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Quad-SCR Device for Cross-Domain
ESD Protection

Federico A. Altolaguirre and Ming-Dou Ker, Fellow, IEEE

Abstract— A new electrostatic discharge (ESD) protection
device, called quad-silicon controlled rectifier (QSCR), is pro-
posed and verified in a 0.25-um CMOS process. The QSCR is
designed to be used as ESD protection between separated power
domains. Since the QSCR embeds four SCRs between its four ter-
minals, no extra ESD clamps are needed to protect the interface
circuits between two separated power domains. Implementations
with different circuit topologies were also analyzed to achieve
a comprehensive ESD protection design for different applica-
tions. From the experimental results, the QSCR can withstand
8-kV HBM and 600-V MM ESD stresses with a silicon area
of 75 pm x 100 pm.

Index Terms— Electrostatic discharge (ESD), separated power
domains, silicon controlled rectifier (SCR).

I. INTRODUCTION

LECTROSTATIC discharge (ESD) is a main reliability

issue in the IC industry [1]. ESDs are high-energy
transient events that result due to the charge balance between
bodies. ESD can affect ICs during handling, discharging sev-
eral amperes through the chip in only a few nanoseconds. Such
discharges can harm the internal devices of the ICs [2]-[4].
Therefore, special ESD protection devices are placed around
the pads to protect the ICs from ESD damage. Due to the
random nature of ESD, every pin-to-pin combination must be
protected [5].

Whereas earlier technologies used only a single supply
voltage, modern ICs tend to require several power supplies.
With the continuous scaling down of the CMOS technology
nodes, the core voltages have also been scaled down to reduce
power consumption. However, 10 voltages are not scaled
down the same, and they still need to comply with legacy
interfaces. Besides, some special circuits, such as PLLs, are
very sensitive to noise in the supply lines, and thus require
isolated supply lines [6]. In addition, some state-of-the-art
circuits are designed with separated power domains for smart
power control [7]. Thus, modern ICs often include at least
two separated power domains.
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However, the chip implemented with separated power
domains introduced new challenges to the ESD protection
design. Since ESD may happen between any two pins of an
IC, ESD between pins in different power domains would flow
through the interface circuits (since the power and ground
lines are isolated) thus causing damage [8]. Typically, the
back-to-back diodes are added between the different ground
lines to provide safe discharge paths to the ESD currents.
Depending on specific cases, the back-to-back diodes may not
provide enough protection, so extra ESD protection devices
must be added to further protect the interface circuits. Some
previous works had proposed different approaches to solve
this problem [9]-[12]. In [9], ESD conduction elements
were used to connect the separated power domains via the
shared ESD buses, thus guaranteeing safe ESD paths between
the multiple power domains. In [10], the interface circuits
were engineered to avoid oxide degradation by having the
ESD detection capability. In [11], secondary ESD clamps were
added to the interface signals in order to protect the receiver
circuits. In [12], the secondary cross-connected clamps were
added between the power domains, offering similar protection
as that in [11], but without adding extra elements to the signal
lines.

In this work, a novel design is proposed for ESD protec-
tion between two separated power domains using a single
ESD clamp. The use of a single ESD clamp simplifies the
design and verification process, which also help to reduce the
required silicon area of on-chip ESD protection. A comprehen-
sive study of the proposed device and applications has been
done, including TCAD and SPICE simulations, and silicon
verification in a 0.25-uym CMOS process.

II. ESD PROTECTION FOR SEPARATED POWER DOMAINS

Fig. 1 shows the typical case of an interface circuit between
two separated power domains and the corresponding ESD
protection devices. Each domain has its own (same domain)
power-rail ESD clamp device, typically a large nMOS tran-
sistor or a silicon controlled rectifier (SCR). In addition, two
back-to-back diodes are added between the ground lines to
provide a safe ESD discharge path between the two power
domains. If an ESD event happens between, for example,
Vbp1 and Vssp, the ESD current would flow through the
same-domain ESD clamp between Vppj and Vsg; first, then
through the back-to-back diode to Vss». The total voltage drop
between Vpp; and Vss» is the voltage drop across the power-
rail ESD clamp, plus the voltage drop across the back-to-back
diode, plus the voltage drop across the parasitic resistance
of the ground metal line. If this voltage drop is larger than
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Fig. 1. Traditional ESD protection design for a chip with two separated
power domains. The interface circuit is conceptually shown by two inverters.
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Fig. 2. Full ESD protection between two separated power domains using
four ESD clamps. Interface circuit not shown.

the breakdown voltage of the MOS transistors, some current
will flow through the interface circuits, causing damage to the
devices of the interface circuits.

In order to reduce the voltage drop between Vpp; and Vsso
during ESD stress, an extra ESD clamp can be added between
the power rails, as shown in Fig. 2. In this case, for an ESD
zapping between Vpp; and Vssa, the secondary ESD clamp
(between Vpp; and Vssz) helps to conduct ESD current in
addition to the primary ESD clamp (between Vpp; and Vss1),
thus reducing the overall voltage drop between Vpp; and Vss».
With the additional ESD clamps directly connected across the
separated power and ground lines, the interface circuits can be
safely protected against ESD damage.

III. PROPOSED ESD PROTECTION DESIGN

Fig. 3(a) shows the cross-sectional view of the proposed
ESD device structure, Quad-SCR (QSCR), which is formed by
two isolated p-wells (PW1 and PW2) and an n-well in between
the two p-wells. The n-well has two p™ regions connected to
two positive terminals (Vp1, Vp2). Each p-well (PW1, PW2)
is connected to one of the negative terminals (VNi, VN2),
respectively. In addition, two poly gates are placed in the n-
well/p-well interfaces in a similar way as that of LVTSCR
[13]-[15]. There are a total of four SCR paths between the
two positive terminals and the two negative terminals, hence
this device is named QSCR.
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Fig. 3. (a) QSCR cross-sectional view with the four SCR paths indicated

with arrows. (b) QSCR with back-to-back diodes embedded in the p-wells.
The gates My and My are connected to V1 and Vjp, respectively, through
protection resistors (not shown).

In the standalone use, the two positive terminals are
connected to Vpp; and Vpps and the two negative terminals
are connected to Vss; and Vssp. The resulting equivalent
circuit is identical to that in Fig. 2 (with the exception of
the back-to-back diodes).

The back-to-back diodes could be fully embedded into the
QSCR by adding n* connections in the p-wells connecting
the opposite ground line (Vss2 in PW1 and Vss; in PW2)
at the expense of extra metal routing complexity, as shown
in Fig. 3(b). In addition, some applications would require
diode strings in the ground-to-ground diodes or dual SCR
devices to further increase the noise isolation. For this case,
the My and M, gates can be cross-connected (M connected
to Vsso and Mj connected to Vssy) to create a low-triggered
dual SCR path between Vss; and Vsso, similar to that reported
in [16]. Note that for this case, only one parasitic SCR path
in the QSCR will conduct current under ESD stress.

TCAD simulation was used to aid in the QSCR design.
A 2-D simulation was done using Taurus Medici, including
device physical models such as band-to-band tunneling,
avalanche, and Shockley-Read-Hall (SRH) and auger recombi-
nation is used for high-current injection condition. The device
cross-section of Fig. 3(a) was reproduced in TCAD using
a 0.25-um CMOS process model. The p* and n* regions
are 1 um in length, with the exception of the floating
n" regions between the n-well and p-wells, which are set
as 2 um. The gates are drawn with L = 1 ym. An ESD-like
event is simulated between Vp1 and Vyi. Vpp is left floating,
Varis setto OV, and V; is set to 0.7 V to simulate an external
ground diode. Fig. 4 shows the TCAD simulation results,
indicating the total current magnitude. It can be seen that
both the SCR paths (V}1-to-Vy1 and Vpi-to-Vy2) are triggered.
It was found in the simulation that the trigger voltage is 9.75 V.

The standalone QSCR cannot be used for supply voltages
higher than the holding voltage of the parasite SCR path when
considering the latch-up risk [17]. To avoid latch-up, diode
strings can be added between the QSCR and the power rails
to increase its total holding voltage. The trigger voltage also
increases with every added diode. So for some designs with
more diodes added in the diode strings, the trigger voltage
would be too high to protect the interface circuits. The QSCR
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Fig. 4. TCAD simulation results for QSCR under ESD-like stress.
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Fig. 5. QSCR with diode strings and trigger circuit. The internal terminal
notations of the QSCR correspond to the terminals in Fig. 3(a).

in Fig. 3(a) can be modified to include an active trigger
mechanism to reduce the trigger voltage. Fig. 5 shows a
proposed realization using a CR circuit to trigger on the QSCR
during ESD events. The diode strings are added between
the Vpp and V,, connections. The two diode strings can be
of different number of diodes if the two power supplies
have different operation voltages (e.g., 2.5 and 5 V). The
capacitor C is connected to the QSCR n-well via an n* tap.
The two resistors (R; and Rj), of the same value, complete
the RC circuit connected to the gates M; and M>.

The circuit operation is as follows. During normal circuit
operation, both Vpp lines are at the stable operation voltage
and the ground lines are at 0 V. Since both Vpp lines are
at a DC voltage, no current flows through the capacitor,
and therefore both M; and M, are kept OFF. During an
ESD-like event, suppose between Vpp; and Vssi, Vppi
quickly rises to a high voltage, whereas Vppy and Vsso
are floating. The capacitor C is initially discharged, so a
current would flow through the diode string connected from
Vbp1 to Vpi, then to the n-well through the parasitic pT/n-well
diode to the capacitor. Some part of the transient current
then flows through R; to Vssi, and another part also flows
through R, and the back-to-back diode to Vssi. The voltage
drops on the resistors turn M; and M ON, which turn the
SCR paths on. Since the SCR paths are self-latched, the
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Fig. 6. Simulation results for the circuit of Fig. 5 under (a) ESD-like stress
condition between Vpp; and Vgs> and (b) normal power-on condition.

transistors only need to be turned on long enough to trigger
the SCRs.

For the ESD stress across the power domains, for example
from Vpp; and Vss, whereas Vppy and Vsg) are floating,
the transient current is conducted from Vpp; to Vi, then
through the capacitor C to charge up the gate voltages of tran-
sistors M; and M, via the resistors R; and R, to the
grounded Vssy. The turned-on M and M, will in turn trigger
on the SCR path from Vpp; and Vssz, and the SCR path
from Vpp; and Vssi. Therefore, the interface circuits across
the separated power domains can be fully protected by the
proposed QSCR design.

The circuit operations of Fig. 5 are simulated in SPICE
using the device models of a 0.25-um CMOS process. The
SCR paths were not included, only the V,/n-well para-
sitic diodes. For this simulation, four diodes were used on
each diode string, M; and M, are drawn with dimension
W/L =100/1 um, C is 3 pF, and R; and R; are both 48 kQ.
Fig. 6(a) shows the SPICE simulation result for an ESD-like
stress (10 V with #, = 10 ns) between Vpp; and Vssp. It can
be seen that both the transistors (M; and M>) are turned on.
Although the M current is smaller than the M; current, it is
large enough to turn the SCR path on. The equivalent time
constant was extracted from the simulation, and it is ~160 ns.
Note that this value is different from a direct multiplication
of the R and C values, due to the diodes presented in the
trigger circuit. Fig. 6(b) shows the simulation result for a
power-ON condition, with both Vsg; and Vss» grounded, and
Vpp1 and Vppa slowly rising to 5 V with 100 us rise time.
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Fig. 7. QSCR with trigger circuit and the diode strings placed at the bottom.

After the initial transient, the leakage current stabilizes to less
than 1 nA.

The circuit in Fig. 5 introduces a resistive path between
the two ground lines (R; 4+ R»). The total resistance of this
path is typically large, so it would not cause any misbehavior
in the circuit. Although, if noise isolation is of concern, the
diodes in the diode strings can be placed between the Vy and
Vss lines instead. Fig. 7 shows a realization of this circuit.
The resistors are connected to the Vy lines, thus there are no
resistivity paths between the ground lines. A limitation on the
application of this configuration is that since the SCR paths
are on the top, both the diode strings must be of the same
size.

Fig. 8 shows the SPICE simulations for this circuit under
the ESD-like stress condition between Vpp; and Vssp and
the normal power-on condition, using the same ESD-like
waveform and device parameters as those in the simulation
of Fig. 6. Note that in Fig. 8(a) during ESD stress, the
transistors currents are slightly larger (5%), compared with
that in Fig. 6(a). The fast-transient voltage applied to Vppi
is easier to reach the capacitor C in this circuit topology, so
the gate voltages of M and M> will be charged up higher
to generate the larger transistor currents. It is clear from the
simulations in Figs. 6 and 8 that these two proposed circuit
topologies will trigger on the SCR paths in the same way.
Therefore, it is up to the designer to choose the one that fits
better with the design constraints.

1V. EXPERIMENTAL RESULTS
A. Silicon Implementation

The QSCR was implemented in a 0.25-um CMOS process
with a deep n-well (DNW) layer. Several test devices were
realized, including the standalone QSCR and the QSCR
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Fig. 8. Simulation results for the circuit of Fig. 7 under (a) ESD-like stress

condition between Vpp; and Vssp and (b) power-on condition.

devices with two and four diodes in the diode strings.
In addition, the QSCR with four diodes in the diode strings
was realized with the CR trigger circuit shown in Fig. 5. The
QSCR layout dimension is 100 gm x 32 um. The QSCR
with the four diodes in the diode string has a total layout area
of 100 um x 75 pum. The test devices include the separated
ground diodes between Vss; and Vsgo. All the diodes in this
device work as pT/n-well diodes, using the same width as
the QSCR and 1-xm length. Fig. 9(a) shows the layout of the
QSCR with the diode strings placed at the top and at
the bottom of the QSCR, showing also a zoomed view of
the QSCR structure with all the connections highlighted.
Fig. 9(b) shows the layout of the QSCR with the trigger circuit
of Fig. 5.

B. Transmission Line Pulsing

Transmission line pulsing (TLP) is an important verifi-
cation tool for ESD devices [18]. A Celestron TLP tester
was used with a 100-ns pulsewidth and 10-ns rise time.
Fig. 10 shows the TLP-measured /-V curves for the
QSCR with and without the diode strings. There are two
different stress types for the QSCR, same-domain stress
(from Vpp; to Vss; and Vppy to Vssy) and cross-domain
stress (from Vppp to Vssz and Vppy to Vssi). Because of the
symmetry of the device, the TLP results for the two same-
domain (or cross-domain) cases are the same. The QSCR
holding voltage is ~2 V for the same-domain case and ~2.5 V
for the cross-domain case. The cross-domain TLP test has
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Fig. 9. (a) QSCR layout showing the diode strings disposition
(four diodes each) and a zoomed-in view of the QSCR layout showing internal
connections. (b) QSCR layout with diode strings and CR trigger circuit. Metal
lines are not shown. Vppy and Vggi are drawn from the top and Vppj and
Vssp are drawn from the bottom.
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Fig. 10.  TLP I-V curves for QSCR with and without diode strings.
No CR trigger is added in this test.

a slightly higher holding voltage due to the longer SCR path.
Trigger voltage is ~10 V for both the cases. The QSCR with
diode strings show an increase in both the holding voltage and
the trigger voltage at a ratio of 0.8 V per diode. I;; is 5.5 A for
the QSCR without diode strings, and slightly higher (~6 A)
with the diode strings. The leakage current was measured with
2 V bias for all the cases at room temperature. The measured
leakage current was below the equipment resolution (50 pA).

Fig. 11 shows the TLP results for the QSCR with four
diodes in the diode strings and the CR trigger (as shown in
Fig. 5). The holding voltage is ~5.35 V for the same-domain
case and ~5.76 V for the cross-domain case. The trigger
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Fig. 11.  TLP I-V curves for QSCR with four diodes in the diode strings

and with (or without) the CR trigger.

voltage can be effectively reduced from ~12.5 to ~8.8 V
using the CR trigger circuit. ;5 is ~6 A for the same-domain
and cross-domain cases. The leakage current was measured
at 2 V bias and was below the equipment resolution. The
leakage current was further measured separately at 5 V bias
and reports 2.74 nA at room temperature. The extra leakage
current is attributed to the diode strings, and it can be further
reduced by redesigning the diode strings with consideration of
the leakage current [19]-[22].

C. ESD Robustness

To verify the ESD protection effectiveness of the QSCR, a
simple interface circuit, such as that (inverter) shown in Fig. 1,
was built in the test chip. The transistors in the interface circuit
are 5 V devices with dimensions W/L = 10 gm/500 nm
for the nMOS and W/L = 20 um/500 nm for the pMOS.
In addition, the ESD protection shown in Fig. 1 is used
as comparison, and also fabricated in the same test chip,
including the back-to-back diodes between Vsg1 and Vss. The
traditional ESD clamps were implemented with GGNMOS
clamps with device size (W/L) of 560 um/800 nm. Each
GGNMOS layout area is 50 ym x 90 ym. The leakage current
of such a GGNMOS clamp is 15.39 nA with 5 V bias at room
temperature.

ESD robustness was tested using the human body
model (HBM) [23] and machine model (MM) [24] for both
the same- and cross-domain test modes. The results are
summarized in Table I. The QSCR can pass >8 kV HBM
and 600 V MM for the same- and cross-domain ESD tests.
The comparison circuit (labeled GGNMOS in Table I) passes
>8 kV HBM and 600 V MM for the same-domain ESD test,
but only 5 kV HBM and 250 V MM for the cross-domain
ESD test.

D. Failure Analysis

Failure analysis (FA) was done after ESD stress using
scanning electron microscopy (SEM). Fig. 12 shows
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TABLE I
ESD ROBUSTNESS

STRESS QSCR GGNMOS
MODE HBM MM HBM MM
Vbbi1-Vssi >8KV 600V >8KV 600V
Vopi-Vssz >8KV 600V 5KV 250V
Vop2-Vssz >8KV 600V >8KV 600V
Vbpa-Vssi >8KV 600V 5KV 250V

Fig. 12.  FA image of the QSCR after a cross-domain 650 V MM stress.
Failure is located inside the QSCR structure.

Fig. 13.  FA image of the comparison circuit (Fig. 1) after a same-
domain 650 V MM stress. Failure is located in the power-rail ESD clamp
device (GGNMOS).

the FA image for the QSCR after the cross-domain 650 V MM
stress. The failure is located inside the QSCR structure,
whereas the interface transistors were not damaged. The failure
location is consistent for the other stress cases.

For the comparison circuit, failure location after same-
domain MM stress occurs in the power-rail ESD clamp
(GGNMOS), as shown in Fig. 13. For cross-domain ESD
stresses under both HBM and MM models, the failure in the
comparison circuit is located on the interface circuit. Fig. 14
shows the typical image of such damage after a cross-domain
6 kV HBM stress, which is located on the gate oxide of the
inverter at the receiver side.

V. DISCUSSION

The area efficiency of the QSCR greatly depends on the
design specification, which includes a minimum holding volt-
age and a maximum trigger voltage. The addition of diode
strings and external trigger circuit have a considerable impact
on the total area utilization.

The CR circuit shown in Figs. 5 and 7 was done to
maintain symmetry and simplicity, and it is not the most area
efficient design. Removing one of the resistors would cause an
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Fig. 14. FA image of the comparison circuit (Fig. 1) after a cross-domain
6 kV HBM stress. Failure is located on the gate oxide of the inverter at the
receiver side of the interface circuit.
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Fig. 15. QSCR with alternative trigger design formed by a diode string
(from Vnw to VTRIG)-

unsymmetrical trigger voltage for the same- and cross-domain
ESD stresses, but the circuit would have a larger equivalent RC
constant, which leads to area utilization. Moreover, the capac-
itor size could be reduced using the circuital technique [25].
In addition, the CR trigger design can be further changed by
the diode-string-based ESD detection circuit since it is more
area efficient [26]. This can be easily achieved by replacing
the capacitor C by a diode string, as shown in Fig. 15. The
trigger voltage will be (N + M) x Vp + Vryg, whereas N is
the number of diodes between Vpp; and Vpi, M the number
of diodes in the trigger path (from VNw to Vtrig), Vp is the
diode voltage drop, and Vry is the NMOS threshold voltage.
For example, for the case of the QSCR implemented in the
0.25-um CMOS process, using N = 4 and M = 4, the QSCR
trigger voltage will be 7.2 V. By such a modified design, the
silicon area can be further reduced.

Very fast TLP (vf-TLP) is an important device-level tool
to verify the performance of the ESD device for protection
against CDM events. The vf-TLP used in this work is with a
pulsewidth of 5 ns and a rise time of 200 ps. Fig. 16 shows
the vf-TLP measured results for the QSCR with four diodes
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Fig. 16. Vv{-TLP I-V curves of the QSCR with four diodes in the diode

strings and with CR trigger.

in the diode strings and with a CR trigger. Compared with the
100-ns TLP measured results in Fig. 11, the aparent higher
holding voltage and larger turn-on resistance (Ron) under
vf-TLP in Fig. 16 are attributed to the slow turn-on speed of
the SCR. The QSCR fabricated in this work has shallow trench
isolation (STT) formations inside its structure, thus the turn-on
time of the SCR paths would be too slow for CDM protection.
To further improve the turn-on speed of the SCR paths for
CDM ESD protection, the dummy-gate structure should be
applied to the QSCR and the diodes to block the STI regions
[27], [28].

VI. CONCLUSION

QSCR was proposed as an effective ESD clamp for sepa-
rated power domains. By integrating four SCRs, it can achieve
full-direction ESD current paths for the same- and cross-
domain ESD stresses, thus simplifying considerably the ESD
protection design. Different circuit topologies were analyzed in
order to have a comprehensive ESD protection design that can
be easily adapted to different technologies and applications.
The QSCR has been also verified with a silicon chip in a
0.25-um CMOS process. The implemented device was able to
pass ESD stresses of 8-kV HBM and 600-V MM ESD tests
while successfully protecting the interface circuit between two
separated power domains.
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