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Abstract: A novel SCR on-chip ESD device is proposed to protect IC chips against ESD stressing in two opposite direc-

tions. The triggering voltages of four types of dual direction SCRs (DDSCR) are compared and analyzed. pMOS or nMOS
are embedded into the structures to adjust their triggering voltages. Both MOSFETs embedded DDSCRs have tunable trig-
gering voltage,low DC leakage (~pA),and fast turn on speed snapback I-V characteristics without latch-up problem. It

achieves high ESD performance of ~94V/um. The new ESD protection devices are area efficient and can reduce the para-

sitic effects significantly.
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1 Introduction

Electrostatic discharge (ESD) causes a significant
percentage of the failures in electronics industry. The
shrinking size of semiconductor circuits, thinner gate
oxides, complex chips with multiple power supplies
and mixed-signal blocks, larger chip capacitance and
faster circuit operation, all contribute to increased
ESD sensitivity of advanced semiconductor devices'' .
On-chip ESD protection design becomes a big chal-
lenge in mixed mode RFCMOS ICs. SCR ESD device
is reported as the most efficient on-chip ESD protec-
tion device,but it does not possess the snapback func-
tion to conduct current in both directions. In order to
against ESD pulses in positive and negative stressing
modes,an alternative is to use two devices to form ac-
tive discharging paths in two opposite directions".
But its double size would consume large silicon area
and induce substantial parasitic effects. Such a prob-
lem is more severe in mixed mode RF and high pin-
count designs. Wang”* devised a dual direction SCR
(DDSCR) ESD protection structure implemented in
BiCMOS technology with a deep n” isolation layer.
And he used a trigger assist circuit to reduce the trig-
gering voltage of the DDSCR which comprises two
pairs of Zener diodes with back-to-back connection.
Its best ESD performance is ~80V/um. Ker"” men-
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tioned that to realize the DDSCR device structure
proposed by Wang in the CMOS process, an extra
deep n-well mask must be added into the process
flow. The deep n-well mask prevents the initial leak-
age path in the npnpn structure. Of course, the extra
mask and associated process steps increase the costs.
What’s more, Zener diodes trigger assist circuit is not
only an area consuming method but also incompatible
in certain CMOS processes.

In this paper,a successful design of a novel low
triggering voltage compact dual direction SCR ESD
devices which are based on both pnpnp and npnpn
structures are reported, originally targeting mixed
mode RF chips. All of the DDSCR structures are real-
ized in 0.18pym mixed mode RFCMOS process. The
basic operation mechanism of novel pnpnp based
DDSCR without additional masks is described.

2 pnpnp based DDSCR devices

2.1 pnpnp DDSCR device design

The symmetrical pnpnp DDSCR structure in
CMOS process illustrated in Fig. 1 comprises one lat-
eral npn (T2) structure and two vertical pnp struc-
tures (T1 and T3). The ESD device is off in normal
condition,therefore it does not interfere with IC chip
operation. Consider the case when a positive ESD
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Fig.1 Device structure of pnpnp DDSCR

pulse is applied to the terminal A of the device with
respect to the terminal C,the BC junction (p-well/n-
well) of T2 is reverse biased. As the reverse voltage
monotonically increases,the BC junction will reach its
avalanche breakdown voltage eventually. A large
amount of electron-hole pairs are therefore genera-
ted. Those excess electrons and holes will be collected
by the n* and p* connected to the terminal A and C,
respectively. A potential drop builds up along the e-
lectron flowing path due to parasitic n-well resistance
R1 simultaneously. So the BE (p* /n-well) junction of
T1 is forward biased and eventually turns on T1,and
so does T2. The TZ and T3 BJT pair forms a regenera-
tive thyristor. Continuous stressing will drive the thy-
ristor into deep snapback region with low on-resist-
ance (R,,). And vise versa, when a negative ESD
pulse is applied to the terminal A of the device, it is
the same effect as a positive ESD pulse is applied to
the terminal C of the device with respect to the termi-
nal A.T2 and T3 BJT pair will perform the same thy-
ristor function due to its symmetrical device design.

2.2 n' modified pnpnp DDSCR device design

The triggering voltage of the DDSCR device
mentioned in 2.1 is dominated by the avalanche
breakdown of n-well/p-well junction. which could be
more than 14V in this 0. 18um CMOS process. In or-
der to reduce the avalanche breakdown voltage be-
tween the n-well and p-well to provide more effective
ESD protection for internal circuit, a heavily doped
n" diffusion is added across the two wells. The trigge-
ring voltage is determined by the avalanche break-
down voltage (V,,) between the p/n junction.
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Fig.2 Cross section of n” modified pnpnp DDSCR
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where ¢ is the permittivity of the material, N, is the

Vi = (D

donor concentrations, e is the unit electron charge
which is typically — 1.602 X 10" coulomb (C), and
E,, is the breakdown field in the depletion region of
the junction™. The concentrations of n~ diffusion
across the wells is larger than the concentrations of n-
well,so the V,, value of n* modified DDSCR is smal-
ler. However.,because of the deeper STI isolation,the
triggering voltage (~ 11V) of the n’ modified
DDSCR could be still somewhat too high to effective-
ly protect the thin gate oxide of input stages in the
same process. Therefore, this kind of DDSCR has to
be cooperated with a secondary protection device to
perform the overall ESD protection function for input
stages.

3 MOSFET embedded DDSCR devices

In this specific 0. 18um CMOS process, the depth
of STI is about ~0.53um, but the junction depth of
p"/n" diffusion is only about ~ 0.2/0.18pm. The
deeper STI region in the device creates a longer cur-
rent path from the anode to the cathode., which not
only makes higher breakdown voltage but also leads
to a slower turn-on speed of the DDSCR. To more ef-
fectively protect the input stages and even output sta-
ges, the MOSFET embedded DDSCRs with reduced
STI isolation regions are invented. A pMOS embedded
DDSCR called PLVT _ DDSCR is based on pnpnp
structure without additional process. An nMOS em-
bedded DDSCR called NLVT _DDSCR is based on
npnpn structure by using an extra T-well mask in
mixed mode RFCMOS process. However, the extra T-
well mask will increase costs.

A GGnMOS model is shows in Fig. 3. In parallel
with the drain and source diffusion,a parasitic lateral
BJT is formed. The total drain current can be ex-
pressed as a function of the parasitic bipolar current
and the thermal generation current:

I = 1.+ Ig (2)
where the generation current can be expressed as
Is = (M- D¢ (3)
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Fig 4 Device structure of PLVT_DDSCR

M is the avalanche multiplication factor that should

satisfy the form:

S S
VD n

1= (v2)

The power factor n of this relationship is a function

€Y)

of the doping profile at the metallurgical junction.
The substrate current can be estimated as

ISX = IG - IB (5)
We can express the voltage drop in the substrate as
Vex = T'sx Ry (6)

The triggering voltage of GGnMOS is the value of Vj,
when Ve reaches ~0. 7V . So in this situation, the
GGnMOS is triggered off before the original ava-
lanche breakdown voltage V,,.
mechanism applies to GDpMOS except that its poly
gate,source region and bulk are tied to the same high
potential terminal, and its parallel parasitic lateral
BIT is a pnp transistor.

A similar working

3.1 PLVT_DDSCR device design

The compact device structure of PLVT_DDSCR
is shown in Fig. 4. As a positive ESD pulse is applied
to the anode terminal of the device with respect to the
grounded cathode terminal,the gate of the pMOSFET
at the pulsed side is connected to high potential that
prevents the formation of inversion region in the
channel. The BC (n-well/p” ) junction of its parasitic
BJT (T2) of the pMOSFET is reverse biased and
eventually reaches its avalanche breakdown voltage,
and the device is triggered off due to GDpMOS (gate
to VDD pMOS) mechanism. A large amount of elec-
tron-hole pairs are therefore generated. As the excess
electrons flowing through forwarded p-well/n-well
junction path, they are collected by the n” at the
cathode terminal,a potential is built through the par-
asitic n-well resistor R; to turn on T3,and the T1 and
T3 pair forms a regenerative thyristor to conduct the
current. The inherent thyristor leads to a second trig-
gering of the device. Although the bulk gate,poly gate
and drain of M1 are tied together to low potential,
still a sub-inversion channel is unavoidable. A portion
of current will flow through the channel of pMOS M1
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Fig. 5 Device structure of NLVT_DDSCR

simultaneously. And vise versa, the same operation
mechanism applied as the relative negative ESD pulse
arrives.

3.2 NLVT _DDSCR device design

In HIJTK advanced mixed mode RFCMOS
process, besides n-well and p-well, there is a triple-
well (T-well) mask, which allows circuits to be inde-
pendent of the substrate bias condition and is often
used to isolate the n-channel MOSFET from substrate
noise. This is an advantage for noise isolation, mixed
mode and dynamic threshold MOSFET applica-
tions”™ . NLVT_DDSCR is an npnpn based structure.
As Figure 5 shows,the operation mechanism is almost
the same as PLVT_DDSCR except the first triggering
is due to the parasitic lateral BJT of GGnMOS (gate
grounded nMOS) at the opposite side of ESD pulse,
and the inversion channel of nMOSFET (M1) at the
ESD pulse side of the device. Once the GGnMOS is
triggered off, the channel of nMOS (M1) in the T-
well is conducting some current due to its gate tied to
anode terminal and the T-well isolation effect. The
second triggering is due to the inherent thyristor (in
this case T1&T2 pair).

4 Measurements and discussion

By using Barth 4002 transmission line pulse
(TLP) testing system, a series of pulses with 100ns
pulse width and a 10ns rise time by 0.5V increment
are applied to the tested devices. The measurement
window is set to 70% to 90% of the pulses. The fail-
ure point is defined as the leakage suddenly increased
to ~pA under 2V of DC bias.

The TLP measured I-V plots of four types of the
DDSCRs are shown in Fig. 6 to compare their trigge-
ring voltages (V). The V, of original pnpnp based
DDSCR (Fig. 1) and n" modified DDSCR (Fig.2)
arc 14.4 and 11V, respectively. The n”
across the wells cannot bring the triggering voltage
under the safe margin of the breakdown voltage of
the gate oxide of input stages. MOSFET embedded

diffusion
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Fig.6 V. comparison of four types of DDSCRs

DDSCRs can reduce V,to 8~6.5V. As shown in the
insert of Fig. 7, the first triggering mechanism is by
parasitic lateral BJT of the GDpMOS or GGnMOS,
and the second snapback is due to the inherent thyris-
tor of the device structures. There is a good symmetrical
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Table 1 TLP results of four types of DDSCRs
DUT Va/V Vi/V To/A ESDV/ (V/pm)
DDSCR 14.40 3.85 2.29 98.28
NM_DDSCR 11.00 5.06 2.30 98.63
PLVT_DDSCR 7.90 4.12 2.19 93.94
NLVT_DDSCR 6.74 4.43 1.74 74.63

TLP I-V characteristic for positive and negative ESD
stresses (Fig. 6). The relative high holding current
(260~330mA) and holding voltage (more than 2V)
can help to the latch-up immunity.

5 Conclusion

In HITK 0. 18um mixed mode RFCMOS technol-
ogy,the pnpnp based dual direction SCR without an
extra T-well is successfully realized. n* modified
DDSCR reduces triggering voltage to some extent.
pMOS embedded low triggering DDSCR can bring
triggering voltage below 8V. What’s more, by using
an extra T-well mask,nMOS embedded low triggering
DDSCR can bring triggering voltage below 7V or
even lower. The low voltage triggering DDSCR ESD
device features a second snapback symmetric I-V
characteristic without latch-up problem. Its relative
I, value equals more than 3.5kV HBM ESD failure
voltage.and translates into a very high ESD perform-
ance of 94V/um. And the comparison of various
DDSCRs is summarized in Table 2. This compact ESD
design reduces silicon area and ESD induced parasitic

Fig.7 Positive and negative TLP [-V plots and leakage of effects Slgmfwant]}" It can be used for VDSM and RF
LVT_DDSCR on-chip ESD protection applications.
Table 2 Comparison of various DDSCRs
Pro'cess DDSCR type Triggcr.ing Triggering Turn-on La}tch—up Design' Overall
(Designer) mechanism voltage/V speed issue complexity performance
Avalanche . .
0. 6pm DDSCR 23 Slow Yes Middle Middle
breakdown
BiCMOS
External Zener X .
(A.Wang) LVT_DDSCR 7.8 Middle Yes High Good
breakdown
Avalanche .
DDSCR 14. 4 Slow No Low Middle
breakdown
0. 18,1m
K Avalanche .
Logic CMOS NM_DDSCR 11 Slow No Low Middle
breakdown
(Author)
7.9
PLVT_DDSCR GDpMOS Fast No Middle Good
(Tunable)
0. 18;,&1’1 6.7
MM_RFCMOS NLVT_DDSCR GGnMOS ' Fast No Middle Good
(Tunable)
(Author)
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