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ABSTRACT (ENGLISH)

High-voltage (HV) transistors in.smart power technologies have been extensively
used for display driver integrated circuits (I1Cs), power supplies, power management
and automotive electronics. The importance of reliability issue should not be
underestimated in HV ICs as a result of the process complexity and stringent
operating environments. Among the various reliability specifications, electrostatic
discharge (ESD) protection and safe operating area (SOA) are becoming the essential
issues for HV ICs. A HV transistor simultaneously exhibiting excellent ESD
robustness and wide SOA is preferable to minimize the total chip area; hence, the aim
of the thesis is to investigate the ESD performance and SOA of HV transistors.

In this thesis, lateral double-diffused metal oxide semiconductor (LDMOS) with
circular and elliptic layout shapes are fabricated in a 0.5-um 100-V bipolar CMOS

DMOS (BCD) silicon on insulator (SOI) process. The self-protected HV transistor



against ESD stress is popular in HV applications. The insertion of silicon controlled
rectifier (SCR) to LDMOS is proposed to improve the ESD robustness. Experimental
results show that it can effectively improve the ESD robustness. However, the
arrangement of placing embedded SCR significantly affects the ability to withstand
the ESD stress. In addition, the influence of various layout parameters on ESD
robustness is studied in the thesis.

Though LDMOS with embedded SCR exhibits excellent ESD robustness, it
suffers from a severe degradation of electrical SOA and a poor ability to withstand the
unclamped inductive switch (UIS) stress. Besides, the characteristic of UIS is studied
and it is discovered that a LDMOS has better ability to withstand the UIS stress when
it has a higher trigger current. Engineering the trigger current of LDMOS accordingly

can be a direction of future UIS studies.
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Chapter 1

Introduction

1.1 Motivation

Recently, the high-voltage (HV) technology is prospering due to its extremely
extensive applications such as power management integrated circuits (ICs),
automotive electronics, light-emitting diode (LED) and liquid-crystal-display (LCD)
driver ICs. The higher breakdown voltage and the higher speed are popular
achievements in HV applications [5]-[7]. However, the importance of reliability issue
should not be underestimated .in - HV 1Cs-as a result of stringent operating
environments. Furthermore, ~electrostatic  discharge (ESD) protection and safe
operating area (SOA) have been essential issues of reliability for HV ICs [8]-[10].
The incident of ESD takes place by accident.-On the other hand, SOA is concerned
about the reliability during normal circuit_operating conditions. The HV transistors
simultaneously exhibits excellent ESD robustness and wide SOA is preferable to
minimize the total chip area; hence, it is importance to have a deeper investigation on
the reliability issue of ESD and SOA. ESD design rules are usually not accepted for
the purpose of minimizing the device area; therefore, the self-protected HV ICs
against ESD stress is popular in HV applications. The insertion of SCR to lateral
double-diffused MOS (LDMOQOS) is an effective technique in improving the ESD
robustness [11]; however, the influence of inserting SCR on SOA is seldom referred.
As a result, the deeper research concerning the influence of the embedded SCR

structure on SOA is important for LDMOS.



1.2 Investigation on the Impact of Junction Curvature Effect

on HV ICs

The influence of curved P/N junction on breakdown voltage is considerable. To
predict the breakdown characteristics of curved-abrupt P/N junctions, the junction
curvature effect is discussed in this chapter [12]-[14]. The P*/N-well junction is
formed by implanting impurities of p-type into N-well through windows in an
impervious masking layer. To activate the impurities of p-type, the thermal process is
needed. High temperature results in the diffusion of impurities. Hence, the curved
junction is formed as illustrated .in® Fig.- 1-1- where r; represents the radius of
metallurgical junction, X; represents the distance from surface of silicon to the
metallurgical junction, rq is the radius of outer depletion. boundary, x4 is the distance
from surface of silicon to the outer depletion boundary. If the shape of masking layer
is rectangle as illustrated in Fig« 1-2, the cylindrical curved junction is formed at the
edge of mask and the spherical curved junction is formed at the corner of mask. The
junction will avalanche breakdown if the junction is reversed bias. The following
equations are derived to analysis the relation between avalanche breakdown voltage

(BVuss) and rj.

‘V p* lYI Xd

Depletion regionl

N-well

Fig. 1-1. The formation of curved P*/N-well junction [12].



Parallel-plane
junction

Cylindrical
junction

Spherical
junction

Fig. 1-2. The 3-D diagram of curved P*/N-well junction [13].

The potential (V) and the electric field (E) in a P/N junction can be calculated

from the Poisson’s equation, as shown-in equation (1.1) [12].

p_1d(rE) _ d¥V

e " dr dr? (1.1)

where ¢ is the permittivity of siliconand p is the space charge density. n = 0 for
parallel-plane junction, n = 1 for cylindrical-junction, and n = 2 for spherical-junction.
Hence, the electric field (E) and potential (V) can be written as equation (1.2) and
(1.3). In addition, the space charge density of abrupt junction is given by equation

(1.4).

E(r')= r%g J‘r:r"pdr+r£n 1.2
v(r)=-[ Edr (1.3)
p(r)=—-0aNg (1.4)



For parallel-plane junction (n = 0), the electric field and potential can be written

as equation (1.5) and (1.6) by replacing the p with —gN.

E(x):qZIB(x—xd)+c (1.5)

V(x)=qNB(xj2—x2)+m\l—BXd(x—xj) (1.6)
2& &

For cylindrical-abrupt junction (n = 1), the electric field and potential can be

written as equation (1.7) and (1.8) by replacing the p with —gN.

()= M (Cz8) ¢ )
2¢ r r
V() <P ) ety (18)
26 2 A\ - '

For spherical-abrupt junction.(n = 2), the_electric field and potential can be

written as equation (1.9) and (1.10) by replacing the p with —qNp.

qNB(rS_rds) c
E(r)= — 1.9
(D=2 7+ 5 (L.9)

2
(rj _rz)
2

_ONg 31 1 11
V(r)= % [ +1 (rj r)]+c(r rj) (1.10)

To simplify the calculation, the cylindrical-abrupt and spherical-abrupt junctions
are transferred to parallel-plane abrupt junction through Neq and Weq [14]. Neq is the
background doping concentration of equivalent parallel-plane abrupt junction. Weq is

the depletion width of equivalent parallel-plane abrupt junction. There are three



assumptions shown as following to obtain Neg and Weg.
(1) The original and equivalent junctions are in the avalanche breakdown state.
(2) The total net charge in the depletion region is conserved during breakdown.
(3) The voltage is conserved during breakdown.
As a result, the Emax and BV can be respectively written as equation (1.11) and

(1.12) [14].

am=g£ﬂﬁ (1.11)
&
AN W,
BVdss = T (112)

The maximum electric field is-located-at the metallurgical junction while the
maximum potential is located at the depletion outer boundary. For cylindrical-abrupt
junction, combining the equation (1.7):and (1.11), the Enax can be written as equation
(1.13); combining the equation (1.8) and (1.12), the BV 4 can be written as equation
(1.14) for cylindrical junction. Similarly, the Enax and BV can be respectively

written as equation (1.15) and (1.16) for spherical junction.
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According to the assumption (1), the relation between Neg, Weq, and BV is

given as equation (1.17) and (1.18) [12].

N,y = 9.3x10" x W, 97 (1.17)

BV,,, =6.4x10"x N, " (1.18)

dss

It is necessary to solve the combinational group of equation (1.13), (1.14) and
(1.17) to get Neg, Weq, and rq with given Ng and rj for cylindrical-abrupt junction.
BVgss is calculated by equation (1.18)-and Neq. For spherical-abrupt junction, we can
get the Neg, Weq, ra, BVass By equation(1.15), (1.16),°(1.17), and (1.18). Fig. 1.3
demonstrates the calculating value of breakdown voltage with different r; and Ng for
cylindrical-abrupt junction and parallel-plane junction; likewise, Fig. 1.4 demonstrates
that for spherical-abrupt junction and parallel-plane junction. It is observed that the
breakdown voltage of cylindrical-abrupt junction and spherical-abrupt junction
approaches that of parallel-plane junction with longer rj. In other words, the curved
junction is similar to parallel-plane junction when the radius of metallurgical junction
is large enough. With the same r; and Ng, parallel-plane junction exhibits the largest
BVgss While the BVgss Of spherical-abrupt junction is the smallest. In other words, the
spherical-abrupt junction is prone to breakdown among the junctions discussed above.
Furthermore, BV decrease with decreasing r; both for cylindrical-abrupt and
spherical-abrupt junctions. As a result, the radius of spherical-abrupt junction

dominates the BV for HV transistors.
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Fig. 1-3. The avalanche breakdown voltage versus background doping concentration

for different r; of the cylindrical-abrupt junction [14].
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Fig. 1-4. The avalanche breakdown voltage versus background doping concentration

for different r; of the spherical-abrupt junction [14].



1.3 Thesis Organization

The chapter 1 of this thesis is the motivation of the research and the introduction
of junction curvature effect.

The chapter 2 of this thesis includes the device structure of standard LDMOS and
the modified LDMOS which is studied in the work. The experimental results
comprise the DC Ips-Vps characteristics and the avalanche breakdown voltage.

The chapter 3 of this thesis introduces ESD events and ESD test methods. The
experiment includes the TLP, MM, HBM, and failure analysis. The ESD performance
with different device structures is discussed, and the causing of poor ESD robustness
is discovered according to the failure analysis.

The chapter 4 of this thesis investigates the measured methods and properties of
safe operating area (SOA). The classification of SOA is concisely introduced in the
chapter. The characteristic of _unclamped inductive switch (UIS) is investigated in
detail. The experimental results ‘include electrical SOA and UIS for standard
nLDMOS and modified nLDMOS. The causing of wide eSOA and excellent UIS
level is discussed.

The chapter 5 of this thesis refers to the methods to improve the SOA without
paying for the poor ESD robustness.

In the end of this thesis, a short conclusion and future work are given in the

chapter 6.



Chapter 2

Proposed Device Structure Designs of LDMOS

2.1 The Standard Device Structure of LDMQOS

Fig. 2-1 shows the cross-sectional view of LDMOS which is realized in a 0.5-pum
100-V SOI BCD process. The depth of buried oxide is 2 um, gate oxide is 15 nm,
field oxide is 570 nm, and active region is 3 um. The devices are separated from each
other by trench isolation and buried oxide which can minimize the device area. To
prevent the current from concentrating at the device surface, the sheet resistance of
PM is larger than HV N-Well to disperse the current. According to the principle of
RESURF, HV N-Well is fully-depleted with the aid of PM, buried oxide, and P-sub
[15] [16].

Radius of spherical P/N junction‘dominates the breakdown voltage according the
curvature junction effect [12]-[14].-Fig. 2-2 shows three types of mask results in
different radius of spherical P/N junction. Region in gray color represent the mask and
outer region represents the junction after diffusion. The shape of mask in type Ais a
rectangle and the spherical P/N junctions with the smallest radius (ra) are formed at
the corner. The shape of mask in type B is a rectangle with half circle at top and
bottom. In this thesis, the substitutive name of shape in type B is elliptic shape. The
radius of spherical P/N junction in type B (rg) is medium. The shape of mask in type
C is a rectangle with one third of circle at top and bottom. The radius of spherical P/N
junction of type C (rc) is the longest, but the electric charges accumulates at the sharp
corner which lead to a reduction of avalanche breakdown voltage. In conclusion, the

shape of mask in type B has the highest avalanche breakdown voltage. Fig. 2-3 shows



the proposed layout styles of LDMOS. In this thesis, the LDMOS are in elliptic layout
style except for circular_nLDMOS. The definitions of layout parameters are shown in
Fig. 2-1 and Fig. 2-3. W is the channel width. The channel width of
circular_nLDMOS is 2xr. D represents the drift length. e is the clearance between the
contact edge and the center of circle. x is the clearance between the contact and the
FOX at drain region while s is the clearance between the contact and the polygate at

source region.
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Fig. 2-1. The cross-sectional view of (a) nLDMOS, (b) circular_nLDMOS, and (c)

pLDMOS.
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Fig. 2-2. Top view of diffused junction through three types of mask.
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Fig. 2-3. Top view of (a) nLDMOS (b) pLDMOS in elliptic shape and (c)

circular_nLDMOS in circular shape.

12



The field oxide (FOX) under the poly gate plays an important role [17]. Fig. 2-4
demonstrates P/N junction below gate oxide under the condition of reversed bias. Wy
iIs the depletion width of P/N junction and to is the thickness of oxide. Electric filed is
shown in dashed line with arrow. For t,x < Wy, the maximum electric filed occurs in
the oxide and the oxide would be catastrophically damaged when the maximum
electric field is equal to critical electric field. Numerical analysis has shown that the
avalanche breakdown occurs in the oxide for Wy/tox higher than 12 [18]. As a result,

the FOX is utilized to keep the ratio lower than 12 for LDMOS.

Vgs=0V Vse=0V
l i e l T
®ecsoeoee + + +t + + 4+ + |77 »
€eeeeeeea | 0 0 e >
€mmmeeeea | 0 e e >
€mmmeeeea | 0 o o e >
V,p-sub E: V Hv Nawell V N-well E: V p_sub
"'OV €=cccccee ~VDS ~VSD --------- ) 2 "'OV
€=meeeeea | 0 A T | eeeeeeaee >
€mmmeeeea | 0 o L e >
€eceeeeea | o 0t S e >
—p —p
Wd Wd
(a) (b)

Fig. 2-4. The P/N junction of (a) nLDMOS and (b) pLDMOS below gate oxide under
the condition of reversed bias: (a) Vps >0 V and Vgs =0 V. (b) Vsp > 0 V and Vg =

oVv.

The operating voltage of drain to source (Vps) is 100 V and the operating voltage
of gate to source (Ves) is 5 V. To consider the gate-oxide reliability, the voltage across
drain and gate (Vpg) can’t be higher than Vpp for a long time. The protective

low-voltage MOS (LV MOS) is added to prevent the gate oxide of high-voltage MOS
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(HV MOS) form damage, as illustrated in Fig. 2-5. If Vpg is accidentally higher than
Vpp, the parasitic diode of LV MOS will turn on and clamp Vps to Vpp. The parasitic
diode of LV MOS doesn’t affect the normal operation of HV MOS because it is off

during normal operation.

VDD:].OO \/

Vbe
Main
° HV MOS

Protective +
LV MOS
Ves

Parasitic
diode

=

Fig. 2-5. Circuit of high-voltage MOS with protective low-voltage MOS.

2.2 The Device Structure of LDMOS with embedded SCR

The insertion of silicon controlled rectifier (SCR) to MOS is a popular technique
to improve ESD robustness [11]. Fig. 2-6 shows the LDMOS with embedded SCR.
SCR-nLDMOS and SCR-pLDMOS respectively represents the n-type and p-type
LDMOS with embedded SCR. The current path of SCR and BJT are respectively
located at the side and the center of drain region for SCR-LDMOS_A, as illustrated in
Fig. 2-6 (a) and (c). SCR-LDMOS_B alters the relative position of N+ and P+ at drain
region, so the orientation of BJT and parasitic SCR is changed as illustrated in Fig.
2-6 (b) and (d). The influence of the embedded SCR structures on the ESD and SOA

of LDMOS is one of the important topics in the thesis. The definitions of layout
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parameters are shown in Fig. 2-6. The definitions of W, D, and e are the same as
illustrated in Fig. 2-1 and Fig. 2-3. z is the clearance between the contact and the FOX
at drain region for SCR-nLDMOS. s is the clearance between the contact and the
polygate at source region for SCR-nLDMOS. The similar definitions of

SCR-pLDMOS are illustrated in Fig. 2-6 (c) and Fig. 2-6 (d).
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Fig. 2-6. The cross-sectional view of (a) SCR-nLDMOS_A (b) SCR-nLDMOS_B (c)

SCR-pLDMOS_A (d) SCR-pLDMOS_B.
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2.3 Ips-Vps Characteristics

Fig. 2-7 demonstrates the DC Ips-Vps characteristics of nLDMOS with W = 40
um, L=2um, D =12 um, Y =13 um, X =6 um, s =1 um, and e = 2 um. The gate
bias voltage is varied from 0 V to 5 V. The higher Vgs results in higher Ips at the same
Vps. However, the negative differential output resistance is observed at high Vps
region. It was reported that the reduction of Ips at high Vps region arose from
self-heating effect [19]. At saturation region, the carriers are travelling at the saturated
velocity in the drift region. The lattice temperature increases as a result of power
dissipation. The high lattice temperature causes a severe degradation of carrier
mobility [20]; hence, the travelling velocity is smaller. As a result, the drain current
decreases with increasing drain voltage. Fig. 2-8 shows the Ips-Vps characteristics of
a SOl LDMOS with the 50-pm drift-length, the 0.2-um silicon thin-film, the 1.2-pum
buried oxide, and the 0.3-mm? device area [19]. The experimental results reveal that
the self-heating effect is serious under DC condition while it is unapparent under 2-us
power pulse condition. It is due to the-higher-lattice temperature which results from
higher power dissipation under DC condition.

Fig. 2-9 and Fig. 2-10 demonstrate the DC Ips-Vps characteristics of all typical
HV DMOS whose layout parameters are listed in Table 2.1. The range of gate bias is
from 0 V to 5 V. SCR-nLDMOS_A tends to snapback at small Vps when the gate bias
is larger than 2.4 V, so the measurement is done under the condition of Vgs=0 V~2.4 V.
Because the mobility of N-type carrier is larger than that of P-type carrier in nature,
the drain current of N-type DMOS are larger than that of P-type DMOS at the same

absolute value of Vgs.
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Fig. 2-7. The DC Ips-Vps characteristics of nLDMOS with Vgs =0 ~5 V.
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Fig. 2-8. The Ips-Vps characteristics of a SOI LDMOS transistor. Solid line:
simulated curve without self-heating effect. Dotted line: calculated curve which take
self-heating effect into account. Experimental data which are measured under the 2-ps,

100-ps power pulses, and DC conditions [19].
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Fig. 2-9. The DC Ips-Vps characteristics of N-type typical DMOS.
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Fig. 2-10. The DC Ips-Vps characteristics of P-type typical DMOS.

TABLE 2.1
The layout parameters of typical DMOS
Typical Device

Layout Parameters (um)
Structure

nLDMOS W=40,L=2,D=12,Y=13,x=6,s=1,and e = 2.

Circular_nLDMOS r=23,L=2,D=12,Y=23,x=6,ands=1.

SCR-nLDMOS A | W=40,L=2,D=12,Y=7,z=3,s=1,e=2,and T4=Ts=0.

SCR-nLDMOS B | W=40,L=2,D=12,Y=7,z=3,s=1,e=2,and Tq4=Ts=0.

pLDMOS W=40,L=2,D=12,Y=13,x=6,s=1,ande =2.

SCR-pLDMOS A | W=40,L=2,D=12,Y=3,z=1,s=1,e=2,and T4=Ts=0.

SCR-pLDMOS B | W=40,L=2,D=12,Y=3,z=1,s=1,e=2,and Tqg=Ts=0.
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2.4 Avalanche Breakdown Voltage

The definition of avalanche breakdown voltage (BVss) is the drain voltage when
the drain current is equal to 10 pA under the condition of Vgs = 0 V. The following
shows the BV, of typical HV DMOS whose parameters are listed in Table 2.1. Fig.
2-11and Fig. 2-12 demonstrate the Ips-Vps curves with Vgs = 0 V for n-type HV
DMOS; similarly, Fig. 2-13 shows the Isp-Vsp curves with Vsg = 0 V for p-type HV
DMOS. First of all, Fig. 2-11 reveals that the BVyss 0f circular_nLDMOS is larger
than that of nLDMOS. Secondly, Fig. 2-12 exhibits that the BVgys of nLDMOS,
SCR-nLDMOS_A, and SCR-nLDMOS_B are almost identical. Finally, Fig. 2-13
manifests that the BVy of SCR-pLDMOS_A is the highest while the BVyss of
pLDMOS is the lowest. Table 2.2-lists the BVyss@and radius of spherical P/N junction
with different device structure. The radius of spherical P/N junction dominates the

BVgss [12]-[14]; therefore, BVss increases with increasing radius.
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Fig. 2-11. The DC Ips-Vps curves of NLDMOS and circular_nLDMOS (Vgs = 0 V).
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Fig. 2-12. The DC Ips-Vps curves (Vgs = 0 V) of nkDMOS, SCR-nLDMOS_A, and

SCR-nLDMOS_B.
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Fig. 2-13. The DC Isp-Vsp curves (Vsg = 0 V) of pLDMOS, SCR-pLDMOS_A, and

SCR-pLDMOS_B.
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TABLE 2.2

The avalanche breakdown voltage of typical DMOS

Typical Device Structure

Radius of Spherical

P/N Junction (um)

Avalanche Breakdown

Voltage (V)

nLDMOS

17.0

143.0

Circular_nLDMOS

21.0

183.0

SCR-nLDMOS_A

18.5

145.0

SCR-nLDMOS_B

16.0

142.0

pLDMOS

19.0

114.5

SCR-pLDMOS_A

20.0

134.0

SCR-pLDMOS_B

22.0

24

168.5




Chapter 3

Introduction to Electrostatic Discharge and

Experimental Results

3.1 Introduction to Electrostatic Discharge (ESD)

ESD is an instantaneous discharging of electrostatic charges on IC pins. It take
place under the situations such as a physical touch of a human body and an IC
products, contact of manufacturing machines and wafers, or discharge of secondhand
induced electrical field on an IC chips. According to the different discharge conditions
and sources of electrostatic charges, ESD can-be classified to human-body model

(HBM), machine-model (MM), and charged-device model (CDM).

3.1.1 Human Body Model (HBM)

HBM is a common ESD event that arose from the contact of a charged human
body and an IC product. The friction between human body and an object results in the
charged human body, thus the electrostatic charge transfers into the 1C products when
the charged human body touches the IC products. To prevent the catastrophically
failure on IC products, the human body model is established to simulate this kind of
ESD event and quantify the IC robustness against the HBM ESD event. The
equivalent circuit for HBM ESD event is shown in Fig. 3-1 [21], where the 1.5-kQ
resistor and the 100-pF capacitor represent the equivalent parasitic resistor and
capacitor of a human body. The DUT represents the device under test. The HBM
design eliminates the weak ESD protection designs and protects the susceptible

devices. Commercial ICs are generally demanded to pass 2-kV HBM ESD stress at
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least, which can generate ESD current with a peak value about 1.3 A and a rise time
about 10 ns. Fig. 3-2 shows the typical HBM ESD waveform generated by the ESD
HBM tester to a short wire [21]. In particular, most of the HBM ESD energy is

concentrate on the time interval between 0 ns to 100 ns.

:1\. —\A\/\ ]

1.5kQ
High-Voltage S S
Pulse 100pF SZ\ DUT
Generator I Socket
@

ps

36.8%

.‘_ td —h' 50 nanoseconds

' per division

Fig. 3-2. Definition of the HBM pulse decay time (ty) [21].
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3.1.2 Machine Model (MM)

The MM ESD event arose from the contact of a machine and IC products. The
equivalent circuit diagram of MM ESD event is shown in Fig. 3-3 [22], where there is
no equivalent resistor on the equivalent discharging path because the electrostatic

charge source is charged machine with 0-Q resistor.

AN

High-Voltage 1
Pulse 200pF S2 DUT
Generator . Socket
10kQ~10MQ
@

Fig. 3-3. The equivalent circuit of the machine model ESD event [22].

8.0
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. *.-.—

I #6080 100 120 140 160 180 200
TIME IN NANOSECONDS

Fig. 3-4. The current waveform of a 400-V MM ESD stress through a short wire [22].
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Fig. 3-4 shows the waveform of a 400-V MM ESD pulse generated by the MM
ESD tester [22]. A commercial IC product is generally required to pass at least 200-V
MM ESD stress, which can generate an ESD current with a peak value about 3.5 A
and a rise time about 10 ns. The MM ESD level of a semiconductor device is
generally 8 ~ 12 times smaller than its HBM ESD level due to the faster rise time and

voltage resonance of a MM ESD pulse.

3.1.3 Charged Device Model (CDM)

The CDM ESD event happens under the condition of the contact of charged IC
and external grounded object. The IC is charged through the mechanism of
electrostatic induction, and most of the' CDM charges are initially stored in the body
(the p-substrate) of a CMOS IC. When-one or more pins of this charged IC is touched
by an external grounded object,"CDM charges in the p-substrate will be discharged
from the IC inside to the grounded object outside. There is no standard equivalent
parasitic capacitor and resistor for the CDM ESD stress because different dimension
of chips, different form and size of packages result in different values of the parasitic
capacitor and resistor of IC chips. Fig. 3-5 shows the simplified CDM test circuit. Ry,
Ly and Cq represents the equivalent parasitic resistor, inductor and capacitance of DUT.
The DUT is initially charged through the large resistor Ry with relatively small current,
and then DUT contact the grounded object and discharge immediately. A commercial
IC is generally requested to pass at least 1-kV CDM ESD stress, which can generate
an ESD current with peak current value about 15 A within a rise time less than 200 ps
[23]. Fig. 3-6 makes a contrast with the waveforms of a 2-kV HBM ESD stress, a
200-V MM ESD stress, and a 1-kV CDM ESD stress which has 4-pF equivalent
capacitor of the device under test. Table 3.1 shows the commercial specification for

the HBM, MM and CDM level.
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Fig. 3-5. The equivalent circuit of the charged device model ESD event [23].
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Fig. 3-6. The waveforms of a 2-kV HBM ESD stress, 200-V MM ESD stress, and a
1-kvV CDM ESD stress.
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TABLE 3.1

The commercial specification for the HBM, MM and CDM level.

HBM (kV) MM (V) CDM (kV)
Okay +/-2 +/- 200 +/- 2
Safe +/-4 +/- 400 +/-1.5
Super +/- 10 +/- 1000 +/-2

3.1.4 Transmission Line Pulse (TLP) System

The equivalent circuit of TLP system is shown in Fig. 3-7 The TLP system
applied the voltage pulse, which pulse amplitude is Vin and the pulse width is t, to the
device under test (DUT). The oscilloscope measured the voltage and current during
the TLP stress, and then the source-meter measured the leakage under certain bias

condition.

Source‘of
energy
I 4\/\/\/|—
I I
| R I
L —® To scope

I I

| +
I Vin Device
| | Under v |
| «—> | Test

t

| I
N | o
| I
I I
L — = -1

Fig. 3-7. The equivalent circuit of the TLP system.



The steps above are sequentially repeated with increasing TLP pulse amplitude
until the device satisfies the failed criteria. In this thesis, the definition of failed
criteria is lieakage > 100™ licakage, initial, WHere lieakage 1S the leakage current measured after
TLP zapping and lieakage, initial 1S the leakage current of fresh transistor. The 1-V curve
measured by TLP system is shown in Fig. 3-8. Trigger point represents the triggering
of parasitical bipolar junction transistor (BJT). Secondary breakdown current (l)
represents the maximum allowable current. In other words, the device is judged to
failure as the current is higher than I,,. Interestingly, the HBM ESD waveform reveals
that the ESD energy is concentrate on the time interval between 0 ns to 100 ns and it
is observed that the HBM level is proportional to I, [24]. With the information
provided by TLP system, IC designers can easy.choose the direct device under the

guide of design window, as illustrated.in Fig. 3-9 [25].

Leakage (A)
30'“ 10™ 10° .10% 10" -10° 10> 10* 10° 10';

T LI Dk L LR L B L """I}i{' -

Failure criterion | 5

14
< I
‘u',’ —-0—100ns_TLP 413 <
° —O— Leakage L
2- {2~

1 - 11

Vi1, It1
0 / 0

0: 25 50 75 100 125 150 175 200
Vhold Vds (V)

Fig. 3-8. The I-V curve measured by 100-ns TLP system.
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Fig. 3-9. The ESD protection design window of HV ESD protection devices [25].
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3.2 ESD Test Methods

ESD test has positive and negative type in order to simulate the positive and
negative electrical charges in natural’environment. Furthermore, IC chip have several
input/output (1/0) pins and power pins; therefore, ESD test can occur on different pin
combinations. The major pin combinations of ESD test are shown as following.

3.2.1 ESD Test on 1/O Pins

The human-body model and the machine-model ESD stress on each 1/0O pins
with the VDD or VSS pins relatively ground are illustrate through Fig. 3-10(a) to
3-10(d) [27], [28]:

(1) PS mode

Positive ESD voltage is applied to the tested 1/0 pin with VSS pins relatively
grounded, as shown in Fig. 3-10(a). VDD pins and all other pins are kept floating

during the test.
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(2) NS mode

Negative ESD voltage is applied to the tested I/O pin with VSS pins relatively
grounded, as shown in Fig. 3-10(b). VDD pins and all other pins are kept floating
during the test.

(3) PD mode

Positive ESD voltage is applied to the tested 1/0 pin with VDD pins relatively
grounded, as shown in Fig. 3-10(c). VSS pins and all other pins are kept floating
during the test.

(4) ND mode

Negative ESD voltage is applied to the tested 1/0 pin with VDD pins relatively
grounded, as shown in Fig. 3-10(d): WSS pins-and all other pins are kept floating

during the test.

(b) NS-mode
|_AVDD : — l_AVDD : —
— — | — —
+Vesd — —— v — —
k — —
vV — — -Vesp, —_ —
— — | — —
— — | — —
— — | — —
— — | — —
— — | — —
— vssk— — VSSF/3
= (c) PS-mode = (d) ND-mode

Fig. 3-10. (a) PS-mode, (b) NS-mode, (c) PD-mode, and (d) ND-mode, ESD test on
1/0O pins.
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3.2.2 Pin to Pin ESD Test

ESD events would occur on one of the 1/0 pins with another 1/0 pin relatively
grounded. In other words, power lines are floating during the pin to pin ESD test. The
pin to pin ESD test can easily cause ESD damage located at the internal circuits if the
ESD protective design is poor. The common pin to pin ESD path is shown in Fig. 3-11.
If every two of 1/0 pins is tested one by one, the ESD test is inefficient and
uneconomic. In order to shorten the testing period, ESD stress is applied on the tested
I/0 pin with all other 1/O pins relatively grounded. The pin to pin ESD test is
subdivided into positive-mode and negative-mode as illustrated in Fig. 3-12(a) and

Fig. 3-12(b).

'
HI

:1 ESD
'

Intérnal '
Circuits

Output
PAD

= (a) Positive-mode =  (b) Negative-mode

Fig. 3-12. The pin-to-pin ESD test of (a) positive mode and (b) negative-mode.
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Fig. 3-13. The internal ESD damage due to the VDD-to-VSS ESD stress.

3.2.3 VDD-t0-VSS ESD Test

The ESD event may happen between two power pins. The internal circuits are
vulnerable to ESD stress under the condition that ESD voltage is applied to VDD with
VSS relatively ground, as shown:in Fig. 3-13. To simulate this kind of ESD-stress
condition, a positive or a negative ESD voltage is applied to the VDD pin of an IC
chip while VSS pin is relatively grounded, as illustrated in Fig. 3-14(a) and Fig.

3-14(b).

—  (a) Positive-mode = (b) Negative-mode

Fig. 3-14. The VDD-to-VSS ESD tests of (a) positive mode and (b) negative-mode.
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(a) Positive-mode J;__"'VESD (b) Negative-mode __T__-VESD

Fig. 3-15. The CDM ESD tests of (a) positive mode and (b) negative-mode.

3.2.3 CDM ESD Test

The mechanism of CDM-ESD event differs from the HBM and MM ESD events;
therefore, the CDM ESD test is especially defined. The substrate of an IC product is
initially full of electrostatic charge, and then the device instantaneously discharged
when one of the IC pin is ground. In other words, the ESD path is from the inside of
IC chip to the outside of grounded object. In order to fill IC substrate with
electrostatic charges, the ESD voltage is applied to the VSS pin through the large
resistor, as shown in Fig. 3-15(a) and Fig. 3-15(b). With the large resistor, the
electrical current is small during charging the device under test, otherwise, the
charging current will directly damage the VVSS pin and the electrostatic charges will
not remain in IC substrate. The ESD voltage is instantly discharged through the pins
included the input, output, and VDD pins. To simulate the electrostatic charge in
nature, the CDM ESD test is classified into positive-mode and negative-mode, as

shown in Fig. 3-15(a) and Fig. 3-15(b).
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3.3 Experimental results

First of all, the investigation is focus on the typical HV DMOS as listed in Table
2.1 for the purpose of verifying the effect of different device structures on ESD
robustness. Consequently, the following experimental results include TLP, HBM, MM,
and failure analysis. The second part is the analysis of ESD robustness with different
layout parameters. A brief summary about the ESD robustness of HV DMOS is in the

end.

3.3.1 ESD Robustness

The following is the ESD experimental results of typical HV DMOS. Fig.
3-16~18 show the TLP-measured results under the same condition of Vgs = 0 V. The
solid line presents the 1-V curve while the dotted line Is the leakage current which is
measured after every TLP ESD stress. The data of Vi, i1, Vhod, and Iy, are extracted
from TLP-measured I-V curve,. as illustrated “in Table 3.2. The drift length of
circular_nLDMOS is longer than that of nLDMOS, so circular_nLDMOS needs
higher energy to trigger the parasitic BJT. In other words, the Vy and Iy of
circular_nLDMOS are larger than that of nLDMOS. Both nLDMOS and
circular_nLDMOS are damaged while entering the snapback region. As a result, the
I, are poor for both devices. The SCR device exhibits the excellent ESD robustness
within small layout area due to its low holding voltage. Accordingly, the insertion of
SCR to HV DMOS is applied to improve the ESD robustness. Fig. 3-17 demonstrates
that the I, of SCR-nLDMOS_A is excellent while the I, of SCR-nLDMOS B is
almost identical to that of nLDMOS. It is supposed that the triggering of parasitic
SCR is failed in SCR-nLDMOS_B. Therefore, the SCR-nLDMOS B acts like

nLDMOS when entering the snapback region. Fig. 3-18 shows the TLP-measured I-V
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curve for p-type HV DMOS. Likewise, the SCR-pLDMOS_A exhibits excellent
failure current while SCR-pLDMOS_B behaves like pLDMOS which fails while
entering the snapback region. Hence, it is supposed that the triggering of parasitic

SCR is failed in SCR-pLDMOS_B.

Leakage (A)
10" 10™ 10®° 10° 107 10° 10° 10* 10° 107

4 L DL B A bk L | WAL I T HA LA 4
[ O
3{ o o o]3
\ —HB — Circular_nLDMOS
—®— nLDMOS

—_ ---0--- leakage current of circular_nLDMOS
$ 2 O leakage current of nLDMOS 12 <
n -
ko] (2]
= 2

0 25 50 75 100 125 150 175 200
Vds (V)

Fig. 3-16. TLP-measured results of (in circular symbol) nLDMOS and (in square

symbol) circular_nLDMOS.
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Fig. 3-17. TLP-measured results of (in square.symbol) nLDMOQOS, (in diamond

symbol) SCR-nLDMOS_A, and (in triangular symbol) SCR-nLDMOS_B.
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Fig. 3-18. TLP-measured results of (in square symbol) pLDMOS, (in diamond

symbol) SCR-pLDMOS_A, and (in triangular symbol) SCR-pLDMOQOS_B.
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TABLE 3.2
The TLP-measured results of typical HV DMOS.

Typical Device

Structure

nLDMOS

Circular_nLDMOS

SCR-nLDMOS_A

SCR-nLDMOS_B

pLDMOS

SCR-pLDMOS_A

SCR-pLDMOS_B

The common estimation of the ability against the ESD stress includes I, HBM,
and MM is shown in Table 3.3. The sample size is one for TLP-test and the sample
size is three for HBM-test and MM-test.-Sample one is simplified as “#1”. Sample
two and three are analogically simplified as “#2” and “#3”. The voltage step of
HBM-test is 0.5 kV while that of MM-test is 50 V. HBM and MM tests are in
positive-mode for n-type DMOS and in negative-mode for p-type DMOS. The HBM
level is below 0.5 kV for n-type HV DMOS which fails while entering the snapback
region in TLP-test. The MM level is below 50 V for n-type HV DMOS of which the
l2 is poor. Likewise, the HBM level is below -0.5 kV and the MM level is below -50
V for p-type HV DMOS which fails while entering the snapback region in TLP-test.
On the contrary, the HBM level is 6 kV and the MM level is 200 V for
SCR-nLDMOS_A. The HBM level is -3 kV and the MM level is -100 V for

SCR-pLDMOS_A. The insertion of SCR to HV DMOS is useful to improve ESD
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robustness. Table 3.4 demonstrates the ESD ranking according to Iy, per unit device
area. The first price is the SCR-nLDMOS_A and the second price is the

SCR-pLDMOS_A which agrees with the results of HBM and MM.
TABLE 3.3
The ESD performance of typical HV DMOS includes I, HBM, and MM.

Typical Device HBM (kV)

Structure #1 #2 #3 #2

nLDMOS Below 0.5 Below 50

Circular_nLDMOS Below 0.5 Below 50

SCR-nLDMOS_A . 6.5 6.5 200 | 200 | 300

SCR-nLDMOS_B Below 0.5 Below 50

pLDMOS Below -0.5 Below -50

SCR-pLDMOS_A ! -35 | -35 | -100 | -100 | -150

SCR-pLDMOS_B Below -0.5 Below -50

TABLE 3.4
The ESD ranking of typical HV DMOS.
ESD Device Area lo/Device Area

Device Structure
Ranking (pm?) (MA)

1**place | SCR-nLDMOS_A 8380.0 . 668.3

2" place | SCR-pLDMOS_A 7990.5 . 275.3

3" place pLDMOS 7783.0 13.8

4" place | Circular_nLDMOS 5975.0 2.8

5" place | SCR-pLDMOS_B 7794.0 5.6

6™ place nLDMOS 7162.0 2.1

7" place | SCR-nLDMOS_B 7468.0 1.1
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3.3.2 Failure Analysis

To further support the ESD levels shown in Table 3.3 and the supposition
mentioned at 3.3.1, failure analyses on these failed typical HV DMOS is carried out
through the way of taking scanning electron microscope (SEM) images. Fig. 3-19
shows the ESD failure locations of NLDMOS which suffers from a 0.5-kV HBM ESD
stress. The contacts of drain N* region are permanently damaged by HBM ESD stress.
The catastrophic contact spike of drain N* region causes the increase in leakage of HV
N-well/P-sub junction. The phenomenon is called contact-spike-induced junction
leakage. Furthermore, because the finger edge is easily crowded with electron and
vulnerable to ESD stress, the damage at finger edge is more serious than that at finger
side. Fig. 3-20 shows the ESD failure locations of circular_nLDMOS which suffers
from a 0.5-kV HBM ESD stress. The device structure of circular_nLDMOS is
identical to that of nLDMOS; hence, the contact spike happens at drain N+ region and
the leakage of HV N-well/P-sub junction increases. Besides, the smallest parasitic
resistance from drain to source (Rps) is the resistance from the outer contact-ring at
drain region to the contact at source region. Therefore, the ESD current crowds at the
outer contact-ring and causes the catastrophic damage at the outer contact-ring. The
SEM image of SCR-nLDMOS_A which suffers from a 6-kV HBM ESD stress is
illustrated in Fig. 3-21. The contact spike occurs at drain P* region. The metal of
contact causes the HV N-well/P-sub junction short and the leakage increases.
Furthermore, because the contact spike is located at the contacts of drain P region,
the ESD current path is parasitic SCR path as shown in Fig. 2-6 (a). Moreover, the
contacts of drain N region are intact. That is, the parasitic SCR of SCR-nLDMOS_A
effectively bypass the high current during the HBM ESD stress. On the contrary, the
contact spike of SCR-nLDMOS_B is located at the drain N* region, which verifies

that the triggering of parasitic SCR is failed for SCR-nLDMOS_B and the ESD
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current path is parasitic BJT path as shown in Fig. 2-6 (b). Hence, the insertion of
SCR can’t improve the ESD robustness for SCR-nLDMOS_B. Fig. 3-23 shows the
SEM images of pLDMOS which suffers a -0.5kV HBM ESD stress. The contact spike
is located at the drain P* region. The leakage of N-well/P-sun junction increases due
to the contact spike. The contact spike of SCR-pLDMOS_A is located at the drain N*
region while the contacts of drain P* region are intact, as illustrated in Fig. 3-24. It
proves that the ESD current path is SCR path for SCR-pLDMOS_A. In addition, the
contact spike of SCR-pLDMOS_B is located at the drain P* region while the contacts
of drain N* region are intact, as illustrated in Fig. 3-25. It gives the evidence that the
triggering of SCR s failed for SCR-pLDMOS_B and the ESD current path is parasitic
BJT path as shown in Fig. 2-6 (d). The supposition which is made in 3.3.1 is verified

by the evidence of the SEM images.

C ‘iiiij Failure_
Location

ain-region

Failure
‘Location

Fig. 3-19. SEM images of typical nLDMOS which suffers from a 0.5-kV HBM ESD
stress.
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Fig. 3-20. SEM images of typical circular_nLDMOS which suffers from a 0.5-kV
HBM ESD stress.
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Contacts of P+ | | Contdcts of P+
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Fig. 3-21. SEM images of typical SCR-nLDMOS_A which suffers from a 6-k\V HBM
ESD stress.
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Fig. 3-22. SEM images of typical SCR-nLDMOS_B which suffers from a 0.5-kV
HBM ESD stress.

Failure
Location

Fig. 3-23. SEM images of typical pLDMOS which suffers from a -0.5-kV HBM ESD
stress.
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Fig. 3-24. SEM images of typical SCR-pLDMOS_A which suffers from a -3.5-kV
HBM ESD stress.
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Fig. 3-25. SEM images of typical SCR-pLDMOS_B which suffers from a -0.5-kV
HBM ESD stress.
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3.3.3 The influence of layout parameters on ESD robustness

The investigation of layout parameters can be sorted into three parts. The part
one is focused on the HV DMOS which fails while entering the snapback region.
Secondly, the part two discusses the SCR-LDMOS_A which exhibits excellent failure
current. The ineffectual layout parameters are discussed in the end.

Fig. 3-26 shows the failure current with different channel width (W). The Iy, of
nLDMOS is proportional to channel width for W < 80 um. For W > 80 um, the I,
gradually diminishes as a result of non-uniform turn-on effect. Similarly, the Iy,
increases with increasing channel width for pLDMOS, as illustrated in Fig. 3-27.

The drift length (D) shown in Fig. 2-1(a) has considerable effect on Iy, for
nLDMOS and circular_nLDMOS._The longer.drift length, the higher energy the
triggering of parasitic BJT needs. The energy is equal to the product of Vps, Ips, and
pulse width of TLP. Hence, the I increases with increasing drift length under the
condition of approximately the same Vps and fixed pulse width of TLP, as illustrated
in Fig. 3-28.

The contact spike occurs at drain both for nNLDMOS and pLDMOS; hence, the
parameter at drain is critical to the ESD performance. The parameter “Y” represents
the width of N+ drain for nLDMOS and P+ drain for pLDMOS, as illustrated in Fig.
2-1. The cross-sectional area of ESD current is enlarged by increasing Y; hence, it
needs much more ESD current to cause contact spike at drain. As a result, the
contact-spike-induced junction leakage occurs at higher ESD current when Y is
increased. As illustrated in Fig. 3-29 and Fig. 3-30, I, is proportional to Y.

Fig. 3-31(a) shows the parasitic current path and resistor in SCR-nLDMOQOS_A.
Failure analysis demonstrates that the main ESD current path is SCR path and the
contact spike occurs at drain P* region; hence, the parameter Y has great influence on

ESD performance. It needs much more ESD current to cause contact spike at drain
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when the cross-sectional area of ESD current is enlarged by increasing Y. I, increases
with increasing Y, as illustrated in Fig. 3.32. Furthermore, the wider Tq4 results in
higher parasitic resistor (R). Taking the ESD current path of SCR and BJT npn INtO
account, the ESD current prone to flow through SCR path due to the higher R. In
other words, the portion of ESD current through BJT nen path which exhibits poor
ESD performance decreased and the portion of ESD current through SCR path which
exhibit excellent ESD performance increases with wider T4. Consequently, Iy is
proportional to Tg, as illustrated in Fig. 3-33. The parameter T doesn’t affect the
parasitic current path and resistor, so Ts is ineffectual in improving ESD robustness.

Fig. 3-31(b) shows the parasitic current path and resistor in SCR-pLDMOS_A.
Because the contact spike occurs at drain N region, the parasitic current path which is
related to drain P* region is neglect. Taking the ESD current path of SCR and BJT npen
into account. The resistor (R) is higher with wider Ts, so the ESD current prone to
flow through SCR path. In other words, the portion of ESD current through BJT nen
path which exhibits poor ESD performance decreased and the portion of ESD current
through SCR path which exhibit excellent ' ESD performance increases with wider Ty.
Consequently, Iy, is proportional to Ts, as illustrated in Fig. 3-34. The parameter Ty
doesn’t affect the parasitic current path and resistor, so Tq is ineffectual in improving
ESD robustness in SCR-pLDMOS_A.

Table 3.5 lists some ineffectual layout parameters for ESD level. The definitions
of layout parameters are shown in Fig. 2-1, Fig. 2-3, and Fig. 2-6. The variation of
ESD level is small; therefore, it is suggested that this parameters are ineffective to

improve the ESD robustness.
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Fig. 3-26. The failure current under different channel width (W) for nLDMOS.
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Fig. 3-27. The failure current under different channel width (W) for pLDMOS.

49



50

——- nLDMOS

404 —O- Circular_nLDMOS .
__ 30+ .
<
E
- 204 nLDMOS i
= L=2, W=40, Y=13,
s=1, e=2, x=6 (um)
10 Circular_nLDMOS .
L=2, r=23, Y=23,
s=1, x=6 (um)
0 T T T T T T T T T T T
12 13 14 15 16 17 18
D (um)

Fig. 3-28. The failure current under different Drift length (D) for nLDMOS.
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Fig. 3-29. The failure current under different Y for nLDMOS.
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Fig. 3-30. The failure current under different Y for pLDMOS.
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Fig. 3-31. The parasitic current path and resistor in (@) SCR-nLDMOS_A and (b)
SCR-pLDMOS_A.
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Fig. 3-32. The failure current under different Y for SCR-nLDMOS_A.

4 6 8
Y (um)

52

10

12

14



6 i
< 4- —& Ts=0um -
N —O— Ts=4.05um
- SCR-nLDMOS_A

2 L=2, W=40, D=12,

Y=7, z=3, s=1(um)

0 T T T T T T T T T

0 1 2 3 4
Td (um)

Fig. 3-33. The failure current under different spacing between the N* and P* at drain
region (Ty) for SCR-nLDMOS"A.
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Fig. 3-34. The failure current under different spacing between the N* and P* at source
region (Ts) for SCR-pLDMOS_B.
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TABLE 3.5
The ineffectual layout parameters for ESD robustness.

Fixed Parameters Split Parameters
Device Structure

(um) (um)

W =40,D =12, L=2~4,e=-2~5,
nLDMOS 0.013 ~0.019
X=6 s=05~1

Circular_nLDMOS R=23,D=12 L=2~4,x=2~8 | 0.016~0.018

W =140, D =12, Ts=0~4.05,
SCR-nLDMOS_A 6.5~6.8
Tg=4.052=3 s=043~15

Tqa=0~4.05,
SCR-nLDMOS_B 0.006 ~ 0.008
Ts=0~4.05

SCR-pLDMOS_A | W=40,D=12Ts =0

W =40,d =12,
SCR-pLDMOS_B 0.035 ~ 0.056

3.3.4 Summary

The failure analysis demonstrates that SCR-LDMOS_B acts as LDMOS while
entering the high current region; consequently, the insertion of SCR is ineffective to
improve ESD robustness for SCR-LDMOS_B. On the contrary, SCR-LDMOS_A
exhibits excellent ESD robustness. The arrangement of placing embedded SCR
significantly affects the ESD robustness.

For nLDMOS, Iy, per unit width (W) gradually diminishes with increasing W as
a result of non-uniform turn-on effect. I, increases with increasing drift length (D)

and parameter Y. The parameter Y and the spacing between N* and P* at drain region
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(Ty) are critical for SCR-nLDMOS_A. Hence, the Iy, increases with increasing Y and
T4 for SCR-nLDMOS_A. The Iy, increases with increasing Ts for SCR-pLDMOS_A.
Moreover, some ineffectual layout parameters listed in Table 3.5 has no influence on
ESD level. Hence, it is suggested that this parameters are ineffective in improving the

ESD robustness.
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Chapter 4

Investigation on Safe Operating Area (SOA) and

Experimental Results

4.1 Introduction to SOA

Many applications require power devices to operate under the condition of high
voltage and high current simultaneously, so it is important to quantify the ability to
withstand the high power. The SOA defines the operating limits without damaging the
IC products. The “SOA” is the abbreviation of “Safe Operating Area”, that is, power
devices can operate and switch safely inside_this area. Furthermore, the SOA is
classified according to the duration of high-power. If the duration of high power is
long enough to generate the energy as heat, the device is destroyed due to the heat

instead of instantaneously electrical power.

4.1.1 Classification of SOA

The high-voltage devices have various applications such as display driver
integrated circuits, power supplies, power management and automotive electronics.
The bias condition is different among the applications of high-voltage devices. To
take account of all possible bias conditions, SOA is roughly sorted into forward bias
SOA (FBSOA) and reversed bias SOA (RBSOA) [8]. FBSOA analyzes the on-state
devices and RBSOA studies the off-state devices. The FBSOA specification takes the
form illustrated by the sketch in Fig. 4-1. The FBSOA is the region inside the

connection of the six points A, B, C, D, E and F.
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Vds Vds, max

Fig. 4-1. Forward bias safe operating-area (meshed region) [8].

The five curves illustrated at Fig. 4-1 have respectively definition and meaning
[8]:

(1) Line of AB’

The on-resistance which is limited by the current capability. Increasing the slope
of line AB’ with decreasing the on-resistance can obtain the better SOA.

(2) Line of BC

lgs, max 1S the maximum allowable drain current of on-state. The bonding wires
between the device and the package terminals will melt as the lgs continuously exceed
the lgs, max-

(3) Line of B’'D

The maximum average power dissipation curve which can be expressed as

lgs*Vas = Ppmax (@t Tc = Tco), Where Tc is the transistor-case (package) temperature
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and Ppmax IS the maximum average power dissipation [28]. It is mainly determined by
the heat-sinking capability of the packaged device. Fig. 4-2 shows the typical Ppmax
versus T¢ curve, where 0,c is the thermal resistance between junction and transistor
case. The power dissipation is allowed to temporarily exceed the curve; however, the
average power dissipation can’t above the curve. The curve shifts to satisfy the
equation lgs*Vgs = Ppmax (at Tc) for the transistor-case temperature T is larger than

I:)Dmax

I:)Dmax (TCO)

Slope=-1/0;c

Fig. 4-2. Maximum allowable power dissipation versus device-case temperature [28].

(4) Line of DE [8] [9] [29]

The curve of electrical SOA (eSOA). This is the locus of the trigger points which
are measured by TLP system under fix TLP pulse width and different gate bias. Fig.
4-3 and Fig. 4-4 respectively demonstrate the measured circuit and the typical eSOA
measured by 100-ns TLP system. The device under test is typical nLDMOQOS. The

parasitical BJT of transistor turns on and enters the snapback region if the operating
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point is temporarily above the curve. The mechanism of generating hot carrier and
turning on the parasitical BJT of transistor is impact ionization for eSOA [29]. The
high electrical field in the depletion region accelerates the carriers. The carriers get
sufficient Kkinetic energy and transfer it into potential energy. The abundant
electron-hole pairs make the junction breakdown and turn on the parasitical BJT. The
critical condition of turning on the parasitical BJT is Vge = Igg * Rge > Vegon ~ 0.7 V.

Fig. 4-5 demonstrates the eSOA measured by the 200-ns TLP system. The 200-ns
eSOA is narrower than 100-ns eSOA. The energy which a device can withstand is
constant. In addition, the energy of TLP pulse is equal to the product of Vps, Ips, and
the pulse width of TLP. Hence, the eSOA boundary degrades with increasing pulse
width of TLP, as illustrated in Fig. 4-6.

Latch up occurs when Vg <-Vpp, Where Vg is the holding voltage. Besides,
the high-voltage devices usually suffer permanent damage when they just enter the

snapback region. In conclusion, the €SOA'is the limit of normal operation.

Fig. 4-3. The test circuit of eSOA.
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Fig. 4-4. The I-V characteristics.measured by 100-ns TLP system. The 100-ns eSOA

boundary is shown in orange color and circular symbol.
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Fig. 4-5. The I-V characteristics measured by 200-ns TLP system. The 200-ns eSOA

boundary is shown in orange color and circular symbol.
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Fig. 4-6. The comparison of eSOA with different pulse width of TLP.

(5) Line of EF

The maximum operating-voltage (Vs max)-1S generally determined by eSOA with
zero gate bias, Vgs, max = Vuu (Vgs = 0-V)..The transistor will enter the snapback region
and be damaged if the operating point is instantaneously above Vs, max-

FBSOA is decided by the factors such as manufacture, material, package and
device structure. The emphasis of FBSOA is eSOA in this thesis. On the other hand,
RBSOA is the allowed operation range when the device is off but forced to conduct
current. The information of RBSOA is important for the applications such as flyback
convertor. The voltage and current of transistor are simultaneously high during the
inductive switch which can result in catastrophic damage. The unclamped inductive
switch (UIS) [30] [31] which is the most popular test method of RBSOA is
established to estimate the capability to sustain the stress of inductive switch. The

detailed information is discussed in the following chapter.
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4.1.2 Characteristic of Unclamped Inductive Switch (UIS)

Fig. 4-7 demonstrates the test circuit of UIS and Fig. 4-8 shows the typical
waveform of UIS. The DUT in Fig. 4-8 is typical NLDMOS. The voltage pulse which
amplitude is equal 5 V (Vgs) is applied to gate pad through Rgs. The Rys protects the
gate oxide from direct damage which results from voltage pulse of Vss. The voltage
pulse width of Vgs is named as T, and the inductive current is named as lswitch, as
illustrated in Fig. 4-7 and Fig. 4-8. The waveform can be divided by nodes of ti, ty,
and ts. The voltage pulse (Vgs) is applied to gate pad through Rgs during the period of
time between t; and t,. The DUT is turned on and the drain current (lgs) is equal to the
lswiten. Moreover, the lsitcn increases with time according to the equation (4.1) when
the DUT is on. The lsich reaches its maximum-as shown in equation (4.2). Besides,
the DUT is at the linear region where the drain voltage is proportional to drain current.
Consequently, the drain voltage slightly increases with increasing drain current during

the time period between t; and t;.

L(t)=1 ()= ['V_dt 4.1
ds( )_ switch )_QL cc ( )
V.. OTp
Ids,max = Iswitch,max = Iswitch(tz ) = (42)
Lo

The lswich degrades when the voltage pulse is removed. The inductive current
gradually decreases with time according to the equation (4.3). The channel of DUT is
off but forced to conduct the inductive current; hence, the DUT is compelled in a state
of avalanche breakdown. In consequence, the drain voltage (Vgs) reaches a maximum
(Vasmax)- The drain voltage and drain current of DUT are simultaneously high during

the period of time between t, and t3. Equation (4.4) shows the total energy that the
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DUT withstands during the inductive switch. The energy may results in catastrophic
damage. To quantify the ability to withstand the avalanche energy during the inductive
switch, it is defined that the maximum allowable UIS lsyiwch max 1S the inductive current

when the DUT reach is maximum allowable Eas.

)= N AV
Ids(t )_ Iswitch(t2)+ L -[tz (Vcc Vds )dt (43)

ext

(8]
Ess =] (Ves @ 1o )l (4.4)

The inductive current is equal to O A at time of t;. Hence, drain voltage is
restored to V. after time of t;. Fig. 4-9_shows the circuit trajectory of UIS. The
definition time of t;, t;, and tz.are identical to that in Fig. 4-8. The drain current
increases with time during the period of time between t; and t,. The DUT is at linear
region; as a result, the drain-voltage slightly increases with increasing lgs. The drain
current and drain voltage reach their maximum (lswitch max and Vs max) at to. In Fig. 4-9
(@), the drain current and drain voltage degrade with time during the period of time
between t; and t3. The drain current is equal to 0 A and the drain voltage is return to
V. at t3. If the unstable state is over the boundary of eSOA as illustrated in Fig. 4-9
(b), the DUT will enter the snapback region and the drain current will increase until
the DUT is failed. Hence, it is important to ensure that operates the DUT inside the
boundary of eSOA.

The aim of following test is to verify the equation (4.2). Fig. 4-10 shows the
waveform of inductive current with different power supply (V). The fixed
parameters are Tp and Ley. Hence, the lswichmax 1S proportional to Ve as illustrated in
Fig. 4-11.

Fig. 4-12 demonstrates the waveform of inductive current with different pulse
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width (Tp). The fixed parameters are V. and Leq. The slope of current waveform
during the period time between t; and t, is equal to a constant, as shown in equation

(4.5). Accordingly, Iswitchmax IS proportional to T, as illustrated in Fig. 4-13.

Slope = \I_/CC =C (4.5)

ext

where ¢ is a constant for fixed Vcc and Lex. Fig. 4-14 demonstrates the
waveform of inductive current with different inductive impedance (Lex). The fixed
parameters are T, and Lex. According to equation (4.2), lswitch,max IS reciprocal to Ley
as illustrated in Fig. 4-15. Moreover, the DUT is failed when the inductive impedance
is equal to 1 mH. Fig. 4-16 shows the waveform with L = 1 mH. The unstable state
is outside the boundary of eSOA as shown in-Fig. 4-9 (b) for Lex = 1 mH. Hence, the
drain current increases until the DUT is failed. The DUT-is short and the drain voltage

is equal to 0 V in the end.

Vce

lswitch

!

Ids

!

I—ext

Rgs

Fig. 4-7. The test circuit of unclamped inductive switch [30].
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Fig. 4-8. The waveform of unclamped inductive switch.

SOA:
| In danger! | \ SOA:
ds t\ Unstable ds ‘. Safe
Iswitt:h,max t=t2 \\ =2 )state Iswitch,max =t2 > .
Sel Unstable
: - state
t1<t<t2 ] t2<t<t3 t1<t<t2 ] t2<t<t3
=1 t=t3 | . _t=t1 t=t3 | .
N N Vds - h Vds
0 Vcc Vds,max 0 Vcc Vds,max
@ (b)

Fig. 4-9. The circuit trajectory of unclamped inductive switch. The unstable state is (a)

inside and (b) outside the boundary of eSOA.
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Fig. 4-10. The waveform of inductive current with different power supply (V).
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Fig. 4-11. The inductive current with different power supply (V).
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Fig. 4-12. The waveform of inductive current with different pulse width (T).
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Fig. 4-13. The inductive current with different pulse width (T,).
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Fig. 4-15. The inductive current with different inductive impedance (Lex).
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l_l|20.00%

Fig. 4-16. The waveform of UIS when device is failed.

The energy stored in the inductor totally transfers into the DUT during the UIS
stress. The maximum energy that the DUT can withstand during the UIS stress is
constant. Moreover, the energy stored in the inductor is proportional to Ley as shown

in equation (4.6).

Iswitch,max2 ¢ Lext (4 6)

Energy = 5

Hence, the max. allowable UIS lgyitch max 1S reciprocal to the Ley;, as shown in Fig.
4-17.

Fig. 4-18 and Fig. 4-19 respectively show the waveform of drain voltage and
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drain current with different gate bias.

To investigate the influence of gate bias on the UIS characteristic, the UIS tests
with different amplitude of gate voltage pulse. For the amplitude of gate voltage pulse
is larger than 1.5 V, the lgs increases with time. User can adjust the parameters of T,
Ve, and Ley to get the proper operating current. For the amplitude of gate voltage
pulse is smaller than 1.5 V, the Ids is limited by the DMOS channel current. Hence, it
can’t reach normal operating current at real application.

To take the accuracy of Iswitch into account, the UIS tests as illustrated in Fig.
4-20 and Fig. 4-21 is repeated with different sample whose device structure and
layout parameters are the same. Table 4-1 lists the corresponding values of UIS
Iswitchmax @nd Vgs, max In Fig. 4-21 and Fig. 4-21. The standard deviation of UIS

lswitch max IS slight. The standard deviation of Vs max 156.4 V.

210 T | T T T T
= [ |
: Vce=100 V

8 4
g Rgs=15Q
P u '
-3 6 \ -
I .
(72)
S 4 ]
(]
o
©
3 2- -
o
: . DUT: typical SCR-nLDMOS_A |
m T T T T T T T T T T
= 0 20 40 60 80 100

Lext (mH)

Fig. 4-17. The maximum allowable UIS Isyiich max With different inductive impedance

(Lexy)-
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Fig. 4-18. The waveform of drain voltage (Vgs) with different gate bias (V) during

UIS stress.
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Fig. 4-19. The waveform of drain current (lgs) with different gate bias (Vgs) during

UIS stress.
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Fig. 4-20. The waveform of drain voltage (Vgs) With: different samples whose device

structure and layout parameters are the same during UIS stress.
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Fig. 4-21. The waveform of drain current (lgs) with different samples whose device

structure and layout parameters are the same during UIS stress.
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TABLE 4.1

The UIS tests with different sample

UIS lswitchmax (MA) Vs,max (V)
Sample 1 8.8 204
Sample 2 8.8 192
Sample 3 8.6 194
Average 8.7 197
Standard deviation 0.1 6.4

4.2 Experimental Results of SOA

The measured method and the detailed mechanism of SOA are discussed in 4.1.
The following experiment of SOA includes-eSOA and UIS with typical n-type HV

DMOS as listed in Table 2.1.

4.2.1 electrical SOA

Fig. 4-22 shows the boundary of 100-ns eSOA with different device structures.
The drain current is normalized to the channel width; hence, the comparison is
reasonable. The 100-ns eSOA of nLDMOS is the greatest; on the contrary, the 100-ns
eSOA of circular_nLDMOS is the worst. It is due to the crowded heat effect. The
device area of circular_nLDMOS is the smallest; as a result, the heat is hard to be
dispersed for circular_nLDMOS. The triggering of embedded SCR is failed for
SCR-nLDMOS B, so the eSOA of SCR-nLDMOS B is similar with that of
nLDMOS. In addition, the serious degradation of eSOA is observed in Fig. 4-22 for
SCR-nLDMOS_A. In other words, the insertion of SCR effectively improves ESD

robustness while worsening the eSOA performance.

73



Ids (A/cm)

100-ns eSOA
1 VGS=0~3 \'}

2 | - nLDMOS ]
—@— Circular_nLDMOS
{1 —— SCR-nLDMOS_A 1

o | ~¥~ SCR-nLDMOS B
T T T T

0 25 50 75 100 125 150 175 200
Vds (V)

Fig. 4-22. The 100-ns eSOA with different device structure.

4.2.2 Unclamped Inductive Switch

Fig. 4-23 demonstrates the UIS waveform with different device structure. The
waveform shows the maximum energy that the DUT can withstand. In other words,
the DUT is suffered from the permanent damage with longer pulse width (T,) under
the condition of V¢ = 100 V, Lex = 10 mH, Rgs = 15 Q. Table 4.2 lists the maximum
allowable UIS lgyitch max @nd the trigger current which is measured by the 100-ns TLP
system. The maximum allowable UIS lsitcchmax 1S slightly smaller than the trigger
current. If the lswitch max 1S larger than the i, the unstable state is over the boundary of
eSOA as illustrated in Fig. 4-9 (b) and results in catastrophic damage. In
consequence, the Iy is critical parameter for performance of UIS. Circular_nLDMOS
exhibits the greatest UIS level; on the contrary, the ability to withstand the UIS stress

is the worst for SCR-nLDMOS_B.
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Fig. 4-23. The UIS waveform of typical (a) nLDMOQOS, (b) circular_nLDMOQOS, (c)

SCR-NLDMOS_A, and (d) SCR-nLDMOS_B.

TABLE 4.2

The comparison between l;; and max. allowable UIS lsyitch max

Device structure

Max. allowable UIS

Iswitch,max (mA)

nLDMOS

14.2

Circular_nLDMOS

15.2

SCR-nLDMOS_A

94

SCR-nLDMOS_B

75
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Chapter 5

Discussion

5.1 The Trade-off Between ESD and SOA

Among the various reliability specifications, ESD and SOA are important issues
for HV transistors. Table 5.1 lists the performance of ESD, eSOA, and UIS for typical
n-type HV DMOS. It shows that the embedded SCR can efficiently improve ESD
robustness for SCR-nLDMOS_A. Nevertheless, the severe eSOA degradation and the
poor UIS level are observed. Hence, the insertion of SCR to HV DMOS is not a
win-win solution for ESD and SOA. The methods to enlarge the boundary of eSOA
and improve the ability of withstanding the UIS stress without paying for the poor

ESD robustness are discussed-in 5.2.

TABLE 5.1
The performance of ESD, eSOA, and UIS for n-type typical DMOS
Type

ESD eSOA ulIS
Ranking

1% place SCR-nLDMOS_A nLDMOS Circular_nLDMOS

2" place | Circular_ nLDMOS | SCR-nLDMOS_B nLDMOS

3" place nLDMOS SCR-NLDMOS_A | SCR-nLDMOS_A

4thplace SCR-nLDMOS_B | Circular_ nLDMOS | SCR-nLDMOS_B
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5.2 Methods to Improve SOA

The trade-off between ESD and SOA is observed in traditional HY DMOS and
the HV DMOS with embedded SCR. There are three methods to overcome the
dilemma. The methods of improving SOA without paying for the poor ESD level
includes circuit solution [1], process solution [2] [3], and layout solution [3] [4]. First
of all, the circuit solution is the clamped inductive switch (CIS). It improves the
ability to withstand the UIS stress. Secondly, an additional implantation is applied to
alter the equivalent Rgg of parasitic BJT. The higher Rge is, the higher trigger current
is. As a result, the improvement of eSOA and UIS is achieved. In the end, a novel
layout style is proposed in [3] to improve eSOA of nDMOS with embedded SCR

which exhibits excellent ESD robustness.

5.2.1 Circuit Solution to improve UIS [1]

The DUT is forced to conduct the inductive current when it is off during the UIS
stress. The diode is added to bypass the lswitch When DUT is off, as illustrated in Fig.
5-1. The drain current is clamped to 0 A, so the circuit is named as clamped inductive
switch (CIS). Fig. 5-2 shows the diagram of waveform during the UIS stress. The
avalanche breakdown voltage of diode is named as BVz. The BV is larger than Vc;
hence, the diode is off and the waveform of UIS is identical to that of CIS until t,. The
voltage pulse of gate (Vgs) is removed and the DUT is off at t,. The diode bypasses
the lswich; therefore, the drain current is clamped to O A and the drain voltage is
immediately clamped V. at t,. Fig. 5-3 shows the waveform of UIS and CIS. The
SCR-nLDMOS_A exhibits poor UIS level. However, the dramatically improvement is
observed in waveform of CIS. The maximum allowable lsytichmax Of CIS is almost

three times larger than that of UIS.
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The CIS tests with different number of diode are done for the purpose of further
knowing the influence of diode on the ability to withstand the CIS stress. Fig. 5-4
shows the test circuit of UIS with different number of diode. The corresponding
waveform of drain current is identical to each other, as illustrated in Fig. 5-5. It clarify

that the number of diode is ineffectual to improve the CIS level.

Vce

Iswitch Idiode
:o|| A
-l é\l/ T

Rg S

_{

Fig. 5-1. The test circuit of clamped inductive switch [1].
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Fig. 5-2. The diagram of waveform during the CIS stress.

78



Tek Stop v | 2 aoeea———— Tek #1k | - —i— 1
Ves=5V f V=100V © Ves=5|V V=100V
Loi=10mH T ; Lo =10 mH
ov. | Ry =15 Q y ov | Ry =150
2 Jewremsimipias ¢_. .......... T SNSRI SUSSEEPIE SIS UIPION S | ) e —— ,4_,. ................................... &
TP=1 0ps : T =41ps
[ - ___.Vds‘max=180V B R s
ST A N Zon SN 190V Ve,
' Max. allowable UIS - Maxgallowable €19
LN Iswitch,max =9.4mA o swljtc:.:.;max . -Z h ‘ ‘|
0A i | 1 ds ]
ds e
DUT: typical SCR-NLDMOS_A ! DUT: typical SCR-nLDMOS_A
Ch2| 5.00V M{1.00us| A Ch2 . 2.60V Ch2| 5.00V M[4.00us A Ch2 L 500mV
50.0mV<e [Ch4] 100V ) 100mvV <& [Cha[ 100V
19/20.20 % W+~ [12.0360us
(@) (b)
Fig. 5-3. The waveform of (a) UIS and (b) CIS.
Vce

(@)

(b)

]

(©)

Fig. 5-4. The test circuit of UIS with (a).one diode, (b) two diodes, and (c) three

diodes.
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Fig. 5-5. The waveform of drain current with different number of diode during the

CIS stress.
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5.2.2 Process Solution to improve eSOA [2] [3]

Fig. 5-6 shows the cross-sectional view of nLDMOS with buried body which is
arranged beneath the n+ source region. The current path of parasitic BJT is shown in
blue line with arrow. The equivalent resistance of parasitic BJT between base and
emitter (Rgg) is equal to the resistance of p-type region. The doping concentration of
buried body is larger than that of p body; hence, the Rge is reduced as a result of
buried body. In addition, the Vg has to larger than Vgg on (usually equal to 0.7 V) to
turn on parasitic BJT. The lower Rge is, the higher trigger current is. In other words,
the triggering of parasitic BJT is harder and the boundary of eSOA is widened. Fig.
5-7 shows the experimental results of eSOA with and without buried body. The data
demonstrates that the buried body ‘can improve eSOA. The buried body can
theoretically enhance the ability ‘to withstand the UIS stress due to the increased

trigger current.

body n+ source
P y n+ drain

ate
iEg/-Z:' l
A
IJ O /gyt
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%

\}

buried body p/p+epi

Fig. 5-6. The cross-sectional view of nLDMOS with buried body which is shown in

red rectangle [2].
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Fig. 5-7. The 100-ns eSOA with«and without buried body [2].

5.2.3 Layout Solution to improve eSOA 3] [4]

Fig. 5-8 shows the novel layout style of nLDMOS. The polygate is bent
according to the shape of hexagon, so the layout style is named as polybending. The
void inside the hexagon is filled with P*, and it is named as P* slots. The P* slots are
short to ground pad through the internal metal. The avalanche current path is from
drain to source region. The P* slots can shunt the avalanche-generated holes to ground
during the TLP stress as illustrated in Fig. 5-8 (a). Hence, it needs more
avalanche-generated holes to trigger the parasitic BJT. In other words, the trigger
current is increased. As the polygate arrangement is applied to the nLDMOS with
embedded SCR, the ESD robustness and the boundary of eSOA will simultaneously

improved. It is a win-win solution for the reliability issues of ESD and SOA.
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Fig. 5-8. (a) The cross-sectional view along A-A’ line and (b) the layout top view of

the nLDMOS with the polybending layout arrangement [3].
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The new proposed structures for HV LDMOS in a 0.5-um 100-V BCD SOI
technology have been presented. Measurements include the Ips-Vps characteristics
and avalanche breakdown voltage are measured by curve tracer; trigger voltage,
trigger current, failed current, and 100-ns eSOA are measured by the 100-ns TLP;
HBM and MM levels are measured by ESD simulator with model ets910. The
experimental results show that the insertion of SCR increases ESD performances of
HV LDMOS but degrades eSOA and the capability. of withstanding the UIS stress.

To minimize the junction curvature effect as mentioned in chapter 2, the layout
styles of HV LDMOS are in circular and elliptic shape. Furthermore, the experimental
data illustrates that the avalanche breakdown.veltage increases with increasing radius
of metallurgical junction.

The insertion of SCR to LDMOS is not always effective in improving the ESD
robustness. The ESD robustness of SCR-LDMOS_B in which the equivalent SCR
path is located at center of drain region is poor; on the contrary, the ESD robustness of
SCR-LDMOS_A in which the equivalent SCR path is located at side of drain region is
excellent. Consequently, the arrangement of placing embedded SCR significantly
affects the ability to withstand the ESD stress.

The influence of various layout parameters on ESD robustness has been
presented. For nLDMOQOS, Iy, per unit width (W) gradually diminishes with increasing

W as a result of non-uniform turn-on effect.
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The contact spike occurs at drain both for nLDMOS and pLDMOQOS; hence, the
parameter Y at drain is critical to the ESD performance. The cross-sectional area of
ESD current is enlarged by increasing Y; hence, it needs much more ESD current to
cause contact spike at drain. As a result, the contact-spike-induced junction leakage
occurs at higher ESD current when Y is increased. Consequently, Iy, is proportional to
Y both for nLDMOS and pLDMOS.

For SCR-nLDMOS_A, the main ESD current path is SCR path and the contact
spike occurs at drain P* region. It needs much more ESD current to cause contact
spike at drain when the cross-sectional area of ESD current is enlarged by increasing
Y; hence, |y, increases with increasing Y. Furthermore, we take the ESD current path
of SCR and BJT npn INto account to dnvestigate the influence of spacing between N+
and P+ at drain region (Tg4) .on ESD.robustness. The ESD current prone to flow
through SCR path due to the higher R which arose from.wider T4. The SCR exhibits
excellent ESD performance while the BJT exhibit poor ESD robustness. Consequently,
l2 is proportional to T4 due to the increment of SCR ESD current and the reduction of
BJT ESD current. The parameter Ts doesn’t affect the parasitic current path and
resistor, so Ty is ineffectual in improving ESD robustness of SCR-nLDMOS_A.

For SCR-pLDMOS_A, the main parasitic ESD current path is SCR and BJT npn.
Similarly, the ESD current prone to flow through SCR path due to the higher R which
arose from wider Ts. As a result, Iy, is proportional to T due to the increment of SCR
ESD current and the reduction of BJT ESD current. The parameter T4 doesn’t affect
the parasitic current path and resistor, so T4 is ineffectual in improving ESD
robustness of SCR-pLDMOS_A.

The Iy, is approximately equal to I;; for LDMOS without embedded SCR; as a
result, I, increases with increasing D. Moreover, some ineffectual layout parameters

listed in Table 3.5 has no influence on ESD level. Hence, it is suggested that this
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parameters are ineffective in improving the ESD robustness.

Though LDMOS with embedded SCR exhibits excellent ESD robustness, it
suffers from a severe degradation of electrical SOA and a poor ability to withstand the
unclamped inductive switch (UIS) stress. There are three feasible ways to improve
SOA without paying for the poor ESD robustness.

(1) Clamped inductive switch [1]

The DUT is forced to conduct the inductive current (lswich) When it is off during
the UIS stress. The Vps and Ips are simultaneously high; hence, a destructive energy
Eas causes catastrophic damage in DUT. To bypass the lswich, UIS circuit is
incorporated with a diode. Experimental result shows that it can improve the
maximum allowable lswtich max DY three times.

(2) Doping concentration.under the source region is light [2] [3]

The doping concentration' of the additional implantation (buried body) is higher
than original doping concentration; hence, the Rge is reduced. With buried body, it
needs higher trigger current to turn-on the parasitic BJT. In other words, the action of
snapback is harder, so it successfully widensthe eSOA of LDMOS.

(3) Novel layout arrangement: polybending [3] [4]

The polygate is bent to insert P* slots. Such layout style is named as polybending.
The P* slots can shunt the avalanche-generated holes to ground during the TLP stress;
hence, it needs more avalanche-generated holes to trigger the parasitic BJT. In other
words, the trigger current is increased. Consequently, an improvement of eSOA can be
achieved by polybending.

Therefore, the suppression of triggering parasitic BJT or SCR by increasing the

trigger current is a win-win solution for ESD and SOA.
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6.2 Future Work

The LDMOS is functional in circular and elliptic layout style. Hence, the deeper
investigation on the LDMOS is feasible. For LDMOS in circular layout style, the
multiple DMOS in waffle type and the insertion of SCR are worth to try. For LDMOS
in elliptic layout style, the multiple finger layout arrangement is challenging.

It is discovered that a LDMOS has better ability to withstand the UIS stress when
it has a higher trigger current. Engineering the trigger current of LDMOS accordingly

can be a direction of future UIS studies.
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