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Abstract

With the on-going shrinking of CMOS technologies, the devices in the integrated circuits
(ICs) have been fabricated with ultra-thin gate oxide thickness to attain high speed and low
power consumption. However, electrostatic discharge (ESD) events were not scaled down
with the scaling in CMOS technologies. Although the high-k dielectric has been introduced
in sub-50-nm CMOS technologies, the MOS transistors are still sensitive to ESD. Therefore,
ESD has become the major concern of reliability for ICs in nanoscale CMOS technology.

To discharge the high ESD energy without causing damage to integrated circuits, the
turn-on behavior of parasitic bipolar junction transistors (BJTS) inherent in NMOS or PMOS

transistors plays an important role. The NMOS and the PMOS with gate connected to source



have been used as the ESD clamp devices, that is to say, gate-grounded NMOS (GGNMOS)
and gate-VDD PMOS (GDPMOQOS). In order to discharge more ESD current and use area
efficiently, the transistors utilize the multi-finger structure. The GGNMOS has obvious
snapback phenomenon due to large current gain of parasitic NPN BJT. The first turn-on finger
will be burn out and results in nun-uniform turn-on issue. Thus, the ESD robustness is not
increasing with enlarging the width of ESD devices. In this work, inserting inner pickups in
source side of MOS transistors is to improve ESD level. Measurement results indicate that
additional pickups decrease the ESD robustness of the NMOS transistors because the base
resistor value becomes smaller. Then, the ESD robustness of PMOS transistors almost keeps
the same value whether raising the width of channel or inserting inner pickups into source
side. The above statement is discussed in Chapter 2. With a view to improve the ESD
performance of PMOS-based ESD clamp devices. A novel ESD protection design is proposed
in and is presented in chapter 3.

In chapter 3, a novel ESD protection design by using PMOS device with embedded
silicon-controlled rectifier (SCR) is proposed in this:work. This design employs the P-ESD
implant which is put in the drain side of NMOS to lower the trigger voltage in a standard step
of CMOS process. Hence, there is no need for extra mask/cost. Besides, the proposed device
has the higher ESD robustness per area, more uniform turn-on behavior, and lower parasitic
capacitance than GGNMOS and GDPMOS. Additionally, the proposed device has been tested
to be free from latchup event. Accordingly, the proposed device can be a better solution for
ESD protection in sub-50-nm CMOS process that cost becomes more expensive, the gate
oxide thickness is getting to thinner, and the supply voltage is becoming lower. The above
works in chapter 3 and chapter 4 have been designed, fabricated, and characterized in a 28-nm

high-k/metal gate CMOS process.
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Chapterl

Introduction

1.1 Introduction to Whole-Chip ESD Protection Design

1.1.1 Whole-Chip ESD Protection Design Scheme

The ESD phenomenon occurs during the fabrication, transportation, package and
assembly processes. The accumulated charges are bypassed from an object to its surrounding
environment, generally regard as ground or earth, through ICs. ICs may malfunction or burn
out. Hence, the ESD protection is needed for any two pins of the ICs to discharge high energy
ESD current. Typical whole-chip ESD protection-scheme [1] is demonstrated in Fig. 1.1. Fig.
1.2 shows that each 1/0O pin would.have two ESD protection devices to construct two paths to
power line and ground line, respectively. Besides, power-rail clamp would provide an ESD
path from power line to ground line. In addition, the ESD protection devices or circuits are

kept off when the IC is under its normal-operating condition.

vDD
L /—Iﬁ
Qe
w3
Internal E O
Circuits PO =
o E
2 ®
2 (&)
| I
VSS

Fig.1.1. A typical whole-chip ESD protection scheme.
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Fig.1.2. ESD tests on 10 pins for HBM and MM.

1.1.2 Measurement Methods

ESD robustness can be tested in several ways. It is generally required 2kV in human
body model (HBM), 200V in machine mode (MM), and 1kV in charged device model (CDM).
Transmission line pulse (TLP) system and very fast TLP (VF-TLP) will help engineering to
observe the characteristics of ESD protection devices.

Charges will be accumulated in human"bodies, and machines. When one pin of ICs
connects with the object with charges and another pin of ICs is connected to ground, the
discharging paths are appeared. Depending on various objects with charges, different testing
standards are developed. The equivalent models of HBM and MM are illustrated in Fig. 1.3 (a)
and (b). Besides, Charges will be accumulated in ICs due to friction. When one pin of ICs
touches ground, the accumulated charges are conducted to ground by the pin. The equivalent

models of CDM are illustrated in Fig. 1.3 (c).
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In this thesis, there are four ESD methods be measured and the related information are
listed below. First, the human-body-model (HBM) ESD robustness is tested according to the
ESDA/JEDEC joint standard [2]. The failure criterion is defined as the I-V curve seen
between test pads shifting over 30% from its original curve after ESD stressed at every ESD
test level. Second, a transmission-line-pulsing (TLP) system with a 10ns rise time and a
100-ns pulse width is used to evaluate the trigger voltage (\VVt1), holding voltage (Vhold), and
secondary breakdown current (It2)-of the test devices inthe time domain of HBM ESD event.
Third, the charge-device-model. (CDM) ~ESD robustness is tested according to the
ESDA/JEDEC joint standard [3]. The failure criterion is defined as the I-V curve seen
between test pads shifting over 10% from' its original curve after ESD stressed at every ESD
test level. Last, Another very fast TLP (VF-TLP) system with 0.2-ns rise time and 1ns pulse
width is also used to capture the transient behavior of the test devices in the time domain of

charged-device-model (CDM) ESD event.

1.2 Motivation

As CMOS technologies keep scaling down, the integrated circuit (IC) realized in CMOS
technology is susceptible to an electrostatic discharge (ESD) event which may damage the I1C
products [4], [5]. Therefore, on-chip ESD protection circuits must be equipped for the pads

that may be stressed by ESD. Although the high-k dielectric has been introduced in



sub-50-nm CMOS technologies, the MOS transistors are still sensitive to ESD [6], [7].
Moreover, because the average cost of a die in sub-50-nm technologies is expensive, it is
important to optimize ESD protection circuit to have a high ESD robustness within limited
layout area. To achieve effective ESD protection, the voltage across the ESD protection
circuit during ESD stresses should be carefully designed. Fig. 1 shows the ESD design
window of an IC, which is defined by the power-supply voltage (VDD) of the IC, the failure
level of ESD protection circuit, and the gate-oxide breakdown voltage (VBD) of MOSFET.
First, the trigger voltage (Vtl) and holding voltage (Vh) of ESD protection circuit must be
lower than the gate-oxide breakdown voltage of MOSFET to prevent the internal circuits from
damage before the ESD protection circuit is turned on during ESD stresses. Second, the
trigger voltage and holding voltage of the ESD protection circuit must be higher than the
power-supply voltage of the IC.t0 prevent. the ESD protection circuits from being
mistriggered under normal circuit operating conditions..Moreover, the turn-on resistance (Ron)
of ESD protection circuit should be minimized to reduce the joule heat generated in the ESD
protection circuit and the clamping voltage of the ESD protection circuit during ESD stresses.
As CMOS technology is continuously scaled down, the power-supply voltage is decreased
and the gate oxide becomes thinner, which leads to reduced gate-oxide breakdown voltage of
MOSFET. Typically, the gate-oxide breakdown voltage is decreased to only ~5 V in
sub-50-nm CMOS technologies [7]. As a result, the ESD design window becomes much
narrower in nanoscale CMOS technologies. Furthermore, ESD protection circuits need to be

quickly turned on during ESD stresses in order to provide efficient discharging paths in time.
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1.3 Thesis Organization

In this thesis, there are four chapters. Whole-chip ESD protection design, research
measurement methods, and motivation are introduced in chapter 1 . Chapter 2 investigates the
phenomenon of pickup structure on ESD robustness of multi-finger MOS transistors. The
MOS transistors contain GGNMOS and GDPMOS. This part has been fabricated in a 28-nm
high-K/metal gate CMOS process Chapter 3 brings out a novel ESD protection design that is
PMOS device with embedded SCR to improve ESD robustness. Besides, the proposed device
possesses three types. The design has been fabricated in a 28-nm high-K/metal gate CMOS
process and in a 0.18- . m CMOS process. In the last chapter, conclusions and future work

are discussed.



Chapter2
Investigation on Multi-finger ESD Protection MOS

Transistors with Inner Pickups

2.1 Introduction

2.1.1 Turn-On Mechanism of MOS Transistors under ESD Event

The inherent lateral bipolar transistor junction (BJT)s in MOS transistors are triggered on
to discharge high ESD current under ESD event. Both avalanche breakdown and turn-on of
the parasitic lateral BJT are included in_the. turn-on mechanisms. In order to present the
turn-on mechanism of MOS transistors under ESD zap, the MOS transistors with gate, source,
and substrate at zero potential is considered and the 1-\V-curve is shown in Fig. 2.1

For GGNMOS, the inherent parasitic BJT path.is N+ drain junction, P-Well and the N+
source junction that is illustrated in Fig. 2.2 (a). Under ESD condition, the parasitic NPN BJT
is turned on to clamp the low clamping voltage to protect gate oxide of internal circuits. The
current in the reverse bias at the drain-substrate (N+/P-Well) junction is rising with the
increasing ESD current. Plenty of electron-hole pairs are produced due to the avalanche
breakdown effect at the base-drain reverse bias junction. The electrons drift towards to the
high potential of drain contact, and the holes are swept to the low potential of the substrate
contact contributes to a substrate current, Isub. Isub is continuous increasing to forward the
base-emitter (P-Well/N+) junction. Then, the parasitic NPN BJT can be regarded as turn-on.

For GDPMOS, the inherent parasitic BJT path is P+ source junction, N-Well and the P+
drain junction that is depicted in Fig. 2.2 (b) When ESD event occurs, the parasitic PNP BJT
is turned on to clamp the low clamping voltage to protect gate oxide of internal circuits. The

current in the reverse bias at the drain-substrate (P+/N-Well) junction is climbing with the



elevating ESD current. Lots of electron-hole pairs are generated due to the avalanche
breakdown effect at the base-drain reverse bias junction. The electrons drift towards are swept
to the high potential of substrate contact, and the holes are swept to the low potential of the
drain contact contributes to a substrate current, Isub. Isub is continuous ascending to forward

the base-emitter (N-Well/P+) junction. Then, the parasitic PNP BJT can be viewed as turn-on.
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Fig.2.2. Cross-section view of (a) NMOS and (b) PMOS.

In Fig. 2.2(b), Vi1 and Itlare the trigger voltage and current of the parasitic BJT. Once
the parasitic lateral BJT can be turned on when the avalanche breakdown happens and the

drain current is sufficient to elevate the voltage potential of base to forward the base-emitter



junction, the voltage of device can be clamped to low called holding voltage (Vhold). Now, a
negative resistance is perceived. Then, the I-V curve exhibits a positive resistance and can
sustain high ESD current. The Isub is supposed to retain to make the parasitic BJT is turn-on.
Eventually, the parasitic BJT will be durable failed owing to thermal failure, and the failure

current level called second breakdown current (1t2).

2.1.2 Non-Uniform Turn-On Issue in MOS Transistors

NMOS transistor has non-uniform turn-on issue. There are two major reasons. The first
one is obvious snapback characteristic. The second one is asymmetrical layout structure in
multi-finger that is illustrated in Fig. 2.3 (a). Thanks to large current gain of parasitic NPN
BJT, the snapback characteristic is evident. This demonstrates that the holding voltage can be
clamped low voltage in singer-finger. ‘However, the distance of parasitic from base to
substrate guard ring is different. The largest parasitic base resistance can be turned on firstly
in the center of multi-finger. Then, the voltage of the finger is clamped at low voltage that
make other finger can’t be turned on until‘the first turn-on finger is burned out.

PMOS transistor has no non-uniform turn-on issue. The snapback trait is weak since the
current gain of parasitic PNP BJT is small. Thus, the trigger voltage and holding voltage is

almost the same. The layout structure of GDPMOS in multi-finger is shown in Fig. 2.3 (b).
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Fig.2.3. (a) Cross-section view of multi-finger NMOS and (b) PMOS.

2.2 Motivation

To discharge the high ESD energy without causing damage to internal circuits, the
typical whole-chip ESD protection scheme. is. shown in Fig. 2.4, where a gate grounded
NMOS (GGNMOS) and a gate-VDD PMOS (GDPMOS) is used. The turn on of parasitic
bipolar junction transistor (BJT) inherent in GGNMOS.and GDPMOS plays an important role
[8]- [10].

|
| | | | | Voo
| ' | '
| I: Mp1 | | Mp2 :l | % E
w s
Input | l Internal | | l Output | = =
Pad | '] Circuit || | Pad [ )
o E
| I: Mot | | Mn2 :| l s
[ | | | o
| b | |
. | . | Vss
| I | I
Input ESD Output ESD
Protection Circuit Protection Circuit

Fig.2.4. Whole-chip ESD protection scheme.

When the GGNMOS and GDPMOS is under ESD stress, the parasitic NPN BJT and
PNP BJT will be triggered to discharge ESD current. To sustain the required ESD level, such

a GGNMOS and GDPMOS is often designed with large dimension, which is often drawn



with the multi-finger style to reduce the total occupied layout area.

However, it has been reported that multi-finger GGNMOS in some CMOS processes can
not be uniformly turned on under ESD stress[11]. That is, even if a larger multi-finger
GGNMOS is used as the ESD protection circuit, uniform conduction of all fingers is hard to
achieve, and hence the expected ESD level can not be realized. To solve this problem, adding
additional pickups into the layout may be a solution. It has been reported that the effect of
additional layout pickups to the ESD robustness of GGNMOS in submicron CMOS
technologies [12].

Besides, it has been shown that GDPMOS are often used to discharge the ESD current
path from 1/O pin to VDD pin which is ND mode. In this mode, the ESD current goes through
the parasitic diode (P+/N-Well). In the PD mode, the ESD current goes through the parasitic
PNP BJT and the ESD level is very dlow. To conquer challenge, adding additional pickups into
the layout may be a method. It has been reported that the effect of additional layout pickups to
the ESD robustness of GDPMOS in submicron CMOS technologies. It has been reported that
the effect of additional layout pickups to the ESD robustness of GGNMOS in submicron
CMOS technologies [13].

In this work, the effect of additional layout pickups to the ESD robustness of GGNMOS

and GDPMOS is implemented in a 28-nm high-k/metal gate CMOS process.

2.3 Multi-Finger GGNMOS with Inner Pickups

2.3.1 Device Structure and Chip Photo

The layout top view and the device cross-sectional view of an ESD protection
multi-finger GGNMOS is shown in Fig. 2.5. In the multi-finger GGGMOS structure with P+
guard ring surrounding it, due to the different distances from the base regions of each parasitic

NPN BJT to the P+ guard ring, the base resistance of NPN BJT in the central region of the
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multi-finger GGNMOS is higher than those in the side regions (Rwell4 > Rwell3 > Rwell2 >
Rwelll). Therefore, in the multi-finger GGNMOS structure, the fingers in center are always
triggered on faster than the others under ESD stress. As long as the center fingers are
triggered on, the ESD stress voltage is clamped to the snapback holding voltage of GGNMOS.
The other non-turned-on fingers in the side regions may not be triggered on before the first
turned-on fingers are burned out.

Fig. 2.6 shows the layout top view and the device cross-sectional view of an ESD
protection multi-finger GGNMOS with an additional P+ pickup at source side. The additional
P+ pickup in GGNMOS is connected to the P+ guard ring. With the additional P+ pickup
inserted into the GGNMOS, the base resistance (Rwell) of each parasitic NPN BJT can be
effectively balanced. From the view point of layout symmetry of parasitic BJT, inserting
additional P+ pickups in source side of GGNMOS can improve turn-on uniformity during
ESD stresses. However, it is known that the lower Rwell value of parasitic lateral BJT leads
to the higher trigger current (I1t1) of GGNMOS. As a result; GGNMOS may be hard to turn on.
To clarify this issue, the effect of additional layout pickups to ESD robustness of multi-finger

GGNMOS in a 28-nm high-k/metal gate CMOS process is studied.
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Fig.2.5. (a) Layout top view and (b) device cross-sectional view of multi-finger GGNMOS

without additional pickup.
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The multi-finger GGNMOS with different numbers of P+ pickups are studied. The
layout top views of GGNMOS with 1, 2, and 5 P+ pickups are shown in Figs. 2.7 (a), (b), and
(c), respectively. All the test GGNMOS have the same effective device dimension of 240 ;z m

and the same layout style, except for the P+ pickups.

Ganrd Ring
F

urce Draim Source

.......-.---.
Gate Gate  PIEUD Gate Gt Gate Gatn  PIMUP Gate Gate Gaty
. Saure Drain ANC D rc Drain are s Drain oUrce| .
i i
n ] ] L L 1] L] [ 1] n
n 1 u 1 1] ] 1 ]
u ] u 1] L] n un [
: i
H
",,...AA..
7 Guard Ring
---HEN----
Gt
D .
:
:
n n =
n L L 1] L =
n | | :

Pickip  Gate Gate Pighen  Gate Gaw  Pihup  Gate Gate  Pickum Gate Gss  Phup  Gase Gate
Sourc Drain nu\uTsw Drain “Fiﬁ%&mr\: Drain urr.:f; Drain Nrcqhum ain um$ﬂunu Drain Source
L] [ 1] | | L1 [ | 1] n L L u L]

(1] L] ] ] n 1] ] (1]
[ ] ] am ] L1} n [ | | ] L] ] ] (| |
5
L
Rusist 1 Ol
. [ |

(c)
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The test circuits about GGNMOS have been fabricated that are shown in Fig. 2.8 in a
multi-project wafer (MPW).
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Fig.2.8. Chip photograph of test circuits-about GGNMOS.

2.3.2 Measurement Results

To investigate the turn-on behavior and the 1-V _curve in high current region of the ESD
protection circuit, the TLP is used. The TLP-measured I-V characteristics of the GGNMOS
are shown in Fig. 2.9 and 2.10. The trigger voltage (Vt1), the trigger current (It1), the holding
voltage (\Vh), the secondary breakdown current (1t2), and HBM level of the GGNMOS with
different number of P+ pickups are compared in Figs. 11~13.

Another very fast TLP VF-TLP is used to evaluate the ESD protection circuit in faster
ESD-transient events. The VF-TLP-measured 1-V characteristics of the GGNMOS are shown
in Fig. 2.14 and 2.15. The trigger voltage (Vt1), the trigger current (It1), the holding voltage
(\Vh), the secondary breakdown current (1t2), and CDM level of the GGNMOS with different
number of P+ pickups are compared in Figs. 16~18.

It can be found that the 1t2 is ascending while the effective channel is increasing of the

GGNMOS with multi-finger structure. Besides, the GGNMOS with more pickups have the
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poor performances (higher Vt1, higher It1, higher Vh, higher Ron, and lower 1t2) under TLP
tests, and the HBM level is drop.

Under VF-TLP tests, the 1t2 is ascending while the effective channel is increasing of the
GGNMOS with multi-finger structure. Besides, the GGNMOS with more pickups do not
degrade their Ron and It2, while other performances degraded (higher Vt1, higher It1, and
higher VVh), and the CDM level is maintained.

From the point view of heat dissipation, the shorter time means the shorter pulse width
that produce less heat. Thus, the 1t2 under VF-TLP tests in comparison to that under TLP tests
is higher in the same test device.

From these experimental results, it is clear that inserting additional layout pickups into
the multi-finger GGNMOS can not improve the ESD robustness in 28-nm high-k/ metal gate
CMOS process.
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Fig.2.9. Measured TLP I-V curves of GGNMOS with different multi-finger width.
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Fig.2.14. Measured VF-TLP I-V curves of GGNMOS with different multi-finger width.
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2.4 Multi-Finger GDPMOS with Inner Pickups

2.4.1 Device Structure and Chip Photo

The layout top view and the device cross-sectional view of an ESD protection
multi-finger GDPMOS is shown in Fig. 2.19. In the multi-finger GDPMOS structure with N+
guard ring surrounding it, due to the different distances from the base regions of each parasitic
PNP BJT to the N+ guard ring, the base resistance of PNP BJT in the central region of the
multi-finger GDPMOS is higher than those in the side regions (Rwell4 > Rwell3 > Rwell2 >
Rwelll). Therefore, in the multi-finger GDPMOS structure, the center fingers are always
triggered on faster than the others under ESD stress. As long as the center fingers are
triggered on, the ESD overstress voltage is not clamped to the snapback holding voltage of
GDPMOS because the holding voltage and the trigger voltage is almost the same. Hence,
GDPMOS has no non-uniform turn-in issue.

Fig. 2.20 shows the layout top view and the device cross-sectional view of an ESD
protection multi-finger GDPMOS with.an additional N+ pickup at source side. The additional
N+ pickup in GDPMOS is connected to the N+ guard ring. With the additional N+ pickup
inserted into the GDPMOS, the base resistance (Rwell) of each parasitic PNP BJT can be
effectively balanced. From the view point of layout symmetry of parasitic BJT, inserting
additional N+ pickups in source side of GDPMOS can improve turn-on uniformity during
ESD stresses. However, it is known that the holding voltage and the trigger voltage is almost
the same. As a result, GDPMOS may not be influence by adding inner pickups. To clarify this
issue, the effect of additional layout pickups to ESD robustness of multi-finger GDPMOS in a

28-nm high-k/metal gate CMOS process is studied.
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Fig.2.19. (a) Layout top view and.(b).device cross-sectional view of multi-finger

GDPMOS without additional pickup.
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The multi-finger GDPMOS with different numbers of N+ pickups are studied. The
layout top views of GDPMOS with 1, 2, and 5 N+ pickups are shown in Figs. 2.21 (a), (b),

and (c), respectively. All the test GDPMOS have the same effective device dimension of 240

« m and the same layout style, except for the N+ pickups.
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Fig.2.21. Layout top view of multi-finger GGNMOS with different number of pickups: (a)

pickup=1, (b) pickup=2, and (c) pickup=5.
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The test circuits about GDPMOS have been fabricated that are shown in Fig. 2.22 in a

multi-project wafer (MPW).

: |i"th'ﬂ E @G EEEE
= 5 ©

GDPMOS_PK2 ] )
i EF B
& EE 8§

Fig.2.22. Chip photograph of test circuits about GDPMOS.
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2.4.2 Measurement Results

In order to inspect the turn-on behavior and the I-V curve in high current region of the
ESD protection circuit, the TLP is used. The TLP-measured |-V characteristics of the
GDPMOS are shown in Fig. 2.23 and 2.24. The trigger voltage (Vtl), the secondary
breakdown current (It2), and HBM level of the GDPMOS with different number of N+
pickups are compared in Figs. 25~27.

Another very fast TLP VF-TLP is used to estimate the ESD protection circuit in faster
ESD-transient events. The VF-TLP-measured |-V characteristics of the GDPMOS are
illustrated in Fig. 2.28 and 2.29. The trigger voltage (Vtl), the trigger current (It1), the
holding voltage (Vh), the secondary breakdown current (I1t2), and CDM level of the
GDPMOS S with different number of N+ pickups are compared in Figs. 30~32.

It can be found that the 1t2 is.keeping -while the effective channel is increasing of the
GDPMOS with multi-finger structure. Besides, the GDPMOS with more pickups have the
poor performances (higher Vi1, and lower 1t2) under TLP tests, and the HBM level is falling.

Under VF-TLP tests, the It2 is-rising while the effective channel is increasing of the
GDPMOS with multi-finger structure. Besides, the GDPMOS with more pickups slightly
upgrade their 1t2, while other performances is decline (higher Vt1, higher It1, and higher Vh),
and the CDM level is scarcely rising.

From the point view of heat, the shorter time means the shorter pulse width that produce
less heat. Thus, the 1t2 under VF-TLP tests in comparison to that under TLP tests is higher in
the same test device.

From these experimental results, it is obvious that inserting additional layout pickups
into the multi-finger GDPMOS S can not improve the ESD robustness in 28-nm highk/ metal

gate CMOS process.
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Fig.2.23. Measured TLP I-V curves of GDPMOS with different multi-finger width.
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Fig.2.24. Measured TLP I-V curves of GDPMOS with different pickup number.
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Fig.2.25. Measured the dependence of It2(TLP) and HBM level on different pickup numbers

of GDPMOS.
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Fig.2.26. The zoom-in of TLP I-V curves of GDPMOS with different pickup numbers.
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Fig.2.27. Measured the dependence of It1(TLP) on different pickup numbers of GDPMOS.
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Fig.2.28. Measured VF-TLP I-V curves of GDPMOS with different multi-finger width.
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Fig.2.29. Measured VF-TLP I-V curves of GDPMOS with different pickup number.
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Fig.2.30. Measured the dependence of It2(VF-TLP) and CDM level on different pickup
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Fig.2.31. The zoom-in of VF-TLP I-V curves of GDPMOS with different pickup numbers.
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2.5 Summary

Effect of additional layout pickups to the ESD robustness of GGNMOS and GDPMOS
in the 28-nm high-k/metal gate CMOS process has been studied in this work. Experimental
results show that inserting additional pickups has negative impact to the ESD protection level
of GGNMOS and has scarcely impact to the ESD protection level of GDPMOS. Besides,
layout area of GGNMOS and GDPMOS expands due to the insertion of additional pickups.
All experiment data of the GGNMOS and GDPMOS are listed in Table 2.1 and Table 2.2,
respectively. Therefore, additional pickups are not suggested for ESD protection multi-finger

GGNMOS and GDPMOS in 28-nm high-k/metal gate CMOS process.

Table 2.1 The measurement data of GGNMOS

HBM
(kV) 1V
TLP step = VF-TLP tCT;(SV) .
Test Device | Sticide | WL | Pickup 0.25 step ™
Blocked | (um/pm) | Number (kV)
(V) | mA) | (A) | (V) SN (V) | mA) | (A) | (V) 1y 5
) () (=)
120/0.13 0 430 3.29 |0.60 | 3.98 | 1.50 [4.15| 13 |1.92|4.01| 275 75
0 4.07 | 7.55 | 0.97 | 3.91 | 3.00 |4.01 | 32 |2.86]3.93 ] 323 225
GGNMOS Yes 240/0.13 1 445 ] 8.51 |0.90 | 4.05 | 2.75 [4.13| 30 [3.21 |4.01 | 250 175
(Drain) - 2 4.64 | 12.17 | 0.26 | 4.13 | 2.50 |4.46 | 27 | 2.85 | 4.41 | 350 225
5 4.00 | 85.00 | 0.14 | 452 | 2.25 [4.89| 40 [3.29 [4.72 | 350 200
360/0.13 0 4.04 [ 65.16 | 1.25 | 395 | 450 |4.02| 36 |5.47]3.93] 423 525
Table 2.2 The measurement data of GDPMOS
HBM
7 . CDM(V)
TLP ) - VF-TLP AUV
Test Device | Silicide WA | Pickup 5“"1("323 step =25 (V)
est DEVICe | Blocked | (um/pm) | Number
, . Charge , , Charge | Charge
Vi In In Vi ¥ Vi In I Vi ; .
; 2 Vol t = | Vol Vol
V| @) | @ (0| | | @ | @ | W | ]
120/0.13 0 NA| NA | 0091 [NA| 200 543 98 1.68 | 543 100 100
. 0 NA| NA | 009 |NA| 215 543 116 | 244 | 543 30 125
GDPMOS es 1 NA| NA | 0054 |[NA| 175 559 | 159 | 241 | 548 75 125
(Drain) | 240013 2 NA| NA | 0.046 |[NA| 125 557 | 159 | 243 | 553 125 275
5 NA| NA | 0.042 |[NA| 100 574 | 184 | 325 | 5.1 150 300
360/0.13 0 NA| NA | 0.091 [NA| 325 533 | 380 | 3.27 | 533 100 425
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Chapter3
Improving ESD Robustness of PMOS Device with
Embedded SCR in Advanced CMOS Process

3.1 Introduction and Motivation

To discharge the high ESD energy without causing damage to integrated circuits, the tum
on of parasitic bipolar junction transistors (BJTs) inherent in NMOS or PMOS transistors
plays an important role. The NMOS and the PMOS with gate connected to source have been
used as the ESD clamp devices, that is to.say, gate-grounded NMOS (GGNMOS) and
gate-VDD PMOS (GDPMOQOS). The device cross=sectional view of the GGNMOS and the
GDPMOS are shown in Figs. 3.1 and:3.2, respectively..When the GGNMOS or the GDPMOS
is under ESD stress, the parasitic-NPN (N+, P-well, and-N+) or PNP (P+, N-well, and P+)
BJT will be triggered to discharge ESD current. Since the electron mobility is higher than the
hole mobility in the CMOS technologies, the turn-on efficiency of NPN embedded in NMOS
is much better than that of PNP embedded in PMOS. Therefore, the NMOS-based ESD clamp
devices have the better ESD robustness [14]. The PMOS-based ESD clamp devices can be
used with no snapback or low-leakage applications, because the leakage current of NMOS
was often larger than that of PMOS in advanced CMOS technologies [14], [15]. Of course,
the device dimension of PMOS should be larger than that of NMQOS to achieve the same ESD
robustness.

In order to enhance the turn-on efficiency of PMOS-based ESD clamp device, a novel
ESD protection design by using PMOS device with embedded silicon-controlled rectifier
(SCR) is proposed in this work.

The SCR device has been reported to be useful for ESD protection due to its high ESD
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robustness, small device size, and excellent clamping capabilities (low holding voltage and
small turn-on resistance) [16]-[21]. Besides, the SCR device can be safely used without
latchup danger in advanced CMOS technologies with low supply voltage [22]. It has been
reported that ESD protection design for 1/0 cells with embedded SCR [23] and the
high-voltage output arrays with embedded SCR [24]. The novel design of PMOS device with
embedded SCR will be presented in Section 3.2 and 3.3. The proposed device has been

verified in a 28-nm high-K/metal gate CMOS process.

Anode Cathode Anode Anode (VDD)

& =

N+?flﬂ'+t§! E;-!?fm-

MN-Weall
P-Substrate Cathode(l/O)
@) (b)

Fig.3.1. (a) Cross-sectional view-and (b) schematic circuit of GGNMOS.

Cathode Anode Cathode Anode (I/0)
= T &
P+ N+ N+ N+ P+ |
P-Well
P-Substrate Cathode {GN D}
(a) (b)

Fig.3.2. (a) Cross-sectional view and (b) schematic circuit of GDPMOS.
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Fig.3.3. The I-V characteristics of the traditional SCR.
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Fig.3.4. Cross-sectional view of the traditional SCR:

3.2 The Proposed ESD Protection Design

3.1.2 Device Structure and Chip Photo

The device cross-sectional view of the proposed PMOS device with embedded SCR is
shown in Fig.3.5, where the P-ESD denotes the p-type ESD implantation [25]. In this design
called the proposed device (type A), additional N+ region and the drain of the PMOS are
added into the cathode side of the proposed device (type A). Besides, the P-ESD layer at
cathode side is used to isolate the N-Well and N+ region. The SCR path consists of P+,
N-Well, P+/P-ESD, and N+. As ESD zapping from the anode to the cathode, the PMOS

device will quickly breakdown to discharge the initial ESD current through the parasitic PNP,
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and then the positive-feedback regenerative mechanism of PNP (P+, N-Well, and P+/P-ESD)
and NPN (N-Well, P-ESD, and N+) results in the SCR path highly conductive to discharge
the major ESD current. Under normal circuit operating conditions, the PMOS is turned off
and the SCR is also kept off. The test devices have been fabricated in a multi-project wafer

(MPW). Fig. 3.6 shows the chip photograph of the test circuits.
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Fig.3.5. Cross-sectional view of the proposed PMQOS device with embedded SCR.
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Fig.3.6. Chip micrograph of test devices.
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3.13 TLP Characteristics

The TLP-measured |-V curves of the proposed devices (type A) and GDPMOS are
shown in Fig. 3.7. The GDPMOS are hard to turn on. Besides, the proposed devices (type
A)with 20- # m and 60- ¢z m widths have no snapback phenomenon and the TLP
TLP-measured I-V curves are almost the same as GDPOS in the same dimension . The results
indicate that the ESD level is super low in this process and the SCR path is not turn-on before

the GDPMOS embedded in the proposed device (type A) are burned.

0.10 Proposed Device(TypeA) —C—W=60pm
—&—W=20pm

GDPMOS —C¢—W=60um

—¢— W=20pum
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TLP Current (A)
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0.00
01 2 3 4 5 6 7 8 9 101

TLP Voltage (V)

Fig.3.7. Measured TLP I-V curves of the test device (W=20- 1z m and 60- 2 m).

3.14 Failure Analysis

After ESD test, the scanning electron microscope (SEM) was used to find the failure
locations. Fig. 3.8 shows the SEM photograph of the proposed device with 60- ¢ m width
after 150-V HBM ESD test. Fig. 3.9 is the cross-section view of the proposed device with 60-
« m width. The failure points are located at the GDPMOS paths and the gate oxide. The SEM
photograph indicates that the embedded SCR can not be turned on before the GDPMOS

embedded in the proposed device are burned under HBM ESD stress.
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Fig.3.8. SEM photo of the proposed device (W=60 y m) after HBM ESD tests.
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Fig.3.9. Cross-sectional view of the proposed-device (W=60 ¢ m).

3.1.5 Summary

According to the TLP measured results and SEM photo, the PMOS device was quickly
breakdown to discharge the initial ‘ESD. current _through the parasitic PNP. However, the
positive-feedback regenerative mechanism of PNP (P+/P-ESD, N-well, and P+/P-ESD) is still
not happened and then the GDPMOS is burned out. Because, the barrier height of P+/P-ESD
is lower than that N+/P-ESD at cathode. Thus, the ESD level is very low of GDPMOS in this

process and the proposed device is not turned on.

3.2 Modified the Proposed ESD Protection Design in 28-nm High-K Metal

Gate Process

3.2.1 Device Structure and Chip Photo
The layout top view and cross-sectional view of the modified device (type B) are shown

in Fig. 3.10 (a) and (b). In this design, the proposed device (type A) in section 3.2 is modified.
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This N+ of the proposed device is separated from the P+ that is the drain of the GDPMOQOS,
and the silicide blocking is used on the surface of this N+ and P+. Besides, the P-ESD layer at
anode side is used to enlarge the SCR path. The SCR path consists of P+/P-ESD, N-well,
P+/P-ESD, and N+. As ESD zapping from the anode to the cathode, the PMOS device will
quickly breakdown to discharge the initial ESD current through the parasitic PNP, and then
the positive-feedback regenerative mechanism of PNP (P+/P-ESD, N-well, and P+/P-ESD)
and NPN (N-well, P-ESD, and N+) results in the SCR path highly conductive to discharge the
major ESD current.

To reduce the trigger voltage of an SCR device, the trigger current can be sent into the
base terminal of NPN BJT in the SCR device. The trigger current is inversely related to the
trigger voltage of the SCR device; therefore, some trigger techniques have been reported, such
as the gate-coupled, substrate-triggered, and GGNMOS-triggered techniques [21]. This part
will be measured in section 3.3.5. The test devices have been fabricated in a multi-project

wafer (MPW). Fig. 3.11 shows the chip photograph of the test circuits.
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Fig.3.11. Chip micrograph of test devices.

3.2.2 ESD Robustness and System-Level ESD test

According to the measurement results, the proposed devices with 120- ¢ m and 360- ¢z m
widths can pass 7.5-kV and 8-kV HBM ESD tests, respectively, while the GGNMOS can
only pass 1.5-kV and 3.5-kVV HBM ESD tests, respectively. The GDPMOQOS even can not pass

0.5-kV HBM ESD tests.
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From the measurement results, the proposed devices (type B) with 120-  m and 360-
m widths can pass +725-V and over than +2-kV CDM ESD tests, respectively, while the
GGNMOS/GDPMOS can only pass +225-V/ +100-V and +275-V/+100 CDM ESD tests,
respectively. Besides, the proposed devices with 120- #m and 360- zm widths can pass
-125-V and over than -2-kV CDM ESD tests, respectively, while the GGNMOS/GDPMOS
can only pass -75-V/ -100-V and -250-V/-325 -V CDM ESD tests, respectively. Moreover,
the ESD current goes through parasitic diode (P-well, and N+), BJT (P+, N-well , and P+),
and SCR (P+/P-ESD, N-well, P-ESD, and N+) path of the GGNMOS, GDPMOS, and
proposed device when positive CDM ESD tests that means zap positive voltage to the well of
the test devices. In addition, the ESD current goes through BJT (N+, P-well , and N+),
parasitic diode (P+, and N-well),and BJT (N+, P-ESD, N-well) path of the GGNMOS,
GDPMOS, and proposed device when positive. CDM ESD tests that means zap negative
voltage to the well of the test devices:

According to IEC 61000-4-2, two test modes have been specified, which are the
air-discharge and contact-discharge test-mode. The-proposed devices (type B) with 360- z m

widths can pass 7-kV in air-discharge test mode and 4-kV in contact-discharge test mode

3.23 TLP and VF-TLP I-V Characteristics

The TLP-measured I-V curves of the proposed device (type A and type B) are shown in
Fig. 3.12 and Fig. 3.13, respectively. The proposed devices (type A)with 120- 1z m re tough to
be turned on totally because Vt1 is not enough to make the parasitic NPN BJT to be turned on.
Besides, the Vtl of the proposed devices (type A) with 360- ¢ m widths is sufficient to let the
parasitic NPN BJT to be turned on. The parasitic NPN and PNP BJT are independent on each
other, so the snapback phenomenon is not strong.

The proposed devices (type B)with 120- zm and 360-  m widths can achieve the

TLP-measured It2 of 3.43A and 4.87A, respectively. The consequence indicates that the
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modified propose device that is called the proposed device (type B) is verified successfully.

The SCR path is observed due to the strong snapback effect.

Proposed Device (TypeA) —+—W=120um
0.8
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Fig.3.12. Measured TLP I-V curves of thetest device type A (W=120- 1 m and 360- ;2 m).
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Fig.3.13. Measured TLP I-V curves of the test device type B (W=120- 1z m and 360- ¢ m).
The TLP-measured 1-V curves of the test devices are shown in Fig. 3.14. The proposed

devices (type B)with 120- ¢« m and 360- ;. m widths can achieve the TLP-measured It2 of
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3.43A and 4.87A, respectively, while the GGNMOS have only 0.60A and 1.25A, respectively.
The GDPMOS are hard to turn on. The holding voltages of the proposed devices are ~1.7V,
while those of the GGNMOS are ~4V. The holding voltages of the proposed devices exceed
VDD (0.9V in the given CMOS process), which is safe from latchup event. The proposed
ESD protection design with lower Vhold and higher 1t2 is more suitable for ESD protection.
The Ron of the proposed devices (type B )is much bigger than the traditional SCR, because
the most part of current goes through P+/P-ESD, N-well, P+/P-ESD, and N+ and fewer
current goes through P+/P-ESD, N-well, P-ESD, and P+. Thus, the cross-section area of the
critical interface are small than the traditional SCR. The smaller cross-section area, and the

higher Ron.

GGNMOS —=—W=120pm
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—
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Fig.3.14. Measured TLP I-V curves of the test devices (W=120- 1z m and 360- ¢z m).

The VF-TLP-measured I-V curves of the test devices are shown in Fig. 3.15. The
VF-TLP-measured It2 of the proposed devices with 120-  m and 360- ¢ m widths are 2.49A
and 4.05A, respectively, while those of the GGNMOS/GDPMOS are only 1.94A/1.68A and
4.44A/3.47A, respectively. The measurement results show that all the test devices are fast

enough to be turned on under the fast CDM-like ESD-transient events.
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Fig.3.15. Measured VF-TLP I-V curves of the test devices (W=120- ;. m and 360- 1z m).

3.2.4 Parasitic Capacitance

If the ESD protection device-is adopted at an 1/O pad, the parasitic capacitance should be
considered. The two-port S-parameters of the test devices are measured on wafer. The
parasitic effects of the pads and metal routing-have been removed by using the de-embedding
technique [26]. The parasitic capacitance of each test device was extracted from the
S-parameters. Fig. 3.16 shows the extracted parasitic capacitances of the test devices. The
parasitic capacitances of the proposed devices with 120- ;. m and 360- 1z m widths are 90.1fF

and 233.5fF, respectively, while those of GGNMOS/GDPMOS are 201.8fF/172.6fF and

607.4fF/480.3fF, respectively.
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Fig.3.16. Measured parasitic capacitances.

3.25 Trigger Mechanism
To investigate the relationship between the trigger current and the trigger voltage,
additional trigger pad is connected to the PMOS device with embedded SCR, as shown in Fig.

3.17.

Trigger Trigger

P-Substrate

Fig.3.17. Cross-sectional view and of proposed device (type B) with trigger pad.

The dc trigger current (Itrig) was injected into the trigger pad of the proposed device, as
measuring the TLP I-V curves. Fig. 3.18 exhibits the measurement setup that employ Keithley

2400 source meter to provide Itrig for the proposed device while the proposed device under
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TLP tests. Fig. 3.19 and Fig. 3.20 show the TLP-measured I-V curves of the proposed device
under different trigger currents. The trigger voltage of the proposed device can be further
reduced with the larger trigger current. If the trigger current is continually increased, the
trigger voltage of the proposed device will be reduced to a value close to its holding voltage.
Besides, the trigger current will not degrade the holding voltage, turn-on resistance, and

secondary breakdown current of the test devices. All experiment data are listed in Table 3.1.

The trigger current can be sentinto Anode
the base terminal of NPN in the
SCR device.
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Fig.3.18. Measurement setup from dc trigger to observe TLP I-V curves.
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Fig.3.19. TLP-measured I-V curves of the proposed device (W=120- 1z m) under different dc
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Fig.3.20. The zoom-in of TLP I-V curves of the proposed device under different dc Itri.

Table 3.1 The relation between trigger voltage and off-chip trigger current from keithley 2400
source meter

—0— lri=0mA
—i#— lirig=3mA
—O— lri=4dmA
—&— lri=dmA

TLP_Voltage (V)

Itri(mA) 0 3 4 5
VL(V) 399 | 366 [ 202 | 128
TLP It2(A) 3.83-.|-386 | 347 | 3.40

The dc I-V curves of the proposed devices under different trigger currents are also
measured. Fig. 3.21 exhibits the measurement setup that employ Tek370 that is a dc curve
tracer to provide Itrig for the proposed device while the proposed device under Tek370 tests.
The dc I-V curves are shown in Fig. 3.22. The trigger voltage of the proposed device can be
further reduced with the larger trigger current that is shown in Fig. 3.23.The holding voltages
of the proposed devices under dc measurement are ~1.14V, which are lower than those under

TLP measurement with different pulse widths due to the self-heating effect. All experiment

data are listed in Table 3.2.
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Fig.3.21. Measurement setup from dc trigger to observe DC I-V curves.
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Fig.3.22. DC-measured I-V curves of the proposed device (W=120- 1z m) under different dc

Itri-
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Fig.3.23. Relationship between the trigger voltage and the trigger current.

Table 3.2 The relation between trigger voltage and off-chip trigger current from Tek370
Itri(mA) 0 1. 2 3 4 5
VtL(V) 4.18 3.93 2.56 2.84 1.86 1.17

The trigger current (Itrig) from'the different off-chip trigger circuits was injected into the
trigger pad of the proposed device, as measuring the TLP I-V curves. Fig. 3.24 exhibits the
measurement setup that utilize different off-chip trigger circuits to provide Itrig for the
proposed device while the proposed device under TLP tests. Fig. 3.25 (a) and (b) show the
TLP-measured I-V curves of the proposed device under different trigger currents. The trigger
voltage of the proposed device can be further declined with the larger trigger current from
different off-chip trigger circuits. If the trigger current is continually increased, the trigger
voltage of the proposed device will be reduced to a value close to its holding voltage. Besides,
the value of RC constant is bigger and the trigger voltage of the proposed device is smaller. In
addition, the capacitance is dominant. RC constant value is selected to be distinguished ESD
event from the normal operation condition and the RC constant is at least ~ 0.1 ;2 s because

the pulse width of ESD is about 100ns. Moreover, the trigger current will not degrade the
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holding voltage, turn-on resistance, and secondary breakdown current of the test devices.

All experiment data are listed in Table 3.3.

| off-Chip :

I | | :

| | e | |

¢ 7 Tigger N-Well | |

| \

| | >| P+I P-ESD : I
I N+ |
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| | | HANWA HED T-5000

| I

b ———

Fig.3.24. Measurement setup from C-R coupled. trigger to observe TLP I-V curves.
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Fig.3.25. TLP-measured I-V curves of the proposed device (W=120- 1z m) under different

trigger circuit (a) various C value when R=10kQ (b) various C value when R=100kQ.
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Fig.3.26. Relationship between the trigger voltage and the trigger current under different

trigger circuit.

Table 3.3 The relation between trigger voltage and off-chip trigger current from CR coupled

R (kQ) w/o w/o 10 100

C (pF) w/o 100 10 | 50"} 75 1.100 | 125 | 300.| 10 | 50 | 75 | 100 | 125 | 300

Vit (V) 440 | 249 | 438|334 | 276261 ;223|156 | 436|319 | 254|237 | 208|152

3.2.6 Transient-Induced Latchup (TLU) Test

If the ESD protection device is used as the power-rail ESD clamp device, the latchup
immunity should be considered. To evaluate the latchup immunity of the proposed device, the
transient-induced latchup (TLU) was tested [27], [28] and the measure setup is shown in Figs.
3.27 . A 200-pF charging capacitor is used to store the charges as the TLU-triggering source,
and then the stored charges are discharged to the test device through the relay. Figs. 3.28 (a)
and (b) show the measured transient voltage waveforms of the proposed device under the
TLU tests with charging voltage of +10V and -10V, respectively. Before the TLU tests, the
voltage across the proposed device was 0.9V, which is the VDD voltage in the given CMOS

process. During the TLU tests, the measured voltage waveforms are influenced
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simultaneously by the underdamped sinusoidal voltage. After the TLU tests, the voltage
across the proposed device was returned to 0.9V. From the TLU test results, the proposed
device can immune to the latchup issue.

Voltage
Probe

Current-limiting  Current-blocking

?( Resisto) Diode

Current ]
Probe

®

Device
Under ;’:wer CH2 CH1
Test PPl

Oscilloscope

l

Fig.3.27. Measurement setup of a transient-induced latchup test.
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Fig.3.28. Measured voltage waveforms,on proposed device (W=120 1 m) under TLU tests

with charging voltage of (a) +10V and (b)=10V.

3.2.7 Failure Analysis

After ESD test, the scanning electron microscope (SEM) was used to find the failure
locations. Fig. 3.29 shows the SEM photograph of the proposed device with 120- ¢ m width
after 8-kV HBM ESD test and step voltage of HBM ESD test is 0.5-kV. The failure points are
located at the SCR paths and the gate oxide. The SEM photograph indicates that the
embedded SCR can be uniformly turned on under HBM ESD stress. In addition, the proposed
devices with360- ;~ m width can pass 8-kV HBM ESD tests and there are no failure point is

observed on the SEM photo that are shown in Fig. 3.30.
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Fig.3.30. SEM photo of proposed device (W=360 1 m) after 8-kV HBM ESD tests.
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3.2.8 Summary

The new ESD protection device of PMOS with embedded SCR has been designed,
fabricated, and characterized in a 28-nm high-k/metal gate CMOS process. Modifying from
the PMOS with additional P-type ESD implantation, the proposed device combines P+/P-ESD,
N-well, P-ESD, and N+ to form the embedded SCR path. Verified in silicon chip, the
proposed device (type B) with 120- ;2 m/360- ¢« m width has 7.5-kV/ higher than 8-kV HBM
ESD robustness and 90.1-fF/233.5-fF parasitic capacitance, which is much better than the
GGNMOS or GDPMOS. Besides, the proposed device has been tested to be free from latchup
event. Therefore, the proposed device can be a better solution for ESD protection in
sub-50-nm CMOS process. All experiment data of the test devices in a 28-nm high-k/metal

gate CMOS process are listed in Table 3.4.
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Table 3.4 The measurement data of test devices in a 28-nm high-k/metal gate CMOS process

Proposed Device
GGNMOS GDPMOS
(TypeB)

Channel Width 120pum 360um 120pum 360um 120pm 360pum
Channel Length 0.13um 0.13um 0.13pum 0.13pum 0.13um 0.13um
TLPVt1 4.30V 4.04V N/A N/A 4.58V 455V

TLP Vhold 3.98Vv 3.95v N/A N/A 1.66V 1.74v

TLP Ron 2.3Q 1.3Q N/A N/A 420 1.5Q
TLPIt2 0.60A 1.25A N/A N/A 3.43A 4.87A
VFE-TLP V11 4.06V 4.00vV 5.41V 5.30V 5.22V 5.04V
VF-TLP Vhold 4.01vV 3.88v 5.39v 5.25V 479V 4.40V

VF-TLP Ron 1.9Q 0.7Q 220 0.6Q 2.1Q 0.7Q
VF-TLP 12 1.94A 4.44A 1.68A 3.47A 2.49A 4.05A
HBM ESD Robustness 1.5kvV 3.5kV <0.5kV <0.5kV 7.5kV >8kV

Charge
225 275 100V 325V 725V >2kV
CDM ESD | Voltage (+)
Robustness Charge
75 250 100V 100V 125V >2kV
Voltage (-)

Parasitic Capacitance 194 fF 614.5fF 164 fF 482.3fF 84.8fF 231.4fF
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3.3 Modified the Proposed ESD Protection Design in 0.18-um Process

3.3.1 Device Structure and Chip Photo

The modified proposed device added reverse path is called proposed device (type C) as
shown in Fig. 3.31. In order to discharge more ESD current from the cathode to the anode of
the proposed device (type B), P+ is inserted into cathode. Then, the parasitic diode
(P+/P-ESD, N-Well/N+) is created. The reverse path of proposed device (type C) is parasitic
diode (P+/P-ESD, N-Well/N+), while the reverse path of proposed device (type B) is parasitic
npn (N+, P+/P-ESD, N-Well/N+) BJT. The ESD robustness of parasitic diode is higher than
parasitic BJT.

The test devices have been fabricated in.a multi-project wafer (MPW). Fig. 3.32 shows

the chip photograph of the test circuits.

P-Substrate

Fig.3.31. Cross-sectional view of the modified proposed device added reverse path.
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Fig.3.32. Chip micrograph of test devices.

3.3.2 ESD Robustness

Through the measurement results, the proposed.devices including type A, B, and C with
120- ¢~ m widths can all pass 8-kV.HBM ESD tests, while the GGNMOS/GDPMOS can only
pass 2-kV and 1-kV HBM ESD-tests, respectively. Besides, the traditional SCR can pass

8-kV HBM ESD tests.

3.33 TLP Characteristics

The TLP-measured I-V curves of the test devices 120- ¢ m with width are shown in Fig.
3.33. The proposed devices with type A, type B, and type C can achieve the TLP-measured
It2 of 7.14A, 8.27A and 8.17A, respectively, while the GGNMOS/GDPMOS have only
1.14/0.68A and 1.25A. The It2 of the traditional SCR is 9.48A. The holding voltages of the
proposed devices are ~2V, while those of the GGNMOS/GDPMOS are ~4V/6V. The holding
voltage of the traditional SCR is ~2. The holding voltages of the proposed device with type A,
type B, and type C below VDD (1.8V in the given CMOS process) is 1.66/1.38V/1.67V,

which is danger from latchup event.
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Fig.3.33. Measured TLP I-V curves of the test devices (W=120- 1z m).

3.34 DC Characteristics

The Tek370-measured I-V curves of the test devices 120- , m with width are shown in
Fig. 3.34. The holding voltages of the proposed device with type A, type B, and type C are
1.29V, 1.08V andl1.56V, respectively, while the GGNMOS/GDPMOS is 4.05/5.5A. The
holding voltage of the traditional SCR is 1.6.- The holding voltage tested by curve tracer
Tek370 and TLP are below VDD (1.8V in the-given CMOS process). It means the proposed
has latchup danger.The holding voltages of the proposed devices under dc measurement are
lower than those under TLP measurement with different pulse widths due to the self-heating

effect.
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Fig.3.34. Measured Tek370 I-V curves of the test devices (W=120- 1z m).

3.35 Transient-Induced Latchup (TLU) Test

Figs. 3.35 (a) and (b) show the measured transient voltage waveforms of the proposed
device under the TLU tests with charging voltage of +15V and -15V, respectively and the
device latches on and the current-flows constantly.. Before the TLU tests, the voltage across
the proposed device was 1.8V, which.is the VDD voltage in the given CMOS process.

During the TLU tests, the measured voltage waveforms are influenced simultaneously by
the underdamped sinusoidal voltage.

After the TLU tests, the device is biased at 1.8 V, and the voltage waveform is clamped

at 1.3 V that less than the 1.8V of VDD after the transient noise injection.

=1 |

- |

=/ 18v__ || |

T — R 1.34V

o I Lol e

= VI SRR N | G U (RN S M N O
8 ov [

2} ~5mA

Time (0.5 ns/div.)

60



(a)

w
*
— |
=
E 3 1_'I\BV 1 AL
= . -2V
= | )
@ih—————!-————-—————————-i
[= =
S ov
- —)
o 1 i ~5mA
- E ..-"‘,“,-'w-w--—f—-.!----—p-am.-“_...-._.....,q....,_....,.,‘H
Qf\qp-—«.nw.-p.u—.- +

Time (0.5 ns/div.)
(b)
Fig.3.35. Measured voltage waveforms on proposed device (W=120 ¢ m) underTLU tests

with charging voltage of (a) +10V and (b) -10V.
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3.4 Summary

The new ESD protection device of PMOS with embedded SCR has been designed,
fabricated, and characterized in a 0.18- . m CMOS process. Verified in silicon chip that all
test devices with 120- ¢ m, the proposed devices ( type A, type B, and type C) have higher
ESD robustness with over than 8-kV HBM level that is advantage of the traditional SCR and
lower trigger voltage that is advantage of the MOS transistors. However, the holding voltages
about~1.6-V of the proposed devices are lower than supply voltage 1.8-V given in CMOS
process. Hence, the proposed devices can be in series with staked diode to enhance the
holding voltage in future work that is discussed in section 4.2.2. All experiment data of the

test devices in a 0.18- x m CMOS process are listed in Table 3.5.

Table 3.5 The measurement data of test devices in-a 0.18-  m CMOS process

Tek370B TLP System ESD Tester
Device Total Width
N (nm) Vir(V) Va(V) ] Va(V) | 1e(A) HEmeY)
ame pm h
" " * step=0.5(kV)
GDPMOS 120 5.5 ~5.95 ~5.95 0.68 1
GGNMOS 120 4.05 5.55 4.01 1.14 2
Proposed Device
120 1.29 5.41 1.66 7.14 >8
(TypeA)
Proposed Device
120 1.08 5.2 1.38 8.27 >8
(TypeB)
Proposed Device
120 1.56 5.54 1.67 8.17 >8
(TypeC)
Traditional
120 1.6 16.73 2.15 9.45 >8
SCR

62



Chapter4

Conclusions and Future works

4.1 Conclusions

Effect of additional layout pickups to the ESD robustness of GGNMOS and GDPMOS
in the 28-nm high-k/metal gate CMOS process has been studied in this work. Experimental
results show that inserting additional pickups has negative impact to the ESD protection level
of GGNMOS and has scarcely impact to the ESD protection level of GDPMOS. Besides,
layout area of GGNMOS and GDPMOS expands due to the insertion of additional pickups.
Therefore, additional pickups are not suggested.for ESD protection multi-finger GGNMOS
and GDPMOS in 28-nm high-k/metal.gate CMOS process.

The new ESD protection device of PMOS device with embedded SCR has been designed,
fabricated, and characterized in a 28-nm-high-k/metal .gate CMOS process. Modifying from
the PMOS with additional P-type ESD implantation, the proposed device combines P+/P-ESD,
N-well, P-ESD, and N+ to form the embedded SCR path. Verified in silicon chip, the
proposed device (type B) with 120- ;z m/360- ¢« m width has 7.5-kV/ higher than 8-kV HBM
ESD robustness and 90.1-fF/233.5-fF parasitic capacitance, which is much better than the
GGNMOS or GDPMOS. Besides, the proposed device has been tested to be free from latchup
event. Therefore, the proposed device can be a better solution for ESD protection in
sub-50-nm CMOS process.

The new ESD protection device of PMOS with embedded SCR has been designed,
fabricated, and characterized in a 0.18- . m CMOS process. Verified in silicon chip that all
test devices with 120- ¢ m, the proposed devices ( type A, type B, and type C) have higher

ESD robustness with over than 8-kV HBM level that is advantage of the traditional SCR and
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lower trigger voltage that is advantage of the MOS transistors. However, the holding voltages
about~1.6-V of the proposed devices are lower than supply voltage 1.8-V given in CMOS
process. Hence, the proposed devices can be in series with staked diode to enhance the

holding voltage in future work.

4.2 Future works

To improve the turn-on efficiency, there are two methods to reduce the trigger voltage of
proposed device. Besides, adding stacked diodes into the proposed device can enhance the
holding voltage to be applied in different process.

In Fig. 4.1 shows the proposed device with current trigger circuit and stacked diode
string. The ESD detection circuit contains resistor, capacitor, and inverter. The RC value is
designed with a time constant about ~1 (s to distinguish ESD stress events (with a rise time
in nanoseconds) from normal power-on operation condition (with a rise time in milliseconds)
[10]. In normal power-on operation condition, the output of the inverter is logic low because
the input of the inverter can catch up with the transition (from low to high) of power-on. Thus,
there is no trigger current flow into the proposed device. Under a positive ESD voltage stress
on power line pin, the node that connects resistor and capacitor is logic low means the input
of the inverter is logic low and the output of the inverter is logic high. Hence, the inverter
send current into the base of parasitic NPN BJT in proposed device. Then, the proposed
device can be much quickly to turn-on to discharge high ESD energy.

Fig. 4.2 shows the proposed device with gate couple circuit and stacked diode string. In
normal power-on operation condition, the node that connects resistor and the gate of PMOS
that embedded in the proposed device is logic high. Thus, the PMOS is kept off. During a
positive ESD voltage stress on power line pin, the node that connects resistor and the gate of

PMOS that embedded in the proposed device is logic low. Hence, the PMOS is turned on to
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assist to trigger the proposed device and lower the trigger voltage of the proposed device.
There is latchup issue when the total holding voltage of the ESD protection device is
lower than supply voltage. In this part, adding stacked diode can enhance the total holding
voltage of the power-rail ESD clamp circuits. The sum of the clamping voltage of the
proposed device and the turn-on voltage of stacked diode under ESD stress is the total holding
voltage of the power-rail ESD clamp circuits. Besides, the turn-on voltage of stacked diode is
dependent on the number of diode. Therefore, enhancing the total holding voltage by
adjusting the number of diode makes the proposed device avoid the latchup issue, and can be

widely utilized in various process that have different supply voltage.

ESD Detection Circuit
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Fig.4.1. Proposed device with current trigger circuit and stacked diode string.
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Fig.4.2. Proposed device with gate couple circuit and stacked diode string.
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