly diverted through
such additional path. It can suppress the positive feedback of
the original SCR path for a higher V},.

Further modified from the structure of the HVSCR_A,
the proposed type-B HVSCR (HVSCR_B) illustrated in Fig. 3
is inserted with PW in HVPW to enhance the conduction
efficiency of the additional path. Each proposed SCR is drawn
with width of 200 #m and anode-to-cathode spacing of 14
um. Compared with the traditional SCR, each proposed SCR
is composed of a six-layer p-n-p-n-p-n structure. It forms
a stacked SCR configuration in the equivalent circuit dia-
gram that includes stacked p-n-p (Qp-n-pa, Qp-n-pp) and n-p-n
(Qn—p-na, Qn—p-nb) BJTs.

B. |-V Characteristics of the Proposed SCR

Fig. 4(a) shows the 100-ns TLP measurement results of the
HVSCR_A. The leakage currents are measured at 30 V. The
TLP-measured Vj, of the HVSCR_A without and with the p-
n-connection path are 18.1 and 21.7 V, respectively. However,
in the dc test results shown in Fig. 4(b), the dc-measured Vj
of the HVSCR_A without and with p-n-connection path are
2.8 and 3.4 V, respectively. The reason causing such difference
between TLP and dc test results is the increased BJT current

Cathode

Anode

HV P-Well HV N-Well

P-Substrate

" Cathode

Fig. 3. Cross-sectional views and equivalent circuit diagrams of the
proposed HVSCR_B, where the red dashed line is the p-n-connection
path.
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Fig. 4. -V characteristics of the proposed HVSCR_A without or with
p-n-connection path measured by (a) TLP system and (b) dc curve tracer.

gains of the SCR path induced by the Joule-heating effect in
the dc measurement [6]. Accordingly, adding p-n-connection
path in the HVSCR_A can only slightly increase its V. The
TLP and dc measurement results of the HVSCR_B are shown
in Fig. 5(a) and (b), respectively. The TLP-measured V}, of
the HVSCR_B with p-n-connection path can rise to 33.8 V,
and its dc-measured V}, is up to 21.4 V. Such high V}, is due
to the enhanced conduction efficiency of the additional path
in the HVSCR_B inserting PW in HVPW. Thus, adding p-n-
connection path in the HVSCR_B can significantly increase
its Vj,. However, the TLP-measured failure current (/;2) of the
HVSCR_B with p-n-connection path is only 0.47 A.

The ESD levels of the proposed SCRs are further judged by
the human-body model (HBM) ESD tester [10]. The detailed
test results of the proposed SCRs in this brief are summarized
in Table I. The proposed SCRs can exhibit high HBM ESD
level of above 8 kV except the one with the highest V.
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Fig. 5. -V characteristics of the proposed HVSCR_B without or with
p-n-connection path measured by (a) TLP system and (b) dc curve tracer.

TABLE |
COMPARISON OF TEST RESULTS OF THE PROPOSED SCR DEVICES
HVSCR Type (\T)Vy/gepg) ({55’?1% (\Txﬁ‘}g) (Tvsy/}) ;1\]13)
Width (pm) 200 200 200 200
Layout Area (um?) 9313 9313 9313 9313
Vo (V) 36 48 34 34
DC V, (V) 2.8 3.4 2.8 21.4
TLP V,, (V) 18.1 21.7 16.9 33.8
TLP I, (A) 6.74 8.14 8.84 0.47
HBM (V) >8000 * >8000 * >8000 * 1000
ﬁfi‘: /(\Lffpy;:.lzl)t >0.859 | >0.859 | >0.859 0.107
ESD Robustness Good Good Good Bad
Iigf;h:‘;;fisc‘;eﬁ?; Risky Risky Risky Safe
* limited by ESD test equipment.

The reason is that a high V, may cause a high electric
power to burn out the device during the conduction state, and
hence degrade the device’s ESD level. For the 20-V circuit
applications, the proposed HVSCR_B with a high V}, of above
20 V can be applied for ESD protection and avoid latchup risk.

C. Transient Latchup Test on the Proposed SCR

To verify the TLP and dc measurement results, TLU test
was applied in this brief. TLU test is an effective test method
to evaluate the susceptibility of CMOS ICs to the latchup
induced by transient noises [2]. The measurement setup for
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Fig. 6. Measurement setup of TLU test.
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Fig. 7. Measured time-domain voltage and current waveforms of the
proposed HVSCR_A (a) without and (b) with p-n-connection path.

TLU test is shown in Fig. 6. In the TLU test, the device under
test (DUT) was initially biased at normal circuit operating
voltage of 30 V. A transient noise is injected into DUT from
the trigger source with a precharged voltage (Vcharge). After
the transient triggering, the DUT was driven into latchup state
and clamped down the supply voltage. From the measured
voltage and current waveforms shown in Fig. 7(a) and (b),
the HVSCR_A without and with p-n-connection path both
clamped the supply voltages up to ~4 V, which are similar to
their values of dc-measured V). From the test results shown
in Fig. 8(a) and (b), the HVSCR_B without and with the p-
n-connection path clamped the supply voltages up to ~4 and
~24 'V, respectively, which are also similar to their values of
dc-measured V. In consequence, the TLU test has verified
that the proposed SCR devices can greatly clamp the supply
voltage to their own dc-measured Vj.

I1l. DISCUSSION

According to [7]-[9], the stacked configuration of LV
devices is another way to achieve a high holding voltage
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Fig. 8. Measured time-domain voltage and current waveforms of the
proposed HVSCR_B (a) without and (b) with p-n-connection path.
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Fig.9. Measured time-domain voltage and current waveforms of stacked
standard LVPMOS.

for ESD protection in the HV applications. For the 20-V
circuit applications, the test results of stacked LV p-type MOS
(LVPMOS) with different structure modifications are listed
in Table II. The total holding voltage and trigger voltage of
stacked LVPMOS are the sum of a single device. The stacked
number of LV device is adjusted to avoid the breakdown
and latchup issue during normal circuit operation. From the
comparison of test results among standard, type-3, and type-A
stacked LVPMOS, the HBM ESD level per layout area can be
improved by using the silicide blocking technique. In addi-
tion, the layout design of p-type guard ring that surrounds
the stacked LVPMOS inappropriately can degrade its ESD
performance. From the comparison of test results between the
proposed SCRs and stacked LVPMOS, the HBM ESD level
per layout area of stacked LVPMOS is higher than that of
HVSCR_B with p-n-connection path when considering the
latchup immunity in the 20-V circuit application. Moreover,

TABLE Il
COMPARISON OF ESD PERFORMANCE OF
DIFFERENT STACKED DEVICES

Device Tvpe LVPMOS LVPMOS LVPMOS
yp (Standard) [7] | (Type-3)[8] | (Type-A)[9]
0.25pm HV 0.25pm HV 0.5pm HV
Technology BCD BCD BCD
WIL of each MOS 800/0.5 360/0.8 800/0.5
(um)
Silicide Blocking No Yes No
P-Guard Ring for
each MOS Yes Yes No
Stack Number 4 3 3
Layout Area 12356 20288 9512
(um’)

Vi (V) 36 24.2 30.7
DCV, (V) 37 27.6 26
TLP V, (V) 36 26.19 25.9
TLP I, (A) 1.6 2.71 1.87

HBM (V) 2400 5000 3000
HBM / Layout
Area (V/umz) 0.195 0.246 0.315
ESD Robustness Good Good Good
Latchup Issue for
20-V Application Safe Safe Safe

the TLU test result of stacked standard LVPMOS is shown
in Fig. 9 to verify its latchup immunity. Therefore, stacked
LV devices for ESD protection in the HV applications are
an efficient way to meet the desired ESD protection design
window.

IV. CONCLUSION

The characteristics of the proposed SCRs have been inves-
tigated in a 0.25-um HV BCD technology. From the measure-
ment results, it was found that the Joule-heating effect could
dramatically decrease the V), of the proposed SCR even if
it was fabricated in a six-layer p-n-p-n-p-n structure. On the
contrary, there is no degradation on V;, from the dc measure-
ments in the previous studies with the stacked LV devices.
Moreover, ESD robustness of the proposed SCR device is
reduced when a high V}, is achieved. Consequently, developing
special modification of such HV devices is inefficient to
achieve both effective ESD protection and latchup-free design,
as compared with the stacked configuration of LV devices, in
this 0.25-um HV BCD technology.
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