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Technology and Reliability Constrained Future
Copper Interconnects—Part I: Resistance Modeling

Pawan Kapur, James P. McVitti8enior Member, IEEEand Krishna C. Saraswdtellow, IEEE

Abstract—A realistic assessment of future interconnect perfor- Finally, the materials-based solution constitutes replacing
mance is addressed, specifically, by modeling copper (Cu) wire ef- gluminum and silicon—dioxide (SiQ with copper and low di-
fective resistivity in the light of technological and reliability con-  g|actric constant (lowk) materials, respectively. This material

straints. The scaling-induced rise in resistance in the future may t | t helps i th d of int ts b
be significantly exacerbated due to an increase in Cu resistivity it- set replacement helps increase the speed ol Interconnects by

self, through both electron surface scattering and diffusion bar- reducing resistance and capacitance per unit length, with Cu
rier effect. The impact of these effects on resistivity is modeled having an added benefit of better electromigration properties
under various technological conditions and constraints. These con- to handle increasing current densities. However, because these
straints include the interconnect operation temperature, the effect solutions only partially solve the interconnect problem and

of copper-diffusion barrier thickness and its deposition technology, . . -
and the quality of interconnect/barrier interface. Reliable effective have penalties, they are likely to only extend the life of the

resistivity trends are established at various tiers of interconnects, €Xisting paradigm L?y a few years. It i§ critical to accurately
namely, at the local, semiglobal, and global levels. Detailed impli- assess both the efficacy of these solutions as well as evaluate

cations of the effect of resistivity trends on performance are ad- their penalties. This assessment will help determine the need

dressed in the second part of this work. and the required time frame for alternative solutions (such as

Index Terms—Copper-diffusion barrier, copper resistance, asynchronous timing and three-dimensional [3-D] technology)
copper resistivity, electron surface scattering, interconnect per- in grder to keep up with the Moore’s law
formance, interconnect temperature. - L

In the past, various attempts to estimate the performance

gains arising from new solutions have been made [4]. However,

I. INTRODUCTION a realistic assessment on the prowess, limitations, and life

HE GROWING demand for higher performance throungi_thb?ﬁte ingova;[ions, ;’.Vh'iCh acct:oqntts fhor t(taii:hn?loglc?lband
greater functionality in integrated circuits (ICs) had€aotity-induced practical constraints, has thus tar not been

resulted in an aggressive shrinking of devices coupled wiﬂg?qu?teg a.d dres?e(:.bT?he tp”rrln ariy goal dOf tht|s. worik I!)s'l'tto
a continuous increase in chip size. The scaling incentive h g mate the impact ol both technology and certain reliabiiity

been further fortified by an added bonus of increased devi igpendent factors on interconnect resistance. The only aspect

speeds resulting from smaller channel lengths. However, nott'z%lll_reh“bab'.IIty (;gliavatrit |r_i_hth|§ twork IS ctopf[?ert_dlffuspnf '.r:to.
trends are rendered conducive by the miniaturization paradi 1ghboring dielectric. The Interconnect etiective Tesistivity 1S
y\crmcal parameter in evaluating the performance and penalties

Interconnect speed, which was formerly insignificant, is rapid . . . X

becoming a performance bottleneck because of its tendency 6he light of aforemenholned mnpva'uons. Falseliy g)faggergted
follow degrading trends with scaling [1], [2]. Longer wires du erformance can be predicted using ideal Cu resistivity. Various
to a larger chip size, coupled with sm,aller and more close vels of technological achievements are assumed to evaluate
packed interconnects (smaller pitch) is leading to a continuo étire_ res_'St'V'ty and re3|starice ”er.‘d.s- The .real|st|c _Copper
increase in resistance and capacitance, forcing longer istivity is also compared with realistic aluminum resistivity
interconnect delays with each generation. Several mitigatiﬁ%\?i)/a“ijiat/e trure Cr:izp%rf?izmim? a?\iailintage. ; follows. In
solutions, with varying degrees of effectiveness and penalti%; ¢ have organize € rest ol the paper as 10o7lows.

have been proposed at the physical design, circuit, and mater §§t|o_n Il, we .d'SCUSS the mo_twahon for practu_:al resistivity
level. The physical design level approach is to progressiv odeling. Sections lll and IV discuss the underlying theory for

increase the number of wiring levels in the future. This leadt ch modeling and the simulation methodology, respectively,

to more relaxed dimensions for longer wires at the top met%rlld Section V addresses results in the form of effective copper

. : : luminum resistivity trends in the future. The results ar
levels. However, an excessive growth in metal levels increa nSSai{: eL:J d chj>m zrsezlt amtdeisgjsse; ?oruwloel;al seen?is lljtatia? Zs
process complexity and cost. At the circuits’ level, among oth@ Il as I’ocal t?ers Finallv. we summarige an(’j conc%ude in
solutions, inserting periodic repeaters serves as a powerful t Si ' Y

to mitigate the increase in line delays [3]. However, repeate getion VI

have the penalty of increasing area and power consumption.
P y 9 P P Il. MOTIVATION FOR MODELING WITH PRACTICAL

CONSTRAINTS
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semiconductors ITRS'99 assumes the effective resistivity o Technology Node (um)

copper to be relatively constant at 2.2-cm [5] with scaling in 0.18 015 012 0.1 0.07 0.05 0.035
the future. In fact, it assumes that technological solutions will **[—g_T7 = * ' o Global Wit

be found to bring this value back down to about 1{8-cm after A% S Semiiosel Width

year 2008 [5]. In reality, interconnect stacks are complex struc  10r e eiant
tures, and hence, lead to nontrivial resistivity values that art €~ Local Height

not only different from simplistic room temperature values but = 80
are highly variable depending on the dimensions, technology £
and reliability criteria. A systematic quantification, inclusive of
these practical constraints, thus becomes imperative to predi
accurate future resistivity trends.

With aggressive scaling suggested in ITRS '99 (Fig. 1), di-
mension-dependent effects begin dramatically influencing in:
terconnect resistivity. The extent of the dimensional role in re-  2°f
sistivity is dictated by technological constraints. Among the di- v
mensional effects, two that have the most impact in increasini a0 75 i 206 20 20 30z 2o
effective resistivity are the effects of current-carrying electrons vear
getting Scattere.d from mterfacgs [6], [7] and grain boupdangls_ 1. ITRS '99 dictated dimensions for local, semiglobal and global
[8] and the fractional reduction in the copper cross-section anﬁ%rconnects_
owing to a nonnegligible area consumed by the highly resis-
tive diffusion barrier. The effective resistivity is defined as theyre is also likely to rise owing to a larger chip power density
resistivity that would enable calculations assuming a consuff-the future. The interconnect temperature may further rise be-
mate occupation of the designated interconnect cross-secti@iise of an increase in self-heating of interconnects [10] arising
area by copper and can be trivially used in performance/cifom both a higher current density and use of poor heat con-
cuit/design calculations without concerns of barrier. Aforemegucting, lower dielectric constant materials. It is instructive to
tioned effects are heavily controlled by certain technology amgte that each of the above two effects could act uniquely/dif-
reliability dictated parameters, specifically, 1) the interconnegirently on aluminum and copper and may rescind the advan-
operation temperature, 2) the interface quality between the bgfges of copper in the future. The remaining part of the paper
rier and copper, 3) minimum barrier thickness requirement, afstuses on modeling above effects and establishing reliable re-
4) the cross sectional barrier profile in the interconnect. Intesistivity future trends as a function of different barrier deposi-
connect temperature will be determined by the advances in #igh technologies and thickness, operational temperatures, and
low thermal resistance packaging technology and the ability garrier/copper interface quality. In modeling the electrons scat-
technologically engineer a low dielectric constant material witlgring effect, grain boundary scattering is not included in this
good heat conduction properties. Interface quality, on the othgsrk. It will only serve to further increase effective resistivity
hand, could be determined by technological factors such as psfd degrade interconnect performance.
deposition surface treatments [6] as well as deposition process
conditions which may dictate the extent of monolayer wetting, Ill. THEORETICAL BACKGROUND
ponsequeptly, Fhe surface ro ughne;s at the interface [9]. Mm.'The rapidity of increase in resistivity with dimensional
imum barrier thickness requirement is dependent on technolo

. o . L . rinking because of electron surface scattering effect depends
cally engineered, barrier integrity and reliability. This usual cags ecifically on the interconnect operation temperature and on
of dual-damascene integration is determined at the via ley,

— . o e copper—barrier interface quality. Operational temperature
However, in this work, we assume this to be optimistically detef, only directly impacts resistivity by dictating phonon

mined atth_e metal Ievel_. _Finally, the barrierprofile_ ismﬂ“e”_c?aensity, thus, the electron collision probability with phonons,
by the choice of deposition technology. The various possibilt5i56. in so doing, dictates the relative importance of electron
ties include atomic layer deposition (ALD), collimated physicalgiision with surface compared to bulk phonons. At a high
vapor deposition (cPVD), and ionized physical vapor depositiggmperature for same dimensions, the surface scattering effect
(IPVD). will be less. However, the bulk resistivity would be higher.
The barrier and the surface scattering effects would becofgerface quality, on the other hand, determines resistivity by
increasingly dominant in the future. The barrier does not scaig:tating the extent of elastic collisions suffered by electrons at
as rapidly as the interconnect dimensions because of reliabili§¢ interface. Elastically scattered electrons do not contribute
constraint. This will lead to a progressively larger fraction ab increase in resistivity since, upon collision, they conserve
the cross section area being occupied by the high resistivity bafomentum in the direction of the current flow. The fraction
rier, thus, an increase in effective resistivity of the interconnegt electrons, which suffer elastic collisions at the interface
stack. On the other hand, with dimensional shrinkage, the bulisulting in specular scattering, is modeled by an empirical
mean free path of electrons will become comparable to the wigarameter,”, which varies between 0 and 1. R value of
dimensions, leading to a nonnegligible scattering rate from thedoes not change copper resistivity, wherégawvalue of 0,
interface. To compound the problem, the operational tempegsignifying complete diffuse scattering, has the most detrimental
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Fig. 4. Flow chart showing the methodology used to extract the resistivity

trends for different barrier technologies, temperature, and interface
Elastic scattering: no change in characteristics.
mobility

. . ) . - IPVD ALD
Fig. 2. Schematic showing electron surface scattering and the parafeter C-PVD v

used to characterize the interface quality.

AR=h/w W Minimum
4—P  required
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Global Interconnects

vD C-PVD IPVD ALD
Ap % F
Barrier I l

Local Interconnects

A Conformal barrier A non-conformal barrier Fig. 5. Sample SPEEDIE profile for the year 2004 interconnect geometries
clearly showing the effect of barrier deposition technology on its profile.

Fig. 3. Schematic interconnect cross section, depicting the effect of barrier

deposition technology on profile. . . . .
P gyonp area consumed by the barrier for a given interconnect dimen-

o ) ) ) . _sion would be determined by both the minimum barrier thick-
effect on resistivity. This effect is schematically depicted iRess requirement and the barrier profile. The minimum barrier
Fig. 2. ) ) ) thickness will depend on the effectiveness of the barrier to stop

The mathematical formulation governing the theory Qfopper diffusion, whereas, the barrier profile will be dictated
scatterlqg from the surface/interface has bet_an compreherysw@ythe barrier deposition technology. A highly conformal bar-
dealt with before [11]-[13], and results in the followingier technology such as ALD, would minimize the barrier area,

equation for surface scattering dependent resistpity whereas, less conformal PVD based technologies would require
05 1 thicker barrier at most points to ensure minimum thickness at the
— = - (1) least coverage points, leading to a larger cross-sectional barrier

BAL—P)Amsp oo/ 1 1\ l—e—kX
Po 1—=—3 S (35— x5) mperx dX

area. This effect is illustrated in Fig. 3. The less conformal tech-
nologies will become increasingly unsuitable in the future as
their ability to ensure minimum coverage on higher aspect ratio
wires will steadily deteriorate [14]. The equation governing the

barrier dictated resistivity is

Here, pg is the bulk resistivity at a given temperature,is
the integration variable,, s, is the mean free path in the bulk
film at a given temperaturd, is the smallest film thickness, and
k is the ratio of thickness to bulk mean free paffiX..,). As
expected, (1) indicates that/po is greater than 1k is a crit-
ical parameter, which brings in both dimensional and an implicit Py _ 1 ) )
temperature dependence. Equation (1) indicates that a smaller Po 1— (Ag#

k value would lead to a larger surface dominated resistivity.

At higher temperatures, bulk mean free path will be smaller, Here,p, is the effective resistivity because of barrigyjs the
hencef will be larger, leading to a smaller, /po value. How- bulk resistivity at a given temperaturg, is the area occupied
ever,pg is larger to begin with at higher temperatures. An inteby the barrier,AR is the aspect ratio, and is the width of
esting observation with regards to a comparison between copther interconnect. Equation (2) assumes no conduction through
and aluminum is that for materials with higher intrinsic resighe barrier. This is a reasonable assumption since the barrier
tivity, hence, smaller mean free path, the effect of dimensionasistivities can be of the order of 100s;dR-cm compared to
shrinking will be subdued owing to a larger value/ofCon- single digit copper resistivity numbers. From (2) it is obvious
sequently, copper with a smaller intrinsic resistivity would bthat asA, increasesy, increases. As far as comparison between
more heavily influenced by surface scattering than aluminuncopper and Aluminum is concerned, since Al does not need a

The barrier dictated increase in resistivity would be directlipur-sided barrier, this effect would degrade Cu resistivity a lot
dependent on the area occupied by it. The extent of fractiomabre.
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Fig. 6. Effect of barrier technology anfl value on Cu resistivity of global Fig.7. Future Cuand Alresistivity trend for different barrier technologies. For
wires. Barrier thickness (BT3= 10 nm, temp= 100°C. ()P = 0.5 and (b) Cu,P =0.5, BT= 10 nm, temp= 100°C. (a) Local wires and (b) semiglobal
P = 1. Al resistivity trend superimposed for differeRtvalues. wires.

IV. RESISTIVITY SIMULATION METHODOLOGY input parameters for SPEEDIE corresponding to various
deposition conditions were estimated based on the knowledge
Resistivity trends were evaluated using ITRS '99 dictatenf the physical mechanism of the processes and the literature
future interconnect dimensions. The calculation methodologpcumented values of the parameters. For example, for all
is depicted by means of a flow chart in Fig. 4. For estimatintpe deposition processes, the sticking probability of neutrals
the barrier effect on effective Cu resistivity, we started withtoms (barrier material) on the surface was taken to be 1
simulating barrier profile as a function of different technologied 5], [16]. The distribution of neutrals was assumed to be
using our process simulator Stanford Profile Emulator falightly more directional than isotropic and was modeled by
Etching and Deposition in IC Engineering (SPEEDIE) [14]a cosine to the third power (cosine being perfect isotropic).
SPEEDIE is an analytical full 3-D flux calculation basedf ions were present in a process they were assumed to be
process simulator, which is capable of simulating depositimompletely directional. The yield curve which quantifies the
profiles arising from diverse deposition technologies. In thisumber atoms sputtered per incoming ion was obtained using
work, profiles using PVD, c-PVD, IPVD and ALD were previously done modeling [17]. The ionization fraction for
simulated on ITRS-dictated dimensions from year 1999 (18BVD was assumed to be about 85%, which is reasonably
nm node) to the year 2011 (50 nm node) at local, semiglolmmmon in current plasma-based IPVD systems. Using the
and global tiers. The deposition time was varied for each 8PEEDIE-generated barrier profiles coordinates, the actual
the simulated geometries until the required minimum barriarea consumed by the barrier was obtained for each technology
thickness was obtained inside a given geometry. Two differembde and tier. Subsequently, (2) was used to calculate the
minimum thicknesses of 5 and 10 nm were used. Variobsrrier-dictated resistivity. The last two steps were done by
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using commercial numerical software package, MATLAB.

PERL script was used to interface SPEEDIE with MATLAB.

For aluminum interconnects, only a 5 nm barrier at the bottom
is considered in these simulations, as is commonly used fo
aluminum texture development. The methodology used here i
independent of the barrier material as the barrier is assume
to support no current. Also, the deposition profile is believed

3.6

34r

3.2

Effective resistivity (micro ohm-cm)

to be independent of the material to the first order, because 28
of relatively similar deposition parameters encountered for g 26r
various barrier materials. ol g
The surface scattering-governed resistivity (1) was numeri- \J _
cally solved. The resistivity was evaluated f8values varying %R08 2000 2002 2004 2006 2008 2010 2012 2014
from 0 to 1 in steps of 0.25. Two different temperatures were Year
used, namely room temperature and @0 The temperature- (b)

dictated mean free path in copper and aluminum was used from o . _

61. 1181. Finally. the f AT d blish Fig. 9. Cu resistivity future trends for minimum 5 nm BT, and no barrier at
[6], [ _]. inally, t e _uture resistivity trends were establishegys-c p = o.5. (a) Local wires, (b) global wires.

at all tiers by combining both (1) and (2) and were plotted as a

function of barrier deposition technology, barrier thickness, in- ) ) . )
terface quality P value), and temperature. The effect of barrie?loWly with years. This occurs because the larger dimensions
thickness on interface scattering was found to be negligible, i.8f, global wire results in both a lesser fraction of cross sec-
the dimensions for surface scattering were assumed to be thdi@ial area consumption by the barrier and in lesser electron

resistivity depicts least variation with the ALD deposition

technology in the future due to its conformal properties. A
very low temperature (77 K) Cu effective resistivity trend for
Sample SPEEDIE profiles for a 10 nm minimum barriegjtferent barrier deposition technologies is shown in Fig. 8. The
thickness, IPVD, c-PVD, PVD, and ALD on a year 2004esistivity, in general, is found to be much higher for lower
geometry for local and global interconnects are shown ghq higher temperature. Similar effective resistivity trends for
Fig. 5. As seen from these typical profiles, PVD and the ALRn aggressively reduced minimum barrier thickness of 5 nm at
barrier consumed the largest and the least area, respectiveypocC are shown in Fig. 9.
ALD technology was assumed to a give complete conformality | resistivity rises slower than Cu because of reasons
with a 100% step coverage. Fig. 6(a) and (b) shows Cu agicussed earlier. This may lead to a higher copper effective
Al effective resistivity for global interconnects at 10C with  resistivity than that of aluminum in the future. The cross over,
various, 10 nm, barrier technologies fér = 0.5 and 1, re- where copper effective resistivity is higher occurs faster for
spectively. Fig. 7 shows similar trends for local and semiglobrical and semiglobal interconnects. For instance, wiith= 1
interconnects witl? = 0.5 and a temperature of 10C€. From for aluminum andP = 0.5 for Cu, local interconnects with a
Figs. 6 and 7, it is seen that global wire resistivity rises mo%0 nm minimum thickness barrier, will exhibit a cross over in

V. RESULTS AND DISCUSSIONS
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Fig. 10. Effect of P and temperature on Cu resistivity for ALD barrier _ . ) ) . )
deposition technology; BE 10 nm, (a) global wires and (b) semiglobal wires.Fig. 11. Cu wire resistance per unit Ien_gth for ALD barrier under d_|fferent
P and BT. Temp.= 100 °C, (a) global interconnects and (b) semiglobal

interconnects.

2009 with ALD barrier. With less conformal barrier deposition
technologies, this cross over can occur as early as year 2@Ugbal interconnects. As expected, semiglobal lines suffer a
(Fig. 7). Even with the best barrier deposition technology ddrger impact. However, impact on global wires, which are
ALD, under conservative operation temperatures of 2@0 of most significance from delay perspective, was substantial
and for a reasonable coppErvalue of approximately 0.5 [7], as well. For global wires, starting from the year 1999 (180
in year 2011, the effective resistivity rises to 2.9, 3.45, anum technology node), values @$30 2/mm, resistance per
3.95 u2-cm, for global, semiglobal, and local interconnectgnit length value reaches528 2/mm in year 2011 (50 nm
respectively (Fig. 10). The large increase in resistivity wittechnology node) under a realistic scenario. This scenario takes
temperature is quantified in Fig. 10, which depicts resistivitg P value of 0.5, temperature of 100C and uses the best
versus year at room temperature and at 100 Since in the available, ALD, technology with barrier thickness (BT) of 10
future, the exact temperature of the interconnects would highiyn. In comparison, the ideal resistivity of 1..£2-cm, yielded
depend on the thermal conductivity of the packaging and the underestimated resistance per unit length value-310
low dielectric constant materials, these technologies can plag2anm in year 2011. Table | shows the impact of technology
pivotal role in dictating performance. on resistance per unit length values for global, semiglobal and

The resistance per unit length was evaluated by dividiigcal wires in year 2011 and 2014. It only depicts a subset
the effective resistivity by the appropriate roadmap-suggestefd possible scenarios originating from practical constraints.
cross-section area. Since the concept of effective resistivity Table | the wire temperature of 100C and the barrier
already considers the barrier, it enabled us to use the afodeposition technology of ALD was assumed. It seems likely
mentioned simple division. Fig. 11 shows the resistantlkeat ALD barrier technology would be fully commercial by
per unit length under different scenarios for semiglobal arbat time. If a different technology is used the resistance values
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INTERCONNECTRESISTANCE PERUNIT LENGTH AT 11—’3(?!’_5 V:/ITH ALD BARRIER AT FUTURE TECHNOLOGY NODES
Practical Global Interconnects | Semi-glohal Interconnects | Local Intercoanects
Construiet R sastance | Rmin ) Fesistance { Lhinm) Ressstamce { Lmum)

= Year 201 1| Year 2014 Year 2011 : Year 20014 | Year 2011 Year 2004
Mimie: ideal X0 G185 025 1773 | 1916 31TS
p=1.7uidcm | _

P15, BT=0 440 | 208 1351 | 26a8 |2850 | 5080
P=1, BT=10n0m |50 | 1123|1743 |32 [ 4071 | R4E)
| A

P=0.5. BT=10nm I'j-':'u' | [ 15 [ 1867 | 435] 4447

would be much higher consistent with the resistivity trends. Itis [3] H. Bakoglu, Circuits, Interconnections and Packaging for

obvious from Table | that in comparison with a nominal barrier . VLSL Reading, MA: Addision-Wesley, 1990.
P [4] S. Takahashi, M. Edahiro, and Y. Hayashi, “A new LSI performance

th_iCkness of 10 nm and® = 0_-5! a barrierle_ss teChn_omgy prediction model for interconnection analysis of future LSIs,Pioc.
with a P value of 0.5 would give a much bigger resistance  Asiaand South Pacific Design Automation Coviekohama, Japan, Feb.

; ; ; 10-13th, 1998, pp. 51-56.

|mprove.ment. as apposed to an interface wfith= 1 with a 10 [5] The International Technology Roadmap for Semiconductors (ITRS)
nm barrier thickness. 1999.

[6] L. I. Maissel and R. Glang, EdsHandbook of Thin Film Tech-
nology. New York: McGraw-Hill, 1970, ch. 13.
[7] F. Chen and D. Gardner, “Influence of line dimensions on the resis-

; i g : tance of Cu InterconnectiondEEE Electron Device Lettvol. 19, pp.
In this work, we have modeled resistivity of copper inter- 508510, Dec. 1998.

connects and described how it will vary as the interconnect(g] A.F.Mayadas, M. Shatzkes, and J. F. Janak, “Electrical resistivity model
dimensions are aggressively scaled in the future. In particular, for polycrystalline films: The case of specular reflection at external sur-

. . . . Y faces,”Appl. Phys. Lett.vol. 14, p. 345, 1969.
the modeling is done in the light of technology and reliability 9] P. Kapur, J. P. McVittie, M. Deal, and K. C. Saraswat, “Surface mor-

governed barrier and the surface scattering effects, which will = phology of metallo—organic chemical vapor deposition copper films for
become progressively dominant and negatively impact the Seed layers in integrated circuit interconnects, Pioc. 1st Int. Conf.

. T . Advanced Materials and Processes for Microelectron@an Jose, CA,
effective copper resistivity in the future. The technological  7ggg.

and reliability constraints considered in this work are barrief10] K. Banerjee, A. Mehrotra, A. Sangiovanni-Vincentelli, and C. Hu, “On

thickness, barrier profile, interconnect operation temperature, ~ thermal effects in deep sub-micron VLS| interconnects Pioc. 36th
P P P ACM Design Automation ConfSan Francisco, CA, 1999, pp. 885-891.

and the barrier—copper interface quality. The resistivity trendgi1) k. Fuchs, “Conduction electrons in thin metallic filmsProc. Cam-
are obtained at all three tiers of interconnects, and comparisons bridge Phil. Soc.vol. 34, p. 100, 1938.

are made with aluminum interconnects. Resistance per un[iJfZ] E. H. Sondheimer, “The mean free path of electrons in new metsdis;,”
Phys, vol. 1, p. 1, 1952.

length valyes, at the 35 nm technology node, using re"ﬂlsonfﬂlb[@] D. S. CampbellThe Use of Thin Films in Physical InvestigationdNew
technological constraints, were found to be 90%, 145%, and  York: Academic, 1966, p. 299.

0 ; ; ; iotinsitl14] J. P. McVittie, D. S. Bang, J. S. Han, K. Hsiau, J. Li, J. Zheng, and K. C.
192% greater than that obtained using ideal copper resistivitf SaraswatSPEEDIE 3.0 Manual Stanford, CA: Stanford Univ., 1995,

for global, semiglobal and local wires, respectively. Thesqis) p. s. Bang, J. P. McVittie, M. M. IslamRaja, K. C. Saraswat, Z. Kir-
trends will further degrade at higher temperatures. Although  vokapic, S. Ramaswami, and R. Cheung, “Profile modeling of colli-

; ; mated Ti physical vapor deposition,” Proc. 10th Symp. Plasma Pro-
a temperature of 100C is assumed for the aforementioned cessing, ECS Progvol, 94-20, San Francisco, CA, 1994, p. 557.

values, the interconnect temperature in the future could bge] p.s.Bang, J. P. McVittie, K. C. Saraswat, J. A. lacponi, J. Gray, Z. Kri-
higher. Electron scattering through grain boundaries, although  vokapic, and K. Littau, “Simulation studies of TiN PVD and CVD thin

. . . . . . films for contact/via liners,” irlModeling and Simulation of Thin-Film
not considered in this work, will further increase interconnect ProcessingProc. Mat. Res. Soc. Symhittau and D. J. Srolovitz, Eds.,

resistance. A barrierless technology is found to improve  Apr. 1995, vol. 389, pp. 173-179.
effective copper resistivity more significantly as opposed td17] P. Kapur, D. S. Bang, J. P. McVittie, and K. C. Saraswat, “Method for

. . . . angular sputter yield extraction for high-density plasma chemical vapor
Improvement obtained by developlng an interface with= 1. deposition simulators,J. Vac. Sci. Technol.,Bol. 16, no. 3, 1998.

The resistance per unit length is found to be much worse fogg] N.Ww. Ashcroftand N. D. Mermir§olid-State Phys. Philadelphia, PA:
any barrier deposition technology less conformal than ALD.  Saunders, 1976.

It is also shown that because these effects are less dominant

in aluminum, at some point copper-effective resistivity will

become higher than that of aluminum. This crossover w Pawan Kapur was born and raised in Kanpur, India.
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