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Student: Chia-Tsen Dai Adyvisor: Dr. Ming-Dou Ker

Institute of Electronics

National Chiao Tung University

Abstract

Nowadays, the smart power technology has been developed and used to fabricate the
display driver circuits, power switch, motor controksystems, and so on. However, the process
complexity and the reliability of*high-voltage (HV) devices have become more challenging
compared with the low-voltage (LV) devices. Among the various reliability specifications,
on-chip electrostatic discharge (ESD) protection has‘been known as one of the important
issues in HV integrated circuits (ICs). ESD is an inevitable event during fabrication,
packaging and testing processes of integrated circuits. ESD protection design is therefore
necessary to protect ICs from being damaged by ESD stress energies.

In Chapter 2, the modified silicon-controlled rectifier (SCR) fabricated in a 0.25-pm
HV Bipolar-CMOS-DMOS (BCD) technology has been proposed to seek for both effective
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
(TLP) measurement results. However, through the experimental verification by using
transient-induced latchup (TLU) test, the holding voltage of such proposed device decreases
to ~20V. It is due to the increased bipolar junction transistor (BJT) current gains of the SCR
path induced by the Joule heating effect in the long-term measurement. Such phenomenon
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is an unavoidable issue that should be carefully taken into consideration when applying SCR
device for ESD protection in the HV applications.

In Chapter 3, an on-chip ESD protection solution has been proposed in a 0.25-um HV
BCD process by using LV devices with stacked configuration For HV applications.
Experimental results in silicon chip have verified that the proposed design can successfully
protect the 60-V pins of a battery-monitoring IC against over 8-kV human-body-model
(HBM) ESD stress. Moreover, stacked LV devices with sharing path technique can be more
area-efficient to implement the whole-chip ESD protection in the HV CMOS ICs.

In Chapter 4, the optimization of guard ring structures to improve latchup immunity in
an HV double-diffused drain MOS (DDDMOS) process with the DDDMOS transistors has
been investigated in a silicon test chip. The imeasurement results demonstrated that the test
devices isolated with the specific guard ringstructure of n-buried layer can highly improve
the latchup immunity.

In Chapter 5, the latchup path which'may potentially-exist at the interface between HV
and LV circuits in a HV BCD technology has been.inivestigated. Owing to the multiple well
structures used to realize the HV device in the BCD process, the expected latchup path in
the test structure was hardly triggered. However, a parasitic SCR path featuring a very low
holding voltage is found in the experiment silicon chip. It may influence the ESD robustness
of CMOS IC products with the HV and LV circuits integrated together. Thus, the layout rules
at HV and LV interface should be carefully defined to avoid the occurrence of unexpected
parasitic path.

Chapter 6 summarizes the main results of this dissertation, where the future works
based on the new proposed designs and test structures are discussed as well. The related
works in this dissertation have been published in several international journals or

conferences.
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Chapter 1

Introduction

In this chapter, the background and the organization of this dissertation are provided. First,
the applications of high-voltage (HV) technologies are briefly introduced. Then, in addition to
reviewing the test standards of electrostatic discharge (ESD) related to this dissertation, the on-
chip ESD protection considerations and challenges in HV technologies are introduced. Finally,

the organization of this dissertation is described.

1.1 Applications of High-Voltage Technologies

Recently, HV technologies are extensively utilized in various applications, such as
automotive electronics, display drivers, power managements, and so on. The applications for
HV devices can be classified into four categoties in terms of their current and voltage handling
requirements [1]. The first category has low operating current levels below 1 A. Typical
examples include the telecommunications and display drivers. In these applications, integrating
multiple small-size transistors on a single chip for more functionality is feasible to provide a
cost-effective solution. The second category is applications with relatively low operating
voltages below 100 V. Typical examples are automotive electronics and power supplies for
computers. For these applications, the silicon power MOSFET with the characteristics of low
on-resistance and fast switching speed are mainly used. The third category has high operating
voltages above 200 V. Lamp ballasts, consumer appliances, and electric vehicle drivers are
examples for this category. Some special power transistors such as insulated gate bipolar
transistor (IGBT) are developed because the on-resistance of silicon power MOSFET is too
large for these applications. The fourth category has very high operating voltages above 5000

V. High power motor controls in power transmission and distribution systems are examples for
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this category. The silicon power MOSFET and IGBT are used to replace the traditional silicon

power thyristor because of their greater characteristics for these applications.

1.2 General ESD Protection Design in CMOS Integrated Circuits

In semiconductor industry, electrostatic discharge (ESD) is one of the most universal
reliability threats to the semiconductor products. ESD are typically discharged in few
nanoseconds with thousands of volts and peak currents of several amperes, which can harm the
internal electronic components of semiconductor products [2]. Effective ESD protection
designs have been essential, not just optional, for the CMOS integrated circuit (IC) products
used in analog, digital, power, RF, optoelectronic, and biomedical applications. To predict and
qualify the ESD robustness level of IC products, there are three component-level models
proposed and standardized to simulate the typical ESD events that happen during fabrication,
package, and assembling process 0f 1€ products. The first model, human-body model (HBM),
simulates the static charges stored.in human body being discharged through a packaged IC to
ground [3]. The second model, machine:model (MM), simulates the ESD events discharging
from handling machines or testing equipment through a packaged IC to ground [4]. The third
model, charged-device model (CDM), simulates the discharging of charges accumulated in the
substrate of packaged IC by triboelectric effect or induction during IC manufacturing [5].
General commercial requirements for the IC products are requested to sustain at least 2-kV
HBM, 200-V MM, and 500-V CDM ESD stresses.

Because any input/output (I/O), power (VDD), or ground (VSS) pins of a packaged IC can
be randomly zapped to the grounded pins during ESD events, on-chip ESD protection design
is required for every pin against ESD damage [6]. Fig. 1.1 shows a typical whole-chip ESD
protection network for general CMOS ICs. ESD protection elements are placed near I/O pins
to divert ESD currents to the power rails. The power-rail ESD clamp circuit placed between
VDD and VSS rails is able to provide an efficient low-impedance path for discharging ESD
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current and should be kept off for blocking DC operating voltage. This ESD protection network

can protect the internal circuits from ESD damages between any pin-to-pin combinations.

ESD ESD
Protection Protection
Element Element
Input Output
— In_terr!al 7 Power- Rail
E Circuits x Esgrg'j;gw
ESD ESD
Protection Protection
Element Element

Fig. 1.1. Scheme of typical whole-chip ESD protection network for general CMOS ICs.
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Fig. 1.3. ESD test modes with (a) positive and (b) negative ESD stresses between power pins.

In addition, since ESD stresses would be either positive or negative, four tests modes at
I/O pins with respect to the grounded VDD or VSS pins, such as PS (positive-to-VSS), NS
(negative-to-VSS), PD (positive-to-VDD), and ND-(negative-to-VDD), are specified in the
ESD test standards as shown in Fig..1.2. The ESD stresses between VDD and VSS pins are also

specified to verify the whole-chip"ESD protection capability; as shown in Fig. 1.3.
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Fig. 1.4. Typical ESD protection design window for general CMOS ICs.
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To guarantee the effectiveness of ESD protection design, the I-V characteristics of ESD
protection devices should fit into the ESD protection design window, as the blue curve
illustrated in Fig. 1.4 [7]. Breakdown voltage (Vsp) and supply voltage (VDD) of internal
circuits divide the plot into three parts. To get successful ESD protection, the trigger voltage
(Vi) should be smaller than the breakdown voltage of internal circuits. Furthermore, to avoid
latchup or latchup-like issue, the holding voltage (Vhola) should be greater than the supply
voltage of internal circuits. The on-state resistance (Ron) of the ESD protection device should

be as small as possible for an efficient ESD protection.

1.3 ESD Protection Considerations in High-Voltage Technologies

With the characteristics of high power consumption and harsh operating environment in
the various HV applications, HV CMOS ICs are.inurgentneed of rigid reliability designs. HV
transistors are developed to sustaidioperating voltages from several tens to more than thousands
of volts, but their ESD robustness-doesn’t scale. with the rated blocking voltage. Due to the
complicated device structures in HV processes, guaranteeing the ESD robustness of HV

transistors is much more challenging than for low-voltage (LV) transistors.

Body Source Gate Drain
| |
5777 P BN
éHVP-Body_S'l'[
HV : INPN
N-Well L ettt HV N-Well
HV P-well Rease

N-Buried Layer

P-substrate

Fig. 1.5. Device cross-sectional view of 60-V nLDMOS in a 0.25-um HV BCD process.



Traditionally, the HV transistor like Laterally-Diffused MOS (LDMOS) was often adopted
as on-chip ESD protection device in the HV applications [8]. For example, Fig. 1.5 shows the
device structure of a traditional 60-V n-type LDMOS (nLDMOS) fabricated in a 0.25-uym HV
Bipolar-CMOS-DMOS (BCD) process. Fig. 1.6 shows the I-V characteristics of gate-grounded
60-V nLDMOS measured by Transmission-Line-Pulsing (TLP) system. TLP system has been
extensively used as an analysis tool to complement the HBM and MM ESD test results. The
holding voltage of nLDMOS after snapback breakdown was smaller than the circuit operating
voltage. During normal circuit operation, the noise might unpredictably trigger the parasitic
NPN bipolar junction transistor (BJT) inherent in the nLDMOS, and the supply voltage keeps
the parasitic BJT turned on continuously. Such HV ESD device would be easily burned out after
a period of time under the circuit normal operating condition. Thus, the nLDMOS was very
susceptible to latchup-like issue. Meoreover, in [8]sithe ESD robustness of nLDMOS doesn’t
linearly increase as the enlargement ofdeviee dimension,The nLDMOS may cause multi-finger
non-uniform turn-on effect due to.its low-holding voltage.. The parasitic BJT inherent in the
nLDMOS are often unevenly triggered after snapback breakdown. Accordingly, a large-size
nLDMOS often exhibits poor ESD protection level when used as an on-chip ESD protection

device.
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Fig. 1.6. I-V characteristics of gate-grounded 60-V nLDMOS measured by TLP system.
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Fig. 1.7. ESD protection scheme for the applications of (a) LED driver and (b) DC-DC buck

converter.

In some HV applications, the additional ESD protection elements are placed in parallel
with the output driver. For example, the simplified circuit diagrams of ESD protection schemes
for LED driver and DC-DC converter are illustrated in Figs. 1.7(a) and 1.7(b), respectively. The
ESD protection strategies are greatly impacted by the circuit specifics. In Fig. 1.7(a), it should
be noticed that the power-rail ESD clamp circuit is unable to discharge ESD current when ESD
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stress zaps at the output pin with respect to the grounded VSS pin. The ESD device at the output
pin has to take all the ESD current. In Fig. 1.7(b), the ESD protection considerations for the
high operating voltage and fast switching pin with narrow ESD protection design window often
create significant challenges to ESD design engineers. Thus, the solutions for on-chip ESD
protection design in the HV applications are valuable and strongly requested by the IC

industries.

-DDDMOS -DDDMOS
Voo P Output " Vss

G v

W
Riavaw ™Q Q
\l PI\K NPN =T/ .
HV N-Well N lLaichup Path 7~ HV P-Well
\_/

L oly )

P-Substrate

Fig. 1.8. Device cross-sectional views of p-DDDMOS and n-DDDMOS transistors in a HV
DDDMOS process, where the latchup path is formed.by two parasitic BJTs, a vertical PNP BJT

(Qpnp) and a lateral NPN BJT (Qnen).

1.4 Latchup Issue in High-Voltage Technologies

When HV devices are used in HV CMOS ICs, it is difficult to eliminate the possible
occurrence of latchup or latchup-like issue induced by the external glitches or inductive load
[9], [10]. Latchup originates from the parasitic P-N—P—-N structure in the bulk CMOS
technology, which can be modeled as two cross-coupled PNP BJT (Qpnp) and NPN BJT (Qnen).
Fig. 1.8 shows an example of the parasitic latchup path that potentially exists between p-
DDDMOS and n-DDDMOS transistors in a HV double-diffused drain MOS (DDDMOS)
process. This parasitic latchup path may be accidently fired if the transient overshooting or
undershooting noise appears at power (VDD), ground (VSS), or input/output (I/O) pads. Once
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such parasitic latchup path is triggered, it will dominate the circuit function, and a huge current
will be induced by the positive feedback regeneration from those two parasitic BJTs.
Consequently, this huge current may result in the circuit malfunction or even worse chip burn-
out danger.

Latchup in HV CMOS ICs usually suffers worse situation than LV CMOS ICs because of
the high circuit-operating voltage and multi-layer structure. If latchup or latchup-like issue is
initiated by any latchup-triggering events, HV CMOS ICs are often seriously damaged by the
latchup-generated high power. Therefore, improving the latchup immunity is one of major

reliability issues in HV CMOS ICs.

1.5 Dissertation Organization

The traditional HV ESD protéetion-devices such as’ LDMOS perform poorly and suffer
latchup-like risk in the HV BCD process mainly because of-the low holding voltage and weak
ESD robustness. This dissertationexplores different design alternatives to achieve efficient
ESD protection level, with focus on the incrément-ofholding voltage as well as the consumption
of silicon area. In addition, the ESD levels of the proposed ESD protection devices in this
dissertation are only judged by using the HBM ESD tester for a basic verification.

Chapter 2 presents a new layout structure to increase the holding voltage of traditional
SCR device for HV applications. By adding parasitic BJT structure into the traditional SCR
device, the double-carriers injection and positive feedback in this proposed SCR can be
suppressed. In addition, whereas latchup event is a reliability issue with the time duration longer
than milliseconds, the I-V characteristics of the proposed SCR are also measured by DC curve
tracer (Tek370B) to validate its holding voltage. Furthermore, transient-induced latchup (TLU)
test is applied to verify the measurement results [11].

Chapter 3 presents an on-chip ESD protection solution by using LV p-type devices with



stacked configuration For HV applications. The ESD performance of stacked LV devices will
be compared with the new proposed HVSCR in Chapter 2. Moreover, the proposed ESD
protection design using stacked LV devices has been verified to protect the HV pins of a battery-
monitoring IC under HBM ESD stress.

Chapter 4 presents the investigation of guard ring structures to improve latchup immunity
in an HV DDDMOS process with the DDDMOS transistors. The latchup immune levels of test
devices which are isolated with different guard ring structures of n-buried layer will be verified
by using latchup trigger current test.

Chapter 5 presents the investigation of a latchup path which may potentially exist at the
interface between HV and LV circuits in a HV BCD technology. The DC curve tracer (Tek370B)
is used to verify the I-V characteristics of such parasitic path. Furthermore, the measurement
results are verified by the TLU test.

Finally, summary for the mainrresults of this dissertation is in Chapter 6. Discussions about

the future works and the extension.based on this dissertation are also arranged in this section.
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Chapter 2

Study of High-Holding-Voltage SCR for ESD Protection
and Latchup immunity in High-Voltage BCD Process

2.1 Background

The HV technology has been widely used in power management, driver ICs, and
automotive electronics. In these HV IC products, ESD is one of the major reliability issues. To
protect the internal circuits successfully, the characteristics of on-chip ESD protection elements
must be within the ESD protection design window. Due to the high supply voltage and structure
complexity of HV devices, it is more _challengmg to/guarantee the reliability of on-chip ESD
protection element for HV applications than that for LV applications.

Traditionally, LDMOSs, BJIs, and SCR"devices had been adopted as on-chip ESD
protection devices in HV technologies, [12]-[14}. Some prior works focused on analyzing and
improving the ESD robustness of LDMOS with-embedded SCR in HV BCD processes [15],
[16]. However, the holding voltage of LDMOS with the embedded SCR under a snapback
breakdown condition is much lower than the supply voltage. Although the ESD robustness is
significantly improved, such a characteristic of low holding voltage would make the HV ICs
vulnerable to the latchup risk during normal circuit operations in a noisy environment. The
latchup issue often results in IC function failure or destruction. This shortcoming motivated the
development of the ESD protection device with latchup-free immunity. Some prior studies had
reported that using weak-snapback HV device as the ESD protection element is easily adjusted
to fit the requirement [17]-[19].

In this chapter, a modified SCR fabricated in a 0.25-um HV BCD technology has been

proposed to seek for both effective ESD protection and latchup immunity. One of the proposed
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SCRs can achieve high holding voltage of up to ~30 V in the 100-ns TLP measurement results.
Moreover, whereas latchup event is a reliability issue with the time duration longer than
milliseconds, the I-V characteristics of the proposed SCRs are also measured by DC curve
tracer (Tek370B) to validate their holding voltage. Furthermore, transient-induced latchup

(TLU) test is applied to verify the measurement results.

2.2 Turn-on Operation of Traditional SCR

Traditional SCR is formed with p-n-p-n structure, which could be equivalent as a cross-
coupled n-p-n and p-n-p BJTs. The device cross-sectional view and its equivalent circuit
diagram in a CMOS technology are illustrated in Fig. 2.1. The p-n-p (Qpnp) and n-p-n (Qnen)
BJTs share the n-well and p-well regions as-theitr/collector and base regions. The junction
between n-well and p-well is reversely biased with a space-charge region in the SCR structure.
The collector current of each BJT-acts as the base current for the opposite one. To switch an
SCR device into its forward conducting state, the product of current gains of the cross-coupled

BJTs has to be larger than or equal to one;i.e:;
ﬁp—n—p ’ ﬁn—p—n =21. (2.1)

The typical I-V characteristic of traditional SCR is drawn in Fig. 2.2. Viig (Inig) and Vhold (Ihold)
are referred to as the trigger voltage (current) and holding voltage (current), respectively.
According to the previous studies [1]-[5], the holding voltage (Vnoid) of SCR device can be

expressed as

VHold:Vp+Vn+Jji[p_n+ND—NA]dde,+f+dx 2
Es q(nu, + puy)

The first and second terms, V, and V,, are the voltage drops in the p+ and n+ regions,
respectively. The third term is the voltage drop in the space-charge region at the n-well/p-well
junction. The p, n, Np, Na are the concentrations of hole, electron, n-well doping, and p-well
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doping, respectively. The fourth term is the ohmic voltage and will always increase with the

current density J.

Anode Cathode

. IBp
“.SCR Path

Cathode

Fig. 2.1. Device cross-sectional view and equivalent circuit diagram of traditional SCR in a

CMOS technology.
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——(:: : >
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Fig. 2.2. Typical -V characteristic of traditional SCR in a CMOS technology.

When SCR device is avalanche breakdown and switched into forward conducting state,
the collapse of voltage drop is mainly caused by the voltage reduction in the space-charge term
of Equation (2.2). Owing to the regenerative feedback of cross-coupled n-p-n and p-n-p BJTs,
the electrons and holes are continuously injected into the n-well and p-well regions, and then

the electrical field in the space-charge region at the n-well/p-well junction is gradually reduced.
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The avalanche generation with high electrical field is hence mitigated due to the double carrier
injection. Afterwards, the n-well and p-well regions are modulated as quasi-neutral region when
the concentrations of injected holes and electrons that become much higher than the doping
concentrations of n-well and p-well regions are equal to each other. Finally, the SCR device in
the forward conducting state can be simplified as a p—i—n diode with small voltage drop and

low power dissipation [20].

2.3 Prior Study on High-Holding-Voltage SCR

Though traditional SCR usually exhibited efficient ESD protection level, the characteristic
of low holding voltage made itself very susceptible to latchup danger in the HV applications.
Recently, some techniques have been proposed-to-optimize SCR device for high holding voltage,
such as adding parasitic structure [21], modulating emitteér wells [22], embedding PIN diode
junction [23], and so forth.

In the previous study [21], aparasitic n-p-n BIT (Qxnpen’) was added into the traditional
SCR device, as illustrated in Fig. 2.3. By-partly diverting the SCR current through this
additional BJT, it could reduce the positive feedback regeneration of the inherent p-n-p (Qpnr)
and n-p-n (Qnen) BJTs, and hence suppress the electron and hole injection efficiency. To
compensate the lack of such carriers, the impaction ionization rate induced by electric field
becomes higher for the avalanche-generated carriers. Such a high electric field, therefore, gives
rise to a high holding voltage. In the modified SCR, the dummy poly gate near cathode side
was added to reduce the base width and increase the current gain of the additional BJT (Qnen’).
The TLP measurement results of the SCR devices are shown in Fig. 2.4. In Fig. 2.4(a), the
holding voltage of the conventional SCR is ~3 V. In Fig. 3(b), the holding voltage of the
modified SCR is increased to ~7.7 V, while the breakdown voltages of both devices are almost

the same. Moreover, the failure current (I2) of the modified SCR is as high as the conventional
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SCR without any degradation.

The TLU test was used to simulate the noise disturbance under the normal circuit operating

condition. The TLU measurement setup is shown in Fig. 2.5, where the MM ESD source was

used to generate the transient noise into the power supply of device under test. The test results

of the SCR devices are shown in Figs. 2.6 and 2.7. In Fig. 2.6, after transient noise triggering,

the voltage was clamped down to ~2 V. On the contrary, the voltage across the modified SCR

was still kept at 5 V, as shown in Fig. 2.7. This previous study had demonstrated that the

modified SCR exhibits good latchup immunity for the 5-V circuit applications.
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Fig. 2.3. Cross-sectional view and equivalent circuit diagram of (a) conventional SCR, and (b)

modified SCR with additional n-p-n BJT (Qnpn’) in the previous study [21].
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2.4 New Proposed High-Holding-Voltage SCR in a 0.25-pm

5/12/20/40/60/80V BCD Process

2.4.1 Proposed Device Structures

Based on the prior study [21], a modified high-voltage SCR (HVSCR) structure realized
with HV wells has been proposed in a 0.25-um 5/12/20/40/60/80V BCD process to achieve
high holding voltage.
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Fig. 2.8. Cross-sectional views and equivalent circuit diagrams of the proposed HVSCR_A (a)

with, and (b) without, PN-connection path.

The cross-sectional view and equivalent circuit diagram of the proposed type-A HVSCR
(HVSCR_A) are shown in Fig. 2.8(a). 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)
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region near anode side is surrounded by HVNW and n-buried layer (NBL) 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
(PN-connection path) from the collector of upper p-n-p BJT (Qpnpa) to the collector of lower n-
p-n BJT (Qnpno) is established, as the red dashed line illustrated in Fig. 2.8(a). 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 holding voltage. Fig. 2.8(b) shows the diagram of the HVSCR A without PN-
connection path.
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Fig. 2.9. Cross-sectional views and equivalent circuit diagrams of the proposed HVSCR B (a)

with, and (b) without, PN-connection path.
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Further modified from the structure of the HVSCR A, the proposed Type-B HVSCR
(HVSCR_B) illustrated in Fig. 2.9(a) is inserted with PW in HVPW to enhance the conduction
efficiency of the additional path. Fig. 2.9(b) shows the diagram of the HVSCR B without PN-
connection path. Each proposed SCR is drawn with width of 200 um and anode-to-cathode
spacing (S) 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
diagram that includes stacked p-n-p (Qpnpa, Qpnp) and n-p-n (Qnpna, Qnenw) BJTs. The layout
top view for these proposed SCRs are shown in Fig. 2.10. The diffusions of HVPW and HVNW

rings can be electrically connected with metal layer to build the PN-connection path.

67Mm

Fig. 2.10. Layout top view of the proposed SCRs in this 0.25-um 5/12/20/40/60/80V BCD

process.

2.4.2 TLP and DC Measurement Results

Fig. 2.11(a) shows the 100-ns TLP measurement results of the HVSCR _A. The leakage
currents are measured at 30 V. The TLP-measured holding voltage of the HVSCR_A without
and with PN-connection path are 18.1 and 21.7 V, respectively. However, in the DC test results
shown in Fig. 2.11(b), the DC-measured holding voltage of the HVSCR_A without and with

PN-connection path are 2.8 and 3.4 V, respectively. The reason causing such difference between
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TLP and DC test results is the increased BJT current gains of the SCR path induced by the Joule
heating effect in the DC measurement [11]. Accordingly, adding PN-connection path in the
HVSCR A can only slightly increase its holding voltage.
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Fig. 2.11. -V characteristics of the proposed HVSCR_A without or with PN-connection path
measured by (a) TLP system and (b) DC curve tracer.
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The TLP and DC measurement results of the HVSCR B are shown in Figs. 2.12(a) and
2.12(b), respectively. The TLP-measured holding voltage of the HVSCR B with PN-
connection path can rise to 33.8 V, and its DC-measured holding voltage is up to 21.4 V. Such
high holding voltage is due to the enhanced conduction efficiency of the additional path in the
HVSCR B inserting PW in HVPW. Thus, adding PN-connection path in the HVSCR B can
significantly increase its holding voltage. However, the TLP-measured failure current (Ir2) of
the HVSCR B with PN-connection path is only 0.47 A. The detailed test results of the proposed
SCRs are summarized in Table 2.1, such as device dimension, DC breakdown voltage (Vgp),
DC-measured holding voltage (DC Vhola), TLP-measured holding voltage (TLP Vhoia), TLP-

measured failure current (TLP Ir2), and so on.

Table2:1
Comparison of Test Results.of Proposed HVSCR Devices
Type-A Type-A Type-B Type-B
HVSCR Type (W/o PN) | (W/PN) = (WioPN) | (W/PN)
Width (um) 200 200 200 200
Layout Area (Mm?) 9313 9313 9313 9313
Veb (V) 36 48 34 34
DC Vhotd (V) 2.8 3.4 2.8 21.4
TLP Vhold (V) 18.1 21.7 16.9 33.8
TLP Iz (A) 6.74 8.14 8.84 0.47
HBM ESD level (V) >8000 * >8000 * >8000 * 1000
HBM/LayoutArea |, g5q >0.859 >0.859 0.107
(V/um?)
ESD Robustness Good Good Good Bad
Latchup Issue for . . .
20-V Application Risky Risky Risky Safe
* limited by ESD test equipment.

In addition, the ESD protection levels of the proposed SCRs are further judged by the
HBM ESD tester. The proposed SCRs can exhibit high HBM ESD level of above 8 kV except

the one with the highest holding voltage. The reason is that a high holding voltage may cause a

_23 -



high electric power to burn out the device during the conduction state, and hence degrade the
device’s ESD protection level. For the 20-V circuit applications, the proposed HVSCR B with

a high holding voltage of above 20 V can be applied for ESD protection and avoid latchup risk.

2.4.3 Transient-induced Latchup Test Results

To verify the TLP and DC measurement results, TLU test is applied in this work. TLU test
is an effective test method to evaluate the susceptibility of CMOS ICs to the latchup induced
by transient noises. The measurement setup for this TLU test is shown in Fig. 2.13. In the TLU
test, the device under test (DUT) is initially biased at normal circuit operating voltage of 30 V.
A transient noise is injected into DUT from the trigger source with a pre-charged voltage
(Vcharge). From the measured voltage and curtent waveforms shown in Figs. 2.14(a) and 2.14(b),
the HVSCR A without and with PN-connection-path both clamp the supply voltages to ~4 V,
which are similar to their values of DC=measured holding voltage. From the test results shown
in Figs. 2.15(a) and 2.15(b), the HVSCR B without and with PN-connection path clamp the
supply voltages to ~4 and ~24 V, respeetively, which are also similar to their DC-measured
holding voltage. In consequence, the TLU test has verified that the proposed SCR devices can

greatly clamp the supply voltage to their own DC-measured holding voltage.

Voltage Probe

MM ESD Source

................................

Current-limiting Resistor
Blocking Diode

). Current Probe

gVCharge o« Device Power @ @
: —Z — under Supply Ch2 ch1

- C 5 Test 30V :
/‘ (200pF) § ( ) Oscilloscope

Fig. 2.13. Measurement setup of TLU test for the new proposed SCRs.
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Fig. 2.14. Measured time-domain voltage and current waveforms of the proposed HVSCR_A
(a) without, and (b) with, PN-connection path.
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Fig. 2.15. Measured time-domain voltage and current waveforms of the proposed HVSCR_B
(a) without, and (b) with, PN-connection path.
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2.4.4 Discussion

The I-V characteristics of the proposed HVSCRs, measured by100-ns and 1000-ns TLP
system, are shown in Figs. 2.16 and 2.17. In Fig. 2.16(a), the 1000-ns TLP-measured holding
voltage of the proposed HVSCR A without PN-connection path is ~5 V, which is similar to its
DC-measured holding voltage. In Fig. 2.16(b), the 1000-ns TLP-measured holding voltage of
HVSCR_A with PN-connection path has double snapback phenomenon due to the multiple
junction breakdown. It is first triggered into the first snapback region with holding voltage of
~27 V. Then, with higher TLP-generated power, it is triggered into the second snapback region
with holding voltage of ~10 V, which is close to its DC-measured holding voltage. In Fig.
2.17(a), the 1000-ns TLP-measured holding voltage of the proposed HVSCR B without PN-
connection path is similar to its DC-measured;holding voltage. However, In Fig. 2.17(b), the
1000-ns TLP-measured I-V characteristics of HVSCR.B: with PN-connection path is slightly
bent outward. Because the 1000-ns'TLP test results’can.be well covered by the DC test results,
the detailed operation mechanism'inside:such proposed HV.SCRs will not be discussed in this
work. However, the turn-on mechanism of this HVSCR still needs more detailed understanding.
It can be a good topic with some optimized device structures for future studies.

According to the above measurement results and Ref. [6], the real holding voltage of HV
devices fabricated in multiple HV wells must be verified by DC measurement. Moreover, TLU
test is more effective to monitor the holding voltage roll-off in time domain and observe the
real value. As the TLU test results shown in Figs. 2.14 and 2.15, the time durations for
measuring the real holding voltage of the proposed SCRs in TLU test are at least longer than

1.8us, which is long enough to judge the real holding voltage.
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Fig. 2.16. 1-V characteristics of the proposed HVSCR A (a) without and (b) with PN-

connection path, measured by100-ns and 1000-ns TLP system.
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2.5 Summary

The characteristics of the proposed SCRs have been investigated in a 0.25-um
5/12/20/40/60/80V BCD technology. Experiment results show that one of the proposed SCRs
has a high holding voltage of up to ~30 V in the 100-ns TLP measurement results. However,
through the experiment verification by using TLU test, the holding voltage of such proposed
device decreases to ~20 V. The Joule heating effect could dramatically decrease the holding
voltage of the proposed SCR even if it is fabricated in a six-layer p-n-p-n-p-n structure. Such
phenomenon is an unavoidable issue that should be carefully taken into consideration when
developing special modification on such HV devices for ESD protection in the 0.25-uym HV
BCD technology. Moreover, the proposed HVSCR device with DC holding voltage larger than

20V can be applied for ESD protection in'the-20-V circuit application without any latchup risk.
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Chapter 3

Study of ESD Protection Design with Stacked Low-Voltage
Devices for High-Voltage Applications

3.1 Background

On-chip ESD protection design in smart power technology is a challenging issue due to
high supply voltage and multiple doped layers in HV processes. In order to protect the internal
circuits against ESD damage, HV ESD protection devices are applied to all input/output (I/O),
power (VDD/VSS), and switch (SW) pads. Traditionally, the weak-snapback HV devices like
PNP BJTs are usually used as main ESD pretection when considering ESD robustness and
latchup issues. Nevertheless, the HV devices usually exhibit weak current capability per layout
area because of high power dissipation for their multi-layer structures. To get sufficient ESD
robustness, such HV devices were often fabricated with'a large silicon area to meet the industry
standards. Different from the HV devices, low-voltage (LV) devices have the characteristics of
simple device structure and high current capability. In some HV circuit applications, multiple
LV devices cascaded for the specific circuit functions are able to sustain high supply voltage
without DC breakdown issue [24]. According to the prior study, stacked LV devices can be
another way to achieve high holding voltage for ESD protection in the HV applications.

This chapter continues to investigate the LV devices with stacked configuration as HV
ESD protection design. To achieve both effective ESD protection level and latchup immunity,
the stacked LV devices will be verified in a 0.25-pm 5/40/60V BCD process and compared with
the proposed HVSCRs in chapter 2. Moreover, the desired ESD protection design window for
the HV pins of a battery-monitoring IC fabricated in a 0.25-um 5/40/60V BCD technology can
be easily satisfied by utilizing the stacked LV devices, rather than developing special
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modification on the HV devices.

3.2 Comparison between Stacked Low-Voltage Devices and High-
Holding-Voltage SCR for ESD Protection in High-Voltage

Applications

3.2.1 Proposed LV Devices with Stacked Configuration

In this work, the different stacked LV devices have been proposed in a 0.25-um 5/40/60V

BCD process for HV ESD protection design. The ESD robustness of those stacked LV devices

are verified for the comparison with the high-holding-voltage SCR presented in Chapter 2.
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The cross-sectional views of (a) stacked LV-NMOS, and (b) stacked LV-PMOS, with

each device surrounded by n-buried layer (NBL) in a 0.25-um 5/40/60V BCD process.
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Fig. 3.2. The layout top views of (a) 4 stacked LV-NMOS, and (b) 4 stacked LV-PMOS, where

each device is drawn with minimum spacing in a 0.25-um 5/40/60V BCD process.

The stacked configurations with LV n-type MOS (LV-NMOS) and LV p-type MOS (LV-
PMOS) are shown in Fig. 3.1(a) and 3.1(b), respectively. The device dimensions are chosen as

W/L of LV-NMOS = 800 um / 0.5 um and LV-PMOS = 800 um / 0.5 um, where the medium-
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voltage (MV) n-well, MV p-well, and n-buried layer (NBL) are used to isolate the bias between
each device and bulk. According to the foundry-provided rules, the devices isolated with MV
wells can prevent unexpected breakdown path from the VDD-connected MV n-well to the VSS-
connected MV p-well under 40-V circuit applications. All the LV devices are kept in off state
and stacked with different stacking numbers of 1, 2, and 4, respectively. Their inherent parasitic
NPN or PNP BJTs, as designated in Fig. 3.1, are used as main ESD dissipation path. The LV
devices are fabricated with 5-V standard devices in this 0.25-uym HV BCD process. The layout
top views of such LV devices are shown in Figs. 3.2(a) and 3.2(b), where each device is drawn
with minimum layout spacing at drain and source sides to guarantee its high ESD robustness
and minimize the silicon footprint. The layout area of the 4 stacked LV-NMOS is 107 um x 114
um, which is the same as the 4 stacked LV-PMOS,

Figs. 3.3a(a) and 3.3a(b) show.the TLP-measured results of LV-NMOS and LV-PMOS
with different stacking numbers, respectively. The LV-NMOS stacks are unable to enter
snapback region and have poor failute current levels. By contrast, all the LV-PMOS stacks can
have high failure currents greater than 1.5.A after entefing snapback region. The trigger voltage
and holding voltage of the LV-PMOS stacks can be linearly scaled by adjusting the stacking
numbers. In addition, the breakdown voltage of each stand-alone LV device is ~9 V. It is linearly
increased to ~36 V by stacking four devices.

Moreover, the dependence of on-state resistance (Ron) on different stacking numbers (SN)
of stacked LV-PMOS is shown in Fig. 3.3b, where the extracted trend line equation is inserted.
The Ron of single, stacked 2, and stacked 4 LV-PMOS are ~2.33, ~2.8, and ~3.47 Q, respectively.
The value is linearly increased with the stacking numbers. The parasitic resistance from the
TLP system to the test device is ~2 €, which is extrapolated from the trend line. The pure Ron

of single LV-PMOS device is ~0.37 Q, which is extracted from the slope of trend line.
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different stacking numbers of 1, 2, and 4.

-35-



4.0

® Stacked LV-PMOS I

__ 35}
£
-
Q 30!
:
E 25+ \
7]
g, R,, = 0.37*SN +2
&
c
S 15}
= WI/L of each MOS: 800pm/0.5pm
1_0 I I I I
0 1 2 3 4

Stacking Number
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numbers (SN) of 1, 2, and 4.

The HBM ESD tester is used-to investigate their ESD robustness. From the measurement
results, the 4 stacked LV-PMOS has HBM {evel of up to 2400 V, but the 4 stacked LV-NMOS
has only 200-V HBM level. The reason: can-be-found through the SEM images, as shown in
Figs. 3.4 and 3.5. The ESD failure locations indicate that the LV-NMOS stacks suffer from
serious non-uniform turn-on effect due to the minimum spacing in layout design. In contrast to
LV-NMOS, the LV-PMOS stacks with weak-snapback behavior can conduct the ESD current
more uniformly, and hence exhibit better ESD protection levels. Besides, only one ESD failure
location was found at the last device in the LV-PMOS stack. It implies that the minimum layout
spacing can strongly influence the current distribution through the stacked devices during ESD

stress.
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Fig. 3.5. The SEM image of 4 stacked LV-PMOS after 2500-V HBM ESD stress.

3.2.2 Comparison of ESD Performance between Stacked Low-Voltage Devices
and High-Holding-Voltage SCR

In order to compare with the test results of the proposed HVSCRs in Chapter 2, the test
results of the stacked 4 LV-PMOS and the HVSCR B with PN-connection path are listed in
Table 3.1, when considering the latchup immunity in the 20-V circuit applications. The holding
voltage of the HVSCR B with PN-connection path is ~21 V, which is immune to latchup danger
in the 20-V circuit applications. However, its HBM ESD level per layout area is only ~0.107

(V/um?), which is much lower than the test result of LV-PMOS stack (~0.195 V/um?). Although
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the proposed HVSCR B can avoid latchup issue in this HV application, it still needs some
optimization to improve its weak ESD performance. As reported in Chapter 2, the Joule-heating
effect could dramatically decrease the holding voltage 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
holding voltage from the DC measurements with the stacked LV devices.

In consequence, the stacked configuration of LV devices is an efficient way to achieve
both effective ESD protection and latchup-free design, as compared to the special modified HV
devices, in the HV BCD process. Moreover, the characteristics of stacked LV devices with
different layout designs are further investigated and reported in the related studies [25], [26].

Table 3.1

Comparison of ESD Performance of Stacked LV-PMOS and HVSCR B

. LV-PMOS HVSCR_B
Device Type .
(Standard_Type) (with PN Path)
Technology 0.25-um HV BCD 0.25-uym HV BCD
WIL of each Device (um) 800/0.5 200
Stacking Number 4 1
Layout Area (um) 12356 9313
Vgp (V) 36 34
DCV, .. (V) 37 21.4
TLPV, 4 (V) 36 33.8
TLP 1, (A) 1.6 0.47
HBM Level (V) 2400 1000
HBM / Layout Area (lemz) 0.195 0.107
ESD Robustness Good Bad
Latchup Issue for 20-V
L. Safe Safe
Application
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3.3 ESD Protection Design with Stacked Low-Voltage P-type

Devices for High-Voltage Pins of Battery-Monitoring IC

This work continues to verify the stacked configuration of LV devices for the HV
application. The structures of the stacked LV devices and its ESD protection effectiveness for
the 60-V pins of a battery-monitoring IC are proposed and verified in a 0.25-um 5/40/60V BCD
process.

The circuit scheme of the battery-monitoring IC realized in this work is shown in Fig.
3.6(a), where the HV and LV devices are realized with 60-V and 5-V standard devices,
respectively, in this 0.25-pm HV BCD process. The operating voltage of VDD (LV) pinis 5V,
and the battery voltage is ~55 V at HV input pins A and B (Va and Vb). This circuit is designed
to sense the battery current by HV inputpins A and‘B_(Va and Vb) for power management
system in the electrical vehicles. Fig. 3.6(b) shows the scheme of whole-chip ESD protection
design for this battery-monitoring”lC including HV and LV domains. In LV domain, the circuit
block of output stage is protected by the EV ESD protection elements and LV power-rail ESD
clamp between VDD (LV) and VSS (LV) power rails. In HV domain, the circuit block of current
sensing stage is protected by HV ESD protection elements which consist of the stacked LV
devices. The LV-PMOS and p-type field-oxide device (LV-PFOD) are used in this work. Fig.
3.7 shows the micrograph of whole chip including the battery-monitoring IC and ESD

protection devices, which has been fabricated in this 0.25-um 5/40/60V BCD process.
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the HV signal is applied. According to foundry-provided information, the maximum
breakdown voltage between MV n-well and MV p-well is ~50 V, and between HV n-well and
HV p-well is ~100 V, which should be taken into consideration when they are used in the
stacked structure. FOD device features a gate-less structure compared to MOS device. Their
inherent parasitic PNP BJTs, as main ESD dissipation path, are also designated in these plots.
The device dimension of each LV-PMOS is chosen as W/L of 2400 um / 0.5 pm with minimum
layout spacing at drain and source sides to guarantee its high ESD robustness and to minimize
the silicon area. The device dimension of each LV-PFOD is chosen the same as that of LV-
PMOS. The drain-to-source breakdown voltage (BV) of each LV-PMOS or LV-PFOD is ~9 V

in the given process. Thus, the stacked number is chosen as 7, so the total BV is adjusted to be

over 60 V to sustain the input signal of ~55 V at the HV input pins.
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Fig. 3.8. Cross-sectional views of 2 cascaded devices with*(a) LV-PMOS and (b) LV-PFOD,

respectively.

The layout top view of 7 stacked devices with LV-PMOS and LV-PFOD are shown in Figs.
3.9(a) and 3.9(b), respectively. The cross-sectional views of 2 cascaded devices along the A-A’
and B-B’ lines in Figs. 3.9(a) and 3.9(b) can correspond to Figs. 3.8(a) and 3.8(b), respectively.
In consideration of a high voltage drop at the junction of the anode-connected LV n-well of the
first 3 cascaded devices to the common p-type substrate when the stacked devices are triggered
on by ESD stress, the HV guard rings is individually used for them to avoid the unwanted
junction breakdown. The last 4 cascaded devices are individually surrounded by the MV guard
rings due to the lower voltage drop at the junction of the MV n-well and the MV p-well, which

can save the area footprint of the stacked structure.
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Fig. 3.9. Layout top views of (a) 7 stacked LV-PMOS and (b) 7 stacked LV-PFOD, respectively.

3.3.2 ESD Robustness of Proposed Design

To investigate the turn-on behavior of ESD device during high ESD current stress, the TLP
generator with a pulse width of 100 ns and a rise time of 10 ns is used to measure the snapback
I-V curves of the stacked devices. The TLP-measured I-V curves of these two stacked structures
are shown in Fig. 3.10 and the test results are listed in Table 3.2. The ESD robustness is
measured by the ESD tester with HBM model. The TLP-measured failure current (I2) of
stacked LV-PMOS and LV-PFOD are 5.37 A and 5.18 A, respectively. The holding voltage

(Vhota) of these two stacked structures are both higher than ~55 V to avoid the latchup risk, and
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their BV are higher than ~60 V as expected. The stacked LV-PMOS shows its HBM level of 6.5
kV, and stacked LV-PFOD shows over 8 kV. The holding voltage and on-state resistance (Ron)
of LV-PFOD are higher than that of LV-PMOS because the thick oxide structure in FOD not
only reduces the beta gains of intrinsic PNP BJTs but also increases its series resistance.
Furthermore, it is found that the TLP-measured failure current is not so consistent with
the HBM level from the measurement results of stacked LV-PMOS. The failure mechanism of
such inconsistent phenomenon had been reported in the literature [27]-[29]. This may be
attributed to the gate oxide (GOX) failure under HBM ESD test. The device that has thin gate

oxide structure can be easily damaged during HBM ESD stress to cause a miscorrelation

between TLP and HBM ESD test results.
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Fig. 3.10. TLP-measured I-V curves of stacked LV-PMOS (black dot) and LV-PFOD (red dot).
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Table 3.2

Comparison of ESD Performance of Stacked LV-PMOS and LV-PFOD

Device Type LV-PMOS LV-PFOD
Stacking Number 7 7
Layout Area (um?) 153 x 440 153 x 440

WI/L of each Device (um) 2400/0.5 2400/0.5
BV (V) 61.54 66.12
TLP Vhola (V) 56.35 68.19
TLP l2 (A) 5.37 5.18
HBM Level (V) 6500 > 8000 *
l2/ Layout area (mA/um?) 0.079 0.077
* limited by ESD test equipment.

3.3.3 Verification of ESD Protection on HV Input Pin

To verify ESD protection efféctiveness of the stacked devices to protect the HV input pin,
the measurement setup is shown in-Fig. 3.11.HV input pin(Va or Vb) is connected in parallel
with stacked devices under HBM ESD:test. The resistance Resp, chosen as 2kQ, is used to limit
HBM ESD current into HV circuit block, but not disturb the normal HV circuit function. After
every HBM ESD stress, the leakage current of device under test (DUT) is measured with a
ramped DC bias at room temperature (25 °C) until breakdown occurs. When the leakage current
abruptly increases up to 1 pA, the corresponding bias voltage is judged as the breakdown
voltage. The failure criterion is that the post-stress I-V curve shows more than 10% deviation
from its fresh I-V curve.

Fig. 3.12 shows the I-V curves of the HV input pin Vb without any ESD protection device.
Its pure HBM ESD level is smaller than 0.5 kV. Then, the I-V curves of the HV pin Vb protected
by the stacked LV devices are measured after each HBM ESD test, as shown in Figs. 3.13 and
3.14. In Fig. 3.13, the I-V curves of HV pin Vb with stacked LV-PMOS did not show any
degradation after 6.5-kV HBM ESD test. However, after 7-kV HBM ESD stress, the I-V curve
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of HV pin Vb with stacked LV-PMOS shifts over 10% from its original curve. Thus, the HBM
ESD level of HV input pin protected by the stacked LV-PMOS is judged to be 6.5 kV. In Fig.
3.14, the I-V curves of HV pin Vb with stacked LV-PFOD did not show any obvious degradation
after 8-kV HBM ESD stress. Thus, the HBM ESD level of the HV pin Vb protected by the
stacked LV-PFOD can be over 8 kV. The ESD test results on the HV pin Va are the same as
those of HV pin Vb, due to the symmetric circuit structure in the current sensing stage. The test
results are also summarized in Table 3.3. Without using the stacked LV-PMOS or LV-PFOD to
protect the HV pin, its original HBM ESD level is below 500 V. Through the practical ESD test
on the silicon chip, it has been verified that the stacked LV devices can provide effective ESD

protection for those 60-V HV pins in the battery-monitoring IC.

(Vasor-\Vb)
-
Resp LV ESD
Device
1
. LV ESD
Positive Device
HBM Pulse Current
Sensing |
Stage :
LV ESD
Device
I

Fig. 3.11. Measurement setup for HBM ESD test on the HV input pin (Va or Vb) protected by

the stacked LV devices.
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Fig. 3.13. Measured leakage current on the HV pin Vb, protected by the stacked LV-PMOS,

after each HBM ESD test.
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Fig. 3.14. Measured leakage current on the HV. pin Vb, protected by the stacked LV-PFOD,
after each HBM ESD test.
Table 3.3

ESD Robustness of the HV Pin"with/without/ ESD Protection Element

HV Pin with / without ESD

. HBM ESD Level (kV)
Protection Element

HV Pin (Va or Vb) <0.5
HV Pin (Va or Vb) with 6.5
Stacked LV-PMOS '

HV Pin (Va or Vb) with
> 8

Stacked LV-PFOD

3.3.4 Discussion

To verify the intrinsic ESD robustness of 60-V nLDMOS in the given 0.25-pm HV BCD
process, the stand-alone nLDMOS was also drawn and fabricated in the same process. The
device structure of standard nLDMOS in this process is shown in Fig. 3.15(a). The multiple

doping wells, such as HV p-body, LV p-well, and MV n-well, are used to maximize the device’s

- 48 -



safe operating area (SOA) [19]. The TLP-measured I-V curves of stand-alone nLDMOS with
W/L of 800 um / 0.7 pm is shown in Fig. 3.15(b). The failure current of this HV NMOS is only
~0.2 A, even if its channel width is as large as 800 um. The HBM ESD level of such a stand-
alone HV NMOS is around ~300 V. The self-protection ability of such HV devices in the 0.25-
um HV BCD process against ESD stress is very weak. Thus, the ESD protection solution

proposed in this work is an effective way to protect the HV CMOS ICs against ESD stress.
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Fig. 3.15. (a) Device structure of the HV nLDMOS in a 0.25-um HV BCD process. (b) TLP-

measured [-V curves of the stand-alone HV nLDMOS with a W/L of 800 um / 0.7 um.
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A Typical ESD protection design with different power-rail ESD clamp circuits in a CMOS
IC with different power domains (e.g., VDD1 > VDD2 > VDD3 > VDD4) is illustrated in Fig.
3.16. The power-rail ESD clamp circuits should be added near those power pads for an eftective
ESD protection. However, it often consumes large silicon footprint with high fabrication cost
to apply the corresponding HV ESD protection devices for their own power domain. Based on
the proposed stacked LV devices in this work, the ESD protection elements with stacked
configuration can be applied as the power-rail ESD clamps for the different power domains, as
illustrated in Fig. 3.17. The different power domains can hence share some part of the stacked
ESD protection elements for their own ESD protection. Moreover, by using this sharing path,
only one ESD protection stack can handle the ESD protection not only in each power domain
but also across the separated power domains.;According to such design concept, LV-device
stack can be an area-efficient way to.implement.thesESD-protection networks in the HV BCD

technologies. This design concept'cansbe further studied.and verified in the future work.

’ P voDp1

(vDD1)
Power-Rail
ESD Clamp

N
Q
a
2

Power-Rail
ESD Clamp

(vDD3)
Power-Rail
ESD Clamp

(vDD4)
Power-Rail
ESD Clamp

Fig. 3.16. Typical ESD protection design with different power-rail ESD clamp circuits in a

CMOS IC with different power domains.
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Fig. 3.17. One stacked ESD protectionelements forpower-rail ESD protection across different

power domains.

3.4 Summary

In this chapter, HV ESD protection_design realized by stacked LV devices has been
proposed and verified in a 0.25-um 5/40/60V BCD process. By adjusting the stacking number
of LV devices, the total holding voltage and total breakdown voltage of the stacked devices can
be higher than the maximum supply voltage of the protected pins to avoid either latchup issue
or breakdown event during the normal HV circuit operation. From the experimental results, the
stacked LV devices can successfully protect the 60-V input pin of HV circuit block against 8-
kV HBM ESD stress. Stacked structure of LV devices can be an appropriate ESD protection
solution to fit the required ESD protection window in the various high-voltage applications,
without developing special modification on the HV devices with additional mask layers and
process steps. Moreover, stacked LV devices with sharing path technique can be more area-

efficient to implement the whole-chip ESD protection in the HV BCD technologies.
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Chapter 4

Optimization of Guard Ring Structures to Improve

Latchup Immunity in a High-Voltage DDDMOS Process

4.1 Background

Latchup is one of the most important reliability issue to CMOS ICs, especially in the HV
applications. Due to the high circuit-operating voltage and structure complexity of HV devices,
HV CMOS ICs would be seriously damaged by the latchup-generated high power if latchup
was triggered. In order to suppress the occutrence of latchup event, many techniques had been
reported by applying process modulation [30]..[31], layout optimization [32]-[35], or even
circuit design of active guard ring [36]-Among theprevious studies, inserting the double guard
rings with grounded p-well ring ahd VDD=Connected n-well ring in the latchup path to absorb
both majority and minority carriers is‘one of the most effective designs. However, there was
less study 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, 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 work, the latchup characteristics of DDDMOS transistors with the different guard
ring structures are investigated in silicon through the latchup trigger current test (I-test). The
related methods and test procedures to investigate the latchup immunity of integrated circuits
with latchup trigger current test had been defined in the Joint Electron Device Engineering
Council (JEDEC) standards [37]. The trigger characterizations for latchup I-test are defined in
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the up-to-dated standard (JESD78E), where the highest latchup I-test level has been specified
of greater than 100 mA. Accordingly, nowadays many IC design houses develop their IC
products with latchup immunity of over =100 mA current trigger as their desired specification.
In addition, layout parameters such as the anode-to-cathode spacing and the guard ring width
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 in this 18-V DDDMOS process.

p-DDDMOS n-DDDMOS
l ————————————————————————————— -

N-type N-type | P-type P-type |
Iplck up S G D pick-up | | pick-up D G S pick-up |
| ([ I
| o) I (o) |

N+ P+ P+ N+ 4'/ P+ N+ N+ P+
T P-Drift P-Drift T I'/J T N-Drift N-Drift T //Vé
| I I
| HV N-Well o HV P-Well !
L st ettt et e L T e e e e e e i
P-Substrate

Fig. 4.1. Device structures of p-type and n-type DDDMOS transistors in an 18-V DDDMOS

technology.

Latchup
Path

Output
Pad

n-DDDMOS
' \
'
'
'

VSS
Fig. 4.2. Circuit scheme of the proposed test structure with p-type and n-type DDDMOS

transistors, which is used to simulate an output buffer in the I/O cells.
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4.2 Proposed Test Structures

The devices studied in this work are implemented in an 18-V DDDMOS technology. The
device structures of p-type and n-type DDDMOS transistors are shown in Fig. 4.1, 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 CMOS ICs, the latchup path in I/O
cells was often triggered by external overshooting or undershooting voltage/current glitches. In
this work, the optimization of layout rules and guard ring structures is investigated to improve
latchup immunity in an output buffer. The proposed test structures are drawn with the p-type
and n-type DDDMOS transistors, as illustrated in Fig. 4.2, where the latchup path exists from
the VDD-connected source of the p-DDDMOS, through the HV n-well and HV p-well, to the
VSS-connected source of the n-DDDMOS. - The channels of both DDDMOS devices are kept
in off state by connecting its gate tg'its soutce for studying the influence of layout structure on
latchup.

Figs. 4.3(a), 4.3(b), 4.3(¢c), and 4.3(d) show the cross-sectional view of different guard-
ring test structures of with type 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 p-
DDDMOS and n-DDDMOS. 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 transistors 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 transistors pair surrounded by double guard rings, but an n-buried layer (NBL)
i1s added under n-DDDMOS. Test structure D consists of the transistors pair surrounded by
double guard rings, with two NBL layers added under the p-DDDMOS and the n-DDDMOS,

respectively.
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Fig. 4.3. Device cross-sectional views of the proposed latchup test structures (a) A, (b) B,

(c) C, and (d) D, with a pair of p- and n-DDDMOS transistors in each test structure.
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Compared with test structures A and B, the n-DDDMOS 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 guard ring width (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. 4.4,
indicating the related layout parameters.

Second Guard Ring (P-type) Second Guard Ring (N-type)

Base Ring (N-type) Base Ring (P-type)

n-DDDMOS

GW | >
Guard-Ring Width ! !
Anode-to-Cathode Spacing

Fig. 4.4. Simplified layout top view of latchup test unit for the test structures A, B, C, and D.

4.3 Experimental Results

4.3.1 DC I-V Characteristics

To investigate the latchup characteristics of the proposed test structures, the latchup DC I-
V curves are measured by 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 -V characteristics traced from VDD to VSS of the test
structures with a minimum anode-to-cathode spacing of 13.4 um and a guard ring width of 1

um is shown in Fig. 4.5, where the holing voltage of those test structures are all bellow 5 V. It
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implies that the latchup paths in the test structures C and D will be still induced even with the
NBL to isolate the devices. As shown in Fig. 4.6, when the anode-to-cathode spacing is
increased to 20 pum, the trigger voltage and holding voltage of all test structures are slightly
increased. As shown in Fig. 4.7, when the anode-to-cathode spacing is increased to 30 pum, 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 guard ring width to 3 pum, the holding voltage of all test structures is still lower
than the operating voltage of 18 V. Among the test structures, the 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 a better latchup immunity, which can be further verified in the JEDEC latchup

trigger current test.

0.5
L Anode-to-Cathode Spacing = 13.4um
04l Guard-Ring Width = 1um
—=— Test Structure A
03k —4— Test Structure B

—¥— Test Structure C
—<— Test Structure D

Current (A)

. 45
Voltage (V)

Fig. 4.5. Latchup I-V characteristics of different test structures measured from VDD to VSS

with S of 13.4 pm, under the same guard ring width of 1 pm.
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Fig. 4.6. Latchup I-V characteristics,of different test'structures measured from VDD to VSS

with S of 20 um, under the same guard ring width of 1 um.
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Fig. 4.7. Latchup I-V characteristics of different test structures measured from VDD to VSS

with S of 30 um, under the same guard ring width of 1 um.

-58 -



4.3.2 Latchup Trigger Current Test

Because the holding voltages of test structures are all smaller than the operating voltage
VDD of 18 V in the given process, there is another way to verify their latchup immunity by
using the latchup trigger current test specified in the JEDEC standard (JESD78E). The
measurement setup of JEDEC latchup trigger current test applied to the output buffer is
exploited in Fig. 4.8, 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 to 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 um
and the guard ring width of 1 um; under the negative trigger current test with trigger current
pulses of -100 and -300 mA, aré shown-in“Figs. 4.9(a)-and 4.9(b), respectively. To avoid
electrical overstress (EOS) 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.

Voltage Probe

R / Current Probe

Current Pulse

Generator @ @

Ch2 Chi

Oscilloscope

Latchup
Path

Jﬂ

Fig. 4.8. Latchup test for the test structures with the positive or negative latchup trigger current

at each output pad.
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Fig. 4.9. Measured waveforms of test structure A under negative latchup trigger current test

with the trigger current of (a) -100-mA, and (b) -300-mA, injected to the output pad.

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. 4.9(a). But the voltage at VDD
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pin is dropped down to ~6 V while the latchup path is triggered on, as that shown in Fig. 4.9(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, the threshold level of trigger
current to initiate latchup occurrence can be found.

Furthermore, more detailed examinations to verify the latchup immunity are measured by
using a latchup test machine, Thermo Scientific MK.1, with 10-ms pulse width and 25-mA
pulse step. Fig. 4.10 shows the measured relations between the positive latchup trigger current
under the different anode-to-cathode spacings of 13.4, 20, and 30 pum for different test structures
but with the same guard ring width of 1 um. In the figure, the test structure w/o drift means that
the drift layers are not added under the guard.tings in the test structure. The latchup trigger
current of all test structures are mederately-inereaseéd by the increase of anode-to-cathode
spacing. Among the test results of different test structures with the same anode-to-cathode
spacing, the test structure A has the lowestlatchup trigger current, below 150 mA, because the
devices in this structure A are only surrounded by the base guard rings. Test structure B has a
higher latchup trigger current than that of test structure A due to use of the double guard rings.
By using the double guard rings as well as the NBL to isolate the devices, both test structures
C and D have almost the same latchup trigger currents 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 least 25 mA, compared with the results of those
structures without drift layers. As the measured results in Fig.9, the test structure D can sustain
the positive latchup trigger current of over 800 mA, when its anode-to-cathode spacing is 30
pm.

Fig. 4.11 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 pm under
the same guard ring width of 2 um. The positive latchup trigger current of all test structures are
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moderately increased by the increase of the anode-to-cathode spacing. Fig. 4.12 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 pum under the same anode-to-cathode spacing of
20 um. For the test structures 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 guard ring width. From the comparison of test results between the test
structures B and C, the guard ring efficiency in n-DDDMOS can be improved greatly by using
the NBL layer. That is, adding NBL under the n-type device can greatly improve the latchup
immunity in positive latchup trigger current test. As the measured results in Fig. 4.12, the test
structure D with a guard ring width of 3 um and the anode-to-cathode spacing of 20 pm can

sustain the positive latchup trigger current of up,to 900 mA.
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Fig. 4.10. Relations between the positive latchup trigger current on output pad and the anode-
to-cathode spacings of 13.4, 20, and 30 pum for different test structures A, B, C, and D under the

same guard ring width of 1 um.

-62 -



1200

< 1100 Guard-Ring Width = 2um +l-Test

E 1000}

e 900 6

(]

= 800} % —8— Test Structure A

> —A— Test Structure B

O 700 —¥— Test Structure C

g 600 | A —@— Test Structure D
—0—Test Structure A w/o Drift

? S00F ‘/ﬁ/‘ —/\— Test Structure B w/o Drift

— 400} A/ —/— Test Structure C w/o Drift

g’ 300 | —— Test Structure D w/o Drift

% 200] —a —

o 100}

0 L L L L
10 15 20 25 30 35

Anode-to-Cathode Spacing (um)

Fig. 4.11. Relations between the positive latchup trigger current on output pad and the anode-
to-cathode spacings of 16.5, 20, and 30 pun for different test structures A, B, C, and D under the

same guard ring width of 2 um.
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Fig. 4.12. Relations between the positive latchup trigger current on output pad and the guard
ring widths of 1, 2, and 3 pm for different test structures A, B, C, and D under the same anode-

to-cathode spacing of 20 um.
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Fig. 4.13. Relations between the negative latchup trigger current on output pad and the anode-
to-cathode spacings of 13.4, 20, and 30 pun for different test structures A, B, C, and D under the

same guard ring width of 1 um.
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Fig. 4.14. Relations between the negative latchup trigger current on output pad and the anode-
to-cathode spacings of 16.5, 20, and 30 um for different test structures A, B, C, and D under the

same guard ring width of 2 um.
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Fig. 4.15. Relations between the negative latchup trigger current on output pad and the guard
ring widths of 1, 2, and 3 pm for different'test structires A, B, C, and D under the same anode-

to-cathode spacing of 20 um.

Similarly, the latchup immunity, under negative latchup trigger current test can be also
observed. Figs. 4.13 and 4.14 show the measured relations between the negative latchup trigger
current and the different test structures under the different guard ring widths of 1 and 2 pm,
respectively. Fig. 4.15 shows the measured relations of different test structures between the
negative latchup trigger current and the different guard ring widths under the same anode-to-
cathode spacing of 20 um. 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, B, and C, the negative latchup trigger current can be
greatly increased by the extension of the anode-to-cathode spacing. Nevertheless, for the 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 p-DDDMOS to the
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VSS-connected source of n-DDDMOS was not fired. This phenomenon can be further
investigated by the failure analysis.

Compared with test structure C, the test structure D has much higher negative latchup
trigger current (over -600mA, as shown in Fig. 4.15). The guard ring efficiency in p-DDDMOS
can be improved greatly by using NBL. Adding NBL under the p-type device can greatly
improve the latchup robustness in the negative latchup trigger current test.

In addition, the immune trigger current level can be simply predicted by extracting the
trend line from the test results. For Example, Fig. 4.16 shows the extracted equation from the
relation between the positive trigger current (+I) and the guard ring width (GW) in the typical
test structure B. The extracted equation has a slope of 37 (mA/pum) with intercept of 390 mA.
Fig. 4.17 shows the extracted equation from the relation between the negative trigger current (—
I) and the guard ring width (GW) in.the typieal test structure B. The extracted equation has a
slope of -75 (mA/um) with interceptrof =260 mA~ These values can be used to predict the

immune trigger current level improved by the'guard ring width.
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Fig. 4.16. Extracted equation from the relation between the positive latchup trigger current (+1)

and the guard ring width (GW) in the test structure B.
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Fig. 4.17. Extracted equation from the relation between the negative latchup trigger current (-I)

and the guard ring width (GW) in the test structure B.

4.3.3 Failure Analysis

Figs. 4.18, 4.19, and 4.20 show the SEM photographs-of the test structures A, B, and D,
respectively, with the latchup-induced.damage after the injection of negative latchup trigger
current under the same guard ring width of 2 jpm and anode-to-cathode spacing of 20 pum. It is
obviously found that the test structure D got damaged in the both regions of p-DDDMOS and
n-DDDMOS with the burn-out traces between these two devices, as the results shown in the
test structures A and B. Accordingly, the failure analysis verified that the latchup path indeed

occurred in the test structure D to induce damage.
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Fig. 4.18. SEM image of test structure A to show the latchup-induced damage after the

injection of negative latchup trigger current, under the same layout parameters.

Fig. 4.19. SEM image of test structure B to show the latchup-induced damage after the

injection of negative latchup trigger current, under the same layout parameters.
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Fig. 4.20. SEM image of test structure D to show the latchup-induced damage after the

injection of negative latchup trigger current, under the same layout parameters.

4.4 Summary

The characteristics of HV latchup have beeninvestigated in a HV DDDMOS process. Four
test structures are used to evaluate the latchup immunity of HV device structures. Among the
test structures, the 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 is able to achieve good latchup immunity and save the layout area of
HYV 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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Chapter 5

Investigation on Unexpected Latchup Path between HV-
LDMOS and LV-CMOS in a High-Voltage BCD Technology

5.1 Background

Recently, smart power technology that can integrate both LV and HV devices in a single
silicon chip provides a cost-effective solution for high voltage and high current capabilities
while increasing performance and reliability. With the integration of both HV and LV devices
in the same chip, the voltage levels of HV domain-ate often significantly above the voltage
levels of LV domain. There have:been some related studies on the latchup failures between
different power domains [38], [39]. As a result, Solutions are strongly needed to avoid latchup
risk at the HV and LV interface in CMOSIC products.

In this work, the characteristic of a potential latchup path between HV LDMOS and LV
CMOS transistors is investigated in a 0.25-um 5-V/60-V BCD technology. In order to verify
the holding voltage (Vhiod) of the latchup path, the DC curve tracer (Tek370B) is also used. A
parasitic SCR path is found in the experiment silicon chip that fabricated by this HV BCD
technology. The current-trigger latchup test is further used to investigate the characteristics of

the parasitic paths between these HV and LV devices.

5.2 Proposed Test Structures

The test structure studied in this work is implemented in this 0.25-pm 5-V/60-V BCD
technology. The device structures of 60-V pLDMOS and 5-V pMOS transistors are shown in
Fig. 5.1. A potential latchup path is expected from the VDDH-connected source of pLDMOS,
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through HV n-body, HV p-well, HV n-well, and p-substrate, to the VDDL-connected n-well
pickup of LV-pMOS. The simplified circuit scheme of the test structure is illustrated in Fig. 5.2.
For studying the influence of layout structure on latchup, the channels of both devices are kept
in off state by connecting each device’s gate to its own source. The distance (S) of the expected
latchup path is 30 um in the silicon chip. Both devices are drawn with channel width of 50 pm.
Vrigeer pin Will be used in the current-trigger latchup test. Fig. 5.3 shows the layout top view of
test structure with HV and LV devices, where the distance (S) and device sizes (Wn and W)

are designated. The Vrigeer node in Fig. 5.1 will be used in the current-trigger latchup test.

pLDMOS LV-pMOS
Vss Voo Voutn VooH VooH Vss Vss Voo Voor Vour VooL Vss

e] Peel PP

P-Well

tted LatChup Path
HV .
P-Well P-Epi

HV HV
P-Well | N-Well

P-Substrate

Fig. 5.1. Device structures of 60-V pLDMOS-and-5V. LV-pMOS in the HV BCD technology.

The expected potential latchup path is designated.

VDDH

LV-pMOS | 5 v
. ' Trigger
' » Expected
E """ = |_atchup Path

Fig. 5.2. Circuit scheme to show the possible latchup path in the test structure with 60-V

pLDMOS and 5-V LV-pMOS.

-71 -



'fExpected

AT |s=aoum
I LV-pMOS iy
fill — 1L pw-Ring
W =50pum

Fig. 5.3. Layout top view of the test structure with 60-V pLDMOS and 5V LV-pMOS.

5.3 Experimental Results

5.3.1 DC I-V Characteristics

To investigate the latchup characteristics of the test structure, the latchup DC -V curves
are measured by Tek370B curve tracer under room temperature of 25 °C. Fig. 5.4 shows the
DC I-V characteristics traced betweéen pLDMOS and LV-pMOS under different parasitic paths.
Curve 1 is traced from Vppn to Vppr with Vss grounded. The trigger voltage (Vi) 1s up to 80V,
but no snapback phenomenon is found. To further study the characteristic of this path, curve 2
is traced from Vppu to Vppr while Vss is floating. As shown in Fig. 5.4, a snapback curve can
be detected with a Vioig of ~60 V. On the other hand, a parasitic path, which is from the Voutn
of pLDMOS, through HV n-well and p-substrate, to the Vppr-connected n-well pickup of LV-
pMOS, is also measured. Curve 3 is traced from Vourn to VppL with Vss grounded. The Vi of
this path is also up to 80V with no snapback phenomenon. However, when Vss is floating,
different from the result of curve 3, the curve 4 shows a strong snapback behavior with Vieia of
only ~1 V.

In the test results of curves 1 and 2, the path from Vppn to Vppr is formed with a six-layer

p-n-p-n-p-n path due to the multiple well structures in pLDMOS. Thus, it will lead this path to
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have a high Vhola. In the test results of curves 3 and 4, the path from Vourn to Vppr is formed
with a traditional four-layer p-n-p-n SCR path, so a strong snapback curve is distinctly found.
In addition, the test results with Vss grounded are different from the ones without Vss grounded.
The reason is that Vss node can collect flowing holes in p-substrate and hence restrict the

conduction of npn BJT in the parasitic SCR path.
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Fig. 5.4. I-V characteristics of the proposed test structure measured by DC curve tracer.

5.3.2 Latchup Trigger Current Test

To verify the latchup immunity, current-trigger latchup test specified in the JEDEC
standard (JESD78E) is used. The measurement setup of JEDEC latchup test applied to the test
structure is shown in Fig. 5.5(a), with a 60-V DC supply at Vppu pin, Vppr pin grounded, a
current pulse generator applied to the Vrigger pin, and an oscilloscope to monitor the waveforms
of the Vppn pin voltage and the injected current pulse. The trigger current pulse with a pulse
width of 10 ms injected into Vrrigeer pin is to simulate a transient noise penetrating into the p-
substrate within HV and LV devices to induce latchup. If the test structure is triggered into
latchup, a decrease on the voltage waveform of Vppu pin can be found to judge the occurrence
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of latchup.
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Fig. 5.5. (a) Latchup measurement on the expected latchup path of the test structure with the
positive 10-mA current pulse applied to the Vriigger pad, and (b) measured time-domain voltage

and current waveforms on the test structure.
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Fig. 5.6. (a) Transient triggering measurement on the parasitic SCR path of the test structure
with the positive 10-mA current pulse applied to the Vrigger pad, and (b) the measured time-

domain voltage and current waveforms on the test structure.
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After the transient triggering, no clamped voltage roll-off and no latchup state can be
detected even with Vss floating. It is due to the high Vioq measured by DC curve tracer in the
expected latchup path. To verify the Viola of this path, the latchup trigger measurement is tested
again with the DC supply voltage raised to 70V. Fig. 5.5(b) shows the measured time-domain
waveforms after the transient triggering of 10-mA current pulse injection. This path clamped
the supply voltage to ~60V, which is the same value of Vioa under DC curve tracer
measurement. A higher Vioa means a better latchup immunity. It implies that the latchup issue
at HV and LV interface can barely happen if HV device features such complex well structures.

Furthermore, the parasitic SCR path from the Vourn pin of the 60-V pLDMOS to the VppL
pin of 5-V LV-pMOS is also measured by the current-trigger latchup test, which is used to verify
the measured DC Vioia of this parasitic SCR, path. The measurement setup is shown in Fig.
5.6(a), with a 5-V DC supply at Voura pin, Vepepin grounded, Vss pin floating, and a current
pulse injection into Vryigeer pin. Fromsthe measured voltage ' waveform in Fig. 5.6(b), this path
clamped the supply voltage to ~1.V, which 15 the same walue of Vioqd under DC curve tracer
measurement. Such low Viola of this‘parasitic SCR _path ‘may influence the ESD performance

of an IC product. It will be further discussed and investigated in the next section.
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Fig. 5.7. ESD protection design with HV and LV power-rail ESD clamp circuits in a CMOS IC

with different power domains.
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5.3.3 Impact to ESD Protection

This parasitic SCR path may cause the unexpected ESD current discharging path across
the HV/LV interface of the ICs to degrade the ESD robustness of IC products. The typical on-
chip ESD protection design with HV and LV power rail ESD clamp circuits in a CMOS IC with
different power domains is depicted in Fig. 5.7. If an ESD stress zapping from the output pin
of HV domain to the Vppr pin of LV domain, the conduction path of ESD current (Igsp) is
generally designed to discharge through the body diode of pLDMOS to the floating VppHn line,
then through the HV power-rail ESD clamp circuit to the floating Vss lines, and then through
the parasitic diode inherent in the LV power-rail ESD clamp circuit to the grounded Vppt line.
(as the blue line indicated in Fig. 5.7) The sum of the different voltage drops along this

conduction path can be approximately expressed as

Viesp = Vpiodepromos Y Vav clamp FVpisaevss + Viv_clamp (5.1)

where Vpiode, promos and Vpiode, vss are the voltage drops of the body diode of pLDMOS and the
bi-directional diodes between Vssyand. Vssi ground lines, and Vay ciump and Viy ciamp are the
conduction voltage drops of HV and LV power=rail'ESD clamp circuits.

However, if the layout spacing between HV and LV p-type devices is too close, the Viold
of the parasitic SCR path (shown by the green dashed line in Fig. 5.7) can be lower than the
voltage drop of the conduction path in Equation (5.1), and hence it will divert the ESD current
when triggered on. An unexpected failure may happen to degrade the ESD robustness, if the
device dimension of this parasitic SCR between the HV and LV p-type devices was not large

enough to sustain the desired ESD level.

5.3.4 Discussion
There are two recommended ways to prevent the unexpected failure between different

power domains. The first way is to simply extend the layout spacing between HV and LV
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devices to increase the Vioa of the parasitic path, and even insert double guard rings within the
parasitic path for reducing the current gains of the parasitic BJTs, as depicted in Fig. 5.8.

On the contrary, the second way is to utilize the parasitic path to improve the ESD
robustness. The device dimensions of the adjacent HV and LV p-type devices can be
appropriately enlarged to ensure the ESD robustness of this parasitic path. The TLP system is
used to investigate the characteristic of the parasitic SCR path in this test structure.

The TLP-measured I-V curve of this parasitic SCR path is shown in Fig. 5.9. The TLP-
measured Viold is ~30 V, which is much higher than that in the DC-measured result. Such
voltage difference is due to the increased current gain induced by the joule heating effect in the
DC measurement. In addition, the TLP-measured failure current (Ii2) of this parasitic SCR path
is ~4.4 A. With the channel width of 50 pm for,both 60-V pLDMOS and 5-V pMOS devices
fabricated in this test structure, the Ip.per widthis.calculated as ~0.088 (A/um). It can be applied

to predict the ESD robustness of this parasitic SCR"path:

Insert.Double Guard-Rings
pLDMOS e LV-pMOS
Vss Vopr  Voutn Voo  Vopn Vss | VooH| |Vss|  Vss Voo Voor Vour VooL Vss

P-Substrate

Fig. 5.8. Parasitic SCR path between HV and LV p-type devices in a HV BCD technology with

inserted double guard rings.
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Fig. 5.9. TLP-measured I-V curve¢ of theparasitic SCR path between 60-V pLDMOS and 5-

V pMOS devices. (Channel widths-for both 60-VpLEDMOS and 5-V pMOS devices are 50 pm.)

5.4 Summary

The characteristics of the parasitic paths between HV and LV devices in the test structure
have been investigated in a HV BCD technology. It is found that the Vo of the expected
latchup path measured by curve tracer is greater than 60 V. Through the experimental
verification by using current-trigger latchup test, this expected latchup path is hardly induced.
However, an unexpected parasitic SCR path has been found in the silicon chip. Transient
triggering measurement has further verified that the parasitic SCR path can be easily triggered.
It would cause negative impact to the ESD robustness of IC products due to the ESD current
diverting through the unexpected discharging path. Accordingly, layout rules between HV
pLDMOS and LV-pMOS devices should be carefully defined to prevent the occurrence of

unexpected parasitic path in such a 0.25-um 5-V/60-V BCD technology.
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Chapter 6

Conclusion and Future Works

This chapter summarizes the main contributions of this dissertation. In addition, some

suggestions and future works are discusses from the research results.

6.1 Main Results of this Dissertation

Chapter 1 has given a brief introduction of ESD protection, as well as latchup issue, in the
HV BCD technologies. In Chapter 2, to prevent latchup issue when applying traditional SCR
device in HV CMOS ICs for ESD protection, anew high-holding-voltage HVSCR device using
six-layer p-n-p-n-p-n structure with:addition/of parasitic path is proposed and verified in a 0.25-
pum HV BCD process. Through the TLP, DC, and TLU measurements, the experimental results
show that this proposed layout structure could highly-increase the holding voltage of traditional
SCR device even in the long-term measurement.-However, the ESD robustness of proposed
HVSCR device is dramatically reduced when a high holding voltage is achieved because of
high power dissipation. It can be further studied with some optimized layout structures in the
future work.

In Chapter 3, an on-chip ESD protection solution for the HV applications has been
proposed in a 0.25-um HV BCD process by using LV devices with stacked configuration. From
the experimental results, stacked LV devices which has good ESD robustness without latchup
issue is more area-efficient in comparison with the modified HVSCR device proposed in
Chapter 2. Following the comparison of ESD robustness between various stacked LV devices
and the modified HVSCR, the stacked LV-PFOD is proposed as HV ESD protection element

for the 60-V pins of a battery-monitoring IC in a 0.25-um HV BCD process. Experimental

- 80 -



results in silicon chip have verified that the proposed design can successfully protect the HV
pins of battery-monitoring IC against over 8-kV HBM ESD stress. Moreover, stacked LV
devices with sharing path technique can be an appropriate ESD protection solution to fit the
different ESD protection windows simultaneously in a CMOS IC with multiple power domains.
This design concept can be further studied and verified in the future work.

In Chapter 4, the optimization of guard ring structures to improve latchup immunity in an
18 V. DDDMOS process with the DDDMOS transistors were together investigated in a silicon
test chip. 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. Moreover, the
addition of n-buried layer and drift layers can further enhance the immune level in the latchup-
trigger current test. The recommended guard ring structures can be applied to the HV circuits
in this 18 V DDDMOS process to meetthe new required specification in JESD78E standard.

Chapter 5 investigates a latchup path- which may petentially exist at the interface between
separated power domains in a HV'BCD technology. Owing.to the multiple well structures used
to realize the HV device in the BCD process, the expected latchup path in the test structure was
hardly triggered. However, a parasitic SCR path featuring a very low holding voltage was found
in the experiment silicon chip. Such a parasitic path is first reported in the literatures. It may
influence the ESD robustness of CMOS IC products with different power domains integrated
together. Thus, the layout rules at HV and LV interface should be carefully defined to avoid the

occurrence of unexpected parasitic path.

6.2 Future Works

With the multiple supply voltages and noisy operating environment in the various HV
applications, latchup has been a challenging reliability issue for decades. Developing HV and

LV devices with high latchup immunity has been an important target in HV CMOS ICs with
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multiple power domains. From the measurement results in Chapter 5, latchup was not fired on
between HV and LV domains owing to the complicated HV device structure using multiple
layers in this HV BCD process. However, latchup or latchup-like issue may still possibly
happen between different power domains when a process with simplified HV device structures
is used. For example, the holding voltage from the drain side of HV pLDMOS to LV-PMOS is
much smaller than that from its source side because of its “asymmetric” structure in this study.
That is to say, for the circuit design with the “symmetric” structure of HV device, such a latchup
issue could happen. As a result, the latchup issue between multiple power domains can be
further investigated in the HV process using “simplified” or “symmetric” HV device structure,

as the possible latchup path illustrated in Figs. 6.1 and 6.2.

Simplified HV-PMOS LV-PMOS

VbpH VoutH VooH VbpH VooL VoL VoutL VooL

/ M// / / N+ /]P»r |ll/ 2 N+ b'/
e | N-Well | P-Well
Possible |Latchup Path
HV N-Well ol P-Epi

P-Substrate

(HV Part) (LV Part)
Fig. 6.1. Device structures of a “simplified” HV-PMOS and a LV-pMOS in the HV BCD
technology, where the possible latchup path exists from Vppu to Vppr.

Symmetric HV-PMOS LV-PMOS

VooH VoutH VpbH VboH VboL VboL VoutL VboL

[z
= L'_(R/tc A N-Well | P-Well
P-Well P-Epi
P-Substrate
(HV Part) (LV Part)

Fig. 6.2. Device structures of a “symmetric” HV-PMOS and a LV-pMOS in the HV BCD
technology, where the possible latchup path exists from Vppu to Vppr.
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In addition, the layout structure, such as deep n-well (DNW) or n-buried layer (NBL),
which is used to isolate low-voltage devices can cause some unexpected latchup issues, as
illustrated in Fig. 6.3. For example, in the applications of display drivers or biomedical circuits
using the DNW-isolated NMOS with negatively biased source and body, the latchup issue could
happen from the GND-connected p-type isolation ring (Viso) to the negatively biased source

(Vssr) of NMOS. (e.g., Vssi=-10V)

DNWe-isolated LV-NMOS

Viso Viw VssL VssL Vout VssL Viw Viso
L
P‘+ N+ P+ :El N+ N+ / P+ N+ P+
Ppssible Lgtchup Path
P-Well N-Well P-Well N-Well P-Well

P-Substrate

Fig. 6.3. Device structure of a DNW-iselated LV-NMOS'in a CMOS technology, where the

possible latchup path exists from Vis6.t0:Vsst.

Furthermore, the advanced CMOS technology makes the CMOS ICs more susceptible to
latchup issue. As the progress of semiconductor technology that scales down the transistor
dimensions towards sub-20nm technology node, the classical planar MOS field-effect
transistors (MOSFETs) are replaced by the fin-shaped field-effect transistors (FinFETs) to
enable the continued technology scaling. With low power requirements in mobile applications,
the supply voltages of the core circuits are reduced as CMOS technologies scale [40]—-[43].
Owing to the lower supply voltages below 1 V, there is no latchup issue in the core circuits
anymore. However, higher supply voltages (e.g., 1.8 V or 3.3 V) are still required in I/O
interface circuits and some analog/power management/RF circuits in sub-20nm CMOS
technologies. There have been some related studies of latchup issue in the bulk FinFET
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technologies [44], [45]. Based on these studies, the small fin structure can be harmful to latchup
immunity due to the increased parasitic resistance and the reduced guard ring efficiency. A
narrower fin pitch with a shallower STI (shallow trench isolation) depth can impact the latchup
immunity level. Thus, the latchup threats are never eliminated and the sensitivity towards

latchup is increased in the bulk FInFET technologies.
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