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Optimization of Guard Ring Structures
to Improve Latchup Immunity in

an 18 V DDDMOS Process
Chia-Tsen Dai and Ming-Dou Ker, Fellow, IEEE

Abstract— The optimization of guard ring structures to
improve latchup immunity in an 18 V double-diffused drain
MOS (DDDMOS) process with the DDDMOS transistors has
together been investigated in a silicon test chip. The layout
parameters including the anode-to-cathode spacing and the guard
ring width are also studied to seek their impacts on latchup
immunity. The measurement results demonstrated that the test
devices isolated with the specific guard ring structure of n-buried
layer can highly improve the latchup immunity. The suggested
guard ring structures can be applied to the high-voltage circuits
in this 18 V DDDMOS process to meet the new Joint Electron
Device Engineering Council standard (JESD78D) with the trigger
current of over ±200 mA.

Index Terms— Double-diffused drain (DDD), latchup, n-buried
layer (NBL).

I. INTRODUCTION

SMART power technology, which can integrate both low-
voltage (LV) and high-voltage (HV) devices in a single

silicon chip, provides a cost-effective solution for high-voltage
and high-current capabilities while increasing performance and
reliability. When HV devices are used in HV CMOS ICs, the
possible occurrence of latchup induced by external glitches
or inductive load was difficult to eliminate [1], [2]. Latchup
in CMOS ICs is formed by the parasitic p-n-p-n structure
between VDD and VSS in CMOS circuits. Such a parasitic
structure is inherent in the bulk CMOS technology. Fig. 1
shows the device cross-sectional view and equivalent circuit
scheme of a latchup path between nMOS and pMOS transis-
tors in a CMOS technology. The latchup structure is composed
of a p-n-p BJT (Qpnp) and a n-p-n BJT (Qnpn), and the
positive feedback regeneration will start when one of the BJTs
is turned ON [3]. Due to the high circuit operating voltage
and structure complexity in HV CMOS ICs, latchup in the
HV structure usually suffers worse situation in comparison
with that in LV CMOS ICs. When latchup is triggered,
HV CMOS ICs are often seriously damaged by the latchup-
generated high power. Therefore, improving the latchup immu-
nity is one of major reliability issues in HV CMOS ICs.
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Fig. 1. Device cross-sectional view of the latchup path between nMOS and
pMOS transistors in a CMOS technology.

TABLE I

TRIGGER CHARACTERIZATION IN LATCHUP CURRENT TEST [4]

The methods and test procedures to investigate the latchup
immunity of integrated circuits with a latchup trigger current
test (I-test) had been defined in the Joint Electron Device
Engineering Council (JEDEC) standards [4]. The trigger char-
acterization for the latchup I-test in the up-to-dated stan-
dard (JESD78D) is listed in Table I, where the highest latchup
I-test level has been specified to be of greater than 200 mA.
Accordingly, nowadays many IC design houses develop their
IC products with a latchup immunity of over ±200-mA current
trigger as their desired specification.

To suppress the occurrence of latchup event, many tech-
niques had been reported using process optimization [5], [6],
layout structure [7]–[10], or even active guard ring design [11].
Among the previous studies, inserting the double guard rings
with grounded p-well ring and VDD-connected n-well ring
inside the latchup path to absorb minority carriers is one
of the most effective designs. However, there were a few
studies to investigate the influence of guard ring structures of
the double-diffused drain MOS (DDDMOS) device and their
layout parameters on latchup immunity in the HV DDDMOS
technology. This HV DDDMOS technology features multiple
voltage levels with various types of devices such as CMOS,
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Fig. 2. Device structures of p-type and n-type DDDMOS transistors in an
18 V DDDMOS technology.

DDDMOS, and BJT devices. The n-type and p-type well
structures with different doping levels and junction depths in
this process would greatly influence the latchup occurrence.

In this paper, the latchup characteristics of DDDMOS tran-
sistors with the different guard ring structures under JEDEC
latchup current test are investigated in silicon. In addition, lay-
out parameters such as the anode-to-cathode spacing and the
guard ring width (GW) are also studied to find their impacts
on latchup immunity. In order to verify the holding voltage
of HV latchup test structures, the dc curve tracer (Tek370B)
is also used. It is demonstrated that the test devices isolated
with the specific guard ring structure of n-buried layer (NBL)
and double-diffused layer can highly improve the latchup
immunity.

II. TEST DEVICE STRUCTURES

The devices studied in this paper are implemented in an
18 V DDDMOS technology. The device structures of p-type
and n-type DDDMOS transistors are shown in Fig. 2, where
the drift regions under both drain and source sides of each
device are used to increase the junction breakdown voltage
to sustain high operating voltage. In HV ICs, the latchup
path in I/O cells was often triggered by external overshooting
or undershooting voltage/current glitches. In this paper, the
optimization of layout rules and guard ring structures is
investigated to improve latchup immunity in an inverter output
buffer. The proposed test structures are drawn with the p-type
and n-type DDDMOS transistors, as illustrated in Fig. 3, where
the latchup path exists from the VDD-connected source of the
pDDDMOS, through the HV n-well and HV p-well, to the
VSS-connected source of the nDDDMOS. The channels of both
DDDMOS devices are kept in OFF state by connecting its gate
to its source for studying the influence of layout structure on
latchup.

Fig. 4(a)–(d) shows the cross-sectional view of different
guard-ring test structures of types A, B, C, and D, respectively.
To get better latchup immunity, all the test transistors are
surrounded by guard rings. Test structure A consists of a pair
of pDDDMOS and nDDDMOS. Each transistor is surrounded
by only one guard ring, which is the base guard ring of each
transistor. This structure is used as a reference structure for
comparing with other test structures. Test structure B consists
of the transistor pair that each transistor is surrounded by
double guard rings. The second guard ring, which encircles
the first guard ring of each transistor, is used to collect the
minority carriers in the p-substrate. Test structure C consists
of the transistor pair surrounded by double guard rings, but an

Fig. 3. Circuit scheme of the proposed test structure with p-type and n-type
DDDMOS transistors, which is used to simulate an inverter output buffer in
the I/O cell. For latchup test, both transistors are kept OFF.

Fig. 4. Device cross-sectional views of the proposed latchup test
structures (a) A, (b) B, (c) C, and (d) D, with a pair of pDDDMOS and
nDDDMOS transistors in each test structure.

NBL is added under nDDDMOS. Test structure D consists of
the transistor pair surrounded by double guard rings with two
NBL layers added under the pDDDMOS and the n-DDDMOS,
respectively.
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Fig. 5. Simplified layout top view of latchup test unit for test
structures A–D.

Compared with test structures A and B, the nDDDMOS in
test structures C and D is totally isolated from the p-substrate.
The NBL structure is used to further improve the guard ring
efficiency. In addition, some layout parameters such as the
anode-to-cathode spacing (S) and the GW are investigated.
The improvement obtained by adding double-diffused regions
(n-drift or p-drift layers) under the guard rings are also studied.
The simplified layout top views of latchup test unit for test
structures A, B, C, and D are shown in Fig. 5, indicating the
related layout parameters.

III. EXPERIMENTAL RESULTS

A. Latchup I–V Characteristics

To investigate the latchup characteristics of the proposed
test structures, the latchup dc I–V curves are measured by a
Tek370B curve tracer. All the test results are measured at a
room temperature of 25 °C. If the holding voltage of these
test structures is greater than VDD, the latchup occurrence
can be avoided. The I–V characteristics traced from VDD to
VSS of the test structures with a minimum anode-to-cathode
spacing of 13.4 µm and a guard ring width of 1 µm are
shown in Fig. 6(a), where the holding voltage of all those test
structures is below 5 V. It implies that the latchup paths in test
structures C and D will be still induced even with the NBL to
isolate the devices. As shown in Fig. 6(b), when the anode-
to-cathode spacing is increased to 20 µm, the trigger voltage
and holding voltage of all test structures are increased slightly.
As shown in Fig. 6(c), when the anode-to-cathode spacing is
increased to 30 µm, the trigger voltage and holding voltage
of all test structures are moderately increased, but the holding
voltage is still lower than the operating voltage VDD of 18 V
in the given process. Even extending the GW to 3 µm, the
holding voltage of all test structures is still lower than the
operating voltage of 18 V.

Among the test structures, test structure D has the highest
dc trigger (the switching point) current and test structure A has
the lowest one. A higher trigger current means better latchup
immunity, which can be further verified in the JEDEC latchup
trigger current test.

B. Latchup Trigger Current Test

Because the holding voltage of test structures is all smaller
than the operating voltage VDD of 18 V in the given process,

Fig. 6. Latchup I–V characteristics of different test structures from VDD
to VSS with different anode-to-cathode spacings of (a) 13.4, (b) 20, and
(c) 30 µm, respectively, under the same guard ring width of 1 µm.

another way to verify their latchup immunity is using the
latchup trigger current test as that specified in the JEDEC stan-
dard (JESD78D). The measurement setup of JEDEC latchup
trigger current test applied to the output buffer is exploited
in Fig. 7, with an 18 V supply at VDD pin, a current pulse
generator applied to the output pin, and an oscilloscope to
monitor the waveforms of the VDD pin voltage and the injected
current. The positive or negative trigger current pulse from
the pulse generator is injected into the output pin of the test
structure to investigate whether the latchup is triggered ON or
not. If the test structure is triggered into latchup, a decrease
on the voltage waveform of VDD pin can be found to judge
the occurrence of latchup.

The measured waveforms of test structure A with the
anode-to-cathode spacing of 13.4 µm and the guard ring
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Fig. 7. Latchup test for test structures with the positive or negative latchup
trigger current at each output pad.

Fig. 8. Measured waveforms of test structure A under negative latchup
trigger current test with the trigger currents of (a) −100 mA and
(b) −300 mA, injected into the output pad.

width of 1 µm, under the negative trigger current test with
trigger current pulses of −100 and −300 mA, are shown in
Fig. 8(a) and (b), respectively. To avoid electrical overstress
events and to successfully detect the fired latchup state of the
test structure, the pulse width is chosen as 1 ms, and the pulse
step is 100 mA.

The voltage at VDD pin is kept at 18 V if the applied
trigger current at the output pad did not fire on the latchup
path of the test structure, as shown in Fig. 8(a). However,
the voltage at VDD pin is dropped down to ∼6 V while the
latchup path is triggered ON, as that shown in Fig. 8(b).
The initial undershooting glitch in the negative trigger current
waveform is caused by the current compensation in the current
pulse generator, which can be ignored. Thus, by adjusting the
trigger current level with repeated experimental procedures,

Fig. 9. Relations between the positive latchup trigger current on output pad
and the anode-to-cathode spacings of 13.4, 20, and 30 µm for different test
structures, test structures A, B, C, and D, under the same guard ring width
of 1 µm.

Fig. 10. Relations between the positive latchup trigger current on output pad
and the anode-to-cathode spacings of 16.5, 20, and 30 µm for different test
structures, test structures A, B, C, and D, under the same GW of 2 µm.

the threshold level of trigger current to initiate a latchup
occurrence can be found.

Furthermore, more detailed examinations to verify the
latchup immunity are measured using a latchup test machine,
Thermo Scientific MK.1, with a 10-ms pulse width and a
25-mA pulse step. Fig. 9 shows the measured relations
between the positive latchup trigger current and the different
anode-to-cathode spacings of 13.4, 20, and 30 µm for different
test structures but with the same GW of 1 µm. In Fig. 9, the
test structure without drift means that the drift layers are not
added under the guard rings in the test structure. The latchup
trigger currents of all test structures are moderately increased
by the increase in anode-to-cathode spacing. Among the test
results of different test structures with the same anode-to-
cathode spacing, test structure A has the lowest latchup trigger
current below 150 mA, because the devices in structure A are
surrounded only by the base guard rings. Test structure B has
a higher latchup trigger current than that of test structure A
due to the use of the double guard rings. Using the double
guard rings as well as the NBL to isolate the devices, test
structures C and D have almost the same latchup trigger
current of above 600 mA and exhibit the highest current level
among the test structures. In addition, the drift layers under
the guard rings can increase the latchup trigger current by at
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Fig. 11. Relations between the positive latchup trigger current on output
pad and the guard ring widths of 1, 2, and 3 µm for different test structures,
test structures A, B, C, and D, under the same anode-to-cathode spacing
of 20 µm.

Fig. 12. Relations between the negative latchup trigger current on output
pad and the anode-to-cathode spacings of 13.4, 20, and 30 µm for different
test structures, test structures A, B, C, and D, under the same GW of 1 µm.

least 25 mA, compared with the results of those structures
without drift layers. As for the measured results in Fig. 9, test
structure D can sustain the positive latchup trigger current of
over 800 mA, when its anode-to-cathode spacing is 30 µm.

Fig. 10 shows the measured relations of different test
structures between the positive latchup trigger current and the
different anode-to-cathode spacings of 16.5, 20, and 30 µm
under the same GW of 2 µm. The positive latchup trigger
currents of all test structures are moderately increased by
the increase in the anode-to-cathode spacing. Fig. 11 shows
the measured relations of different test structures between the
positive latchup trigger current and the different guard ring
widths of 1, 2, and 3 µm under the same anode-to-cathode
spacing of 20 µm. For test structure A, the increased guard
ring width can improve the positive current level greatly.
However, for test structures B, C, and D, the current level
can only be improved slightly by the increased GW. From the
comparison of test results between test structures B and C,
the guard ring efficiency in nDDDMOS can be greatly
improved using the NBL layer. That is, adding NBL under the
n-type device can greatly improve the latchup immunity in
the positive latchup trigger current test. As for the measured
results in Fig. 11, test structure D with a guard ring width of
3 µm and the anode-to-cathode spacing of 20 µm can sustain
the positive latchup trigger current of up to 900 mA.

Similarly, the latchup immunity under negative latchup
trigger current test can be also observed. Figs. 12 and 13 show

Fig. 13. Relations between the negative latchup trigger current on output pad
and the anode-to-cathode spacings of 16.5, 20, and 30 µm for different test
structures, test structures A, B, C, and D, under the same guard ring width
of 2 µm.

Fig. 14. Relations between the negative latchup trigger current on output
pad and the GWs of 1, 2, and 3 µm for different test structures, test
structures A, B, C, and D, under the same anode-to-cathode spacing of 20 µm.

the measured relations between the negative latchup trigger
current and the different test structures under the different
guard ring widths of 1 and 2 µm, respectively. Fig. 14 shows
the measured relations of different test structures between the
negative latchup trigger current and the different GWs under
the same anode-to-cathode spacing of 20 µm. The latchup
trigger current of all test structures can be increased by an
increased guard ring width and the added drift layers, as
the measured results in the positive trigger current test. For
test structures A–C, the negative latchup trigger current can
be greatly increased by the increase in the anode-to-cathode
spacing. Nevertheless, for test structure D, although it has the
highest current level, increasing the anode-to-cathode spacing
has no improvement on latchup immunity under negative
latchup trigger test. It was suspected that the latchup path in
test structure D from the VDD-connected source of pDDDMOS
to the VSS-connected source of nDDDMOS was not fired.
This phenomenon can be further investigated by failure
analysis.

Compared with test structure C, test structure D has much
higher negative latchup trigger current (over −600 mA, as
shown in Fig. 14). The guard ring efficiency in pDDDMOS can
be greatly improved using the NBL. Adding the NBL under
the p-type device can greatly improve the latchup robustness
in the negative latchup trigger current test.



2454 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 6, JUNE 2016

Fig. 15. SEM photographs of (a) test structure A, (b) test structure B,
and (c) test structure D, to show the latchup-induced damage after the
injection of negative latchup trigger current, under the same GW of 2 µm and
anode-to-cathode spacing (S) of 20 µm.

C. Failure Analysis

Fig. 15(a)–(c) shows the SEM photographs of test
structures A, B, and D, respectively, with the latchup-induced
damage after the injection of negative latchup trigger current
under the same layout parameters. It is obviously found that
test structure D got damaged in the both regions of pDDDMOS
and nDDDMOS with the burn-out traces between these two
devices, as shown in the results of test structures A and B.
Accordingly, the failure analysis verified that the latchup path
indeed occurred in test structure D to induce damage.

IV. CONCLUSION

The characteristics of HV latchup have been investigated in
an 18 V DDDMOS process. Four test structures are used to
evaluate the latchup immunity of HV device structures. Among
the test structures, test structure D can exhibit the highest
latchup immunity against the negative and positive latchup
trigger current because of the highest guard ring efficiency.

Using the NBL-based isolation structure can not only gain
good latchup immunity but also save the layout area of HV
output buffers without extending the distance between the
p-type and n-type MOS devices. Furthermore, the drift layers
can be also applied to optimize the guard ring structure for
better latchup prevention in HV CMOS ICs.
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