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Active Devices Under CMOS I/O Pads

Kuo-Yu Chou, Ming-Jer CherSenior Member, IEEEand Chi-Wen Liu

Abstract—Active devices, including electrostatic discharge pro- stops according to the International Technology Roadmap for
tection devices and ring-oscillator circuits, under CMOS I/O pads  Semiconductors (ITRS) [5]. Trimming the bonding pad pitch

are investigated in a 130 nm full eight-level copper metal comple- 1o 14 maintain the used chip area, but a smaller bonding
mentary metal—oxide-semiconductor process, using fluorinated sil- '

icate glass (FSG) lowk inter-metal dielectric. The high current Pad causes much more damage under the mechanical stress
I-V curve measured in the second breakdown trigger poin{V;z,  involved in bonding.

I,2) of ESD protection devices under various metal level stack  Accordingly, this work introduces a configuration scheme of
structures, shows that i) I;> depends very weakly on the number 5etive devices under CMOS 1/O bonding pads [6], [7] in the

of metal levels used, as expected given specific junction power dis- -
sipation criteria; and ii) V;2 increases with the number of metal 130 nm full eight-level copper metal/FSG lowiMD CMOS

level stacks of I/O pads because of increased dynamic impedanceProcess [8], thus increasing chip area usage without applying
due to the presence of more metal levels, as clarified by a simple pretreatments, including additional insulating films [9] and

RC model. Moreover, no noticeable degradation in the speed of the puffer metal layers [10], [11]. An optimum 1.2m thick

ring-oscillator circuit, as measured for a variety of test structures ; . ;
i , ; aluminum metal film, deposited on the top copper metal pad,
subjected to bonding mechanical stress, thermal stress by temper- P P copp P

ature cycling and dc electrical stress by transmission line pulse, as S€TVE€S as a bonding mechanical stress buffer layer to protect
well as ac electrical stress by capacitive-coupling experiments. Ac- active devices under CMOS /O pads from bonding mechanical
cordingly, active devices under CMOS I/O pads is independent of stress.
bonding pad metal level structures. Designs of SOCs can take advantage of active devices under
Index Terms—CMOS, copper, ESD, FSG, IMD, I/0 bonding CMOS I/O pads. Therefore, both I/O and core devices placed
pad, low-k, propagation gate delay, ring-oscillator, second break- ynder bonding pads must be investigated. ESD protection de-
down trigger point, SOC, transmission line pulse. vice and ring-oscillator circuit are used especially to represent
I/O and core devices, respectively. Furthermore, ESD protection
|. INTRODUCTION devices cannot be scaled in proportion to internal core devices.
Accordingly, it is imperative to examine ESDs under I/O pads

HE AGGRES.SIVE _development of Sem.lconduc.t%ecause ESD protection devices in the I/O circuit continue to
technology [1] in the field of very large scale integration

(VLSI) has enabledstate-of-the-artchips to integrate entire occupy a relatively large active region on the chip. Also, the

. . ; , rinsg—oscillator that is a very sensitive circuit for measuring the
electronic systems on a single chip. Today’s systems on ch?

(SOC) can be designed to incorporate mixed-technology, Irpeeq pe.rformance of CMOS core dewces' Is a good qualified
test circuit to sense mechanical and electrical performance of

cluding high-performance/low-power logic, analog, embedded.. . . .
SRAM/DRAM, radio frequency (RF), microelectromechanica?cuve devices under pads. Various test structures of which EDS

. . rotection device and ring-oscillator circuit combine a variety
systems (MEMS), and optical electronic systems [2]. Howevé)rf bonding pad structures for this study are subjected to dif-

thls. dg\(elopment IS asso cgted with problems. For. examp er‘ent bonding power and force stresses, temperature cycling
a significant manufacturing issue surrounds the reliability ce C) thermal stress as well gl andac electrical stresses, 10

large-die-size chip assembly; that is, a large-die-size chip i, G- o thoroughly their manufacturability and reliability.
rather prone to thermo-mechanical stress-induced failure,”a

phenomenon that involves interactions between packaging
and silicon die, caused by thermo-mechanical stresses during Il EXPERIMENTAL

manufacturing and packaging [3], [4]. Additionally, SOC’s Aluminum metal film formed on the top copper metal film
that incorporate all VLSI systems into a single system woukkrves as a buffer layer against bonding stress; its thickness
have more than 100 million transistor gates, requiring up 19 crucial to effective buffering. A bonding mechanical stress
1000 input/output and power/ground pads. Consequently, mgigulation was performed, involving tensile stress (Sx), normal
bonding pads occupy more area on the chip. The situatigfiess (Sz), shear stress (Sxz), arbitrary angle tensile and normal
is worse for next-generation nodes, as the size of the chiggess (SI), and total equivalent shear stress (Seqv), all evaluated
on the etching stop layers, to determine the required thickness
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Fig. 1. Bonding mechanical stress simulation results for bonding pads with various thickness of aluminum metal films. All results are for tiséopttnyees,
SiC. Sxis tensile stressSzis normal stressSxzis shear stres$lis arbitrary angle tensile and normal stress, 8advis total equivalent shear stress.

_ 1000 during the bonding process at room temperature yhbwas
< %0 F O First Probing too thick to etch in the manufacturing process. Thus, only an
s 800 F g O Second Probing aluminum metal film only of 1.2:m was deposited on the 1.0
; 700 E 8 . . wm top most copper metal layer, metal-8, to study aluminum
E < Third Probing . . . . .

5 600 E @) wire bonding in relation to bonding power and force stresses
% 500 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr : during bonding. A 130-nm full eight-level Cu metal/FSG ldw-
£ 400 E @ rrrrrrrrrr T : IMD CMOS process technology [8] can yield various assem-
E 30F L | blies of multimetal levels for a variety of CMOS 1/O bonding
e | pad structures, such as a full eight level metal bonding pad and
E’ 100 ,,,,,,,,,,,,,,,,,,,,,,,,, 8 - RRRRRRE a single level metal bonding pad.

0 ESD protection devices used here were simple 4-shunted-2-

2 22 24 26 28 3 32 34 36 38 4 cascaded NMOS transistors, each VMWL = 15 um/04
um. A series of test structures of ESD protection devices under
bonding pads were designed. They included i) ESD protection
Fig.2. Residue thickness of aluminum metal film on the top most copper me@Vices with no bonding pad on top, connected to a nearby con-
under probing test by various depth of over drive probe stress in three-tipgantional full eight-level metal bonding pad, as schematically
operations. depicted as configuration (a) in the inset of Fig. 4; and ii) ESD
protection devices each under various metal stack structures of
suffers damage from probing test to expose Cu metal layer. Amnding pads, with different numbers of metal levels. The size
cordingly, from Fig. 1, we select the smallest L@ thickness of the pads was 7@m x 70 um, as in configurations (b) to
aluminum metal film to deposit on the top most Cu metal fdig) in the insert of Fig. 4. In this study, 104 samples from two
probing test. Fig. 2 shows the residue thickness of aluminusreces of wafers manufactured in 130 nm full eight-level Cu
metal layer after samples are probed by various depth of owveetal/FSG lowk IMD CMOS process are under open/short test,
drive probe stress in three-time operations. When the depthamid then only 20 good samples with low leakage current, about
over drive probe stress has been increased up to 3.4 mil at timeler 1 pA, are selected for transmission line pulse (TLP) mea-
third probing test, Cu metal almost is exposed due to only ab@utrement. Each sample contains all ESD protection test struc-
50 A residue thickness of aluminum metal film on the top mostires, the (a) to (g) inset of Fig. 4. TLP with a 100 ns pulse
Cu layer. Therefore, 1.2m aluminum metal on the top mostwidth, was applied to ESD devices, which were packaged as
Cu metal can be regarded as a minimum necessary thickniesa dual in-line package (DIP), using aluminum wedge wire
for safe probing test. Although a thickness of L@ aluminum bonding with a bonding power of 100 mW and a bonding force
metal film was suggested to protect completely from damagé 20 g, to generate a high currehtV curve from which the

Depth of Over Drive Probe Stress (mil)
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Fig. 3. SEM image of cross section of (a) Structure A, the ring-oscillator under CMOS bonding pad/metal-8, (b) Structure B, the ring-oscilla&&di@Bder
bonding pad/metal-8/via-7/metal-7, and (c) Structure C, the ring-oscillator under CMOS bonding pad/metal-8/via-7/metal-7/via-6/métaledéalia.

second breakdown trigger currdi, a measure of ESD robust-7/metal-7/via-6/metal-6/via-5/metal-5, shown in Fig. 3(c), and
ness, and the second breakdown trigger voltgdgecan both be iv) the Standard Structure, the ring-oscillator that does not un-
obtained. derlie the bonding pad. Aluminum wedge wire bonding, which
A 1.2 V, 201-stage inverter-type ring-oscillator with a gatgields greater bonding stresses than Au—ball bonding with dif-
oxide thickness of 2 nm and an aspect ratidiof/L, = 1.8 ferent bonding powers and forces, was used to package Struc-
um/0.13pm andW,,/L,, = 1.2 um/0.13um was fabricated in tures A, B, and C. The bonding pad pitch was;88. Similar
a 130 nm eight-level Cu metal/FSG lowiMD CMOS process. to ESD experiment, 104 samples processed in 130 nm full
Four kinds of ring-oscillator circuit are designed. i) Structureight-level Cu metal/FSG low-IMD CMOS technology are
A, the ring-oscillator under the bonding pad/metal-8, shown imder open/short test, and then 80 good samples with under pA
Fig. 3(a); ii) Structure B, the ring-oscillator under the bondintgvel leakage current are selected for aluminum wire bonding
pad/metal-8/via-7/metal-7, shown in Fig. 3(b); and iii) Struanechanical stresses experiment with different bonding power
ture C, the ring-oscillator under the bonding pad/metal-8/viand force, thermal mismatch stresses with 500 temperature
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Fig. 4. Transmission line pulse with a 100 ns pulse width, was applied to the seven ESD protection devices, the conventional Structure and &irbctares A
determine the high curredt-V" curve from which the second breakdown trigger curdgptand the second breakdown trigger voltage, can be measured.
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Fig. 5. Measured’;» versus impedance calculated from (1) for structures A th4. andV;», represents the intrinsic second breakdown trigger current and
voltage, respectively.
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_ 2.0 [ll. RESULTS AND DISCUSSION
g
= 24.0
& ESD protection devices under CMOS 1/O pads experienced
g 23.0 a high bonding power and force during aluminum wedge wire
g bonding. They were then involved in a TLP experiment. A cur-
g 20 rent pulse generated by discharging a charged transmission line
21.0 was forced to enter the device under test. Monitoring the current
g that flowed through, and the voltage on the bonding pad, a high
20.0 current/—V point was determined. Adjusting the pulse ampli-
tude of the current generated more such points for all structures,
as shown in Fig. 4. Thé-V line (below the second breakdown
trigger point) of Structure F devices under the single level metal
25.0 CMOS 1/0 bonding pad, is similar to that of the conventional
i ESD protection devices [with no bonding pads above, as shown
E‘ 24.0 in configuration of Fig. 4(a)]. Even their second breakdown
& trigger points are very close to each other, apparent evidence
g B0 ¥ —H— 10 grams bonding force | that neither the bonding power nor force changes the underlying
[ —A— 20 grams bonding force . : f
290 | —S— 20 grams bonding force with TC stress|- -~ (lateral bipolar snapback high current properties). Further ana-
% lyzes point out that iY;, depends very weakly on the number of
21.0 metal levels used and il);» increases with the number of metal
& levels. Thus, the constaht is solely determined by the number
20.0 of underlying protection devices, independently of the bonding
pad structures used. Particular junction power dissipation cri-
teria may be the reason for such a relationship. The significant
dependencies df;» on the bonding pad structures used does not
25.0 imply that the ESD protection devices under the bonding pads
z were degraded. The mechanism responsible for the change in
24.0 . L
& Vi2 involves the presence of the dynamic impedance of the metal
a 23.0 level of the bonding pad structures: more metal levels yield more
§ impedance. With reference to the equival®@ circuit model
£ 220 of I/O bonding pads, the impedance of a specified CMOS 1/O
pad,Z,;, can be written as
21.0
&
20.0 4 L 8 8 ot
80 90 100 Dpi = Z Ry, + Z / dt/Cvamfl (1)
Bonding Power (mW) n=i m=it1 70
©

where R, is the level metal resistanc€asp,, »—1 is the ca-

Fig. 6. Measured post-bonding propagation gate delay time versus bondﬁg ; ;
power for (a) Structure A, (b) Structure B, and (c) Structure C, at differef] citance between two metal levels, and the current pUIse width

bonding forces and 500 temperature cycling of thermal stress. The ins&isLOO ns in this work. The resulting impedance values are very
schematically depict cross sections of the structures. low, between 0.0%) and 2.272. Fig. 5 plots the measurdd,

versus calculated impedance for structures A to F. Strikingly,

a linear relationship exists between the two. In particular, the

slope and intercept of the line yield relevant information con-
cycling (TC), dc electrical stresses by transmission line pulsgerning the underlying ESD protection devices: the intrinsic
as well asac electrical stresses by capacitive-coupling experéecond breakdown trigger currefityy = 1.04 A and the
ment. Each sample comprises all ring-oscillator test structur@sitage Voo = 7.14 V. I, a measure of ESD robust ability,
Standard, and A, B, and C in Fig. 3. The packaged structureseakly depends on the number of bonding pad metal layers.
B, and C were exposed to a TC e65° to 150 with a max- Therefore, structure A to F have comparable ESD immunity, in-
imum of 500 cycles, to elucidate the damage due to thermal méicating that moving ESD protection devices under CMOS 1/0
match stresses among aluminum metal, the top copper megalds proves reliable in this study. Consequently, not only can
the inter-metal dielectric films and the devices. Then, TLP witbccupation of chip area be avoided, but also design constraints
a 100 ns current pulse, was applied, followed by leakage testfiog CMOS 1/0O bonding pads can be substantially relaxed, al-
of all of the structures. Finally, a 1.2 V, 50% duty cycle voltagwing much more flexible and robust ESD schemes, such as
pulse with a frequency of up to 100 MHz, was applied to stru¢hose that involve a distributed ESD protection device [12].
tures A, B, and C, to evaluate the sensitivity of the capacitiiuch high-level ESD protection is essential in microprocessor
coupling. and ASIC applications [13].
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Fig. 7. Measured—V characteristics for structures A, B, and C under transmission line pulse zapping. The monitored leakage versus applied voltage curve for
each structure is also plotted. The inset shows output waveforms and cycle times (oscillating periods) and the propagation gate delay in etdwhStagddod
Structure and structures A, B, and C, zapped by TLP.

The propagation gate delay at each stage of the Standanttage exceeded 100 V), yielded more suely’ data, as dis-
Structure, measured prior to bonding was 20.9 ps, while thayed in Fig. 7. After each TLP stress, the leakage was char-
propagation gate delay per stage was 20.9 ps, 20.6 ps and 2t#@rized. The measured leakage versus applied voltage is to-
ps for structures A, B, and C, respectively. The speeds of all pgether plotted on the same figure. Leakage currents between
bonding structures are similar to each other, and thus all the the bonding pads and the ring-oscillator devices are relatively
volved structures can be considered as “Control” samples, indery low, 2 to 6 pA, in all structures. The insets in Fig. 7 plot
pendently of the number of metal levels used. Fig. 6(a)—(c) plitte ring-oscillator output waveforms of the Standard Structure
the measured propagation gate delay time versus the bondisgvell as of zapped structures A, B, and C. The corresponding
power for structures A, B, and C, respectively, with differertycle times and the propagation gate delay time per stage are
bonding forces and 500 TC stress cycles. Cross section viewsitso labeled. Apparently, TLP stresses do not noticeably degrade
the corresponding ring-oscillator circuit under CMOS boundinitpe performance of the ring-oscillator circuit under the bonding
pads are also shown. The bonding mechanical and thermal pgels.
cling stresses are seen to not to degrade significantly the elech fact, an operation signal of the active devices under CMOS
trical properties of these devices in relation to the “Control/O pads could suffer from disturbance or coupling due to a
samples, confirming the feasibility of the 130 nm full eight-levedignal running over 1/O bonding pads. Accordingly, the oscil-
Cu metal/FSG lows IMD CMOS process technology in fabri- lating periods of structures A, B, and C, to which different fre-
cating active devices under CMOS 1I/O bonding pads, withogtiencies of up to 100 MHz were applied, were measured for
using any extra mechanically firm insulating films [9] or buffecapacitive coupling. Fig. 8(a)—(c) show the transient waveforms
metal layers [10], [11]. This finding thus indicates that the go&br structures A, B, and C, respectively, undera 1.2V, 50% duty
of recovering chip area utility is reached. cycle voltage pulse triggering frequencies of up to 100 MHz.

During the TLP experiment on zapping, that is, electricallinsets in Fig. 8(a)—(c) reveal the cycle times that correspond to
sudden stressing structures A, B, and C, the transient wavefoitims different triggering frequencies. They also present statistical
of the current and voltage on the bonding pads were recordddja for structures A, B, and C, respectively. The experimental
A steady-state zapped current was thus measured in relatiesults indicate no appreciable signal distortions. Furthermore,
to voltage zapping. Adjusting the amplitude of the pulse cufrom statistical data in Fig. 8(a)—(c), Structure A has a mean
rent to approximately 12 mA (at a corresponding monitored pagicle time of 8.027 ns, Structure B has a mean cycle time of
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Fig. 8. Output waveforms for (a) Structure A, (b) Structure B, and (c) Structure C, measured by an oscilloscope, while a 1.2 V, 50% duty cycle seltage pul
at frequencies of 0, 1, 10, 50, and 100 MHz is applied. Insets are cycle times that correspond to triggering frequencies, as well as their meamdeatiies, st
deviations. These data do not significantly differ from each other.

8.203 ns and Structure C has a means cycle time of 8.408 ns. IV. CONCLUSION

Even the standard deviations in the cycle time are the same for

all structures. Thus, these ring-oscillator devices under CMOSThe 1.2;m aluminum metal film, formed on the top copper
1/0 bonding pads are concluded to be insensitive to signal couetal film, serves as a very effective buffer layer against
pling from the disturbance running through 1/0 bonding padsonding stress, supporting the implementation of active devices
and are independent of the number of bonding pad metal levelader CMOS /0O bonding pads using 130 nm full eight-level
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Fig. 8. (Continued.)Output waveforms for (a) Structure A, (b) Structure B, and (c) Structure C, measured by an oscilloscope, while a 1.2 V, 50% duty cycle
voltage pulse at frequencies of 0, 1, 10, 50, and 100 MHz is applied. Insets are cycle times that correspond to triggering frequencies, as welasahesm
standard deviations. These data do not significantly differ from each other.

copper metal/FSG lovk-IMD CMOS technology. Also, active  [7] ——, “Active circuits under wire bonding 1/0 pads in 0.13n eight-

devices under CMOS 1/O bonding pads have substantially level Cu metal, FS_G love inter-metal dielectric CMOS technology,”
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and can improve the usage of chip area in future SOC designs. turable and reliable lovi- inter-metal dielectric using fluorinated oxide
(FSG),” inProc. Int. Interconnect Technology Cqrif999, pp. 131-133.
[9] K. Mukai, A. Hiraiwa, S. Muramatsu, |. Yoshida, and S. Harada, “A
new integration technology that enables forming bonding pads on active
ACKNOWLEDGMENT areas,” inlEDM Tech. Dig, 1981, pp. 62—65.
[10] G. Heinen, R. J. Stierman, D. Edwards, and L. Nye, “Wire bonds over
The authors would like to thank engineers at TSMC for as- ggtz“i%ggf:u'ts’ inProc. Electron. Compon. Technol. Cart994, pp.
sisting in manufacturing wafers and packaging support, and egt1] W. R. Anderson, W. M. Gonzalez, S. S. Knecht, and W. Fowler,
peciaIIy thank J. H. Lee for ESD test pattern support. “ESD protection under wire bonding pads,” Rroc. Electrical Over-
stress/Electrostatic Discharge Symp999, pp. 88—94.
[12] B.Kleveland, T. J. Maloney, I. Morgan, L. Madden, T. H. Lee, and S. S.
Wong, “Distributed ESD protection for high-speed integrated circuits,”
IEEE Electron Device Lettvol. 21, pp. 390-392, 2000.

REFERENCES [13] A. Amerasekera, “Addressing ESD for microprocessors and ASIC'’s in
21st century technologies,” Bymp. VLSI Circuits Dig. Tect2000, pp.
[1] T.Schimlet al, “A 0.13um CMOS platform with Cu/lowk intercon- aagr Y gles.” Bymp g TeaEETE PR

nects for system on chip architectures, technologies and applications,”
in VLSI Tech. Symp. Dig2001, pp. 101-102.
[2] J.Becker, T. Pionteck, and M. Glesner, “Adapitve system-on-chip archi-
tectures, technologies and application,Proc. Integrated Circuits and
Systems SymR001, pp. 2—7.
[3] K.Y.Chou, M. J. Chen, C.-W. Liu, and B.-H. Lin, “Reliability of VLSI-
level chip assembly for the development of back-end technologies using
a test chip with a top two-level metal structuréEEE Trans. Device
Mater. Reliab, vol. 2, pp. 50-59, 2002.
[4] K.Y.Chou, M. J. Chen, C. C. Lin, Y. S. Su, C. S. Hou, and T. C. Ong,
“Die cracking evaluation and improvement in ULSI plastic package,” itkuo-Yu Chou is currently pursuing the Ph.D. degree in electronic engineering
Proc. Int. Conf. Microelectronic Test Structure)01, pp. 239-244. at National Chiao-Tung University, Hsinchu, Taiwan, R.O.C.
[5] Semiconductor Industry Association, “International technology From 1996 to 2001, he was with the Research and Development Department,
roadmap for semiconductors (ITRS), 2001 edition,”, Apr. 2001. Taiwan Semiconductor Manufacturing Company, Hsinchu. His research inter-
[6] K.Y.Chou and M. J. Chen, “ESD protection under grounded-up bonests include test chip and test structure designs for evaluating the development of
padsin 0.13:m eight-level copper metal, fluorinated silicate glass low- the advanced CMOS technologies and reliability of the deep-submicron CMOS
intermetal dielectric CMOS process technolodfEE Electron Device devices. He holds one U.S. patent and one Taiwanese patent in CMOS tech-
Lett, vol. 22, pp. 342-344, July 2001. nology.



CHOU et al: ACTIVE DEVICES UNDER CMOS I/O PADS 2287

Ming-Jer Chen (S'78-M'79-SM’98) received B.S. degree in electrical engi-Chi-Wen Liu received the B.S. degree in materials engineering from National
neering (with highest honors) in 1977 from National Cheng-Kung Universitgzheng Kung University, Tainan, Taiwan, R.O.C, in 1988 and the M.S. degree
Taiwan, R.O.C., and the Ph.D. degree in electronics engineering in 1985 frammechanical engineering and the Ph.D. degree in electronic engineering from
National Chiao-Tung University (NCTU), Hsinchu, Taiwan. National Chiao-Tung University, Hsinchu, Taiwan, in 1990 and 1996.

In 1985, he joined the faculty of the Department of Electronics Engineering, Since 1994, he was with the Research and Development Department, Taiwan
NCTU, where he became a full Professor in 1993. From 1987 to 1992, Bemiconductor Manufacturing Company (TSMC), Hsinchu, Taiwan. He is cur-
was a principal consultant for TSMC, where he led a team from NCTU amdntly a Senior Engineer in Fab Il with TSMC and is also teaching semicon-
ERSO/ITRI to build up a series of process window and design rule. In 19@6ictor engineering and electronic materials courses in the Department of Elec-
and 1997, he critically enabled the ERSO/ITRI video A/D converter and TSMi@ical Engineering, National Chi-Nan University, Nan-Tou, Taiwan. His current
mixed-mode CMOS processes, respectively. In the 2000—-2001 academic yezearch interests include copper-related modules flomaterials, and inter-
he was a Visiting Professor at the Department of Electrical Engineering acghnection reliability. He has authored eight papers and holds nine patents on
Center for Integrated Systems, Stanford University, Stanford, CA. His reseawhfer clean, implant, Cu surface protection, CMP, FSG, and barrier materials.
interests have long focused on technology reliability physics and currently
on nanoscale electronics. He has graduated ten Ph.D. students and 80 M.S.
students, and has been granted six U.S. patents and six Taiwanese patents in
the above areas.

Dr. Chen received the 1992 and 1993 Chinese Young Engineering Paper
Award and the 1996 Acer Distinguished Dissertation Award. He is a member
of Phi Tau Phi.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


