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In the electronic products, the reliability issues
are very important. It will influence not only the
product yield but also the user’ s safety. With the
function complexity increasing, the requirement of
product reliability becomes stricter. However, the
damage caused by electrostatic discharge (ESD)
zapping 1s the major reliability issue in all
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electronic products.

For the ESD protection of integrated circuits (ICs),
the main demand is to achieve high ESD robustness.
However, with the technology keep shrinking, devices
against ESD damage are weakened. Thus, ESD protection
design becomes more important to ICs in advanced CMOS
processes. In the radio-frequency (RF) IC design,
with the trend of operating frequency increasing, the
low-capacitance and low-loss design is needed. As a
result, ESD protection design for RF ICs in advanced
CMOS processes will become more difficult. Therefore,
1t needs to further study new ESD protection methods
for RF ICs.

In order to increase system chips integration, the
requirement of high-voltage CMOS processes is
increased dramatically. But in high-voltage CMOS
processes, because of complex fabrication procedure,
which makes the device’ s inherent ESD robustness
weaker. Therefore, in order to enhance system chips
robustness, ESD protection designs in high-voltage
CMOS processes also need to further be studied. After
enhancing the ESD protection ability of high-voltage
devices, the safe operating area (SOA) is the other
topic which is needed to take into consideration.
This topic is different from the target of ESD
protection; it studies devices behavior when devices
operate under normal operating conditions. Under a
high voltage and high current operating environments,
the safe operating area of high-voltage devices will
be suppressed. Although the chips in the product can
achieve high ESD robustness, it does not mean devices
will have robust safe operating area, because of the
strict conditions in high-voltage operating
environments. Once chips have perfect ESD protection
ability and devices have robust safe operating area,
the electronic products can have the useful value and
competitiveness in the market.

Electrostatic Discharge (ESD), Radio-Frequency
Integrated Circuits (RF ICs), High-Voltage CMOS
Process, Whole-Chip ESD Protection, Safe-Operating-



Area (SOA).
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Abstract

In the electronic products, the reliability
issues are very important. It will influence not only
the product yield but also the user's safety. With
the function complexity increasing, the
requirement of product reliability becomes stricter.
However, the damage caused by electrostatic
discharge (ESD) zapping is the major reliability
issue in all electronic products.

For the ESD protection of integrated circuits
(ICs), the main demand is to achieve high ESD
robustness. However, with the technology keep
shrinking, devices against ESD damage are
weakened. Thus, ESD protection design becomes
more important to ICs in advanced CMOS
processes. In the radio-frequency (RF) IC design,
with the trend of operating frequency increasing,
the low-capacitance and low-loss design is needed.
As a result, ESD protection design for RF ICs in
advanced CMOS processes will become more
difficult. Therefore, it needs to further study new
ESD protection methods for RF ICs.

In order to increase system chips integration,
the requirement of high-voltage CMOS processes
is increased dramatically. But in high-voltage
CMOS processes, because of complex fabrication
procedure, which makes the device's inherent ESD
robustness weaker. Therefore, in order to enhance
system chips robustness, ESD protection designs
in high-voltage CMOS processes also need to



further be studied. After enhancing the ESD
protection ability of high-voltage devices, the safe
operating area (SOA) is the other topic which is
needed to take into consideration. This topic is
different from the target of ESD protection; it
studies devices behavior when devices operate
under normal operating conditions. Under a high
voltage and high current operating environments,
the safe operating area of high-voltage devices
will be suppressed. Although the chips in the
product can achieve high ESD robustness, it does
not mean devices will have robust safe operating
area, because of the strict conditions in
high-voltage operating environments. Once chips
have perfect ESD protection ability and devices
have robust safe operating area, the electronic
products can have the wuseful value and
competitiveness in the market.

Z NP FHad B2 pen
RpTHHEH > LD 5]
POV ORB OIS MAEETRE
¥ St pi(Scaled Down)r’v"l g B o TR
S EAE S B B R B o p o 4 et
fe e 15‘.)\’3—}m€)§ﬂfuk’40 oF el AR e G
B AR 28 2k SETEE RS G
Boo Ul RERE T R ?1‘37 P sy %
ﬁﬁ%*irﬁﬂiii%*ﬂﬁmﬁ’ﬁ%
BREMDE RE L RIB 4 F T wrmﬁ:xaﬁ
R B AR B o WARBFEH LT T U
&x;% e kPRI o g m imfo‘?ﬁ
FTRENIM  rpAERE c F AR TR
;,{;*m"]ﬁﬁ_"}’#[‘% HHEWT D ’%*'5”‘5‘?
(ESD)EFRA g AvE E&i & FE » 7
&&“*ﬁémﬁiﬁmﬁéﬁﬁ’”@i
B F T EAR R LT KA
;,Eﬁ)iimw%?i&%%’%%@ié
B o
AT HEILRAGA SIS F -0
A TRBPIRTPERY TP 5
BB s g TA S 2 R el T o i
A Emt R R R F AL ARERT A {5
Wﬁ]’gﬁﬁmﬁﬁum%?_’%I%
g
b

2

Kebr— AP - 35 & E 1'&?{1?'{1
£ - Fwx '-giﬁﬁffpﬁnb "%’-Q
4

@I fro @ 5o A S BRI S

ud o e

v

7

i

¥

MITRLFLT TP LK 75 3 BAmRL
WA EEFTREDFZ > B HFIRILIFHE
W W R P W A P EH B RAE
ﬁ%ﬁﬂ*mﬁ’f,mw&¥m@?jgiji
TRA RSB REUARSE T R R
ﬂz—i TR~ B foecd o .ﬂxé’;@ml-\?
PEXZ2ZEFIRTPERFEEL > 3 RAAE
~ g - ﬁ%i%ﬁm B HR-E T 2T RS
R RE 0 ) ﬁﬂk“%ﬁ%mﬁéﬁ»’:
Y SRR e S S N - ) Bor i ik TR Y
B TH RE AP #7:}7;2 g
LERAR T LR Bi X At I T RSN
iﬁ%%ﬁ%ﬁo<%£@ﬂﬁmPﬁ$%:
TR ST LRBRAEERNT R
;‘f;r'v’wi: PETRS > B HN PR i_% TR
L gt ?m~JﬁWﬁ Bx A LT - & gk o
TR ERIEL 2 EITRBIIEL
B 2F % B e A S E kT

:4;_:}_

1

‘FI;L EE A%

AFEE A% SHFEIFLT 6 5
BRI~ [1]-[6] 0 2 4 K REAt g~
[7]-[10] » fept #-g 4t 3 £ il ) 5 2Em P
# o P LR EY A A LT TR

B2 #

® R R (12, [71-09] %@Hﬂfm
EATHN 2 ET Ty I %@ﬂﬁ
I BETRTHER &aﬁng iﬁmﬁ

=T [4] [5]~ sk sz #T g iR

[6], [10] 3-mp 5 % % ] 5 o s 2R T § & o
M) HFETRZFT T EXRT (1120,
[71-[9]

EEFAAENES LG T AWM ES

& (Gate Oxide) s/ & iR brsg & > H 8 3 RS
o EMR o PR AN EeET o R R

RFDOETLRY R 1RE B A - &7

% )@,# ¢ ?B%”?ﬁﬁjﬂ'?féﬁﬁf{'é’fﬁﬁiﬁ%vﬁjﬁﬁ

B rﬂ‘“'v?f)”’lq’i*éfﬁjﬁﬁ*i?}‘fﬁ?

%’”ﬁw%%ﬁ THRALFET T HEA
F%od’*%**xmﬁé B s B T S A
g @”*@*ﬁ%’w'%ﬁﬁiﬁﬁ

ﬂdﬁ’éx B ?“i}@y"ﬁ'kffﬁﬁ EUR =Nl N IR L

5 T’w%’%*kmﬁiéﬁéiﬁ



» RBP4 e A o TSP T B
’g ) ﬁéj\] » f’i"%f\] :"*&-!&ég’fﬂ% 4 ’;F: ? :\L‘,‘E/'E-'#f f"&_ )
ERIFE DS P PR R T
it o AT ROFTRTFETRK
PR EEREELTE ARG
BROFET T ENLA - BI-I~B195 ¥ &
SELS R R SR S v é%‘&% SR E )
GEF L PETRTD ERPEF AT L
BRSO TR AR iR B
™ 3L ’Z‘IT—"%\* 1-1%751 -
Vbp
ESD v
Protection| -3::
Device
Power-Rail
110 Internal
Pad X Circuits ESCD. Cla_mp
ircuit
ESD :
Protection| Z5::
Device
Vss
B] 1-1. Conventional ESD Protection Circuit.
Vbp
ESD !
Protection| 3::
Device i
ESD :
Protection| 322
Device :
Power-Rail
110 Internal
Pad & Circuits Esgrg:fi;np
ESD
Protection ::.:'.:
Device i
ESD :
Protection| 322
Device :
[
VSS

B] 1-2. Stacked ESD Protection Devices.

1o Leso

Pad Chlock

Internal

X 1 I | Circuits
ESD

Protection| -3::
Device

Vss
B 1-3. Parallel LC Resonator.

De
o Ce
Pad Internal Power-Rail
E Circuits ESD. Cla_mp
Circuit
Ln CN
Dn
Vss
B 1-4. LC-Tank.
Voo
|
ESD :
Protection| -5:2
Device :
I[e} Lesp
Pad
Internal
Circuits
Lesp
ESD :
Protection| -5::
Device i
Vss
B] 1-5. Series LC Resonator
Vbb
T R e :
{oEsD zl
i Protection | z3:: h :
/0 : pevice : Shunt :
Pad | | | H
< : Z Series i | Intemal
! I . Circuits
EP TSE: i Zz |Impedance}
jrrotection] <= | | Shunt | Matching
i Device : :

[ ] Network

Bl 1-6. Impedance Matching.

Vbp
110 c
Pad block Internal Power-Rail
|— L ESD Clamp
Circuits Circuit
Lesp
Vss
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F 1-1. RS T T B E R ik B 2 0t R

S ted Equivalent Cl i
ESD Protection ugges. € Design quwafn Signal amping HBM / CDM Area
Design Operating Complexit: Parasitic Loss Voltage at Robustness Efficienc
9 Frequencies plexity Capacitance Internal Circuits y
1. Conventional Dozens ~ Worst at Better |
ESD Protection <5GHz Low Hundreds of High 1 Resp Better Good
Circuit fF Frequency
2. Stacked ESD Dozens ~ Worse at
Protection <10 GHz Moderate Hundreds of High 2 Resp Good / Good Good
Devices fF Frequency
> ~ ~
3. Parallel LC 5 GHz _ 0at 0at Better /
(Narrow High Designed Designed 1 Resp Poor
Resonator Better
Band) Frequency Frequency
> 5 GHz ~0at ~0at
4. LC-Tank (Narrow High Designed Designed 1 Resp + 1 Lesp Good / Poor Poor
Band) Frequency Frequency
~0at ~0at
5. Series LC
Rzr::ator > 5 GHz High Designed | Designed | 1Resp+1Leso | Good/Poor Poor
Frequency Frequency
~0at ~0at
6. | d Better /
mpecance > 5 GHz High Designed | Designed 1 Reso etter Poor
Matching Better
Frequency Frequency
~0at ~0at
7. Inductive ESD
:rol::clzzn > 5 GHz High Designed Designed 1 Lesp Better / Poor Poor
Frequency Frequency
~0at ~0at
. . . . Better /
8. T-Coil >5GHz High Designed Designed 1 Resp Better Poor
Frequency Frequency
~0at ~0at
9. Distributed ESD Better /
istribute > 5 GHz High Designed | Designed 1 Reso etter Poor
Protection Better
Frequency Frequency
BE AP ESHVERV-Bad)hk AR AL ET IR F
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R 2P - AR TR AR TH AR Ao B1-1097 0 bR G T - b
1‘# » ¥ fie % = #&=48 (Double-Diode, Dp and Dy) A TERRFEREE R o AoB1-11%7



o AT R ITe M R iR
Kt e g 65-nm CMOSHl Az g %l
VP EERER T 0 YR “L";"hrz‘ 1-247

e A e Z B AR B RS
v:iw30um’ PR - AR ER AT
H27% (HBM) 2kV e 3 o

SR

-
T

Power-Rail ESD
Voo Clamp Circuit

o i

Pad "¢ Internal
& Circuits | i 0_| Mheso

Cy

T

Vg B
Bl 1-10. Proposed ESD protection design I A type.

Power-Rail ESD
Voo Clamp Circuit

G
De
R I:Mm
110
Pad

Internal M
Circuits NESD

C Enm
ZN\ Dy

Vss
Bl 1-11. Proposed ESD protection design I B type.

N T LR CO R R

~ MOS = i 8257 2 i B(SCR)S & > & a

:h%design [0 % 8 4> FISCR~ i Esc bt 3 -

BE-MDpo Flp N EE Aer - 2 fH
Dw%%y%@—ﬁ@”pﬁ»ﬁm%i%;
T P E AL gk o Eildesign 11K 3 4o B
112957 o et > 5T E2 FHiTe F 5
i RS ﬁ“ e g * 65-nm
CMOS@lfi'ﬁ @l T e%ELT BTk
"&‘*%—Qr’z\l 387 o

To LNA

unouo dwejd as3 1ey-19mod

B 1-12. Proposed E‘ésf) protection design II.

et * T 0 % K 3tdesign £
design [Tert fie ¥ » %] & design [Te# 740 » erp?
PR BRI TR AR T AR -
ohEL V&i% Hagipdamz i o
Flptdesign IIF & A e - M hid &
23 umeH gL T o W F i ) A R R R0 2kV
p A%

# 1-2. Comparison on Experimental Results among Proposed ESD protection design I

L Proposed Design A Proposed Design B Reference
A1 A2 A3 B1 B2 B3 B4 [25]
Syy-Parameters
-16 dB -17 dB -19 dB -22 dB -29 dB -26 dB -26 dB -22dB
at 60 GHz
SprParameters |, J48 | 14d8 | 16d8B | 1808 | -14dB | -16dB | -20dB | -23dB | -21aB
at 60 GHz
Noise Figures
.9dB 1.2dB 1.6dB 9dB 1.3dB 1.7 dB 2.2dB -
ot 60 GHz 09d d 6d 09d 3d d d
PEMode HEM 0.25 kV 1.5 kV 1.75 kV 0.25 kV 1kV 1.75 kV 2.25kV 2.5kV
ESD Robustness
PD-Mode HBM
ode 0.25 kV 1.5 kV 2.25 kv 0.25 kV 1.5 kV 2.25 kV 2.5kV 3.5kV
ESD Robustness
NS-Mode HBM | ocpv | 1.25kv 2KV 225KV | 0.5KV 1KV | 175KV | 225KV | 275KV
ESD Robustness
HE:Mode HEM 0.25 kV 1.25 kV 2 kv 2.25kV 0.25 kV 1kV 1.75 kV 2.25kV 2.75 kV
ESD Robustness
100x130 100x130 100x130 100x130 | 100x130 | 100x130 | 100x130 | 100x130 110x220
Layout Area 2 2 2 2 2 2 2 2
um um pum pm pm um pum pm




% 1-3. Comparison on Experimental Results among Proposed ESD protection design II

Test Circuits
A A B B’ c c’ D D’
P SCR (um) 8 15 23 30
2 Dy (pm) 8 15 23 30
g Lirig (nH) 0.38 0.27 0.23 0.2
‘3 Mirig (MM / pm) 100/0.2 100/0.2 100/0.2 100/0.2
Qo
'g Area (Um x ym) 120 x 150 110 x 140 105 x 135 100 x 130
= RF-NMOS Emulator wlo wli wl/o wli wio wli wio wii
Sq1 at 60 GHz (dB) -19.1 -18.2 -20.4 246
8 S31 at 60 GHz (dB) -1.24 -1.39 -1.60 -1.84
g PS HBM ESD Level (kV) 0.75 1.5 2.25 2.75
;:: PD HBM ESD Level (kV) 1 1.5 2.25 2.75
S NS HBM ESD Level (kV) 0.75 1.5 2.25 3
5 ND HBM ESD Level (kV) 0.75 1.5 2.25 3
s PS TLP-Measured It, (A) 0.37 0.72 1.39 1.78
PS VF-TLP-Measured It; (A) 1.98 0.96 2,72 1.72 3.08 214 3.7 2.21
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Bl 2-1. SEM photo of core circuit 1 after 500-V CDM ESD

test.

B 2-2. SEM photo of core circuit 2 after 200-V CDM ESD
test.
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Bl 3-1. New proposed sense and compensation circuit.
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