IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002

393

A Study of Parasitic Effects of ESD Protection
on RF ICs

Ke Gong Member, IEEE Haigang FengStudent Member, IEEERouying Zhan, and
Albert Z. H. Wang Senior Member, IEEE

Abstract—This paper presents a comprehensive study on
influences of on-chip electro-static discharge (ESD) protection
structures on performance of the circuits being protected. Two
novel compact low-parasitic ESD structures were designed for
RF and mixed-signal (MS) integrated circuits. Parasitic models
of the ESD structures are extracted. RF building-block circuits,
including a low-power high-speed op amp and a fully integrated
2.4-GHz low-noise amplifier were designed in 0.18/0.3Gm
technologies. Investigation of performance of these circuits under
influences of the two new ESD protection structures and tradi-
tional MOS ESD protection device, in both copper and aluminum
interconnects, demonstrated that significant circuit performance
degradation (~~30%) occur when using NMOS ESD protection
in Al technology, which recovered substantially £80%) when
using low-parasitic ESD protection in Cu technology. This work
indicates that the ESD-to-circuit influence is inevitable and sub-
stantial. Therefore, novel low-parasitic ESD protection solution
is essential to maintaining both circuit functionality and ESD
robustness in RF and MS applications.

Index Terms—Electrostatic discharge, ESD parasitic, ESD pro-
tection, LNA, noise, RF.

. INTRODUCTION

strong noise contribution. It is, therefore, imperative to develop
novel compact low-parasitic ESD protection structures and to
thoroughly investigate the negative impacts of ESD protection
on-chip performance, thereafter referred to as ESD-to-circuit
influence [1].

In this paper, two novel compact low-parasitic ESD pro-
tection structures are introduced. A comparison study of the
complex ESD-to-circuit influences using conventional MOS
ESD protection structure and the two new ESD protection
designs will be discussed for several RF building blocks. The
new ESD protection structures are described in Section I, with
related ESD parasitic models being introduced in Section III.
Section IV discusses design of a low-power high-speed op
amps circuit and a fully integrated 2.4-GHz low-noise amplifier
(LNA) circuit, chosen for broad range circuit functionality
comparison. Section V discusses overall ESD-to-circuit influ-
ences. Section VI presents concluding remarks.

Il. ESD PROTECTION STRUCTURES

Two novel compact low-parasitic ESD protection structures

- . . were designed for parasitic and area sensitive RF and MS ap-
Dég;feseIgcrtr:gfzﬁaé'ﬁa?l':ﬁh:rigne ésigzeprgt;img:;i'gé]ications. In order to perform meaningful ESD-to-circuit com-
dee submicrometerj VDSM ignte ratgd cirguit IE/: desi rison studies, both the two new ESD protection structures and
P ( ) 9 (C) I aditional MOS-based ESD protection units were used in this

due to ESD-ln(_JIuced parasitic effects_and silicon co_nsumpt_l Pudy. For equivalent comparison, all ESD protection structures
of ESD protection structures. The main ESD protection de3|%n

. ) . . —-used in this study targeted for the same ESD protection level
tradeoff in advanced RF and mixed-signal (MS) applicatio . : .
is to achieve high ESD protection level (beyond 4 kV) an J 4 KV in the human body model (HBM). Design of various

- " o SD protection structures were conducted using a mixed-mode
to maintain very low parasitic effects that exist in all ES P g

protection units. Such inevitable ESD-induced parasitic effec[ SISSDpZIF;gl:Ig]Ion_deSIQn methodology for design prediction in
include parasiticRC delay (ESD capacitance;gsp, and '
resistance) and noises (both substrate noise coupling due, to .
Crsp, hot considered in this paper, and ESD seIf-generatéd Complete ESD Protection Schemes
noiseS, focus of this paper), which are usua”y ignored in IC A Complete fU”-Chlp ESD prOteCtion scheme is illustrated in
designs. However, these ESD-induced parasitic effects and k@ 1, where each bond pad requires proper ESD protection.
large size consumed by ESD protection units may be killinghe ESD protection principle is to establish an efficient shunt
factors for RF and MS ICs in the VDSM regime. TraditionaPath between each pair of bond pads to safely discharge ESD
MOS-based ESD protection structures are not suitable tf@nsients. The ESD protection structure placed at bond pads
RF applications because of their big size, lages,, and Must be able to protect the chip against ESD transients of all
modes [3], [4], i.e., I/O-toVp p positively (P D) and negatively
(N D), l/O-to-ground GV D or Vs) positively (PS) and neg-
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Cosub point and triggers the parasitic latefsllP NV transistor. Hence,
T a low-impedance shunt path forms to discharge the ESD tran-
(@) sient safely. To realize ESD protection level of 4 kV in HBM test
Voo model, a four-finger GGNMOS structure of equivalent length of
200um, with each finger of 5Q:m long, was designed for uni-
form performance, with data to be discussed in Section V. There
_ are two main disadvantages for this NMOS structure. Firstly, It
¥ [_‘I': bs Cus Ca provides an active ESD discharge channel, usingvdnyv, in
one direction only, and relies on parasitic shunt path for ESD
L': P’ protection in the opposite direction. In many cases, two ESD
' G,S.B protection units may be needed between an /O pliip (Vss
as well) for complete ESD protection, as depicted in Fig. 2(b).
v ps | iNS Secondly, it usually has a large size for high ESD protection.
GND+ Therefore, along with multi-ESD devices needed for each pin, it
(b) produces significant ESD parasitic effects and consumes a large

Fig. 2. ESD1: a traditional GGNMOS ESD protection structure. (a) Crogmount of silicon.
section. (b) Complete ESD protection scheme—four devices may be needed

foran /0 pad. (c) ESD parasitic capacitance model. C. A New Dual-Direction ESD Protection Structure
. To address the above inefficiency of MOS ESD protection,
B. MOS ESD Protection a new dual-direction ESD protection structure was designed,

Fig. 2(a) illustrates a classic NMOS ESD protection structureith its cross section illustrated in Fig. 3(a), referred to here-
in grounded-gate (GGNMOS) format [5], referred to as ESDdfter as ESD2. Briefly, it is a two-terminali(and K) five-layer
in this paper, where the draid)] is connected to an 1/0O pad (VPN PN, marked with gray circles) structure consists of one
and the sourcey), and gate () and body B) are shortened to- lateralP N P transistor 2 ), two verticalNV PN transistors-
gether to ground@N D). When a positive ESD pulse appears and(}3) and parasitic resistor€l(, R», R3, andR,). The struc-
the I/O pin, theD B junction is reverse biased until breakdowrure is connected to form two functional silicon-controlled rec-
occurs, where the generated hole current flows &8 D via tifier (SCR) units (unit 1 of), @2, R;, and 3, and unit 2 of
the body contact. Sincg and B contacts are shortened, a pos€):, 23, R, andR,) with A andK being the electrodes. In op-
itive BS PN junction voltage builds up to its forward turn-oneration, when a positive ESD pulse appears at electfodith
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respect tak(, BC junction (VP) of ), is reverse biased to its p oA oKi

K2 ¢
breakdown and the generated holes are collected by the nege
terminal K via theP* contact layer. Since both ther and/ N+ J—l l | | | |_l'
P+

contact layers are connectediq Vg g (PN) of Q3 increases N* N* - N N | P

and eventually turns o@s. The SCR unit 2 (left-hand side) is, ' izl g | SN . 9 »Ol .
therefore, triggered off (alt;;) and driven into deep snapback i_,f}_, vQs Y Qs b2 VG \b! :q:_f_,i
region (holding voltagd’, < 2 V). An activedischarge path |#w L '---”:k‘ NP /’"f'--d--'f'“\ ‘.z "J '---*_L PW
with negligible impedanc® v is thereby formed to shunt the T, e heERL TR R MK TR, oT
huge ESD current surge and to clamp the I/O pad to a suf| ¢, : U g RE gt e
cient low-voltage level{; < 2 V), thus protects the ICs from | {H- Ry Ry NW Ry Ry H-
being ESD damaged. After the ESD pulse is over, the thyrist l Unit IT © Unit |

quickly discharges and then turns off as the current decrea 2 ? ? cn

to below its holding current levell{). Similarly, the SCR unit

1 (right-hand side) operates during a negative ESD pulse event (CY

(K with respect tad). Hence, this structure forms a dual-direc- Vo

tion ESD protection device to actively discharge ESD transients
in both directions. In addition, the deep snapb#ek™ charac-
teristic ensures very high ESD surge handling capacity. A small
size of a 50zm-long device was sufficient for 4-kV HBM ESD
protection, with data to be discussed in Section V. Therefore,
for complete ESD protection at each 1/O pin, only two small
ESD protection units are needed, each from I/O/tg, and
Vss (GN D), as illustrated in Fig. 3(b), as oppose to four large

GGMOS ESD protection devices. In addition, a power clamp

unit is needed for DS-mode ESD protection. Fig. 4. ESDS3: a new all-in-one ESD protection structure. (a) Cross section. (b)
Complete ESD protection scheme—only one device needed for an /O pad. (c)

ESD parasitic capacitance model.

el
T T

D. New All-Direction ESD Protection Structure

As discussed previously, two dual-direction units are st qiection. Consequently, the ESD-induced parasitic effects
needed for each pad to achieve complete ESD protection. 4 silicon consumption will be reduced substantially.
an improvement, a new all-in-one ESD protection structure

was devised. As depicted in Fig. 4(a), the new ESD protection
structure, referred to as ESD3 in this paper, is a three-ter-
minal (4, K1, and K>) device with eight functional layers Model extraction of these various ESD protection structures
(NPNPNNPN, marked by gray circles), consisting of sixin this paper includes two parts: extracting ESD-induced par-
bipolar transistors @;—Qs) and parasitic resistors, whichasitic capacitanc€gsp and modeling ESD-generated noises.
are e|ectrica"y Connected to form two dua|_direction_typ$he eXtraCted ESD paraSitiC m0de|S were then Used fOI‘ CiI‘CUit
functional ESD2s. Unit | consists of laterg)y = PNP, analyses.

vertical Q2 = NPN, and@Qs = NPN, plus resistors. Unit . o

Il comprises lateral), = PNP, vertical Qs = NPN and A ParasiticCesp Estimation

Qs = NPN. Q3 and@; share base and collector layefs, As mentioned previously, the same ESD compliance level
and R; split the resistor of the centrdf region. A complete (4-kV HBM) was targeted throughout this study to ensure mean-
full-ESD protection scheme using this new all-in-one ESihgful comparison. Overall parasitic ESD capacitan€gsp
protection structure is shown in Fig. 4(b), where its threaf each structure used consist of two portions, i.e., that asso-
electrodesA, K; and K, are connected to I/O pin, i.&/pp  ciated with metal interconnect, and those originated in Si
andGN D, respectively, on a chip. Operation of the all-in-oné’ N junctions,Cs;. Hence, the total ESD capacitance of one
ESD protection structure is basically a dual-operation of thgFotection structure will b&gsp = Cs; + Cyy. The Cs; for
dual-direction ESD protection units. The structure is normallye three different ESD protection structures are discussed in
off. During ESD events, when ESD pulses appear at I1/0 p8ections IlI-A.1-111-A.3, with theC,; being discussed in Sec-
with respect toVpp (or GN D), the Unit | (or Unit II) will  tion Ill-A.4.

function the same way as an ESD2 device does to providel) Parasitic Cg; in ESD1 Structure:As depicted in
adequate ESD protection correspondingly. Therefore, oRg. 2(a), various parasitic junction capacitances (gate overlap
single such structure provides full ESD protection for each padpacitance€’sq andCy,, D — B andS — B capacitance€’y,
against all four ESD stressing modes. In addition, extra urihd C,;,, as well as body to substrate andwell guard-ring
(vertical NPN Q> and@Qg + lateral PN P from K1 to K2) capacitances,s,,, and Cp,,) are considered ESD1, e.g.,
works as a power clamp for DS mode ESD protection betwe&GNMOS. Considering the ESD protection operation con-
Vop and ground. Hence, one single such structure serwifion for GGNMOS, whereD is connected to an I/O pad,
as an all-in-one protection unit for each pad. In this paper,etectrodes, S, and B are grounded together, andwell
small such device of 50m was adequate for 4-kV HBM ESD guard rings are connected fdpp, as far as ac operation

I1l. ESD PARASITIC MODELING
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is concerned, only the gat,q and reverse-biasedy, are TABLE |

significant. All others are negligible due to their forward OrINTER-LAYER DIELECTRIC THICKNESS AND PERMITTIVITY DATA FOR CEesp
.. . L. . ESTIMATION IN A 0.18¢m CMOS TECHNOLOGY

zero biasing. An equivalent parasitic network model is, hence,

depicted in Fig. 2(c) for the GGNMOS. Straightforwardly, the From To Thickness (KA)
total Si-originated ESD capacitance for a GGNMOS is given
by Cs; = wd + Cap.- Metal 1 Diffusion 10
2) ParasiticC; in ESD2 Structure: The Si-originated para- Metal 1 Substrate 12
sitic capacitancesin ESD2, e.g., the new dual-direction ESD pro-
tection structure, are extracted using the cross section shown in Metal 1 Poly-1 8

Fig. 3(a), where existing junction capacitances inclageand

Cs forthe P-baseN -well junctions C; for the N -well/substrate
junction, and” for N-well/ P-well guard-ring junctions. Con- ILD-layers ILD-films 13
sidering real ESD protection operation condition, where terminal

Metal 1 Metal 2 57

Ais connected to an I/O pad, while termid@land P-well guard STI Sio2 36
rings are grounded, as illustrated in Fig. 3(b), an equivalent ESD ILD SI3NG =

parasitic capacitance network model is extracted, as shown in

Fig. 3(c). Itis noteworthy that isincluded in the equivalent cir- MDI1 §i02 3.6
cuit due to dual-direction ESD protection consideration because

C| is either positively or negatively biased fdrto-K or K -to-A TABLE |

ESD stresses. Hence, its total Si-originated ESD capacitanceis ..~ Cias AND C'ny FORA-KY FULL ESD FROTECTION

given by
O = C1(Co + C3 + Cy) Structures ESD1 ESD2 ESD3
T O 4G+ G+ Oy Cs;i (pF) 0.54 0.09 0.07
3) Parasitic Cs; in ESD3 Structure:As illustrated in Cu Al Cu Al Cu Al
Fig. 4(a), Si-originated ESD parasitic capacitances in ESD3,  Cm (P
e.g., the new all-in-one ESD protection structure, include 030 | 043 | 0.029 ) 0.041 | 0.019 | 0.028

C; of the P-baseN-well junction for A, C3, and Cj
for the P-baseN-well junctions for K1 and K2, C, for
the N-well/substrate junction, as well a5 and Cgs for Cup for M1-to-diffusion,Cy; p for M1-to-Poly 1, and”ysay
N-well/P-well guard-ring junctions. Considering its dual-difor M1-to-M2. Material data, such as inter-layer dielectric
rection ESD protection mechanisms between any pair isrickness and permittivity=], for the process used are listed in
three terminals4, K1 and K2), its equivalent ESD parasitic Table 1. Secondly, comparison for using Cu and Al interconnect
capacitance network in the ac mode is depicted in Fig. 4(<§¢phnologies was included in this study. The rationale follows.
The total Si-originated ESD capacitance can be written as ESD design simulation in this study found that Cu is superior
to Al in ESD protection toughness. Alternatively, to achieve the
Cq; = Ci(Ch + C3 + Ca + Cs + Ci) . same level of ESD protection, (i.e., 4 kV in this paper), much
Ci+Cr+ 05+ Ci+C5+Cs less Cu metal ESD coverage was needed compared to that in

4) ParasiticC, of ESD Metal InterconnectESD-induced USing a traditional Al interconnect, which translates into fewer
parasitic capacitances associated with ESD protection meesiD-induced parasitic capacitances due to less ESD metal
interconnectCy; cannot be ignored in high-density IC decoverage [1], [7]. Specifically, this study found that around
sign, which were included into the totélzsp consideration, 30% of ESD metal coverage reduction was realized in using
along with the Si-originated’s;, in this study. A commercial Cu compared to Al, as illustrated by the data shown in Table II.
six-metal 0.18xm CMOS technology was used in this study. 5) Total ParasiticCrsp: Based upon the previous analyses
An integrated mixed-mode ESD simulation-design metho@n and models for the parasitic ESD capacitances, and assuming
ology [6] was used in this study, where metal interconneé@mplete /O ESD protection schemes depicted in Figs. 2(h),
reliability was included into ESD design simulation with mul-3(b), and 4(b), the overall ESD-induced capacitaries, can
tilevel Coup"ng (process_device_circuit_e|ectronic_thermd]lﬁ estimated for all three different ESD prOteCtion structures
to predict ESD protection performance. Overall consideratidfkSD1, ESD2, and ESD3) using the equat@ixp = Cs;: +
of Cys has two folds. Firstly,Cys exists generally in any Cwm, where
ESD protection structures. In this study, ESD protection
metal interconnect mainly uses metal layers 1 and/2 @nd Csi = Cga + Ca, for ESD1
M?) following the design rules, with\/1 for primary ESD =C1//(C2+ C3+Cy),  for ESD2
protection device coverage add2 for routing bridges. Study =C1//(Ca+Cs 4+ Cy + Cs + Cs), for ESD3
of the layout suggests that the main source of paraéific Crr = Cup + Cup + Cur + Carar
comes from ESD metal lines associated with inter-layer capac-
itances, including metal-to-substrate, inter-metals, as well asThe modeled ESD capacitance data are summarized in
metal-to-poly-gate, i.e 'y, r for AM1-to-substrate over field, Table Il for Cs; and Cy,;, and in Table Il for overallCgsp.
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TABLE 1l G g G’ D' rd D
ESTIMATED Cesp FOR4-KV FULL ESD RROTECTION i | l
@Ing rdsg @ Tnrd
Structures ESD! | ESD2 | ESD3 Torg 5o g8 InD
Al 0.10 0.13 0.97 S
Cesp (pF) s Inrs
Cu 0.09 0.12 0.84
S.B

. . . . . . Fig. 5. Model circuit for ESD-induced noises: ESD1.
Several observations follow. First, sizable paragiti¢ exists in g

the ESD1 protection structure, which was reduced substantially. _ . —

when using the two new ESD protection structures, i@&3% The second nmse_generator is flicker noiggr) due to sur-

reduction in ESD2 and a furthe¥22% decrease in ESD3 fromface defects, as depicted by [11], [12]

ESD2. Secondly, considerable parasifig; was produced by - Ky Iy

ESD metal coverage in ESD1 in Al technology. However, use by = m Af

of Cu technology significantly reduces such capacitance by an €

average 30%. Thirdly, the overallzsp was greatly reduced Wherea is aflicker noise constant (0-&), K is a device-spe-

when using the compact ESD2-85%) and ESD3 £89%) Ccific coefficient,C, is unit gate—oxide capacitance, abgk is

compared to the traditional ESD1 structure. The benefits of tRfective channel length. Hence, the total channel current gen-

reduction inCisp to general RF and MS circuit performanceerated noise,.p is given by

will be illustrated in Sections IV and V. - 1o
inp =incy, +ipp = 4kTygm Af + fCQ—ZQ Af.

B. Noise Models for ESD Protection Structures el

1) Noise Model for ESD1 StructureNoise analysis of the 1€ third noise source is the induced-gate NGj$eassoci-
ESD1, e.g., the GGNMOS ESD protection device, can be co‘?’F-Gd with fluctuation in gate_ Ieakagg current due to coupling
ducted based on MOSFET noise theory [8], [9], with the cofflom the channel thermal noise, depicted by [11], [12]
sideration that ESD1 is in an off state and its gate, source, and
body are grounded together in ESD protection operation. The

channel currenfp, which plays a main role in noise genera- _ . .
tion, is governed by the sub-threshold current equation [10] whereC ._ (2/3)C°XWL’ ands is dgter_mmed'by 'the channel
length. This type of noise becomes significant in high-frequency

applications, such as RF integrated circuits (RF ICs). A fourth
G_VDS/mVT) noise generator considered is related to distributed gate resis-
tancer,, as given by

— 16
2, = 'S kT&wQC’éS Af

ng —

W o vy
Ip =K, f C(LC’S Ven)/nVr (1 —

where K is a device-related parametéf,, is the threshold —— _ 4kT

voltage, Vi is the thermal voltagep andm are the process trg = E !

factors (~2), andiW and L are MOSFET channel width and L o .
length, respectively. The dominating noise generators cons 1ere a factor _Of 1_/3 Is included for a d_|_str|buted transmls-
ered for ESD1 in ESD protection operation follow. Thefirstonti-,'on'IIne effect_ In h'gh frequ_ency. I_n addition, therm_al noise
is channel resistance induced thermal néjge, with its power sources associated with series drain and source resistances

spectrum density (PSD) given by [11], [12] andr, are given as

- 4K Af
Zn7*d =
5 r
Z?LC}L = 4kTvgm Af and ¢
. . > 4ET Af
wherek is the Boltzmann’s constant; is the absolute tem- Lrs — , .

perature,y > 2 — 3 is for a short-channel devicex( for

a long-channel at/ps = 0), andAf is the bandwidth. The ~ Other minor noise sources, such as gate shot noise, are neg-
transconductance,, is given by ligible in ESD noise consideration. The extracted noise model

for the ESD1 device is shown in Fig. 5, which is used in LNA
circuit noise analysis, and is to be discussed in Section IV.

Gm = 9lp. 2) Noise Model for ESD2 StructureNoise model for ESD2,
Vs e.g., the new dual-direction ESD protection structure, was devel-
- KW cVas—Vin)/nVr (1 _ C—VDS/"lVT) oped based on bipolar junction transistor (BJT) noise theory [8].
nVrL Fig. 6 shows the equivalent circuit of the ESD2 device, which
Ip is in an off state under normal circuit operation. Major noise

TV generators in ESD2 come from junction shot and flicker noises,
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Fig. 6. Equivalent circuit for ESD2. Fig. 7. Model circuit for ESD-induced noises: ESD2.
as well as series resistance thermal noises in each BJT. For the TABLE IV
base—emitter (BE) junctions, the shot noises generatecs.o OP-AMP CIRCUIT SPECIFICATIONS
are given by [8], [11], [12] Technology 0.18um, 3V, Cu, 1P6M
i Betor = 2018 Af Gain (dB) 73.07
and the flicker noises are in the format of [8], [11], [12] Phase margin 70.1
- Kl fr (MHz) 1207
gy = — 7 — Af
f fap (kHz) 297
wherel g is the base current. Hence, the total BE junction noises V-swing (V, @80%) 0.96
are _
Settling time (ns, @1%) 3.77
= T, 3 K13
irp =t paer Tiapy = 20 Af + 7 Af. SR (mV/ns) 1159
. . . . Power cons. (mW) 0.43
For the base—collector (BC) junctions, flicker noises are neg-

ligible and the total junction noises dominated by shot noises

are given by [8], [11], [12] asR, andR; in the centralP region are shared by the two func-

tional units in ESD3. Such reduction in overall ESD-induced
noises was observed in LNA circuit analysis to be discussed in
where I is the collector current. In addition, thermal noiseSection IV.

generated by BJT series resistanegsr., andr;,, as well as

G2 a2 _
the = YnCshot — 2(]IC Af

parasitic resistance$i(= R1 — R4), are given by IV. CIRCUIT DESIGN AND CONSIDERATION

4T AS Aiming to study the comprehensive ESD-to-circuit influ-

2. = — ences, two RF circuits were chosen and designed in this study.
4chAf A high-speed op amp was used to evaluate ESD negative

2. = impacts on general circuit functionalities and an LNA circuit

7)6 _ . .

. @TAS was used for ESD-added noise analysis.

12, =

b T A. Op-Amp Circuit

——  4ETAf . .

hR= To illustrate the whole-spectrum influences of the ESD

parasitic Cgsp on the circuits, a low-power high-perfor-
The complete noise model for the ESD2 device is depictedriimance op amp was designed and used as a test vehicle in
Fig. 7, which was used in LNA circuit analysis. this study. The op-amp circuit, implemented in a commercial
3) Noise Model for ESD3 StructureExtraction of the noise six-metal 0.18zm 3-V CMOS technology, features low power
model for ESD3, e.g., the new all-in-one ESD protection, is sini@.43 mW), high slew rate (116 mV/ns), short settling time
ilar to that of ESD2 because functionally ESD3 comprises tw8.7 ns at 1%), wide output swing (0,96 V at 80% gain),
ESD2, as shown in Fig. 4(a). Individual noise generators assmd large unity-gain bandwidth (121 MHz), as summarized
ciated each BJT junction can be extracted following the procie+ Table IV. Fig. 8 shows the op-amp schematic consisting
dures used for ESD2, and a noise circuit model was extractedpbfa differential pair input stage for better noise rejection;
course, in a more complex format. It is noteworthy that overadl source—follower gain stage for high gain and level shift, a
noise generation in ESD3 is reduced compared to using telass-AB complementary push—pull output stage with low
ESD2 foran I/O pad because verticdP N (23, and(?;, aswell quiescent current for high-swing low-power consumption, as
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vdd TABLE V
LNA CIRCUIT SPECIFICATIONS
I:ﬁ MP9
MP8 ﬂ wea|, e " Center freq. (GHz) 241 GHz
! I
N —I"MND S21 (dB) 234
MN ﬂ - Vout S11(dB) 34.5
l—|1" ~ Cc Mplll“l " 1 Cload
Tla:-r' Vs i+ 1p S22 (dB) 477
|, | MN5 N MN10
MN7 o] |—| MN6
:l S12 (dB) -39.6
Vssl Power supply (V) 3
Fig. 8. Schematic for the op-amp circuit. Current (mA) 8.52
Noise figure (dB 1.76
vdd _ gure (dB)
R1
Ld ; Lo
TABLE VI
MNSTI— MP1 Co Vout DATA FOR ESD RROTECTION STRUCTURESUSED
[ . Triggering | Holding V}
) 3 Ri MN2 ESD devices | Methods Va (V) W) Ron (©2)
Re Cb | X8 ] Rload Simulation |  14.68 6.92 ~19
50 ohm MN1 >0 OhmT ESDI C-tracer | 12.56 6.48 -
Vs Ls TLP 12.5 6.5 ~1.02
Simulation |  23.32 1.58 0.73
l . * ESD2 C-tracer 22.8 1.55 -
TLP 21.75 2.96 1.4
Fig. 9. Schematic for the LNA circuit. Simulation 20.82 1.31 0.5
ESD3 C-tracer 22.5 1.5 -
well as crossover distortion elimination, and a compensation TLP 21.66 2.41 1.37
capacitorC- with an active nulling resistor for wide bandwidth ESD vass level
. . . . pass leve Simulated ESD device
and adequate stability. ESD-induced paragitig in the full ESD type [—— wiggering time 1, (uS)
ESD protection case using ESD1, ESD2, and ESD3 protection Simulation | HBM Test
structures was included in circuit analysis and simulation. The ESD1,200u | 4KV 4KV 0.2
|mpa_ct of Cgsp on the circuit performance is discussed in ESD2, 5041 4KV 4KV 018
Section V.
ESD3, 501 4KV 4KV 0.16

B. 2.4-GHz LNA Circuit

An LNA circuit was used in this study to investigate the V. RESULTS AND DISCUSSIONS
impacts of ESD-self-generated noises on circuit noise perfor- .
mance. This fully integrated LNA circuit is shown in Fig. 9 Results of ESD Protection Structures
and features a two-stage topology to realize high gain. AThe ESD protection structures used in this study were de-
current sharing scheme was used in biasing to ensure Isigned using an integrated mixed-mode ESD simulation-design
power consumption. On-chip inductors and an inductive sourapproach for design prediction [2], [6]. For meaningful compar-
degeneration technique were used for on-chip impedarisen, a same 4-kV HBM ESD protection level was adopted. ESD
matching (50€2) at both input and output ports. The LNAmeasurements include quasi-dc tests by a curve tracer, transient
circuit was implemented in a commercial four-metal 0;38- tests by a transmission-line-pulsing (TLP) tester, and standard
3-V CMOS technology. Typical circuit specifications includeHBM zapping tests. Typical simulation and test data are sum-
frequency of a 2.4-GHz noise figure (NF) of 1.76 dB and vemnarized in Table VI. Fig. 10 shows a typical dual-directief
low power consumption of 24 mW, as summarized in Table haracteristic for an ESD3 structuté ¢ K1) by a curve tracer.
ESD noise models for the three ESD protection structuréfhe desired dual-direction deep-snapback low-impedance ac-
developed in Section lll, were included in evaluating ESIive discharge channel was clearly observed from this graph.
noise impacts on circuit noise performance, with the results &andard ESD zapping test shows that all ESD structures pass
be discussed in Section V. 4-kV HBM stresses.
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Fig. 12. Large-signal response of the op-amp circuit without and with ESD
protection (ESD1, ESD2, and ESD3) in both the Cu and Al interconnect.

Fig. 10. Measured—V" curve for an ESD3 structure.
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13. Small-signal response of the op-amp circuit without and with ESD

Fig. 11. Phase bode plot of the op-amp circuit without and with Esllgig
tection (ESD1, ESD2, and ESD3) in both Cu and Al int ts. Lo ’ ;
protection ( an ) in both Cu an iniereonnects protection (ESD1, ESD2, and ESD3) in both the Cu and Al interconnect

ESD2 and ESD3 protection. Further, more improvement was

B. Cgsp-to-Circuit Influences on Op Amp Circuit
Figs. 11-13 show typical performance graphs for the higabserved in circuits using a new Cu interconnect due to even

performance op-amp circuit, implemented in a commercial siless ESD-metal-induced capacitances. A detailed data compar-
metal 0.18xm CMOS technology using both Cu and Al interison is summarized in Table VIII. The results clearly show that
connects, i.e., a phase Bode plot, a large-signal step respda§&-induced parasitic capacitances are becoming intolerable
for a slew-rate test, and a small-signal step response for settiiadigh-performance RF and MS ICs, and compact robust ESD
time extraction. Circuit performance—tif&-sp-to-circuit im-  protection solution are highly desirable in avoiding such circuit
pacts—was evaluated for the op-amp circuit without and witperformance degradation while maintaining adequate ESD pro-
ESD protection, using ESD1, ESD2, and ESD3 structures tection

(- ESD Noise Impacts on LNA Circuit

both Cu and Al interconnects. A detailed comparison in cir-
cuit specifications can be drawn from the typical data listed
Generally, there are two types of noise effects associated with

Table VII. For example, the unity-gain bandwidfa reduces
38.7% when using ESD1 in Al, however, use of compact ESIESD protection structures: the first one, the commonly under-
and ESD3 recovers the lose substantially, i.e., by 81%. Th®od substrate noise coupling Vi&sn, which can be evalu-

phase margin reduces by 14% when using ESD1 in Al, whietted by injecting noise signals inte N D pads, was not con-

was recovered by 89% in using ESD3. Most critical circuit spesidered in this study; the second one, largely overlooked, is the
ifications suffer degradation when using the large-size ESIESD-self-generated noises, which is directly related to the fea-
structure, which was significantly recovered by using compaittres and sizes of ESD protection structures used. The latter
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TABLE VII INPUT REFLECTION COEFFICIENT (S11)
CEsp-TO-OP-AMP INFLUENCES USING DIFFERENT ESD FROTECTION

STRUCTURES(C';, = 1 pF)
Phase Slew Rate Settling Time
Jfr (MHz) Margin (mV/ns) (ns)
No ESD 120.7 70.1° 1159 3.77
Al 74.0 60.0° 81.0 17.07
ESD1
Cu 71.5 61.2° 84.4 11.92
Al 109.9 68.7° 109.9 7.60
ESD2
Cu 110.7 68.8° 110.4 7.47
Al 1122 69.0° 1111 7.15
ESD3 15 17 19 21 23 25 21 19 31 EX] 15
Cu 113.0 69.1° 1115 6.85 FREQUENCY (GHz)
TABLE VIII Fig. 15. Sy of the LNA circuit.

COMPARISON OFC'E sp—CAUSED PERFORMANCE DEGRADATION OF OP-AMP

CIRCUIT IN Al | NTERCONNECT NOISE FIGURE »s MOS SIZE

2.7

Parameters No Cgsp ESD1 ESD2 ESD3
-38.7% -8.9% -7.0%
e T e AT
Fr(MHz) 120.7 Recovery :
-  +81.9% (+83.5% in Cu) — g
-144% | -2.0% | -1.6% Gasd oo
Phase Margin | 70.1° Recovery 2
- +88.9% (+90.3%inCu) — o
300% | -52% | -41& s A S G
Slew rate 9]
(mV/ns) 115.9 Recovery Z
-  +864% (+887%inCu) = oA L .
. 353% | -12% | -89.7
st 3.77 Recovery
, 1% :
(ns, 1%) S +746% (+769%inCw) _— 17 - ‘ . , -
0 200 400 600 800 1000 1200
CHANNEL WIDTH (um)

FORWARD VOLTAGE GAIN (821)

Fig. 16. NF of the LNA circuit using ESD1 protection with different sizes
shows dependence of the LNA NF on ESD-induced noises.

TABLE IX
ESD NoISES TOLNA | NFLUENCES
ESD Type NF (dB) Degradation
No ESD 1.7582 -
ESD1 1.8247 3.78%
0 T T T T T T T T T
15 17 19 21 23 25 21 19 31 33 35 ESD2 1.7596 0.08%
FREQUENCY (GHz)
ESD3 1.7586 0.02%
Fig. 14. S3; of the LNA circuit.

ESD noise impact was the focus of this study. Typi§gba- ESD-induced noises), which clearly indicates the strong ESD-
rameter plots for the LNA circuit, implemented in a commerciahduced noise impact on overall LNA circuit noise performance.
four-metal 0.352m dual-poly CMOS technology, are shown irData summarized in Table IX also demonstrate that a tradi-
Figs. 14 and 15, with critical data listed in Table V. The LNA feational GGNMOS (ESD1) structure has a noticeably worsened
tures includes,; of 23.4 dB at the center frequency of 2.41 GH:NA NF (by 3.78%) due to its large ESD noise generation,
and an NF of 1.76 dB. The total current is 8.52 mA at 3-V opewhile using compact ESD protection, (ESD2 and ESD3) al-
ation, which is much lower than that reported [13]-[15] witlmost totally recovered the degradation in noise performance
a similar supply voltage. Comprehensive evaluation of ESIpa mere 0.02% increase in the NF using ESD3). This implies
self-generated noise contribution to the LNA circuit was corthat ESD-induced noises are not trivial when using conventional
ducted for circuits using ESD1, ESD2, and ESD3 protectiddSD protection structures and novel ESD protection solutions
structures. Fig. 16 shows the relationship between the LNA Nife essential to avoiding such circuit noise performance degra-
and ESD protection device sizes using ESD1 (hence, differadtion while maintaining adequate ESD protection.
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VI. CONCLUSIONS

[12] T. Lee, The Design of CMOS Radio-Frequency Integrated Cir-

cuits Cambridge, U.K.: Cambridge Univ. Press, 1998.

Insummary, this paper has presented a comprehensive study;of]
the complex, however largely overlooked, ESD-to-circuit influ-
encesin ESD protection design for RF and MS applications. Twd
new low-parasitic ESD structures have been designed for RF ICs.

D. Shaeffer and T. Lee, “A 1.5-V, 1.5-GHz CMOS low noise amplifier,”
IEEE J. Solid-State Circuitsol. 32, pp. 745-759, May 1997.

4] C. Kim, M. Park, C. Kim, Y. Hyeon, H. Yu, K. Lee, and K. Nam, “A
fully integrated 1.9-GHz CMOS low-noise amplifietEEE Microwave
Guided Wave Lettvol. 8, pp. 293-295, Aug. 1998.

A low-power high-speed op-amp circuit and a fully integrated[15] J. Rudell, J. Ou, T. Cho, G. Chien, F. Brianti, J. Weldon, and P. Gray,

2.4-GHz LNAcircuithave beendesigned andused astestvehicles
to evaluate the complex ESD-to-circuitinfluences due to ESD-in-
duced parasitic capacitances and noises using aclassic MOS ESD
protection and the two new ESD protection structures, all set for
4-kV ESD protection, including ESD-metal-induced parasitic e
fects in both Al and Cu interconnects. Models for ESD-induce
capacitances and noises were proposed. The designs were i
mented in commercial 0.18- and 0.5 CMOS technologies.
Results showthat, whenusinglarge-size MOS ESD protection
parasitic capacitances may cause significant performance de
dationinthe op-amp circuit, while ESD-self-generated noises | [
crease the LNA NF substantially. Such performance degradati
can be largely eliminated by using the new compact ESD pr
tection structures. New Cu interconnect technology also redur
ESD-metal-related parasitic capacitances normally experienc
inAltechnology. Thispaperhasindicatedthattheinevitable ESI
induced parasitic effects may have strong negative impactson:
cuit performance. Low-parasitic compact ESD protection sol
tions are highly desirable both to eliminate the ESD-to-circuiti
fluences and to reduce ESD-related Si consumption, particul
for RF and MS ICs in the VDSM regime.
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