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Abstract—A novel on-chip electrostatic discharge (ESD) protec-
tion design by using polysilicon diodes as the ESD clamp devices
in CMOS process is first proposed in this paper. Different process
splits have been experimentally evaluated to find the suitable
doping concentration for optimizing the polysilicon diodes for
both on-chip ESD protection design and the application require-
ments of the smart-card ICs. The secondary breakdown current
(It2) of the polysilicon diodes under the forward- and reverse-bias
conditions has been measured by the transmission-line-pulse
(TLP) generator to investigate its ESD robustness. Moreover, Vss =
by adding an efficient VDD-to-VSS clamp circuit into the IC, -
the human-body-model (HBM) ESD robustness of the IC with . L } . el ;
polysilicon diodes as the ESD clamp devices has been successfuIIzgc'oln'vethrtT]i'tg)CnSl)wgrvivri\éed?sgﬁerfcmy'ng circuit formed by four diades
improved from the original ~300 V to become>3 kV. This design
has been practically applied in a mass-production smart-card IC. Door

Index Terms—Electrostatic discharge (ESD), ESD protection
circuit, polysilicon diode, smart card, transmission-line-pulse Electromagnetic Wave
(TLP) generator. (@ 125KkHz, +/-12V)
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. INTRODUCTION

N THE smart-card IC application, the electrical power fo
circuit operations is generated from the transformer (forme
by several loops of planner inductor on the circuit board) ar
the on-chip bridge rectifying circuit into the smart-card IC. Th
traditional full-wave bridge rectifying circuit formed by four
diodes to convert the ac power into dc power is shown in Fig.
An ac voltage between terminals Vs1 and Vs2 is rectified inta
dc voltage and stored in the capacitor Cs for application acr¢ gmart card
the load. When the smart card is close to a card reader (Or (without battery)
tector), the electromagnetic field generated from the card rea
is coupled by the transformer in the smart card and charges
the electrical power of the smart card for circuit operation. TF
coupled ac power is converted into dc power by the on-chip
four-diode bridge rectifying circuit in the smart-card IC. WithFig. 2. Typical application of a smart-card IC for personal identification to
the converted dc power, the information stored in the smart-c&fer & controlled door.

IC can be emitted out and detected by the card reader for per- ) ) -

sonal identification or other applications. The typical applicaand D4 are often made by the p—n junctions acressliffusion
tion of such a smart-card IC to enter a controlled door is illugnd p-substrate. The diode device structuresina CMOS IC witha
trated in Fig. 2. common p-substrate are illustrated in Fig. 3. Due to the common

When the on-chip rectifying circuit is realized in a CMOS |p-substrate of a CMOS IC, besides the diode structures in Fig. 3,

with a p-type substrate, the diodes D1 and D2 are often madethgre are four parasitic bipolar junction transistors (BJTs), Q1,

the p—n junctions acrossdiffusion and n-well. The diodes D3 Q2, @3, and Q4, in this structure. Q1 (Q2) is a parasitic vertical
p—n—p BJT between the Vsl (Vs2) and the common p-substrate.
Q3 (Q4) is a parasitic lateral n—p—n BJT between the Vs2 (Vs1)
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Fig. 3. Device cross-sectional view of the four p—n junction diodes of the
full-wave bridge rectifying circuit realized in a CMOS IC with a common p-typ

substrate q:ig. 4. Leakage current paths along the parasitic BJTs in the traditional

full-wave bridge rectifying circuit realized in CMOS IC with a common p-type
substrate.
its positive half-wave period (Vs Vs2), the base—emitter junc-
tion (the diode D3) of the parasitic BJT Q3 is forward biased t¢ —___
turn on the BJT Q3. Thereby, a great amount of charge curre:
is created that directly flows through the parasitic BJT Q3 (fron: NG
VDD node to Vs2) instead of through the capacitor Cs. Duringg gt

Internal R1
the positive half-wave period (Vs Vs2), the diode D1 is also Cireuits Padi
forward biased and therefore turns on the parasitic BJT Q1. Sor

ofthe charge currentis directly flowing through the parasitic ver: ; |

tical BJT Q1 (from Vsl to VSS node) instead of through the 75505 VSS

capacitor Cs. Similarly, the same problem caused by the par: Estclame : off-chip transformer
sitic BJTs Q2 and Q4 occurs during the negative half-wave pt 9\9\9\9&/
riod (Vs1< Vs2). Therefore, the rectification efficiency of this AC 12V, f =125kHz

full-wave bridge rectif_ying girCUit realized in the CMOS IC with 5. On-chip bridge rectifying circuit in a smart-card IC realized by four
a Commf)n S_UbStrate IS Se”OUSIY decreased, and could even IE%%{Eiiicon diodes with the original design of on-chip ESD protection circuits.
no rectification at all.

In some modified design, the diodes may be changed to

: : : - . the transmission-line-pulse generator) and layout spacing in the
nMOS or pMOS devices in the full-wave bridge rectlfylngip - . ) . . :
circuit for realization in CMOS IC [1]. The parasitic vertical or’ olysilicon diodes s also characterized in detail. The HBM ESD

lateral BJTs still exist among such device structures to degr Iggel .Of the smart-card I(.: can be fmally |m.prolved1c8 kv
its rectification efficiency. Moreover, the different connection y using a hew power-rail ESD clamp C|rgu|t W'th the stacked
between the bulk and the source of nMOS or pMOS devicggIySIIICOﬂ diodes as the turn-on control circuit [2].
in the full-wave bridge rectifying circuit cause the body effect
to degrade the power-converting speed and results in a poor
rectification efficiency [1]. Due to the aforementioned concerns on both leakage and
If the diodes in the full-wave bridge rectifying circuit are realsubstrate current in practical smart-card applications, the
ized by the polysilicon diodes, which have no parasitic BJT iimur-diode bridge rectifying circuit cannot be simply realized
their device structures, the aforementioned problem can be bg-using the A-/p-substrate or thep/n-well junction diodes in
tally eliminated. Therefore, the rectification efficiency can bea bulk CMOS process. Therefore, the on-chip bridge rectifying
come much higher to convert the coupled ac power into dc powarcuit in this smart-card IC is realized by four polysilicon
for circuit operation in a smart card. However, due to the lodiodes, as shown in Fig. 5. The coupled ac voltage across the
heat dissipation capability of the polysilicon layer, the polysilbadl and pad2 has a maximum voltage swing of 12 V and a
icon diodes connected atthe VS1 and Vs2 nodes (which are wirequency of 125 kHz in the smart-card application. The mem-
bondedto the circuitboardin the final application) resultin averyrized data or number in the smart-card IC for identification is
low human-body-model (HBM) electrostatic discharge (ESBmitted out by the output pMOS (Mp2) in cooperation with the
level of around 200-300 V. With such alow ESD level, the die afff-chip transformer. The diodes (Dpl, Dnl, Dp2, and Dn2)
a smart-card IC assembled into the smart card by chip-on-botwdorm the four-diode bridge rectifying circuit are all realized
(COB) bonding is very susceptible to ESD events. This limits they the polysilicon layer with g-/n—/n+-doping concentration.
ability to mass produce this smart-card IC. The device structure and layout top view of the polysilicon
In this paper, the breakdown voltage, leakage current, adiddes realized in a CMOS process are shown in Fig. 6(a)
ESD performance of the polysilicon diodes are first evaluatedamd (b), respectively. The polysilicon layer has a thickness
the literature by performing different n- or p-type doping coref 1500 A in a 0.8um CMOS process. The layout spacing
centrations with experimental process splits. The dependertt®f the lightly doped center region in polysilicon diode is
between the secondary breakdown current (I1t2) (measureddsiginally drawn as 3:m. The anode and cathode contacts of

Il. ORIGINAL DESIGN IN A SMART-CARD IC
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Anode Cathode TABLE |
polysilicon I ) I 4 Contact HBM ESD LEVEL OF A SMART-CARD IC WITH THE ORIGINAL ESD
l D+ ' - | nt | PROTECTIONDESIGN UNDER DIFFERENT N-DOPING CONCENTRATIONS
Field Oxide n- Doping HBM ESD Level (Volt)
Concentration
{cm-3) VDD(+) | VDD(-) | VSS(+) | VSS()
9E13 600 300 300 600
P-substarte 5E13 550 300 250 500
3E13 400 250 150 400
(a) ( Failure criterion : ILeakage > 1uA @ 5-V bias )
/ Contact
+ dooed colvsil icon diode. The experimental results are summarized in Table I,
e e Ep :ep:sxo; - where the HBM ESD level of padl pin in VS$) test mode
only varies from 150 to 300 V when the n-doping concentration
- f“"j ____________________________________ isincreased from 3E13to 9E13 crh Even in the VSS{) ESD
S n- doped polysilicon test mode, where the polysilicon diode is forward stressed, the
T ’4 """"""""""""""""""""" HBM ESD level of pad1 pin only varies from 400 to 600 V. This
m . . . . . .
um EEEE E 1B E D is quite low for a diode with a perimeter of 2%@n in forward-
| l " = = biased condition. The high turn-on resistance of the polysil-
n+ doped polysilicon icon diode would limit the ESD current discharged through the

(b) polysilicon diode and cause ESD damage located on the internal
devices.
Fig. 6. (a) Device structure and (b) layout top view of the/p—/n+ The photo-emission microscope (EMMI) pictures of failure
polysilicon diode realized in a 0.8m CMOS process. locations on the smart-card IC after the V$$@nd VDD(-)

ESD stresses are shown in Fig. 7(a) and (b), respectively. In
the polysilicon diode have a clearance ofif to the lightly  Fig. 7(a) [Fig. 7(b)], the ESD failure is located on the nMOS
doped center region. (PMOS) gate oxide of the first input stage that connected to the

To sustain a higher breakdown voltagel@ V) of the polysil-  pad1 pin through the resistor R1, rather than on the polysilicon
icon diode for smart-card application, an extra mask layer dsodes Dp1 or Dn1. The pMOS and nMOS in the u8CMOS
added into the CMOS process flow to implant the n-region in thgocess have a gate-oxide thickness of 250 A. In this original
polysilicon diode. The #(n+) region in the polysilicon diode is design, the polysilicon diodes and the VDD-to-VSS ESD clamp
implanted with a doping concentration of 6E15 (3.5E15)€m circuit with gate-coupled nMOS cannot effectively protect the
which is the same as the drain/source implantation of pMQ0-A gate oxide of the input circuits. The inefficiency of the
(nMOS) in the CMOS process. original ESD protection design in Fig. 5 could be caused by

Due to the limitation of using the bulk p—n junction diodeshe high trigger voltage (Vtl) of the VDD-to-VSS ESD clamp
to realize the bridge rectifying circuit, the on-chip ESD protecircuit, the parasitic resistance along the VDD/VSS power rails
tion circuits for pad1 and pad2 are therefore also realized by §#-[5], or the high turn-on resistance of the polysilicon diodes.
polysilicon diodes (Dp1, Dn1, Dp2, and Dn2) with an input se- Therefore, simply changing the n-doping concentration
ries resistor (R1, R2) of 500. Each polysilicon diode has atotalcannot effectively improve ESD level of the pad1 pin in such a
perimeter of 25Qim. The n-region has a width ofyan between smart-card IC. A more efficient ESD protection design should
the p+ and nt+ regions of the polysilicon diode. A gate-couhe developed to overcome this problem in the smart-card IC
pled nMOS with a device dimensiom{/L) of 300 zm/2 yum  with polysilicon diodes.
is also added into the chip across VDD and VSS power lines
as the VDD-to-VSS clamp circuit for ESD protection. Such an . NEW ON-CHIP ESD RROTECTION DESIGN
nMOS has a breakdown voltage-e1.6.5 V. However, the HBM ) o
ESD level of this smart-card IC fabricated in a g.6r CMOs A ESD Protection Circuit
process is only around 300 V, especially on the padl pin with  To still apply the polysilicon diodes as the ESD protection
the polysilicon diodes which are fully isolated from the p-subdevices at the pad1l pin, the concept of whole-chip ESD protec-
strate. With an ESD level below 500 V, the die of smart-card Ifion by using a more efficient VDD-to-VSS ESD clamp circuit
assembled into the smart card by the COB bonding is very sts-significantly improve ESD level of the I/O pin [6]-[10] is ap-
ceptible to ESD events. plied into this smart-card IC. The new proposed on-chip ESD

To improve the ESD level of the smart-card IC, a procegsotection circuit is shown in Fig. 8 with a novel VDD-to-VSS
split on increasing the doping concentration of the n-region EBSD clamp circuit [11], where the ESD protection circuit for
the polysilicon diode was investigated in the @8 CMOS the padl pin has two-stage protection diodes. The VDD-to-VSS
process. The increased doping concentration of the n-region &8D clamp circuit is formed by the nMOS Mn3 and its corre-
lower the breakdown voltage of the polysilicon diode, theresponding ESD-detection circuit. The gate of Mn3 is controlled
fore reducing the ESD-generated heat located on the poly&il a stacked diode string, which is also realized by the polysil-
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Fig. 7. EMMI pictures showing the ESD failure location (indicated by the arrows) on the input circuits after (a) the M&88(mode and (b) the VDEX) test
mode, HBM ESD stresses.
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Fig. 8. New design of on-chip ESD protection circuit with a novel VDD-to+{ |8 . >
VSS ESD clamp circuit in the smart-card IC. _ - = o NS do]

icon diodes. If the stacked diodes were realized by thedif-
fusion in the n-well in CMOS process with a common p-sub-
strate, there was a significant leakage current on the orderF@f 9. Partial picture of a smart-card IC with the realization of ESD protection
milliamperes from VDD to VSS due to the parasitic verticaf"cuit on the padl pin and the VDD-to-VSS ESD clamp circuit.
BJT effect in CMOS process [12]-[14]. But, when the stacked
diodes are realized by the polysilicon layer, the leakage curréitirent is conducted to VSS through the forward-biased Dnla,
can be reduced below;dA under 5-V VDD bias. Therefore, the and then discharged to the grounded VDD through turned-on
leakage current from VDD to VSS through the diode string afdn3, without causing breakdown on polysilicon diode Dp1la.
the resistor?3 of 10 k2 in Fig. 8 can be designed smaller tharf he second diode stage with Dplb and Dnlb is used to further
1 uA, if the diode number in the stacked diode string is largel@mp overstress voltage across the gate oxide of the input cir-
enough. The detailed calculation to find the suitable numtmgr  culits for safer ESD protection. A partial picture of a smart-card
stacked polysilicon diodes in the proposed VDD-to-VSS ESI§ With realization of ESD protection circuit on the padl pin
clamp circuit has been derived in the Appendix. and the VDD-to-VSS ESD clamp circuit is shown in Fig. 9,
For use in a smart-card IC with converted VDD power, eigh¥here the polysilicon diodes of the pad1 pin are all drawn in
polysilicon diodes are used in the diode string to control tHee multiple-fingers style with a total perimeter of 3t for
gate voltage of Mn3, which has a device dimensitify() of ~€ach diode.
300.m/2 sm in the practical IC. When the VDD is charged no i o
more than 5V, the Mn3 is kept off. Butwhen the VDD is chargel- Leakage Currentin the VDD-to-VSS ESD Clamp Circuit
up greater than 5V, the Mn3 is turned on to clamp the VDD The leakage current from VDD to VSS in the new proposed
voltage level. By changing the number of polysilicon diodes MDD-to-VSS ESD clamp circuit can be calculated to find the
the stacked diode string, the clamped voltage level on VDD caunitable number. of diodes in the stacked diode string under
be adjusted for different applications. different VDD voltage levels. The leakage current includes the
With the novel VDD-to-VSS ESD clamp circuit, the ESDsubthreshold current of Mn3 and the diode string current. Be-
current under the VS{) ESD stress is discharged through theause the diodes are all realized by the polysilicon layer, there
forward-biased Dpla to VDD, and then discharged through tieeno parasitic vertical BJT in these diodes. The leakage current
turned-on Mn3 to VSS, rather than the breakdown of polysilh such polysilicon diode strings is not increased by the par-
icon diode Dnla. In the VDD-) ESD stress, the negative ESDasitic vertical BJT effect [12]-[14]. This makes the proposed
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Fig. 10. HSPICE simulated leakage current of the proposed VDD-to-VSﬁS

i it @i ; ; ) ’ : .12. Relation between,,, defined at/ = 1 ¢A and the diode numben|
ESD clamp circuit with eight diodes in the stacked diode string under differe .
resistance oR3. (Y’ axis is drawn in log scale.) oﬁhe VDD-t0-VSS ESD clamp circuit undét3 of 10 or 100 K2.

TABLE I
HE o =1 & n=2 - n=3 = n=4 - ‘ PROCESSSPLITS ON THE N-DOPING CONCENTRATION TO INVESTIGATE
1.E-01 L: 23?1 . ::32 T'R:?s P L THE BREAKDOWN VOLTAGE AND THE FORWARD-BIASED CURRENT OF
R o= THE POLYSILICON DIODES
1E-02
< . N- Doping Current Breakdown Voltage
= Ve Split Case 4 )
E P Concentration (cm-3) | @1-V forward-bias | @1-pA current
3 1804 ¢ #m 7E13, 80KeV 34pA 23V
E, 1E05 ¢ . #n2 9E13, 80KeV 242 pA 156V
w 1606 ~I=1pA #n3 2E14, 80KeV 807.8 A 7.8V
-
1.€07 #n4 9E13, 50KeV 7.7 pA 16.5V
1608 | 4 #n5 2E14, 50KeV 706.2 pA 78V

1.E-09

curves of Fig. 11. The relation betweén, and the diode

Fig. 11. HSPICE simulated leakage current of the proposed VDD—to—Vé@Jmpem under i3 of 10_0r 100 K2 is compared m. Flg'. 12.
ESD clamp circuit with a fixedR3 of 10 k2 but different diode numbersej  The increase of R3 resistance only causes a slight increase
in the stacked diode stringY'(axis is drawn in log scale.) on the turn-on voltagé’,,,, but the increase of diode number
causes a significant increase on the turn-on voltége The

VDD-t0-VSS ESD clamp circuit to have a much lower leakagl!™-0n voltagel,,, (defined asl = 1 1A) should be greater
current in the IC normal operating condition. than VDD of the IC to meet the leakage current specification

When the diode string has eight stacked diodes=(3), the ©f smaller than 1A. The device dimensiomV/L of Mn3 in
leakage current in the proposed VDD-to-VSS ESD clamp cifiese calculations (Fig. 10-Fig. 12) is fixed at 30@/2 pm.
cuit under different resistance @3 is simulated by HSPICE, The Iea_ka_lge current is also |ncrea§ed_|f thg de_wce dimension
and the results are shown in Fig. 10. When Biehas a higher of Mn3 is mcrea_sed. Fo_r the IC appllc_atlons in dlﬁerer_lt CMO_S
resistance, the leakage current is slightly increased due to Bi@cess the suitable diode number in the stacked diode string
greater subthreshold current of Mn3, or significantly increas&€@" be found by the equations in the Appendix or HSPICE

if Mn3 is turned on. By changing the number of diodes igimulation.

the stacked diode string, the leakage current of the proposed )

VDD-t0-VSS ESD clamp circuit can obviously be reduced>: Process Splits

The HSPICE simulated results between the leakage current andio choose a better doping concentration for the n-region in the
VDD voltage level under different diode numbersire shown polysilicon diode for smart-card application, a comprehensive
in Fig. 11, where the?3 is kept at 10 K. They-axis of Fig. 11 process split with different implantation energy is investigated
is drawn in log scale to more clearly distinguish the leakage Table Il. If the n-region has a higher doping concentration or
current under different diode numbers. As seen in Fig. 11, thehigher implantation energy, the polysilicon diode has a lower
increase of diode number causes a smaller leakage currerthreakdown voltage and a higher forward-biased current, which
at a fixed VDD voltage level. For general IC specificationis better for ESD protection. But, because the transformer-cou-
the leakage current should be smaller thamAL The turn-on pled ac voltage could have a maximum voltage swing of 12 V,
voltageV,, (defined at/ = 1 4A) can be found from thé—V"  the breakdown voltage of polysilicon diode is selected to be
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Fig. 13. (a) Device structure and (b) layout top view of the/p—/n+
polysilicon diode realized in a CMOS process.

TABLE I
PROCESSSPLITS ON THE p-DOPING CONCENTRATION TO INVESTIGATE
THE BREAKDOWN VOLTAGE AND THE FORWARD-BIASED CURRENT OF
THE POLYSILICON DIODES

Split Case c P- Doping Current ] Breakdown Voltage
oncentration (cm-3) | @1-V forward-bias | @1-pA current
#p1 1E13, 80KeV 8.4 uA 215V
#p2 5E13, 80KeV 252 pA 124V
#p3 9E13, BOKeV 928 pA 93V

greater than 12 V for safe application. Therefore, the split caSe

of #n2 in Table Il is suitable for use in this smart-card IC.

The polysilicon diode can also be realized with a p-typ%

Wt=300pm 10 b
-8-8=2.0pym
—o— 5=2.5um
- $=3.0pm
== 5=3.5um
-o— 5=4.0pym

Current (mA)

Voltage (V)

Fig. 14. Measured-V" curves of the g-/n—/n+ polysilicon diodes with a
fixed Wt of 300 m but differentS spacings in a CMOS process.

are fabricated in a test wafer with different layout spacifgs
of the lightly doped center region and different total perimeters
Wt. A polysilicon diode with a large device dimension is
drawn in the multiple-fingers layout style, in which every
finger has a layout length of 30m. For a polysilicon diode
with a total perimeted¥¢ of 300 um, there are ten fingers
drawn in parallel in the device layout. The measurded”
curves of the polysilicon diodes with a fixdd¢ of 300 m

but differentS spacings are shown in Fig. 14. The polysilicon
diode with a narrower spacing has a smaller cut-in voltage
in the forward-bias condition, and a smaller (in magnitude)
breakdown voltage in the reverse-biased condition.

To further investigate ESD performance of the fabricated
polysilicon diodes, the transmission-line-pulse (TLP) generator
(according to the prior art of [15]) has been successfully set up
with a pulse width of 100 ns [16] and used to measure 1t2 of
the polysilicon diodes. The TLP-measurédl” curves of the
polysilicon diodes with a fixed¥¢ of 300 zm but different
spacings are shown in Fig. 15(a) and (b) in the forward-
and reverse-biased conditions, respectively. The dependence
f It2 on the layout paramete$ in both the forward- and

lightly doping region, as shown in Fig. 13(a) and (b). Théeverse—biased conditions is summarized in Fig. 16. The

process split is also used to investigate the characteristics,,
such a p-/p—/n+ polysilicon diode. The experimental result
are listed in Table I, where the polysilicon diode has a layo
spacing (the p-doping regior$) of 3 um. Due to the concern
for the transformer-coupled maximum ac voltage swing

12V, the split case of #p2 in Table Ill is suitable for use in thi

smart-card IC.

IV. DEPENDANCE OFLAYOUT PARAMETERS ONIt2 OF
PoLysILICON DIODES

TL{P-measured/-V" curves of the polysilicon diodes with a

glxed spacings of 3 um but different total perimeterd’¢ are

l§f1own in Fig. 17(a) and (b) in the forward- and reverse-biased
conditions, respectively. The dependence of It2 on the total

rimeterWt of the polysilicon diode in both forward- and
teverse-biased conditions is compared in Fig. 18. A polysilicon
diode with a wider perimetei’¢ also has a larger volume for
heat dissipation, therefore it has a higher I1t2 value.

As seen in Fig. 16 and Fig. 18, the polysilicon diode in
forward-biased condition has a much higher It2 value than it

does in the reverse-biased condition. This is due to the different
Although the process splits can find the optimized dopingower & Igsp x Vip, the product of ESD current and the
concentration for the lightly doped center region in theperating voltage of device) generated by the ESD current on
polysilicon diode, the ESD performance of the polysilicothe polysilicon diode in the forward- and reverse-biased con-
diode can be further improved by suitably choosing its layoditions. The diode in the reverse-biased condition has a higher
parameters. Under a fixed process split condition with the n-(operating voltagé/,, across itself than in the forward-biased
1.5E14 cnt?) doped center region, many polysilicon diodesondition. Therefore, the ESD currefitsp generates more
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Fig. 15. TLP-measured-V" curves of the polysilicon diodes in (a) the Fig. 17. TLP-measured—V" curves of the polysilicon diodes in (a) the
forward-biased condition and (b) the reverse-biased condition, with afixed forward-biased condition and (b) the reverse-biased condition, with a fixed

of 300:m but differentS spacings. spacingS of 3 pm but different total perimeterd’t.
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Fig. 16. Dependence of the TLP-measured It2 on the layout parasigier Fig. 18. Dependence of the TLP-measured It2 on the layout parameter
the polysilicon diodes in both the forward- and reverse-biased conditions. /¢ (total perimeter) of the polysilicon diodes in both the forward- and
reverse-biased conditions.

heat on the polysilicon diode in the reverse-biased condition to

cause a lower It2. the power generated by ESD current on the polysilicon diode
When the spacingS increases in the polysilicon diode,is mainly decided by the turn-on resistance of the diodes. A

the It2 is also decreased, even if the diode is stressed in tfaysilicon diode with a smaller layout spacigghas a lower

forward-biased condition. In the forward-biased conditiorturn-on (breakdown) resistance, therefore it has a relatively
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TABLE IV
HBM ESD LEVEL OF THE SMART-CARD IC WITH THE NEW PROPOSED
ESD RROTECTION DESIGN

Polysilicon-Diode HBM ESD Level (Volt)
Doping Concentration
(cm-3) VDD(+) VDD(-) VSS(+) | VSS()
N-, 9E13 > 4kV > 4kV 3kV > 4kV
P-, 5E13 > 4kV 3kv 3.5kV > 4kV

( Failure criterion : [ Leakage > 1pA @ 5-V bias )

higher 1t2 in the forward- (reverse-) biased condition. With well
understood and detailed investigation on It2 of the polysilicon §
diodes under different bias conditions and layout parameters, ¥
ESD robustness of the smart-card IC can be effectively improved
by arranging the polysilicon diodes to discharge ESD current in ia
its forward-biased condition. This can be achieved by designing
a more efficient VDD-to-VSS ESD clamp circuit into the chip,
as that shown in Fig. 8. The efficient VDD-to-VSS ESD clamp
circuit should have a fast turn-on speed and a low turn-on voltage
to discharge the ESD current from VDD to VSS.

V. EXPERIMENTAL RESULTS AND DISCUSSION
A. ESD Test and Failure Analysis

The smart-card ICs with the polysilicon diodes and the new
proposed ESD protection design in Fig. 8 have been fabricated.
The polysilicon diodes realized with the n- or p-doped center
regions can perform the desired circuit function for smart-card
application. The HBM ESD test results of this new ESD protec-
tion design with the polysilicon diodes of n- or p-doped center
regions are listed in Table IV. While the polysilicon diodes are
realized by the n- (p-) doped center region with a doping concen-
tration of 9E13 (5E13) cm? and a total perimeter d¥/¢ = 300 (b
p#m (under the spacing &f = 3 um), the HBM ESD-sustained rig 19, pictures showing the ESD failure location (indicated by the arrows)
level of padl pin in the VS$({) ESD test mode is improved on the smart-card IC with the p-doped polysilicon diodes after the pad1 pin is
to 3 kV (3.5 kV). In the VDD{) ESD test mode, the HBM é%pgfgsvtvggn%ﬁijr:/sHBM ESD stress in (a) the V&$(and (b) the VDD{)
ESD-sustained level is improved to4 kV (3 kV). In both the '

VSS(-) and VDD() ESD test modes, the smart-card IC with

polysilicon diodes can sustain the ESD-stress voltage of greatelThe smart-card IC with n-doped polysilicon diodes has also
than 4 kV. The HBM ESD level of this smart-card IC under thbeen verified by the charged-device-model (CDM) ESD test in
direct VDD-t0o-VSS ESD stress is also greater than 4 kV.  a socketed CDM tester. The maximum CDM ESD-sustained

A picture showing the failure location on the smart-card I1@oltage level of the fabricated smart-card IC is 750 and 600 V in
with the p-doped polysilicon diodes after the padl pin is zappéuk positive and negative CDM stresses conditions, respectively.
with a 4-kV VSS{) HBM ESD stress is shown in Fig. 19(a),A picture indicating the ESD failure location on the smart-card
where the ESD failure is located on the polysilicon diode Dp1&; with n-doped polysilicon diodes after a negative 700-V CDM
rather than on the Dnla or the gate oxide of input circuits. BSD stress is shown in Fig. 20, where the ESD failure is lo-
Fig. 19(b), it shows that the ESD failure is located on the polysitated on the polysilicon diode Dnla, not on the gate oxide of
icon diode Dnla, rather than the diode Dpla, after the padl pive first input stage. To sustain a higher CDM ESD level, the
is zapped with a 4-kV VDD{) HBM ESD stress. From the layout spacingS of the lightly doped center region has to be
ESD failure analysis, it has confirmed that the ESD current iesduced to lower the breakdown voltage and to decrease the
actually discharged through the polysilicon diodes in the foESD-generated heat on the polysilicon diodes. The polysilicon
ward-biased conditions. This is achieved by adding the turn-diode with a reduced spacirtjalso has a smaller turn-on resis-
efficient VDD-to-VSS ESD clamp circuit into the chip, as weltance to quickly discharge the ESD current. But the minimum
as by reducing the parasitic resistance along the power railspasakdown voltage of the polysilicon diode in this smart-card
shown in Fig. 8. The ESD test results have successfully veaipplication is limited to 12 V, due to the coupled maximum ac
fied the proposed ESD protection design in the smart-card \@ltage. This requirement can be further achieved by arranging
by using the polysilicon diodes as the ESD clamp devices. the polysilicon diodes into the multistage configuration [11],
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Fig. 22. Measured—V' curve from VDD to VSS of the new proposed
. VDD-to-VSS ESD clamp circuit with eight stacked n-doped polysilicon
diodes.

Fig. 20. Picture showing the ESD failure location (indicated by the arrow) on
the smart-card IC with the n-doped polysilicon diodes after a negative 700-"
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Fig. 21. Alternative input ESD protection design with the polysilicon diodes

in a multistage configuration to achieve better ESD protection. Time (ps)

. . . . Fig. 23. Measured voltage waveform at pad1l when a 0-8-V voltage pulse is
as shown in Fig. 21. The polysilicon diode in every stage hagplied to the pad1 with VSS grounded.

different layout spacing. The polysilicon diode close to the
first input stage _Qf the |_nternal circuits has a narrower spaglré%t, the 0-8-V voltage pulse is actually clamped to about 6.5 V
S, but the polysilicon diode close to the bond pad has a wider . .

. : In Fig. 23. This is due to the turn-on of the VDD-to-VSS ESD
spacings. The resistanc& between every stage can be further L L
reduced to improve CDM ESD level but without degrading itglamp circuit. Therefore, the overstress voltage on padlis d.'s'
HBM ESD level. _charge_:d from padl to \(DD through the forward-biased polysil-
icon diode, and then discharged to VSS through the turned-on
VDD-to-VSS ESD clamp circuit. This has successfully verified
the effectiveness of the new proposed VDD-to-VSS ESD clamp

The I-V curve of the new proposed VDD-to-VSS ES[xircuit with stacked polysilicon diodes to significantly improve
clamp circuit with eight stacked n-doped polysilicon diodes ESD level of the I/O pad.
measured in Fig. 22. When the applied voltage across VDD and
VSS is increased higher to bias the gate of Mn3 greater than
its threshold voltage, the nMOS Mn3 is turned on to conduct
current from VDD to VSS. So, the measurédl” curve in The device characteristics of the polysilicon diodes in CMOS
Fig. 22 has a sharp current increase when the applied voltggecess have been experimentally evaluated by process splits
is greater than 5 V. with different doping concentrations. The It2 of the polysilicon

In order to investigate the turn-on efficiency of the polysildiodes under forward- and reverse-bias conditions and different
icon diodes at padl (Fig. 8) with the help of the new proposéalyout parameters has been clearly investigated. The HBM ESD
VDD-to-VSS ESD clamp circuit, a 0—-8-V voltage pulse is dilevel of the smart-card IC with the polysilicon diodes as ESD
rectly applied to padl with the VSS pin relatively grounded artotection devices has been successfully improved up to 3 kV
the VDD pin floating. The original 0—8-V voltage pulse is generin cooperation with a turn-on efficient VDD-to-VSS ESD clamp
ated from a pulse generator with a pulse width gfs4and arise circuit. By adjusting the number of the stack diodes in the ESD
time of ~10 ns, as the dashed line shown in Fig. 23. When sudbtection circuit, the turn-on efficient VDD-to-VSS ESD clamp
a voltage pulse is applied to padl, it is clamped to the voltagi&cuit can be applied in the IC with different VDD voltage
level shown in Fig. 23. Because the polysilicon diodes of paddvels. Such ESD-improved smart-card ICs have been in mass
have a breakdown voltage around 12 V, the applied 8-V voltageoduction with a large sale volume to offer smart-card manu-
does not cause any breakdown on the polysilicon diodes of patiicturability without any ESD problem.

B. Turn-on Verification

VI. CONCLUSION
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Vin- The leakage current of nMOS operated in the subthreshold
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Therefore, the total leakage current of this proposed power-rail
(@) () ESD clamp circuit can be expressed as
Drain
ry ileakage =44+ imn (A6)
where the leakage current through stacked polysilicon diodes
Gate O—] 4 can be obtained from (A.4), and the leakage current through
the nMOS ¢,,,,,) can be obtained from (A.5). Finally, the total
rs leakage currentif..x.ge) Can be further expressed as a function
Source of vgs.
(© ) Vgs vT s (vgs)
Fig. 24. (a) ESD clamp circuit with stacked polysilicon diodes, and the Neakage = "y K- s (vgs) “OxXP < v (A7)
equivalent circuits of (b) a diode, and (c) an nMOS, for model calculation.
where
1 4
APPENDIX r‘/)s(vgs) = (Ugs_VFB)_§£ 1+E(UQS_VFB_UT)_1 .
In Fig. 24(a), a diode string of polysilicon diodes is used to (A.8)

trigger the gate of nMOS. The equivalent circuit of each fotn these equations, the parametergioands are constant fac-
ward-bias diode is shown in Fig. 24(b), where the series resistefs for a CMOS process, and they are defined as

r4 IS the turn-on resistance of a polysilicon diode. The equiva- 1 » Weg [ n; 2
lent circuit of an nMOS is shown in Fig. 24(c) with the consid- K = QﬂnCOXaUT Lo <NA>
eration of drain and source resistancg,andrs, respectively. eVDD i - (1D 75)
The current of each diode is . <1 — exp <— tmn " \TD T 7S )) (A.9)
T
iq=1Is (C’Ud/n’UT — 1) . (Al) and
The voltage drop on each diode;] is the same to each othég. ¢ = a’ur. (A.10)

is the saturation currenty is the thermal voltage, and the factor .
n generally has a value between 1 and 2. The total voltage dfofy @ given CMOS process, the valueffand¢ can be deter-
Varop across the stacked diodes and the resig(connected Mined from process parameters.

between the gate of NMOS and VSS) can be expressed as ~ From (A.3) and (A.7), the relation betweerandijcaxage €an
be calculated with the specified factors of VDR3, diode pa-

Varop =t%a - R3+n - (iqa - 7q + va) rameters, and nMOS dimension. First, some suitable series re-
i (RS ] (1 1q A2 sistanced?3 are temporarily chosen to calculate the relation be-
=ia (R3+n-rq) +mpur In {1+ Is (A-2) tweenw,, andn from (A.3). The condition of choosing&3 is

) ) ) ) considered to keep the gate voltagg of nMOS smaller than
wheren is the stacked number of diodes. This equation can Rg nreshold voltagé’, in the normal circuit operating con-

rewritten to find then as function of the gate voltage,; of gition. If NMOS is turned off, the leakage current will mainly

nMOS as appear through the diode string and resigtst For example,
_ Virop — Ugs (A3) whenwv,, is smaller than 0.01 VR3 = 10 kQ can be chosen

"= Ugs T4 ' to meet the condition Oficarage < 1 ptA. Secondly, the relation
mur In {1+ 227 I ) TRy Ve between gate voltage,, of nMOS and the total leakage cur-

rentéeakage Must be calculated to determine the exact value of
where n. From (A.2) and (A.4), the relation betweep,, iq, and B3
) can be calculated. Using these values gf, the total leakage
Ugs = '[,dR3, (A4)

Currentiie.kage Can be calculated from (A.7).

From the circuit connection of Fig. 8, th&..,, equals VDD.
So, the number of stacked polysilicon diodes can be adjusted
to reduce the total leakage current, when the IC is operating inThe authors would like to thank Sunplus Technology Com-
normal condition. To limit the leakage current through nMOSany, Ltd., Hsinchu, Taiwan, for the support to provide the test
the gate voltage of NMOS has to be less than its threshold voltadmps of the polysilicon diodes with different process splits.
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