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Front End Processes 1

FRONT END PROCESSES

ScoPE

The Front End Processes (FEP) Roadmap focuses on future process requirements and potential solutions related to scaled
field effect transistors (MOSFETs), DRAM storage capacitors, as well as Flash and ferroelectric RAM (FeRAM) devices.
The purpose of this chapter is to define comprehensive future requirements and potential solutions for the key front end
waler fabrication process technologies and materials associated with these devices. Hence, this Roadmap encompasses
the tools, and materials, as well as the unit and integrated processes starting with the silicon wafer substrate and extending
through the contact silicidation processes. The following specific technology areas are covered: starting materials
surface preparation, thermal/thin films, shallow trench isolation (ST1), and doping for MOSFETs, front end plasma etch,
as well as processes and materials for DRAM stack and trench capacitors, Flash memory gate structures, and FeRAM
storage devices.

A forecast of scaling-dniven technology requirements and potential solutions 1s provided for each technology area, The
forecasted requirements tables are model-based unless otherwise noted. The potential solutions identified serve to
benchmark known examples of possible solutions, and are intended for other researchers and interested parties. They are
not to be considered the only approaches. Indeed, innovative, novel solutions are sought, and are 1dentified by red colored
regions of the requirements tables.

Some FEP-related topics are presented in other sections of this Roadmap. The scaled device performance and structures’
forecasts that drive FEP requirements are covered in the Process Integration, Devices, and Structures chapter. Issues for
copper/low-x dielectrics cleaning and surface preparation, plasma etch and chemical mechanical polish (CMP) for trench
isolation are found in the Tnterconmect chapter because of overlap with interconnect tool issues. The crosscut needs of
FEP are covered in the following chapters: Yield Enhancement, Mefrology, Environment, Safety, & Health, and Modeling
& Simulation. FEP factory requirements are covered in the Factory Integration chapter,

A: GATE STACK (INCLUDING FLASH) AND SIDEWALL SPACERS B: SoURCE/DRAIN — CONTACT AND EXTENSION

C: ISOLATION D: CHANNEL DoriNG

E: WELL DoriNg F: DRAM STACK [TRENCH CAPACITOR & FERAM STORAGE
STRUGCTURES

G: STARTING MATERIAL H: CONTACTS

I: PRE-METAL DIELECTRIC LAYERS

Figure 43 Front End Processes Chapter Scope
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2 Front End Processes

DiFricuLT CHALLENGES

THE FrRONT END PrROCESSES GRAND CHALLENGE—
THE FEP RESPONSE TO THE ERA OoF MATERIAL-LIMITED DEVICE SCALING

MOSFET scaling has been the primary means by which the semiconductor industry has achieved the historically
unprecedented gains in productivity and performance quantified by Moore's Law. These gains have traditionally been
paced by the development of new lithography tools, masks, photoresist materials, and critical dimension etch processes.
In the past several vears it has become clear that despite advances in these crucial process technologies and the resultant
ability to produce ever-smaller feature sizes. front end process technologies have not kept pace, and scaled device
performance has been compromised. The crux of this problem comes from the fact that the traditional transistor and
capacitor formation materials, silicon, silicon dicxide, and polysilicon have been pushed to fundamental material imits
and continued scaling has required the introduction of new materials. We have entered the era of material limited device
scaling!

The emergence of this era has placed new demands on virtually every front end material and unit process, starting with
the silicon wafer substrate and encompassing the fundamental planar CMOS building blocks and memory storage
structures. In addition, the end of planar bulk CMOS is becoming visible within the time horizon of this roadmap. As a
consequence we must be prepared for the emergence of CMOS technology that uses non-conventional dual gate
MOSFETSs or alternatives such as planar fully depleted SOI devices. An overview of the device alternatives 1s presented
in the Emerging Research Devices section of the PIDS chapter. Some believe these may be needed as early as the year
2008, The challenges associated with these diverse new materials and the control of the physical interfaces associated
with these materials constitutes the central theme of the FEP difficult challenges summarized in Table 68.

In no area is this issue more clear or urgent than in the MOSFET gate stack. Here, a new gate dielectric material having a
higher dielectric constant 1s needed. This need was 1dentified i the 1999 ITRS, linked to MOSFETs having gate lengths
smaller than 65 nm, which were at that time expected to emerge in the year 2005. In the interim, the patterning
technology for producing 65 nm gates has accelerated and these have been achieved in 2001, Advances have also been
made that permit the extension of silicon oxymitride gate dielectric materials, with the result that the need for hugh-« has
been delaved. Although promising high-x candidate materials have been identified, fundamental performance and
relability issues, as well as issues with CMOS integration are still under investigation. It is doubtful that these materials
will enter production before the year 2006. In the interim, evolution of the oxynitride gate dielectric materials is expected
to continue, but with compromised device performance. notably as it relates to higher off-state leakage and power
consumption It 15 not surprising therefore that the most urgent need for the high-x dielectric 15 associated with devices
designed for low operating and low standby power. Here, it is expected that the high-x material will be needed by the year
2006 if off-state power consumption expectations are to be met. Looking beyond the gate dielectric, the depletion layers
that exist in the doped polysilicon gate material become increasingly onerous as planar devices are scaled into the deep
submicron region with the result that dual metal gates are expected to replace the dual doped polysilicon gates, currently
the mainstay of CMOS technology. Also, near-term measures such as the use of strained silicon channels are expected to
provide needed boosts to device speed, but ultimately, scaling is expected to require the replacement of planar CMOS
devices with non-standard dual gate devices and/or fully depleted planar devices. The introduction of these devices will
require the replacement of bulk silicon substrates with silicon-on-insulator (SOT) substrates.
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Front End Processes 3

Table 68a  Front End Processes Difficult Challenges—Near-term

MPLVASIC Phvsical Geave Lengile 220 mn/
Through Snnmmary of iswes

Mew gale stack processes and materials Extension of exynitride gate dielectric matenals to < 1.0 nm E.O.T for high performance MOSFETs,
consigtent with device reliability requirements

Introduction and process integration of high-x gate stack materials ad processes for high performance,
low operating and low standby power MOSFETs

CMOS integration of enhanced channel mobility, ¢.g.. drained layers

Control of boron penctration from doped polysilicon gate electrode

Minimized depletion of dual-doped polysilicon elecirodes

Introduction of dual metal gate clectrodes with appropriate work function (teward end of period)
Metrology isaues associated with gate dielectric film thidkness and gate stack electrical and materials

characlenzation
Critical dimension and effective channel Control of gate etch processes that vicld a physical gate length that is smaller than the feature size
length (L} control printed in the resist, while maintaining <10% overall 3-sigma control of the combined

lithography and etch processes

Control of profile shape, edze roughness, line and space width for isolated as well as closely-spaced
fine lme pattems

Confrol of self-aligned doping processes and thermal activation budgets to achieve L control

Maintenance of CD and profile control throughout the transition to new gate stack materials and
PrOecesses

CD and etch metrology
Site flatnes= to ensure effective lithographic printing

Introduction and CMOS integration of new Drevelopment and mtroduction of very high-x DRAM capacitor dieleciric layers

memory matcrials and processes Migration of DEAM aapacitor stmctures from silicon-insulator-metal to metal-insulator-metal
Integration and scaling of FeR AM ferroelectric materials

Scaling of Flash inter-poly and tunnel diclectric lavers may require high

Limited temperature stability of high-x and ferroelectric materials challenges

CAMOS Integration

Surfaces and interfaces—sinicture, Contamination, composition, and gruciure control of channel/gate dieleciric interface as well as gate
composition, and contamination control dielectric/gate electrode interface

Interface control for DRAM capacitor structures
Maintenance of surface and interface integrity through full-flow CMOS processing

Statigtically significant characterization of surfaces having extremely low defect concentrations for
darting materials and pre-gate clean surfaces

Scaled MOSFET dopant intreduction and Droping and adivation processes to achieve shallow source/drain regions having parasitic resistance that
control i5 less than ~17-33% of ideal channel resistance (=V 41}

Control of parasitic capacitance Lo achieve less than ~23-29% of gate capacitance, consigtent with
acceptable Ton and minimum shon channel ¢ffect

Achievement of activated dopant concentration greater than solid solubility in dual-doped polyslicon
gate electrodes

Formation of continuous self-aligned silicide contacts over shallow source and drain regions

Merology issugs associated with 2D dopant profiling
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Front End Processes §

Front end cleaning processes will be impacted by the introduction of new front end materials. [n addition, scaled devices
are expected to become increasingly shallow, requiring that cleaning processes become completely benign in terms of
substrate material removal and surface roughening. Also, the scaled and new device structures that will be introduced will
become increasingly fragile, limiting the aggressiveness of the cleaning processes that may be emploved, DRAM stacked
and trench storage capacitor structures will show increasing aspect ratios making sidewall contamination removal
increasingly difficult.

The etching processes used to form the critical dimension features such as MOSFET gates, and DEAM word and bt lines
continue to pose difficult challenges in terms of CD and line profile shape control. These problems are expected to become more
difficult as etch techniques are increasingly employed to produce feature sizes that are smaller than those printed in the
photoresist. This added process complexity and the associated variance increases must all be managed to achieve the final
physical feature size tolerance. The introduction of new materials is expected to add to difficulty of these tasks.

The introduction of new materials is expected to impose added challenges to the methods used to dope and activate
silicon. In addition to the scaling imposed need for producing very shallow highly activated junctions, the limited thermal
stability of most high-k materials is expected to place new boundaries on thermal budgets associated with dopant
activation. In a worst-case scenario, the introduction of these materials could have a significant impact on the overall
CMOS process architecture.

TECHNOLOGY REQUIREMENTS AND POTENTIAL SOLUTIONS
STARTING MATERIALS

Technology Reguirements—Tables 6% and 69b forecast trends for wafers as received from the silicon wafer
manufacturer, intended for use in the manufacture of both DR AMs and high-performance MPUs. These requirements
include general wafer parameters plus specific parameters appropriate to polished, epitaxial, and 501 wafers.
Fundamental barriers presently limit the rate of cost-effective improvement in wafer characteristics such as localized hight
scatterers (LLS) defect densities, site flatness values, and edge exclusion dimensions. These bamriers include the capability
and throughput limitations of metrology tools, as well as wafer manufacturing cost and vield issues fundamental to the
crystal-pulling process and subsequent wafer finishing operations. Accordingly, a methodology has been introduced to
display not only the ability of the wafer supplier to meet the parameter trends in Tables 6% and 69b, but to also display
the metrology tool readiness. For this reason, the wafer parameter trend table cells have been annotated with the silicon
supplier criticality color code on the left-hand side of each cell and the metrology tool readiness color code depicted on
the right-hand side. The marking system and meanings are shown in the tables for both DRAM and high-performance
WMPUs, This legend applies only to Tables 6% and 69,

Teclmology requirements value, supplier manfcturing capabiling cells and metrology readiness capability cells

Technology Requirements Metrology
Value and Supplier Manufacturing Capability Readiness
Capability

Manufacinrable solutions exis, and are being oplingzed
Meanyfaciurable soluttons are known

Manufactwrable solutions are NOT kown _

Wafer Types—Starting materials selection has traditionally involved the choice of either polished Czochralski (CZ) or
epitaxial silicon wafers. In addition, silicon-on-insulator (SOI) wafers are evolving to become more than a niche
technology. The opportunity for these more costly SO1 wafers to be used in mainstream high-volume applications 1s being
driven by process flow simplification in some cases, and by improved high-frequency logic performance, including
enhanced device performance via unique device configurations such as the FInFET. Commodity devices such as DRAM
are commonly manufactured on lower cost CZ polished wafers, although “crystal onginated pits™ (COP)-free wafers are
increasingly required to avoid interference with inline inspections used for defect reduction. High-performance logic I1Cs
are generally manufactured on more costly epitaxial wafers because their use has facilitated the achievement of greater
robustness (e.g., soft error immunity and latch-up suppression capability). This latter capability may no longer be as
critical due to the implementation of shallow trench isolation (STI) and the development of alternate doping means for
achieving latch-up suppression. Mevertheless, yield issues together with the anticipated reduction in the fabrication cost of
epitaxial wafers, favors continued use of epitaxial wafers for logic applications. This wide variety of starting materials
will likely continue into the foreseeable future and 15 the reason for inclusion of polished, epitaxial, and SOI wafers in

Tables 692 and 695,
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& Front End Processes

Farameter Values—The wafer requirements have been selected to ensure that in any given year each parameter value
contributes no more than 1% to leading-edge chip yield loss, including SOI. The values in the tables are generally, but not
exclusively, derived from statistical yield-defect models, taking into account leading-edge technology parameters such as
critical dimension (CDy—taken as the DRAM half-pitch (1.e., the technology generation}— bit density, transistor density,
and chip size. The validity of these derived values 1s limited by the somefimes questionable accuracy and predictability of
the underlying models based on the assumptions utilized. With the onset of the mesoscopic era, characterized by
nanometer device dimensions for both the gate dielectnic equivalent oxide thickness (EOT) and the device physical
channel length, compliance with these model-based values can be very costly and, in some cases, requires re-examination
For this reason, detailed re-assessment of the costs incurred versus the value derived from achieving compliance often
suggests limiting the scope of these models via appropriate truncation.

Table 69a  Starting Materials Technology Requirement—Near-term
Year af Production 2003 2N 20005 2N 2007 2008 29 Dwiver
Techmology Node g Iiptis
DRAM ?;-ﬁf ch () 1o 9 &ir T [ 57 Jn Db
MPLVASIC Phydeal Gate Length (nmi 45 8 32 28 25 23 20 M
DRAM Total Chip Area fmm’ ) 139 110 82 122 a7 1M 104 D¥
DRAM Active Tranddor Area (i) 36.7 291 22.7 35.5 28.2 433 143 DY
MPU High-Performance Total Chip Area .g’mm‘;l 310 30 30 310 30 30 310 A
iﬁ:ﬂ:m'c;m ) 32.6 321 M7 3.7 M7 n7 Hny | M
General Charaeteristics ™ (99% Clhip Yield) [A.B.CJ
Wafer diameler (mm) == Joge oo 300 300 300 300 300 DY M
Edge exclusion (mim) 2 2 2 2 2 2 2 Dy M
Front surface particle size (nm), latex sphere equivalant [D] =50 290 290 290 =490 =50 290 Dy M
Particles {cm 2} [E] 20,35 <0.35 =0.33 =0.18 =018 =0.09 =0.09 D
Particles (#/wf) <238 <238 <241 <123 <123 <B3 <B3 b
Site Natness (iim), SFQR 26 mim < 8 mim sate size [F. R] =11 <90 <80 M <64 =57 551 DM
Nanetopography. p-v, I mm diameter analysis area [} <25 =23 <20 <18 M
Polished Wafer = (99% Chip Yeld)
The LLS requirement is specified for particles omlv; discringnation between particles amd COPx is required (see General Characterigics) (ILE]
Oniidation stacking faults (0OSF) (DRAM) {om 53 [G] £1.9 =16 =14 £1.2 =1.0 =0.8 =0.7 D ¥
Oxidation stacking faults (OSF) (MPU) (em ) [G] <0.6 <0.5 <0.4 <0.3 <0.3 <0.2 <0.2 M
Epitavial Wafer = (99% Chip Yields
Total Allowable Froni Surface Defect Density is The Swm of Epiteodal Large Structural Defects, Small Structural Defecis and Particles
isee Greneral Characteriaics) [H I
Large structural epi defects (DRAM) {em ) 1] <0.007 <0.008 <0012 20.008 0.0 <0.008 0.0 Db
Large structural epi defects (MPLT) {cm 2 [1 =0.003 =0.003 =0.003 =0.003 =0.003 =0.003 =0.003 A
Small structural epi defects (DRAM) {cm 2} K] =0.014 =0.018 <0.024 0.7 <0.021 =0.015 =0.019 D%
Small structural epi defects (MPLT) fem ) K] =0.006 =0.006 <0.006 =0.006 <0.006 <0.006 =0.006 A

Technology requirement s value, supplier manmfacturing capability cells and metrology readiness capability cells.

Technology Requirements
Value and Supplier Manufacturing Capability

Metrology
Readiness

Capability

Manufaciurable solntions exi s, and are being optimized

Maonmfacturable solutions are known

Manifacturable selutions are NOT known _
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Front End Processes T

Table 69a  Starting Materials Technology Requirement—Near-term (continued)

Year af Production 2y 200 2§ 2O 2007 2 2k Driver
Techmalogy Node hpot hpa3

DRAM ¥ Fiteh () 1o a0 Al 0 5] 3z 3o D
MPLVASIC Phydcal Gate Length (nm 45 i 32 28 25 23 20 M
Silicon-On-fnmibator Wafer™ (99% Chip YeldifR]

Starting silicon layer thickness ¥

(Partially Depleted) (tolerance & 5%, 3) (am) [L] 78-133|  [67-115| [s8-100| |[53-: 48-83 44-76| |40-70 M
Starting silicon layer thickness L 20-3 8-33 s

{Fully Depleted) (tolerance = 5%, 3a) (nm) [M] -4 -39 & 1834 1 17-3 1620 M
Sepbierd i R b be-112| |s6-94| [as-s0| |a2-70| |3s-ea| |34-58| [s0-50| |

{Fully Depleted) (tolerance = 5%, 3a) (nm) [W]

Dyasor Lanze area SOI wafer defects (DRAM) (em 1 (0] |<0.007| |<0.008] [<0.012| |<0.003 [ <0.010 [ <0.005 [ <0.010 D%

Dy asop Large area SOI wafer defects (MPU) (em™) [O] =0.003 =0.003 <0.003 =0.003 =0.003 =0.003 =0.003 Af

Dig 501, Small area SOI wafer defects (DRAM) (cm ) [P]  |<0.137| |<0.473| |<n.221| |<0.142 [l <0.178 [ <0.116 [ <0.146 DY

Do penr. Small area SOT wafer defiects (MPLTD {em ™) [F] <0.154 =0.156 =0.159 £0.159 =0.139 <0.159 =0.159 M

* Parameters define limis values: independemnt prediciors of vield, mathematically or empirically modeled af 99%, limii values rarely coincide for more
than one parameter. A given wafer will gemevally not exhibit more than one lingt valne “al a time; " other parameter values mos likely near median
value, thereby ensuring total yield for all perameters iz at feax 9%,

== Signi ficant gaps in metrology awd wafer manu facturing equiprent need fo be closed on 200 mun, especially for the 90 mm node, inasmucht ax 300 nur
iz only mow being phased in ard 200 mm will sl be prevalent throwgh the 90 nm node.

=== Numerical values ave for 300 mm, although 200 mm will be the dominani polished, epitmdal, and SO wafer diameter.

Tecimolagy requirements value, supplier mumufacturing capability cells and metrology readiness capabiline celis

Technology Requirements Metrology
Value and Supplier Manufacturing Capabllity Readiness
Capabllity

Manufacturable solulions exis, and are being optimized
Meanufacturable soluttons are ke

Manufacturable solutions are NOT hmwu_

Tables 6% and 69 notes:

[A] Surface metals are empiically grouped into three classes f :.'faJ Mobile metals that may be easily cleaned such as Na and K and may be modeled
by raking the flai-band shift of a capacitance-voltage (CV) test approximnately 0.3 md for a representative { nm EOT; (b metals that dissolve in silicon
ar_form silicides such as ﬁ?, Ni Cw, Cr, Ca; Al Zn; and (e} major gate-oxide-integrity (GO killers such ar Ca. Each of these metals is faken af a
wiceciarmatt verlme of 12 10 et for all subsequent technology generations. The aface concentration of carbon atons after clearing is based on the
asswmption that a 10% (7.3 x 16" ar-am:-'femjj carbon mom coverage on a bave silicon (100} surface can be tolerated during device fabrication
Ovpanicspelymers are therefore modeled approximately 01 of a monolmer, <1 x 10" C atomsient’ Surface organic levels are highly dependent an
wafer packaging en vdrophobic or hvdrophilic wafer mirface comditfons, and on wafer storage conditions such as tenperature, tine med ambient,

Total bulk Fe consistent with recombination lifetime, ¥, as meanred by the SPV teclmique (for lightly doped p-type materiall at low injection level is
held at 1 x 10'eni Jor all subsequent technology generations.” Note that the bulk Fe concentration faﬁcm'{,l cannl be converted to surface
CoNCenration ._fm'.-'enl':lj via wafer thickness Recombimarion lifstime T, .?ff.:}.-‘ﬂ,, where L = minority-carrier diffusion length and D, = minorityv-carrier
diffusion coefficient at 27 ‘C" . The diffiesion length is faken equal fo the wafer thiciness and the allewalde letime s doubled to enmive a sufficient sfely
Sacter, Appropriate techniqneis) to contrel, stabilize amd pastivare srfice effects s requived, depending on the teclmique (SPV, PCI, efe. ), expecially

Jor o bulk lifetime greater than 20 ysec. For any technigne other than SPV, the tnfection level must be notedl No oxygen preciptiation in sample, no
back=side mechanical dameage, and red sivity of 5-20 Ohiecm recommended.

! P.W. Mertens, T. Beards, M, Houssa, LM, Loewenstein, I Cornelissen, 8. de Gendt, K. Kenis, I Teerlinck, R. Vos, M. Mewriz and
MM, Heyries, "Advanced Cleaning for the Growth of Ultrathin Gate Oxide, " Microelectronic Engineering 45, 199-206 (1999).

! T. Bearda, 5. de Gendr, L. Loewenstein, M. Knotter, P. Mertens and M. Heyns, “Behaviour of Metallic Contaminants During MOS
Processing, ® Solid State Phenomena, 6566, 11-14 {1999].

G, Zoth and W. Bergheoltz, "4 Fast, Preparation-Free Method to Detect Iron in Silicon, ™ J. Appl, Fhys, 67, 67646771, (1990),
*W. Shockley, Elecrons and Heles in Semiconductors, p.69, Princeton: 1. Van Nostrand Co., Inc. 1950,
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8 Front End Processes

[B] Instrumnentation choice, farget valwes, and spatial frequency rnge (scan sze) for from-serface picroroughness are selecied based on application.
Power spreciral density analysis is reconmended fo wtilize fnll accessible range of instrumenis. A tvpical valwe for polished wafers is = 0,10 nm { RMS)
Jor all CO generations Epitaval, annealed and SO wafers have values thar are typically higher than polished wafers whife still meeting the wser’s
Fequirement.

[C] The oovgen concentration may be specified depending on the particulars of the IC user based on IC process requirements and is generally in the
range of 18-31 prawa (SEMI MSd-0702, refer to ASTM FHJ’-F.‘ELJ With advamced crvsial growth technologies, bulk micro defects (BMDsi can be
achieved independent of the intersiitial oxyvgen concentration. The imporiance of BMDs jor gettering has recently again been emphasized and may be
edpecially importay in thoese 1€ fabrication cases with low thermal bm,’geﬂ.ﬁ Co-doping techwigues (mch ar nitrogen and cavbon) can be used to
enfumice oxygen precipitation so may be particwlarly well suited for fow thermal budget device procestes. Additionallv. certain growith methods coupled
with heat freatments can also ehance the precipitation of ooogen. Not all device processes, however, require the pressnce of BMDs BMDw for
internaily gettered polished wafers may be generically taken as gremter than approximately | 16" e after IC processing. BMD density is measured
nsing ASTM F-1239

DY Critteal front sirface pariicle size = K F, [K;=1]where F is the DRAM halfpitcl and is wsed to calenlate requived particle densities af the given
teclmology generation. Particle sizes reporited in Tables 6%a and 695, however, are held constant af 90 mm for technology generations 80 nm through
45 i, due to metrology crpaﬂﬂg:ﬁ?m;ck densittes arve extracted fron the conventional Mealy Yield Equaticon i {¥ = exp f-{DpR o Ao, where A is
the effective chip area Agp=2.5 'FT+{!-¢:'.F'2??A¢,P?A‘-J,.P"E.J'3. “a” is the DEAM cell fill factor (see Table 72a) and T = mamber of transisors or
bitsichip per technology generation). The kil foctor Rp is asmmed fo be 02, although the kill foctor may be very dependent upon the specifics of the
DRAM fab. The relationship between actuwal defect size and associated ISE fatex sphere equivalew) dze depends on defect type and scanner geometry.
The current particle size theshold capability for SOI wafers is 120-150 nm, dwe to the altered response in the optical metrology tools. compared o
polished ar epitadal wafers.

[E] Detailed back-mnface particle informeation is not included in Table 89, swee, in practice, lithograply concerns are being met by fdentt fitng these
defects visally, This perfiaps suggests chat only lorge defects are of impact. [f desived, the calenlatfons may be made using the following modsl for
back-mrface particle size and density. The fromt-surface height elevation, H, die to a back-surface particle of size, I} wader a back-surface filmr of
thickness, T, and a wafer thickness, I, may be expressed as fixD +xT + ) < (T + WiJ, which may be reduced to [{xDi - (f-xiT] where x = (.6 is the
compression of the particle and back-surface film due o the pressure of the chuck on the wafer. Asuming a front-surface elevation of 20CD) results tna
100% lithographic primting failure, the back-murface particle size is expressed as: D = f{2/0.6) (F) = (0. 47006} {T)], where F and T are expressed in mn
Ty this model, T may be set equal to 100w, for example. Back- surface particle s modeled for 99% vield: ¥ = expW-DpRpA ) [3] Rp= 1.0, A=
Astyp = 003 = 0.8 where 0.03 corresponds to 3% of the chip area towching the cluck and 0.8 corresponds fo 80% of the effective chip area that is

degraded by effects of the back-srface particle on the from-sirface de-fecus effect. Dy then, represents the density of defects allowable in visible
inspection for backside particles The equation jor the "Killer™ backside particle diameter strongly depends on two asnumpiions thal are process
dependem. The first is that a focal plane excursion of 2 CID ix required jor a 1 00% assured printing failure. Although a process window this wide may
exist in many cases, some tghily specified exponwres maybe less tolerant to focal plane deviattons. This wonld lead o a smaller particle becoming a
backside killer. The second assumption is that the paticles and fifm are both compressed o 60% of their original dimension. This asaumpion might net
be trwe if the particle were made of a material mch havder thar the film or the particle was simifar in hardness to silicon and there was no backside
Jilny (T=0). Either af these cireumstances allovs a smaller particle fo become a possible backde killer. The backstde veld aquation assimes that the
entire chip is killed by a back-surface particle generating a frow-anface focal plame deviation during lithography (the critical paviicle diameter ts that
value accordingly wsed in the equation, or farger). This occnrs because a particle with dimneter much smaller than the thickness of the wafer may
create a bulge on the front surface wp to 10 mm in diameter, s a sgnificant portion of the field s owt of focus, and the chip does not vield A mitigating
clrcumstance occurs (f the particle is near the die edge, however, snce the bulge at the die edpe will tend 1o create only an apperent local it in the field
thar can be accommodated by a sanning stepper leveling svatem. This gives rise to the 80% effective degraded area,

[E] The metric for site fatness shonld be marched to the tvpe of exponre equipment used in leading edge applications, which implies scanming steppers
Jor critical levels. While SFSR may be the most appropriale metric, it has fatled to gain appreciable support in the industry. Historical reference to
SFOR remains grong and it appears inevitable thar this metric will contimire fo be weed in the futnre. To more closely emmlate practical experience of
the scanming sepper, the effective sie size_for local site fatmess is being modifed fo 26 mm x 8 v accordingly. Fiull=feld seppers with square felds
(mominally 22 x 22 mnn may still be wilized for non-critical levels although these are increasingly being phased ont. fn either case, the meiric value is
approximately equal fo F for dense lines (DRAM half pitch). Partial sites should be inclnded. Also note that fatness metrology requires mfficient
spatial vesolutton fo capiure fopographical features relevant for each fechnology node,

[G] OSF denstty ewmpirically modeled by K3 (FY'™: F in nm; Ky = 2.75 x 107 ® The atilization of the OSF density relation by extension inio
tecimology generation regimes, ot envisioned in the ovigina experimental analysis, will require re-assessment. Test at 1100°C, | howr wet oxidation,
strip eoddelfeteh OSF s move difficult to comrol in r-tvpe material,

THT Other epitavial defects such as hillocks and mownds should also be accowred for, bur an appropriate vield model s not available. Accurate
segregation bazed upon defect monphology is alse net generally available with teday's metrelogy:

! ma, SEMIM44-0702, “Guide to Conversion Factors for Interstitial Oxvgen in Silicon”, SEMI (Semiconductor Equipment and
Materials Internationall, San Jose, CA, July 2002,

? K Sweoka et al., Gevgen Precipitation Behavier and Ttz Optionen Condition For Itermal Gestering and Mecharical Strength in
Epitaxial And Polished Silicon Wafers, ECSPV 2000-17, 164-179 (2000).

"W Malv, H.T. Heineken, and F. Agricola. “A Simple New Yield Model. " Semiconductor International, number 7, 1994, pages 145
154,

M Kamoshida. “Trends of Silicon Wafer Specifications vs. Design Rules in ULST Deviee Fabrication. Farticles, Flamess and
Impurity Distribution Deviations, " DENEA KAGAEU, mumber 3, pages I194-204, 19935,
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Front End Processes 9

[1} Desived epitadal laver thickmess iolerance is + 4% fora 2 to 10 mm center-point epitmvial laver thickness target valwe but may be qﬂ:’c‘a‘e{fmp‘r.‘
structures due te lack of antodoping mppression via backsdde film depostion. resiliing from incomperibility with 300 par wafers, In the case of plp
epd, Hu’ amiirinret epd lever thickeess is de dgned fo avoid me posdble influence of bulk grovw-in defects such as COPs; this condderarion (s less ertical
Jor pp” where the COPs are significantly reduced in the p * smbsirate compared o p .

[J] Large strucinral epi defects (large area defects =1 jan LSE signafl modeled at 99% yield where Y = expl-Dyan Rrap Ad,w_ﬁ where Ry yn= 1 and
Ay applies to DRAM and high-performance MPU as appropriate. METROLOGY NOTE: Many current generation scanning surface inspection
svsems (S515) cannd reliably size mrfoce featwres with LSE signal s greater than abowt 0.5 gor dwe to the light scattering charmcteristics of these lioge
structural epi defects and the optical design of the tool. Further, a metrology gap clearly exists since production werthy tools are not available that can
separate large striciural epd defects from other fearures fike large particles as well as identi fv and conn epitavial stacking faulrx

[} Small structural epi defects (<1 pon LSE signal) modeled at 99% yield where 1 = expf-Diep Rzr A ,-r,,;;]Is where Rgp = 0.5 and A . applies ro DRAM
and hgh-performance MPU as appropriare. Starting Materialy uses the DRAM af production and the MPU lgh-performeance MPU areas
METROLOGY NOTE: A metrology gap cleary exists swce production worthy fools are ot avatlable thar can identify and cownt small strucinal epi
defects.

[L] The silicon final device laver thickness (partially depletedy is obtained by 2 x MPU plysical gate length (with a range in nowinal valwes of £ 25%).
Range of target valwe refers o the cemter point measureniend with wniforngiy fo indicate within-wafer maximm pogiive ov negative % deviation from
the center valwe, The final device slicon is less than inconing material due 1o 5 consumption during device fabrication. In the table, the starting
mterial laver thickness is shown For years 2003 to 2009 it is obtmined by adding 10 nm to the lower value in the rmage and 20 mm o the higher value
in the range. After 2009, 10 nm is added to botly valwes in the range in order to trandate the device thickness into the starting material thickness Si loss
cleparnds on procesang cond ons wsed —i1 L5 acnmmed heve that procesting paramiters ane controllid more Sghily after 2009

[M] The slicon final device thickness (fully depleted) is oltained by 0.4 x MPU physical gate length fwith a range in nominal values of £ 25%). Range
of targes value refers to the center point meamrement with wiformity to imdicate within-wafer maximum positive or negative % deviation from the
center value, The final device silicon is less than incoming maerial due to consumption during device fobrication In the rable the starting material
layer thickness ix shown, For vears 2003 to 2009 it is obtained by adding 10 mm fo the lower valwe in the range and 20 nm to the higher vialwe in the
[NJ The BOX thickmess for fully depleted devices ix raker as the 2 x MPU physical pate lengrh, BOX scales with gate length to help ro comrol shorr
efanmel ¢ffects and heat of sripation. Range in nominal target value of + 25% allows for irade-off between the BOX and silicon thickness fo comiral shors
chanmel effects in the fully depleted SO0 devices NOTE: For partially depleted SO0 devices, the BOX thickness has less of a direct impact on device
parameters. Consderations of BOX capacitance, eiveult heat dissipation, gentering, BOX electrical imegrity, SOF wafer mamfacturing capabilities,
wafir quality aned weafer cost fhave driven the clioice of the BOX thickness values The BOX thickeress is expected to remain between 100-200 mn for the
timeframe of partially depleted SCF devices

fﬂf Large area SOT (LASON wafer defects with }#ﬁf of 80%; ¥ = expi=Drgonr Ry azor .ﬁlnlnpi Dy yory = LASOI d{ﬁ?ﬁ' density, Ry ymer =10 (hest
presend estimiale),

{P] Small area SO {SASOD wafer defects with yield of 99%; ¥ = exp “Digqznr B sazord g, D-‘;.;;.g, 2 SASOT defect density. Rz = 02 (hest presem
estimate). Sowrces of SAS0! can include COPs. metal slicides, or local 550 islands in the top dificon faver. These SASOH defects may alse be detected
by localized light seartering (LLS) measrements, Ald

[ Peak-to-valley threshold ) nm diameter amalyvais area Mavinnm pov reading laken as CIV, based on extrapolation of wafer supplier process
capabilify for 1530-20 nm technalegy generaiions, plus publi dhed data on linewidth distortion jor sub- 100 nm critical dimensions,

Y. Omura, 5. Nakeshima, K. Ivoni, and T. Ishii, IEDM Tech. Digest, 0.1 mm-Gate, Ultrathin-Film CAMOS Devices Using SIMOX
Subsirate with 80-nm-Thick Buried Oxide Layer, p. 675678 (199]).

. P. Maszara, R. Dockerty, C.F H. Gondran and P K. Vasudev. “SOI Materials for Mainstream CMOS Technology. * in Silicon-On-
Insulator Technology and Devices VIIT, 8. Cristoloveanu, PL.F. Hemment, K. Izumi and 8. Wilson editors, PV 97-23, ppr. 15-26, The
Electrochemical Society Proceeding Series, Pemnington, NJ (1997,

" H. Aga, M Nakeno and K. Mitani, “Snudy of HF Defeets in Thin Bonded SOI Dependent on Oviginal Wafers.” Extended Abstracts of
the 1995 International Conference on Solid State Devices and Maierials, pp. 304-305, Hiroshima {1995).
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10 Front End Processes

IR} The magninude of within-wafer variation of various wafer parameters changes over differemt length scales, depending on the natwre of the
mechanimms that produce them The fmpact on subsequent device mamfaciuring cansed by these variations, which occwr af different sparial
wavelengths, also depends on the nanwe of the fab processes and resulting devices For ingtance, parameters govered by gas flove and temperainre
gradient vartations, swch as CVD faver thickness, hpically vary appreciably omly over fairly long disances of the order of millimeters to cemimeters It
i often adequate o meanmre such sowly varying parameters af only a modest number of locations on the wafer, wsing a metrology ool with a fairly low
spatial resolution, in order fo contred such processes. Other parameters, such as wafer surface topograpiy, vary on multiple fength seales with differens
impacts in the fab. At very large length scale (tens of centimeters), wafer surface height vaviations are mamy microns in magnitude (eg. bow amd warpl,
and can affect varions mechanical properties of the wafer, At length scales on the order of ane centimeter, the surface variations are fractions of a
wiicren in height. These variations (e site Tatness) generally are not entical to mechanical shape of the waler, but are vital to depth of focus in
lithography. Ar still smaller length scales of a few millimeters ov fess, the surface height variations are on the order of tens of navometers fiigh. They do
not canse focus failures in lihography. bui con produce line widilh variations in gate lengils and poliding removal wniformity problems in CMP. On
the length scale of microns nrface rongioess varialions are of the order of Angstroms, bt can cause gate oxide integrity problents. As another
example, in fully depleted SO7 wafers, thickness variations of the top silicon lmver can canse transigior threshold voltage vaviation die-to-die (ot
cemtimeter length scale), within-die (ot millimeter length scaled, and conceivally, even fransistor-to-transistor (en a mb-micron scalel. To control
parameter varfations across a large range of patial wavelengihs requives a tool capalble of measiving the whole wafer 1o capture long wavelength
compometts, but with a very high density of daa poeincs (with correspondingly smell sampled area) o capiure smoll wavelength compenenis. The speaticd
warvelength requirements thus five a profound effect on metrology capability. Methods that work well at long spatial wavelengthy may become
nnsmitable af small spatial wavelengths die to meanrement troughput limitations aid'or inadequate spatial resolution. Metrology grades in this table
reflect curvent spatial wavelength requiremenis Future process and device developmats thal demand measurement af shorter spatial wavelengths may
alter theze capability grades in wiforeseen ways
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Front End Processes 11
Table 69b  Starting Materials Technology Requirements—Long-term
Year af Production 2000 2002 2003 2005 2ole 2018 Iwiver
Technology Node hpt3 fpd2 hp22
DRAM ¥ Pitch () 45 35 12 23 22 15 i
MPLVASKS Physical Gate Length {nmj) 18 14 13 10 9 T M
DRAM Total Chip Area (m’) 83 104 83 104 138 87 il
DRAM Active Transsior Area [nrm:,i' 27.3 4.3 7.3 34.3 52.7 7.7 D
MPU High-Performance Total Chip Area :fmm{.l 3o 30 o 30 3o 310 M
MPL High-Performance Active Transisior Area (mns’) 3.7 n.7 n.g nr Mg ny M
General Characleristics * (9% Chip Yreld) fA. B, C]
Wafer diameter imm) 300 300 300 450 450 450 DM
Edge exclusion (mmp Fd 2 2 D M
E;cint anrface particle size (nm), lxtex sphere equivalent >80 265 =65 265 245 245 DM
Particles (em ) [E] <0.09 £0.09 <0.09 =0.04 <0.05 <0.06 DM
Particles (#iwf) =63 <61 =61 <69 =75 <89 LRSR |
Site flatness (nm). SFOR. 26 mm = & mm =ite size [F. K] <45

Manotopography, p-v, 2 mm diameter analysis area []

Polished Wafer = (99% Chip Yield)

The LLE requirement |3 specified for partieles only; diserivimation between particles and COFPs ix vequired (see General Characteristics) (D, Ef

Oxidation stacking faulls (OSF) (DRAM) (em ™) [G] <0.6 <0.4 H <0.4 H 0.3 <0.2 D
Crgidation stacking faults (OSF) (MPLT) {cm b [G] =0.2 =04 <0.1 =0.07 <0.06 M
Epitavial Wafer = (99% Chip Yield)

Total Allewable Front Surface Defect Density is The Sum of Epitadal Large Structwral Defects, Small Structural Defects and Particles

{5ee CGGeneral Characteristics) [H. I}

Large dmuctural epi defects (DRAM) (em ™) 1] <0.012 <0.010 =<0.012 <0.010 <0.007 <0012 D
Large structural epi defects (MPU) (em ) [J] <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 M
Small structural epi defects (DRAM) (cm 4 [K] <0.024 <0.019 =0.024 <0.019 <0015 <0.023 Iy i
Small structural epi defects (MPLT} (ecm by [K] <0.006 <0. 006 <0.006 <0.006 <0.006 <0.006 M
Silicon-on-Insulator Wafer™® (#9% Chip Yeld) [R]

Wafer diameter (imm) 300 a00 300 430 430 430 D M
Faniky Depleto ol < %030 ey | 75 | | 3148 23-32 M
Starting s licon layer thickness 1315 . 13-14 . 12-14 M

(Fully Depleted) {tolerance £ 5%, 3g) (nm) [M]

Buried cxide (BOX) thickness
{Fully Depleted) {tolerance + 5%, 3a) (nm) [N]

[ asoq Large area SO0 wafer defects (DRAM) (em )
<]

<0.012

Dy g gop. Large area SO0 wafer defects (MPL) :cm-zh [

20,003

Dsasor Small area SO1 wafer defects (DRAM) (cm ™)
14|

<0.184

Dsasor, Small area SO1 wafer defects (MPU) (em ) [P]

<0.159

S0.010

=0.003

<0.146

<0.159

14-22

=0.007

=0.003

<0.085

£0.159

10-1E

0012

= 0.003

=0.181

=0.159

*Parameiers define limit values; independent prediciors of vield, mathematically or empivically modeled ar 99%. limit values rarely coincide for more
than one parameter. A given wafer will gemervally not exhibit more than one lingt valne “ar a time; ” other parameter values mox fikely near median
value, thereby ensuring total yield for all parameters iz ar feaw 99%.
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12 Front End Processes

Technology requirements value, supplier manfacturing capability cells and metrology readiness capability cells.

Technology Requirements Metrology
Value and Supplier Manufacturing Capabllity Readiness
Capability

Manufacturalle solutions exis, and are being aptimized
Mamfacturable sofutions are known

Marnufzcturable solutions are NOT know -

Model Limitations—Model-based parameter requirements do not comprehend the distribution of parameter values
intrinsic to the waler manufacturing process where either of two statistical distributions commonly apply. Parameter
values distributed symmetrically around a central or mean value, such as thickness, can often be described by the familiar
normal distribution. The values of zero-bounded parameters {(such as site flatness, particle density, and surface metal
concentration) can usually be approximated by a lognormal distribution, in which the logarithms of the parameter values
are normally distributed. The latter distribution is skewed with a long tail at the upper end of the distribution.

The ideal methodology for management of material-contributed vield loss would be to allocate loss by defect type such
that these defects do not contribute more than 1% to the overall 1C fabrication vield loss. Yield loss for a particular defect
is equal to the integral of the product of 1) the probability of failure due to a given value of the parameter (as established
by the appropriate vield model) and 2) the fraction of wafers having that value (as established by the normal or lognormal
distribution function). By applying this methodology, one could determine acceptable product distributions, which could
then be utilized as materials acceptance criteria. Rather than a table of allowable parameter limits, this methodology
would set specifications around the parameter distnbutions demonstrated by individual suppliers. By far, the greatest
barrier to the acceptance of this approach is the validation of the vield models, which remains elusive, despite the
experience of more than forty years of IC manufacturing. As a result, wafer standards are usually expressed as “goal-
post” specifications (maximum/minimum values allowed) that invariably increase the silicon supplier manufacturing and
inspection costs and ultimately, the 1C wafer user cost of ownership (Co0). Successful implementation of a distributional
specification requires that the silicon supplier's process is sufficiently well understood, under control, and capable of
meeting the [C user requirements. Until these 1deals can be achieved, however, Poisson distribution yield models based
on the best available information are used and parameter limits assigned based on a 99% vield requirement for that
parameter. It 15 further assumed that the yield loss from any individual wafer parameter does not significantly contribute
to the wyield loss from any other parameters, ie., that the defect vield impacts are statistically independent. Where
validation data is available, this empirical approximation has been shown to result in requirement values nearly equal to
the limit values obtained from the aforementioned methodology using parameter distributions.

Cost of Ownership—As the acceptance values for many parameters approach metrology limits, enhanced cooperation
between wafer suppliers and [IC manufacturers is essential for establishing and maintaining acceptable product
distributions and costs. Further development and validation of 1C vield/defect models is required. However, it is essential
to balance the “best wafer possible™ against the CoO opportunity of not driving wafer requirements to the detection limit
defined by acceptable metrology practice, but instead to some less stringent value consistent with achieving high IC yield
For example, the surface metal and particle contamimation requirements for starting wafers are less stringent than the pre-
gate values given in Surface Preparation (see Tables 70a and 70b) because it is assumed that a mimmum cleaning
efficiency of 50%s (actually 95% has been reported for surface iron removal) results during [C processing steps such as the
pre-gate clean. [t 15 also noted that the chemical nature of the surface requested by the IC manufacturer (hydrophilic
versus hydrophobic) and the wafer-camier interaction during shipment as well as the humidity in the storage room are
important in affecting the subsequent adsorption of impurities and particles on the wafer surface. Further emphasis on the
CoO has been ascertained by developing a model examining the viability of a 100% wafer inspection to a particular
parameter (i.e., site flatness). This model considers the additional waffer supplier's cost of ensuring 100% compliance to
the IC manufacturer’s specification relative to the potential loss associated with processing a die with a high probability
of failing if a 100% inspection 15 not done. This methodology has been submitted to an appropriate trade journal, with a
listing of the internet addresses whereby the relevant worksheets can be accessed so that each [C manufacturer can
analyze the trade-off appropriate for their wafer specifications and product family of interest. Link to the models paper
and the excel spread sheet.

Wafer Parameter Selection—PBoth the chemical nature and the physical structure of the wafer front surface are of critical
concem, and wafer parameters related to both are included in Tables 69a and 69b. Chemical defects include metal and
organic particles and surface chemical residues. These defects are equally significant for polished, epitaxial, and 501
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Front End Processes 13

wafers, although there 15 some concern that the detrimental effects of surface metals may be magnified in ultra-than SOI
films when the metals diffuse into a small silicon volume. Organic contamination strongly depends on environmental
conditions during wafer storage and transportation, and accordingly is not included in Tables 6% and 69b, although a
footnote lists a suggested value,

Aftention is also being given to particles on the back surface of the wafer because waffers are increasingly being double-
side polished to improve both the chemical and physical characteristics of the wafer. The polished back surface more
readily exhibits microscopic contamination and wafer handling damage. As a result, back-surface cleanliness
requirements may emerge and drive the need for more stringent robotic handler standards. However. based on a Starting
Materials [C Users Survey, site flatness degradation due to the presence of backside particles does not currently appear to
be of significance and, again, has not been included in this edition of the ITRS. In addition, any back-surface treatments
may degrade the quality of both the polished back- and front-surfaces (e.g_, extrinsic gettering and oxide back seal )

Important physical characteristics of the wafer front surface include wafer topography and structural defects. Wafer
topography encompasses various wafer shape categories that are classified according to their spatial frequency, including
gite flaness, surface waviness, nanotopography, and surface micro-roughness. Fromt surface site flatness and
nanotopography are believed to be the most critical of the topographic parameters and are addressed in this ITRS revision.
Back surface topography also has begun to receive attention recently, particularly in view of possible wafer interactions
with stepper chucks, but the technology for quantifying this interaction is still in its infancy and this parameter is not
included in the 2003 Tables.

Polished, epitaxaal, and SOI wafers all exhibit specific structural defects that must be controlled. Polished wafer defects
include grown-in microdefects, such as (COPs) and bulk microdefects (BMDs). With advanced crystal growth technigues,
EMDs can be controlled independently of the interstitial oxygen concentration. Mevertheless, the formation of
uncontrolled SiOx precipitates in polished or epitaxial wafers is likely to result in excessive device leakage current,
necessitating greater attention to internal gettering in polished and, to some extent, in epitaxial wafers. The magnitude and
uniformity requirements will impose stringent bulk defect control to achieve homogeneous internal gettering capabilities.

The dependence of gate dielectric integrity and other yield detractors on crystal growth parameters as well as the related
role of point defects and agglomerates have been extensively documented. The resulting defect density (D) parameter
has served effectively as a measure of material quality for several device generations. However, for devices with EOT
<2 nm, this parameter 1s no longer an indicator of device yield and performance and has accordingly been deleted from
Tables 692 and 69b as a requirement. It should be noted, however, that starting material cleanliness requirements might
change if pre- and post-gate surface preparation methods are modified when high-k gate dielectric materials are
introduced (see Surface Preparation section.).

Epitaxial and SOI wafer defects include large structural defects (=1 um) and small structural defects (<1 pm). For this
reason, starting material requirements are expressed in terms of specific types of surface deffects for different waler types.
Epitaxial and SOI materials appear to exhibit few surface defects due to the absence of residual polishing micro-damage
and grown-in micro-defects, such as COPs and near-surface oxygen precipitates, that are present in polished wafers.
However, the presence of extended epitaxial defects and other large area defects as well as small structural epitaxial
defects must be controlled in order to realize benefits in device yield. The removal and prevention of surface defects
continues to be a state-of-the-art challenge for silicon wafer technology. The relative immatunity of SOI matenials,
compared to bulk and epitaxial, leads to an additional challenge for the understanding of SCl-specific defects and their
impact on device performance and yield in a production environment. The learmning achieved since the 1999 ITRES edition
has resulted in an improved categorization of SO1 defect types, Instead of categorizing all point defects in the silicon layer
together, and distinguishing micro-voids and pinholes as BOX defects dependent on the SOl wafer manufacturing
method, an approach that categorizes large-area defects and small area defects in SOI wafers continues to be pursued.
Large-area defects, extending over the scale of several to many microns, include Si-layer voids and large bonding voids.
These large defects are judged to have a serious effect on chip yield and are assigned a kill rate of 100%. Smaller defects,
such as COPs, metal silicides, or local 5102 islands in the top silicon layer (measured n tens of nanometers to tenths of
microns), are believed to have a less severe impact on device performance and thus the allowable density 1s calculated
based on a lower kill rate. The treatment of extended crystal defects (i.e., threading dislocations) has been deleted as a
separate SOI parameter in this edition of the ITRS due to their substantially lower impact and kill rate. The development
of laser scanming and other instrumentation to count, size, and determine the composition and morphology of these
defects, is a critical metrology challenge, and is addressed in the Metrology chapter.
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Fotential Solutions—Figure 44 lists the most significant starting materials challenges and shows potential solutions that
have been identified, along with the necessary timing for development of these solutions and their transfer into high-
volume production. Link fo the Starting Materials Roll Up of Difficult Challenges {near and long ferm). Inalignment with
Tables 69a and 69b, Figure 44 reflects the requirements of leading edge DRAMs and high-performance MPUs, built on
300 mm or larger diameter wafers. It should be noted, however, that the adoption of 300 mm wafers has not been as rapid
as expected, causing 200 mm wafers to be wtilized for technology generations beyond what was originally planned. This
has resulted in an expectation that 200 mm wafers should meet the parameter requirements originally forecast for 300 mm
wafers. Since 300 mm wafers have the advantage of being produced with double-sided polish and other processing
improvements, while 200 mm wafers generally do not, improving the quality of 200 mm wafers to an equivalent level
presents a significant challenge to the wafer suppliers.

Metrology for SOI wafers is a significant challenge. The particle metrology readiness grades listed for general
characteristics are not applicable for SOI wafers. Interference effects arising from multiple reflections from the 51 and
BOX layers fundamentally alter the response of optical metrology tools compared to polished and epitaxial wafers,
generally degrading the measurement capability. For instance, the current particle size capability for SOI wafers is
120-150 nm as compared to 90 nm for the 90 nm technology generation for polished or epitaxial wafers in a production
fab. Accordingly, the metrology readiness grade for SOI wafer particles is yellow through the 90 nm technology
generation tumning to red beyond this node. The anticipated shift from capacitive to optical measurement of wafer site
flatness at and beyond the 20 nm technology generation appears to have been resolved for site flatness measurements.
Metrology methods for many of the SOl defect categories call for destructive chemieal etching that decorate but do not
uniguely distinguish various types of crystal defects. These various defects may not all have the same origin, size, or
impact on the device vield and, therefore, may exhibit different kill rates. Mon-destructive and fast-turn around methods
are also needed for the measurement of electrical properties and structural defects in SOI materials. Finally, the metrology
1ssues for the various strained silicon configurations (spatially varying Si:Ge composition content, threading dislocations
and associated defects as well as unique surface roughness issues) will require significant attentiveness (see Emerging
Materials section below).

Layer thickness and uniformity are included in Tables 69a and 69b for both epitaxial and SOI wafers. For SOI wafers, the
broad variety of today’s [C applications such as microprocessors, servers, smart power, and RF signal processors require
a considerable range of Si-device laver and buried oxide (BOX) laver thicknesses. A number of SOI wafer fabrication
approaches are now more fully entering into production to serve this range of SOI applications. The BOX thickness has
been doubled for this edition of the ITES based on leading edge research, although the anticipated decreased thermal
dissipation should be taken into account. The 2001 ITRS revision listed the final SOI device thickness (after fab
processing), but the 2003 revision gives the incoming silicon thickness for both partially depleted (PD)) and fully depleted
(FD)) devices, with the relevant device thickness relegated to the appropriate footnote.

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Petitioner Micron Ex-1047, 0018



Front End Processes 15

2004 o7 2010 2013 26 2019
pran ik} | 2005 20068 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 |
Technology Node hps0 npBs hp S hpd2 hgrd2 hp 16
300 mm LEADING EDGE
Materials selection
Dafect Engnasred
CZ waters molude C7 walore
sFiFr and FRr api
DD Do d-anginadenad
PP a
CT walers

ranneaied wWakers
sk pullisiow cool

Emerging matenpls
{strained matanakAavers, high resistivity, #lc ]

501 mcudos
= bl ad walars
= SMOX vealers
+ gelactive 500 areas
withum the B2 chip

450 mm
Wafer diameter
(ireludai mevel iubwirabed
- and new circdi appraiched)
walers
_

Mew techrabogy (nchades TP,

Site flatness Hew Haw ormTEamn dependen etch, kecakned enchy
tuc hnalegy techralogy oCahized degosibon + blanket etch or

CMIP. blanket layer + biandet eich or CMP

I Risesrch Requiced  ([NN] Duvelopsient Undarwsy [ ] CusslificstiartPra Produstisn T Cominusus Imprevement

This legend ndicate 5 3 S during which mssarch_ development, and gaalfcaton'pre-producion should B laking place for the sokton

Figure 44  Starting Materials Potential Solutions

Material Selection—Material Selection is the first category of starting materials challenges listed in Figure 44, and the
first type of wafer listed is polished CZ substrates, which are produced from crystals grown by the CZ method without
any attempt to reduce or eliminate COP formation during crystal growth, and without any further attempt to remove
COPs before the wafers are shipped to the customer. These wafers are used today predominantly by DEAM
manufacturers, but such usage is increasingly threatened by the difficulty of performing meaningful inspections for yield
enhancement, due to the presence of a large number of COPs. As a result, these wafers are expected to largely cease being
used for DRAMs and high-performance MPUs at about the 70 nm technology generation, and defect-engineered wafers
will take their place. Defect-engineered wafers include several varieties of both polished and annealed wafers. For
polished wafers, the modifications used to reduce or eliminate structural defects can be accomplished either during the
crystal-pulling process, or during the subsequent wafer finishing operations. An example of the former is wafers prepared
from specially grown, low-defect crystals; and examples of the latter include surface-enhanced, hydrogen or argon-heat
treated wafers. In addition, high-resistivity wafers (—~100 Chm-cm) are gaiming acceptance for analog applications and
strained silicon and related materials are under consideration for enhanced device performance (see Emerging Research
Devices section of the PIDS chapier),

For logie applications, lightly doped p-type epitaxial lavers grown on a heavily p-doped CZ substrate (p/p” and p/p™)
continue to be the mainstream epitaxial wafer type. Here, the heavily doped substrate serves as both an impurity getter
{solubility-enhanced gettering) as well as a ground plane for latich-up suppression. For epitaxial laver resistivities greater
than a few £-cm, a back-surface seal has been considered useful for the p/p" and p/p™ structures. The potential
replacement of the epitaxial p/p" wafer with a polished wafer having an implanted high-dose ground plane (high-dose
buried laver in selected regions) to prevent laich-up and getter impurities is also receiving attention although here the
presence and control of COPs remains an issue. The utilization of p/p is also receiving increased attention for advanced
IC applications, because of the reduced system capacitance that may be achieved as compared to heavily doped
substrates. However, in this case, the role of oxygen and BMDs must be reassessed due to the absence of solubility-
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enhanced gettering. It 15 well known that oxygen precipitates more slowly in p~ as compared with p” and p material
Because the optimum oxygen concentration significantly depends on the employed IC thermal process sequence, many
factors must be considered when selecting the optimal oxygen concentration, especially for the case where the STI depth
15 greater than the epitaxial layer thickness. On the other hand, BMD control independent of the interstitial oxygen
concentration may be expected to become even more significant.

Defect-engineered wafers may be supplanted in high-performance applications by SOI wafers if SOI is found to be the
best solution for scaling issues with classical planar CMOS on epitaxial or polished wafers. Although current SOI
manufacturing techniques result in wafers that are more costly than polished or epitaxial wafers, SOl may become the
dominant wafer type because it offers a solution to CMOS scaling issues (short-channel effects) by serving as an
acceptable subsirate for non-classical CMOS configurations such as FinFET and other multi-gate structures. At present it
appears likely that SOI will be required at or before the 45 nm technology generation, for high-performance MPUs and
devices with similar performance requirements to remain on Moore's Law. However, the requirement for SOI wafers is
not as clear as for the other types of IC devices such as various types of semiconductor memory and random logic
circuits, so defect-engineered wafers are still shown to persist until the end of the Roadmap.

Emerging Materials—The utilization of Si-based matenials solutions that extend the Starting Materials section of the
ITES (i.e., Moore’s Law) have become critically important to the future of the silicon industry. Several examples include
strained device channels, high-resistivity silicon, isotopically engineered silicon, and monolithically integrated
optoelectronics with silicon. The utilization of a strained device channel for enhanced device performance, for example,
has been discussed in the PIDS chapter of the ITRS. Some of these technologies have the flexability to be contained in
several embodiments. For example, at least three major stramned silicon structures are considered at the present time.
These include bulk strained silicon (epitaxial strained silicon on a uniform content Si:Ge layer, whose lattice constant is
engineered by a compositionally graded S1:Ge layer) and strained 5i on 51:Ge on insulator (SGOI), where instead of a
compositionally graded Si:Ge layer, an insulating layer resides (both partially depleted (PI) and fully depleted (FID)
structures can be fabricated). Additional configurations include strained silicon on insulator (33010}, excluding the Si:Ge
layer for strain generation, again with PD and FD configurations. These emerging technologies, although apparently
providing technical solutions to critical device issues to ensure the continuance of Moore's law, lack the maturity to
include detailed specifications in Tables 6% and 69 for this year's ITRS revision. Further, since some of these
technologies are applicable only to SO structures, and other of these technologies are suitable for use on bulk polished or
epitaxial wafers, Figure 44 shows these Emerging Matenals as a potential solution for problems confronting both SOI and
defect-engineered CZ wafers. Link fo “Emerging Materials™ details.

Large Diameter Wafer—The conversion to 300 mm diameter wafers that began slowly in 1999 is expected to accelerate
in the next several vears, driven by the need to continuously enhance IC manufacturing productivity. International
cooperation and standardization of wafers, carriers, and factory protocols were critical for enhancing this conversion in a
cost-effective and timely manner, as is the availability of cost-e{fective 300 mm walers. From the perspective of cost-
effective wafer availability, business issues are the primary migration concem as it appears that the engineering issues
associated with 300 mm crystal growth, finishing and wafer handling have largely been addressed. The relative
contribution of the 300 mm wafer to the overall IC manufacturing cost structure, however, has been noted to be at least
three times as high as the corresponding 200 mm wafers, suggesting the need for significant CoO improvements.

Projections of wafer diameter bevond 300 mm suggest that 450 mm may be the next appropriate size, perhaps as early as
2011, suggesting 450 mm research and development to be implemented by 2005, Previous research by the silicon supplier
community in 400 mm wafers in the mid-late 1990s 15 expected to be quite useful in enhancing this imtiative. In reality,
however, the term “450 mm wafer™ is a metaphor for a major productivity enhancement required by the industry to stay
on our present business and economic growth trend. An actual wafer diameter change to 450 mm, however, will be
needed if no other new productivity improvements are available, although these wafer size changes are always fraught
with both economic and technical issues. Indeed, new measures of fab productivity appear to be warranted. Continuing to
maintain a two-year technology cvele, as tactically envisioned in the ITRS, provides partial mitigation of the need for the
next wafer size change, potentially delaving it on nearly a year-by-year basis. Assessment of these high-level ITRS
strategies are being aggressively pursued throughout the industry, (including the upgrading of 200mm process
technologies, single-wafer processing as the fundamental process change (rather than increased wafer diameter) as well as
umque, non-classical device configurations (see the PIDS chapter).) Utihization of the industry economic and productivity
models developed at International SEMATECH are also being extensively scrutinized for their applicability to a mumber
of fabs.
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Mevertheless, extension of historical wafer-diameter trends suggests the implementation of research in ~2011 to facilitate
the introduction of 675 mm wafers in ~2020. However, it is far from clear that 450 mm or 675 mm diameter wafers will
be economically viable. The engineering issues associated with crystal growth, finishing and handling of such large
walers appear to be very substantial. A paradigm shift in the preparation of cost-effective silicon substrates may be
required to mitigate the escalating costs associated with conventional silicon substrate materials. One possible approach
continues to be the escalation of cost-effective SOI wafers. Another approach is the fabrication of an electrically active
silicon material layer on an appropriate supporting substrate that has been optimized for compatibility with factory
substrate-handling and chip-packaging requirements.

Site Flatmess—Unlike materials selection issues and wafer diameter, a lack of significant progress in making site flatness
improvements is not likely to cause problems in maintaining Moore's Law, but site flatness is a major concern for
semiconductor IC manufacturers as well as for silicon wafer manufacturers, so the Starting Materials Sub-TWG has
included it in Figure 44,

The industry made a substantial gain in site flatness process capability by going to double-sided polish for 300 mm
wafers. Incremental improvements on this basic gain are expected to satisfy IC manufacturers’ requirements to
approximately the 65nm technology generation. Confinued improvement beyond that point may require the
implementation of new flatness-improvement technologies, including those discussed in Figure 44 and its accompanying
text

SURFACE PREPARATION

Wafer cleaning and surface preparation continue to evolve in concert with implementation of new materials and
processes, while retaining certain long-held characteristics. In front-end surface preparation, research and development
have historically focused on maximizing the quality of the gate dielectric. This focus continues as the industry moves
toward high-x gate dielectrics. However, another focus for surface preparation is emerging, which is centered on cleaning
after the increasing number of implant masks required for all of the different transistor types that are now being integrated
onto a single chip. Metal gate electrode materials as well as new transistor structures will eventually drive new
requirements for front-end surface preparation.

Technology requirements for surface preparation are shown in Tables 70a and 70b; more details for the data are available
in the supplemental material. Front-end predictions continue to be problematic due to the lack of data associated with
future dielectric and gate clectrode matenals and their properties. Despite these uncertainties, it 1s clear that particulate
contamination will continue to be a concern at increasingly demanding levels. Requirements for silicon and oxide loss are
new additions in 2003, Control of particulates will become more challenging as the need to minimize oxide and silicon
loss becomes more critical. Control of particle levels without damage to structures or etching of matenial 1s seen as a
formidable challenge. However, devices in 2008 will probably be fully depleted, fabricated on SOI substrates with high-x
gate dielectrics and metal gate electrodes, therefore the number of implant mask steps may decrease and this may change
the amount of allowable oxide and Si loss per post-implant mask cleaning step. In addition, the introduction of SO may
also affect the allowable levels of metal contamination as there is evidence metals may build up at the buried oxide layer
interface. [t is not yet clear how this will affect allowable metals level and has not been accounted for in these tables.

Interface control is expected to become increasingly critical as devices begin to utilize deposited gate dielectric materials
and epitaxial 51 and SiGe for strained channel formation. Deposited high-k gate dielectrics may require an oxidized or
nitrided surface prior to deposition, whereas epitaxial 31 will require an oxide-free surface. High-x gate dielectrics may,
however, lead to a loosening of requirements for metal contaminant control as gates become physically thicker. After gate
formation, post-etch cleans must be introduced which are compatible with high-x dielectrics and metal gate electrodes.
New MPU and DEAM materials coupled with tightening material budgets will increase the need for highly selective
etching chemistries and processes, and these must be introduced without deleterious ESH effects. Refer to the
Environment, Safety, and Health chapter for comprehensive information and link to a new chemical screening tool
{Chemical Restrictions Table).

There is universal understanding that watermarks cannot be tolerated on a cleaned surface and so this requirement is no
longer itemized in the surface preparation tables. Also, the requirements for back surface particles have been deleted from
the surface preparation tables in 2003, Although it is understood that a low level of back surface particles is desirable,
there are no data or models available that can link the size or density of back surface particles to yield on the front surface
of the wafer. Please see the table footnotes for further explanation.
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Table 70a  Surface Preparation Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2 Dviver
Technology Node hip hpas
DRAM ¥ Pisch fnmy) 1w} 0 Sir o 65 57 S0 D
MPUASIC ¥ Pirch fnm) oz a0 & o 3 57 R M
MPU Printed Gate Length (nmy) &5 52 45 40 35 32 28 M
MPLU th.ﬂ'cal' Crite I,wlgl'h {rm) 45 27 12 28 25 23 2 M
Wafer dicmeter {mung 300 300 300 300 300 300 300 DM
Wafer edge exclusion {mm 2 2 2 2 2 2 2 Dy M
Front surface particles
Killer defect density, DRy [.ﬂ!.-'un!: [4] 0.0172 | 0.0217 | 0.0283 | 0.0185 | 0.0233 | 0.0158 | 0.0199 i
Critical particle diameter, d; inm) [B] a0 45 40 35 325 28.5 25 DY
Critical particle count, Dy, (#wafer) [C] 59 75 ar 64 80 54 68 ¥
Back surface particles [D][E]* NA NA NA NA NA NA NA NA
Critical GOI surface metals (10'® stoms/em™ [F] | 0.5 0.5 0.5 0.5 0.5 0.5 0.5 M
Critical other surface metals (10" atoms/em®) IF] 1 1 1 1 1 1 1 M
Mobile jons (10" stoms/em®) [G] 1.8 1.9 1.9 2 2.2 74 2.5 M
Surface carbon (10" stoms/em®) [H) 1.8 1.6 1.4 1.3 1.2 1 09 | DuM
Surface oxygen (10 atoms/em’} [1] 0.1 0.1 0.1 0.1 0.1 0.1 0.1 M
Surface roughness LV G, RMS (A [1] 4 4 4 4 4
Silicon loss (A) prer cleaning step [K] 1.2 1.0 0.8 0T 0.5
Cride loss (A) per cleaning step [1.] 1.2 1.0 0.8 0.7 0.5

“Values removed from table for 2003, See table notes [D] and [E [

Mannfacinrable solutions exis, and are being optimized
Manufacturable solutions are known

Trterim solwtions ave known

Marmfacinrable solutions are NOT known
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Table 70b  Surface Preparation Technology Requirements—Long-term

Year of Production 2ola 2042 2003 2015 2006 2018 Diriver
Techmalogy Node hpits hpiz hp22
DRAM ¥ Piteh i) 45 15 a2 25 22 18 D%
MPUASIC ¥ Piteh fnwm) 45 13 iz fri 22 18 M
MPU Printed Gate Length (mm) 23 20 13 14 I3 1o M
MPU Physcal Cate Length (nm) I3 I4 I3 In 2 7 A
Wegfer dfamneter (i oo 450 450 450 450 450 D i, M
Wafer edge exclusion (mm) i 2 2 2 2 2 DM
Frow surface particle
Killer defect density, DR, #em [A] 0.0250 | 0.0199 | 0.0250 | 0.0M99 | 0.L0136 | 0.0215 Dy
Critical particle diameter, d, (nm) [B] 2.5 17.5 16 125 11 9 D%
Critical particle count, Dy (#/wafer) [C] 26 155 195 155 108 168 D&
Back surface particles [D][E]* NA NA NA MNA NA NA
Critical GOl surface metals (10" atoms/em®) [F]] 0.5 0.5 0.5 0.5 0.5 0.5 MPL
Critical other surface metals (10" atom .r.-'anz} [F] 1 1 1 1 1 1 MPU
Mabile ions (10" atoms/iem®) [G] 2.5 2.5 24 24 2.3 2.3 MFPU
Surface carbon (10" atoms/'cm®) [H] 0.9 0.9 0.9 0.9 0.9 0.9
Surface axygen (10" atoms/am™) [1] 0.1 0.1 0.1 0.1 0.1 04 |DbuM
Surface roughness LVGX, RMS (A ) []] 2 2 2 2 z 2
Silicon loss ( A) per cleaning step [K] A
Oncide loss (A) per cleaning ep [L] Af

“Verlwes remaved from table for 2003, See table notex (D and [E

Marnrfecrurable solwtions exis, and are being optimized
Meannfacturable solutions are knowe
Interim solutions are known [

Marngfaciuralle solutions are NOT known _

Nates for Tables 70a and 7

fA] Killer defect density is caleulated from the formula for 99% yield, Y=099=expf-DeRed ] Ao is the effective chip area, D is the defect density,
and Rp i5a defect kill factor indicating the probability that a given defect will kil the device. The product DeRp is the density of device-ki lfing defects on
the wafer. Ry is dependent on numerous things including the size and shape of the particle, the composition of the particle. wud specifics of the device
layout. fn previous wears, Rp was assumed to be 0.2 for any paicle > the critical paricle size, d. For DRAM, A=
25F T+(1-aF T/A chapd (L6 i, wiltere F is the minimum feature size, a is the cell fill factor, T iz the number of DRAM bits (tramsinors) per chip, and
Acker i5 the DRAM chip size. For MPLUs, A a??ﬂ[.}é. where GL is the gpate leigth. Becanse Aq7 can increase ar decrease with each successve
tectumology node, DoRy does nol always decnvase over fime

[B] Critical pavticle diameter, d-, ix defined by Veld Enfancement as ¥ of the meral Yepitch dimension This showld be considered an “effective”
pavticle diameiter ax most particulate contamingtion i s irregular in shape,

[C] An example is provided which asoumes that the kill factor, By, iz 0.2 for all pariicles larger than the critical particle size. Tlis is the assumption
mixde in previons versions of the roadmap, bt is not wniversally valid and i5 included only for purposes of an example calculation. Particles'wafer is
cilemlated usdng [Rp*3. 041539 % wafer radins-edge e.tr!u.?ia.rujﬁ To comvert from particles’'wafer af the critical particle size to particleswafer af an
alferative size, a -'Flggfd’w merrFMFﬁmmfﬂ i85 .D.,.-.‘_-f.lrur‘r"'-' D._-rg_-\._lc_' ‘Irl'-'ul;~_r|r|.-u|'l'rd~h';fn_-‘;r¢;-
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= [D] and [E} Metrics for critical back nnrface particle gz¢ and back surface particle count are pot being listed in 2003, While it is recogmized theat
bark surface particles are important fo control and are assessed during equipment qualification, there i3 mo clemr empirical or theovetical model which
links back mirface particles to device vield. In the past, arguments have besn made that back mrface particles affect device vield mainly af the
lithographic steps by causing the front swurface of the waler to move ouf of the focal plane leading to critical dimension vaviations, Hewever, it ix not
clear fow the limited back swrface comact achievable with pin chucks imteracts with back surface particle density fo canse front surface flamess
variations M addition, it iz alse mor clear how lithographic depth-offocus (DOF) will chage from vear to year as this iz not specified in the
lithography roadmap. fn general, it is felt that a good rule is to control back swrface particles at a critical diameter equal to one-half of the DOF for
critical lithograpiic steps fn 2003, DOF b5 about 0.4 micron, 5o the critical back srface paricle diameter is generally considered fo be 0.2 micron It
is ot posable to mieare abwolute levels of back surface particles on tn-process wafers due to large varialions in back surface fnigh and films A
generally accepted practice i3 fo process wafers with the polished front murface down in order fo assess back wurface particle adders for a particular
process or operation. Current best practice indicates that back swrface poriicle adders for any particalar process sep in 203 shonld be less thare 408
ar (.2 nacron

[F] In pas roadmaps, metal conamination targets have been based on an empivically devived model predicting failure due to metal contamination as e
Sunction af gate oxvide thickiess Hewever, the axides used in the experiments from which this model was derived were far thicker than gate oxide
thicknesses weed foday. More recent dafa suggest an updated appreach i5 appropriate. The metals are empivically grouped into three dasses A
fa) Mobile metals which may be easily clemed swch ar Na and K and may be modeled by taling the flai-band shift of a capacitance-voltage (CV) test
lesx thapn or equal to 50 mel7 (b)) metals which dizsalve in dlicon or form giicides such as Ni, Cu, Cr, Co, Hf and Ft; and {c) major gate-oxide-integrity
(GO killers such as Ca Ba, Srand Fe. Targets for mobile ions are based on allowable thre shold voltage shiff from a CV tes. Crwrrent targels for GO
“killers” wnd other metals are based on empirical date ™ For extrapolation to futire years, there may be reason le predict less strimgeni largel s becanse
effects dhould scale with respect to phvacal disfectric thickmess (nor EGT) that will increase upon introduction of high-k gate diclecrrics. However, in
the absence of data to comoborate sich a prediction, ar well as predictions of phvaical dielectric thiclness, the targets are feff constan for future years
T aadeition, the introduction of SOF may also affect the allowable levels of metal contamination as there is evidence mefals may build up at the buried
oxide laver imterface. It is not ver clear how this will affect allowable mretals level and has not been acconnted for in these tables

[ The model for mobile fome Dy calenlates the minber of fons that will ereate a threshald voltage shift thar is within a portion af the Allowable
Threshold Voltage Variability (ATVY), ATV was specified in Row 13 of Table 28a in the 1999 ITRS, but is no longer specified. For the purposes of the
mobile ion model in 2003, it is asswmed that the ATVY is 3% of the Nominal Power Supply Voltage for Low Operating Fower or Low Standby Fower
Tectmology (see PIDS chapter). The portion of ATV allocated to mobile fons is azsumed fo be 5%, Therafore, Dh=1g(Cra"ATVY™005), where Cgpare
is computed for an electrically equivalent SiO: gate dielectric thickness and g is the charge of an electron. This model redwces to Dy = (y3 08 85)/1.6)*
(0.0F=ATV/EOT) "'!I.'JP, where ATV is in mV and EOT is in nm (also_from Low Operating Power or Low Standby Fower Tecimology Requirements

Table in the FIDS chapter) . and the oxide dielecivic congant is 3.9, Note thar the vear-to-vear value_for Dn does nol atways decrease becanse Dy is ot
arly proporiiong to ATVY, but is als imversely proportional fe BOT.

THT Restawal carben resulting from organic can.ramwfquﬂﬁr sunface preparation. Surface Carbon of the 150 nm cormresponded to 10% carbon atom
coverage of a bare silicon wafer (7.3E+13 atoms'em ). Swface carbon for subsequent nodes was scaled fimearly with the ratic of CD

¥ DRAM ¥ pitch fo 180 mm. De=(CLV IS0 7 2E+13}

[T1 Surface oxvgen requirements are driven by the needs of pre-epitaval cleaning. Epitedal depestion of 51 mud SiGe i3 wsed for some devices, now, b
will fisnd more widegpread e with the hmplementation of srained silicon channel technology. Whife some level of oxide can be removed i-sita, prior o
epitaxial deposition, the trend towards lower deposition temperature will preciude the use of a higher temperature fydrogen pre-bake. Surface oxyvgen
concenfrifions up o <[E+]3 u:'am:-"cm? are accepiable for processes such as pre-silicide deaning. Cuwrrent pre-gate cleaning does mol reguire an
axidde-free surface, but the pre-gate surface showld be either fully passivated by a contieous axide laver or feve < 1B+ 1Xeni'. as an intermediare level
af axygen will be unsialle. It is snclear whether high- x gate dielectrics will require oxide-free or oxide-passivated swrfaces priov to depodiion

[0 T the 2000 JTRS, it was assmed channel mobility cannot be degraded by > 10% due to surface preparation induced surface rouglness, &t was
Jurther elaimed that ewrrent teclmologles were seeessfully manufactured with AFM based detevmination of 2 A RMS of swrface micre-ronghness.
Where this is still approximeately true_for surface preparation induced, ie. additive ronghemess, it s more direcl to Sy measure ronghness on prodect
immediately after the low voltage gate oxidation (LVGX) pre-clean. In this case. the lotal surface micro-roughness fakes inte account saring subsrate
rougheess, pius the addifional micre roughmess induced by pre-cleans and stripr of initiel oxtdaion, amy implant screen oxddations, dumeny oF
sacrificial oxidations the first portions of the high voltage gate ovidation (dual gate flows) and any additional roughness browght abow by plasna
nitridations. With this faken into acoows, product has recently been suocessfully buift with 4 A BME surfce micro-ronghness This may in part be
explained by TCAD predictions that show carrier mobility being matnly affected by spatial frequencies smaller than those thar are typically sampled by
AFM micro-roughness metrodogy fools The reason the requived number is nor scaling over fime near term is based off compan sons fo the PIDS
rowdmiap where carvier mobility is held constant over this same tine period.

[E] The values for giicon losr are driven by requirements of high performance Logic in the portion of the fow where source/drain extensions are
Sabveatad, Specific values are relative to silicon loss measired optically on blanket polvailicen tes walers Actual comsungiion on product will vary
drivin by damage from plosna etclvash, fon implartarion, and dopan concentrations, Decreasing values ane in response to the requirement (o control
negafive impact on drive curvenis (Ids). If the silicon wader the sowrce'drain exviensions is recessed, this chamges the junction profile increasing the
senprcallralne extendon resistance and decreasing dvive currents, It bs not vt possible to express a Agorous model connecting tis metvic with table
parameters such ax fmplant mask levels, fuction depth, and evitical dimension. JC manyfacturers ae currently tarpeting silffcon loss to be 1.0 A per
cleaning sep for the 90 nm node and .34 per cleaning step for the 65 nm. Other node valwes are exirapolmied or interpolated from those iwo values It
ix not clear what will be required or possible in the longer term years, so the value is sef af 044 in 2008 and held constamt afier thet.

 Mertens, P. W., "ddvanced Cleaning Technology, " UCPSS 2000, Ostende, Belgium, invited tutorial, pp. 31-45 (2000).

" Mertens, P. W, et al., "Recent Advances in Wafer Cleaning Technology,” Semicon Europa Front End Technology Conference,
Murich, 24 Aprdl {2001}

" P.W. Mertens, T. Bearda, M. Houssa, L. M. Loewenstein, I Teerlinck, R. Vas, I Cornelissen, 5. De Gendi, K. Kenis, M. Meuris and
M M. Hewns: ¥ dAdvanced cleaning for the growth of wiirathin gate oxide ", presented at the [1th ternational Conference on
Insilating Fifms on Semiconductors, Erfangen, Germany, Jure 16-19, 1999 in Microelectronic Engineering, 45, p. 199 {1999).
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[L] The valwes for oxide connnmption are driven by requirements of high performance Logic in the portion of the flow where sonwrce/drain extengons
are fabricated Specific valves ave relative fo thermal oxide connmpiion on blanket test wafers Actual consumption on product witl vary driven by
damage from plasma erchvach, ion implantation, and dopay concentrations. Decreasing values are in response to the requiremens fo control negative
impxact on drive curvends (Tds), [ the giicon wnder the source/drain extensions (5 recessed, this chvamges the frnction profile increasing the source/drain
extension redsance and decreasng drive cwrremis. By not consuming the ovide, asmming smilar processing, this reduces the ability of subsequent
processes fo further oxidize mand consume sificon. Less oxidized silicon eguates fo less silicon recess wnder the sourceddrmin extengons Also,
connmplion of deposited cdde in the izolation areas is a concert It (s not ver poxsible to expresy a Mgorous model commecting this metric with table
prarmmeters such ax implant mask levels, junction depoh, and eritical dimension. IC mamgfacturers are curremily fargeting evide conmmpiion o be 1.0 4
pur eleaning sep for the 90 mn node and 0.5 A per elearing sep for the 63 am. Other node valves are extrapolated or interpolated from those o
valwes. It is not clear what will be required or possible in the longer term vears, so the valwe is set ar 0.4 4 in 2008 and held consiant after thar,

Surface preparation challenges along with potential solutions are shown in Figure 45, Wet chemical cleaning is still
favored because many inherent properties of liguid solutions facilitate the removal of metals (high solubility in liquid
chemistries) and particles (zeta-potential control, shear stress and efficient energy transfer by megasonics). The need for
other techniques will arise, however, to provide interfacial control for advanced gates as well as non-etching, damage-free
particle removal. At this time, broadly effective and non-damaging particle and residue removal using non-liquid
techniques are under development. Single wafer cleaning, both wet and dry, is expected to see increased implementation
due to process integration and cycle time concerns, but it remains unclear when its use will become widespread.
Supercritical COy processes are expeniencing a high level of research and development and will most likely be
implemented on a single wafer system. Potential solutions are only indicated for the near-term years (through 2009) as it
15 unclear what challenges will exist for surface preparation at the 45 nm node. As in the past, it is expected that current
and future surface preparation processes will be the subject of continuous improvement efforts.

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Petitioner Micron Ex-1047, 0025



22 Front End Processes

2004

2007 200 2013 26 208

| 208 2009 | 2011 2012 |

014 2015 | 20172018 |

?echnolngy Node

rpad

hpEs b & hp32

Interface control for deposited
high-&: dielectrics, epitaxial 5i, and
SiGelstrained Si

Inprosed e-su passaation

Intigrated surtacs proparation®

Chemically compatible high-x
remaval atter gate definiion

Dl corm Batalicnm clesrs
Wiel chamical Cleans
xy chamecal Clhans

v inkegrason schemes

Removal of small particles without
etch of underlying or sumounding
materiaks and without structural
damage

Advanced non-Jamaging mepasrics

Aarodol bechniques (cryoganic, Buid)

Advanced surtactants

Supercriical fuids

Cleaning and drying high aspedt
ratio struclures (e.g. deep trenches,
cylindrical capacitors)
= wetting structures
— contaminant remaval
— stiction-free liquid removal
Alcohok-based drpng

Advanced surtactants

A Arced RO, BT QI M RASOMICS

Displa ant Auds
Supercntical Auds

G a8 phate Ceamng

I Feiearch Required [ Dwewvelopassnt Underway

Thig legend rdcaies the lrve durng which epewch, developrent,

C——] cusficationPra-Production

] Continuout Improvemant

wn ) G ey Do pre- poshucton Shoukd B Cakong place for the S0 RDON

= Inteprated Swrface Preparation teclmigues inclnde variows technigues that can be conpled to the deposition chamber and
allow processing to continue with minimal exposure 1o the atmosphere. This includes, but is not limited to, UV-based cleaning,
g plase techniques, and dingle wafer wert teclntgines.

Figure 45 Surface Preparation Potential Solutions
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Other thrusts, such as ESH and Yield Enhancement, overlap surface preparation. Reduced chemical use, chemical and
water recycling, and alternative processes using less harmful chemistries can offer ESH and CoQ benefits. Dilute RCA
cleans remain common. Ozonated water processes are being implemented as replacements for some sulfuric acid based
resist strips and post-cleans. Implementation of ozonated water processes is dependent on individual fab situations and
requirements for return on capital investments. In addition, new resist formulations for 193 nm and 157 nm lithography
may pose challenges for ozonated water resist stripping as well as for sulfuric acid basad resist stripping. Efforts in
chemical and water usage reduction should continue. Automated process monitoring and control can also reduce CoO,
and their increased use 1s expected particularly for 300 mm and larger wafer sizes where the cost of momtor wafers and
process excursions become excessive. New cleaning requirements will arise related to immersion lithography, but will be
tied to the implementation of that lithographic method and should be itemized by the lithography technology working
group in the future. Surface preparation overlaps with defect reduction technology in the need for defining appropriate
purity levels in chemicals and DI water. To minimize CoO, aggressive purity targeis should be adopted only where a
technological justification exists. In all areas of surface preparation, a balance must be achieved between process and
defect performance, cost, and environmental, health, and safety issues. Refer to the Environment, Safety, and Health
Chapter for comprehensive information and link to a new chemical screening tool (Chemical Restrictions Table).

THERMAL/THIN FILMS AND DOPING

Front end processing requires the growth, deposition. etching and doping of high quality. uniform, defect-free films.
These films may be insulators, conductors or semiconductors (eg., silicon). The difficult challenges for front end
processing include the following: 1) the growth or deposition of reliable very thin (with electrical equivalent thickness

1.0 nm) gate dielectric layers; 2) the development of alternate high dielectric constant layers, including suitable interface
layers, for both logic and DRAM capacitor applications, 3) the development of depletion-free, low-resistivity gate
electrode materials, and 4) the formation of low resistivity contacts to ultra-shallow junction devices. Other important
challenges include the achievement of abrupt channel doping profiles, defect management for minimum post-implant
leakage under reduced thermal budget environments, and formation of precise sidewall spacer structures.

An array of technology immovations are expected to be required to sustain the trend for increased transistor performance
for deeply scaled devices, as detailed in the PIDS Chapter. The technology innovations are expected to be introduced
within the next five years; and include new materials such as strained-5i channels (to boost carrier mobility and drive
currents), high-x gate dielectries (to reduce gate leakage and control short channel effects) and metallic gates (to eliminate
doped polysilicon depletion effects which limit practical scaling of gate stack layers). Even with the successful
introduction of these new materials and structures, the limitations of planar bulk CMOS transistors, particularly the
increased sub-threshold leakage currents exhibited at reduced threshold and drive voltages, will drive the introduction of
new device structures such as fully depleted, single-, and multi-gate transistors. This rapid introduction of new materials
and device structures in the next five to seven years constitutes an unprecedented multiplicity of challenges to develop,
and also to integrate these developments into effective, cost-efficient production technologies.

THERMAL/THIN FILMS

The pate dielectric has emerged as one of the most difficult challenges for future device scaling. Requirements
summarized in Tables 71a and b indicate an equivalent oxide thickness (EOT) progressing to substantially less than 1 nm.
Direct tunneling currents and boron penetration (from the polysilicon layer) preclude the use of 510y dielectric layers
below =1.5 nm thickness. In high-performance applications that have high allowable leakage, oxynitrides may be scaled
too much thinner films (about 1 nm); however, their thickness control and reliability imits have not been meaningfully
established. For low- power applications where the allowable gate leakage is very low, higher dielectric constant
materials may be needed as early as the 70 nm technology generation (2006). These materials will be needed the
following vear for high performance applications, which require very low equivalent oxide thickness, To date, no suitable
alternative high-k material and interface layer has been identified with the stability, reliability, and interface
characteristics to serve as a gate dielectric for these applications. A significant, global research and development effort
has been implemented to identify and qualify a suitable altemative gate dielectric material, The near-term gate dielectric
solution requires the fabrication and use of ultra-thin silicon oxynitride films (perhaps doped with an appropriate rare-
earth metal). The Hf-based family of high-x gate dielectrics has been significantly studied during the past several years.
Mevertheless, near-term solutions will impose severe restraints on surface preparation, pre-and post-process ambient
control, silicon compatible materials development (e.g, gate electrodes and contacts), and post-processing thermal
budgets. Similar problems are anticipated with the DRAM storage capacitor dielectric, anticipated to occur at an earlier
technology node.
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Table 71a  Thermal and Thin Film, Doping and Etching Technology Requirements—Near-term

Year af Production 20032 2 2005 2o 2007 208 209 Driver
Technology Node hp9 [

DRAN ¥ Figed (nmy) Ty a6 s 7o 65 57 1] DRAM
MPUASIC Y Pitch (nmy) 17 L07] S o a5 57 50 MPL!
MPU Printed Gate Length (nm) 63 i1 45 g 15 a2 28 MFPU
MPU Plvsical Cate Length () 45 7 12 28 MPU
Eguivalent plivacal oxtde thickness for ]
MPLASIC T (nm) fA, A1] 1.3 1.2 1.1 1.0 MPL
Clate tﬁtl‘llé‘tjfﬂlc leakage ar 10PC 100 170

fied ) High-performance (B, BI, B2]

Physical gate length low operaling 85 53

porwver (LOF fnm)

FPlvdcal gate length low sandby power 75 55

(LSTP} ()

Equivalent physical oxide thickness for 1.6 15

low operaring pewer T, (nm) {4, AL] ’ :

Crate dielectric leakage (nd/poy LOF

(B.B1 B2] 0.33 1.0

Equivalent phwsical oxide thickness for 232 24

lene stanelley ponaer T (nmy) fA, AT] i

Gate diglectric leakage (pA/uny LETP 3 3

{8 B B2}

Thickness control EOT (% 3c [C] <t <td

Clate etch bias inm) [D] 20 16

Lyae 3orvariasion (mmy) [E] 4.46 575

Tatal mlmfmmmﬂchmbfr lithicrgrepiyy 399 1.35

Jerinm) [Ff

Totsal maxsmanmn allowable etch 3o (i),
including plotoresist trim and gove erch| # 1,83 | #+ 1.68
fFf
ﬁ;}mrﬂmn-mmumaﬂahuh&e.?g{mr} & 118 & .97

MPLVASIC

MPUASTC

Crate etch mavimun allowalle 3o fnmg 162 * a7 MPLHASHE
(G} ; = HASHC
CD bas between dense and i solated P
fines (H] £15% * ci5 MPLVASIC
Minimum meamrable gate dielecivic A
rewaining (post gate etch clean) [If - 420 . =i 2 i s MELHIC
Frofife control (side wall angle) {1} >89 + 80 90 S0 90 90 g0 MPLEASIC
FIDS Asswmed Device Structure™ Enhanced Planar Bulk CMOS FDS0I, Elev. Contact *

Direaier extension Xj (nmi [Kf 24.8 20.4 17.6 15.4 13.8 8.8 8.0 MPLYASIC
Maximum drain extension sheel s
resistance (PMOS) (£¥sg) [L] 545 663 167 833 B84 1739 1800 MPLYASIC
Meaximuim drafn extension dheel r 4 T
resistance (NMOS) (Qsq) [L] 255 o 358 389 412 811 B840 MPLVASIC

Mamfocturable solutions exis, and are being optinized
Menufociurable solusions are known
Tritertm solitions are kaown |4

Marmfacturable salutions are NOT known _
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Table 71a Thermal and Thin Film, Doping and Etching Technology Requirements—Near-term (continued)

Year of Production 2003 200 2005 2008 20607 2008 2008 Dviver
Teclmology Node hp9o hpts
DRAM ¥ Piteh (o) 1o an 0 o 635 57 50 DRANM
MPLVASEE ¥ Pieeh {nm) 197 0 50 T 65 57 50 MPU
MPU Privted Cate Length (s 63 33 435 Bl a5 E 28 MPU
MPU Physical (rate Lerrgrh (el 45 37 32 28 25 22 20 MPLT
Exten gon lateral abwupiness s
(i decade) {M] 5 4.1 35 31 28 TBD TED MPUASIC
Contiact Xj fnm) {N] 49.5 40.7 5.2 0.8 1.5 NA NA MPLVASIC
Stadewall spacer Bickiess (o WASTC
eciention structire O] 48.5 40.7 5.2 308 21.7 NA NA MPLASIC
Spacer thickness, elevated contact [P — 20.4 : MPLASIC
Meavinum silicon consumpiion {mm) [ 24.8 204 17.6 15.4 138 13.2 12.0 MPLVASIE
Silicide thickness fnm) [R] 25 20 21 19 17 16 14 MPEUASIC
Comiact slicide sheet Ry ($¥xq) (8] 6.5 7.9 7.5 8.6 9.6 10.0 1141 MPLASTE
= - i 2
E”ﬂ“ maximum resistivity (Skem') | o4 g3g07] 1.62607 | 1.44E-07 | 1.20E07 | 1. MPUASIC
Ciate electrode thickmess (nm) fU] 45-90 I7-34 32-84 30-60 MPLASTC

Gete depletion: required EOT based on gare eholee [V]

;o;f.l'le cazwe of 1E2Wenr” polv doping 1.47 1.37 1.09 9] ! 1 MPLASTC
I

:’p v the case of 2E20cm” poly doping | 4 gg 1.59 1.38 1.25 1.15 MPUASIC
For the case of met gate [V] 2.04 1.94 1.74 1.64 1.54 1.15 145  |MPUASIC
Uniform charmel concentration em ), |3 & 5 & £qgly 5-2.5 E18}1.5-2.5 E18]2.0-4.0 E18|2.5-5.0 E18]  NA NA  |MPoiASIC
for V.=0.4 [W]

STI depih (mm) (X} 400 384 367 359 353 339 335 Bulk
Trench width at top tm) (1] 100 90 80 70 65 57 50 Bulk
Trench sidewall cngle (degrees) (2} >86.4 >86.6 >86.9 >87.2 >87.4 >87.6 >87.9 Bulk
Trench Ml aspect ratio 4.5 4.8 5.1 56 59 m
STT depth (mm) [AA] 36 20 26 22 20 18 18 Sor
O R p— 0.9 0.8 0.8 0.8 0.8 0.8 0.8 SOI

= Refer to supplemental material worksieer s Contact R and ReXj for a more complete description of the modeled divices.

Marfecturable solutions exis, and are being optimized
Mmnnfacturable solutions are knowr
Intevim solutions are known |4

Marufacterable solutions are NOT nown _

Notes for Tables 71a and 7 ib:;

[A] This mumber represents the effective thickmess of the dieleciric alone, ai the mavimom operating frequency of the feclwelogy, withow! mbsrate or
electrode effects and is determined through an electrical measurement of capacitarice comected for substrate (quantuny) and electrode (depletion)
effects. A more detailed discusdon of the meamrement of EOT is on a separate workbeok page. The color coding of each node considers the ability af
dmewn dielectrics to meel gate leakage. wniformity, and reliability requiremenis If theve isno kmown solution te even one of these requirements for the
mid-value EOT, the node ix coded red Likewise, the mode con be coded vellow if a selntion is being purswed for anv one of these criteria. For Low
Power technelogies, ii is expecied ihal EOT valwes wsed by differemt companies conld range £ 0.2 nm . e, abour = 1% for dror ferm nodes 1o £ 25%
Sor lomg term nodes.

TALS Model forr BEOT is (the 2003 nocke valwe—0.4 mn) tfimes the plvsical pate length plus 0.4 o,
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26 Front End Processes

[B] The pate leakage, specified at 100°C, is laken 1o be the same as the transistor smbthreshold leakage at room temperature. This leakiape is specified
in the PIDS chapter section on Logic—High Performance and Low Power Technology Requiremenis as the off-siate leakage (excluding the function and
the gate lenkage conponents) af room temperarure. Models ave provided in sipplemenial material Since the device subtfwe shold leakage is expected to
increase by a factor of ronghly [00x betwean room tempenature mwd [00°C, the gate leakage is expected o be ondy abowr 1% of the total leakage umder
worsd cawe condifions. Egquating the gate leakage to the device mb-threshold leakage was asimmed to be saidactory fromi a circuil s opéralton
starrdpoint, but if should be noted thear not all design approaches feompanies) will allow such a bigh gale leakage. The gate leakage is measwned on the
mintntnnt nominal device, and the specification is taken to apply to all trandstor bias configurations, that ts both when V= Ve = 0 and Vy = Vg as
well as when V, =Vy v 0 and Ve = Vg Numbers for low sandby power devices come from the Japa PIDSE THG. Numbers for DRAM assume all af the
allowed cell leakage jin FEF Table 72} comes from the transfer device.

[B1] The areal gaie leakage is modeled as the allowable gate leakage divided by the plysical gate lengih. However, it should be noted that il iotal
pate fecakage i5 the sum of e leakage comporents: 1) leakage between the sowrce and the gate in the gate-source overlap area. 2) feakage between
the chanmel and the gate over the channel region, and 3 leakage between the gate and the drain in the gate-drain overlap area. The magnitude of each
of these three compomnents will depend on the gate, source, and drain biasng condifions The color coding of leakage nodes is based an UTQOUANT
sinlations of tumeling current from an inversion chanmel fo the gate jor the mid-point BEOT. These simulation resulis are given in a separae
workdneer [t shonld be empdasized thar the tomeling curvest density will generally be mch higher between the function and gate than betwaen an
inversion chanmel and gate. Thus these smulations represent a best case (lowest leakage! condition, where the gate-to-junction overlap area is minim
When oxide will meet the leaknge specification, the node is coded white. Based on the literature, optimized oxnitride dielectrics ave expected to have a
leakage curvent abowt 100 times lower than oxide: noder are coded vellow when oprimized oxymitride 15 meeded fo mieer the leckage specs Nodes
requiring alternate, high k dielectrics are coded red

[B2] The wenmeaged gare leakage power is the total gatic chip power that wonld occnr if all the devices on a chip had gate leakage equal 1o the
mrevi et allowalble valwe., Power managemeny will require the extengve use of power redwction technignes, such as power-down or mniiiple Vi devices
o achieve ar accepiable static power level,

[C] From Modeling of Manufaciring Sensitivity and of Statistically Based Frocess Comirol H Regrirenents for (1 8 micron NMOS device.
O Bias is defined as the difference between the printed pare fength and the final post-etch gate lengtic

[E] The total gate length 3o variation encompacses all random process variation including point fe point on a wafer. wafer to wafer, and lot to lot
varfations ft excludes systematic variations smch as lithegrapfiv proximity effects, and efch variations such as CD bas between densely spaced and
isoleted lines. This total variability is taken to be less than or equal te 10% of the final featwre size. A conventional MOS structure is the basis for these
calenlations. MOS frasdsior srictures that vary in any way from the conventional srctwre (eg. Verfical MOS transistors) will have different
tecimical challenges and will not fall within these calculations. The data is computed taking imfe accewnt fithographic errers during resist patterming
and combined eich ervors due to botl resint trim and gate efch.

[F] The allewable lithegraphy variance o'y is limited to 45 of the total variance, o'r of the combined lithography and eich processes. It is further
assuned that the lithographic and etch processes are statistically independent and therefore that the totad veviance is the sum of the etch and
dithegraphy vaviances This implies among other things that the printed features in the vesist have vertical wall profiles and be sufficiently thick to with-
stanid the efch process with loss of dimensional fidefitv. Refer to Eich Supplemental Materials

[T It is assumed that the resist trin and gaie eich processes are stalistically independent and therefore that the respeciive variances, &, of the two
processes are additive. 1/3 of the combined irim-etch variance is allocated o the trim process, with ihe remaining 273 alfocated 1o the etch process

[HT 15%5 dense-ize CD budget i5 a combination of measuremends from Erch, Lithography and Metrology.

T I is iviportca that some dielectric remains after the gate etch clean dep. Between technolegy nodes the dieleciric thickness decreases and there is

an enser of wdng high-materials (2006) to reploce the gate dislectric. Both advances represent challenges fo ensure there i3 an amonnt of remszining
dielectric and the ability to measure the remaining material

[} Profife can be a major contributor to efch ervors {see inset). Accurate measmwement of vertical profiles remains difficnlt. Lowg term, the effect of
edge roughness on device performance needs to be addvessed and methodology of the measurement determined

Bp Zefizaff and A. Tasch, “Modeling of Marnglacturing Sensitivity and of Statistically Based Process Controfl Requirements for
@ 1% micron NMOS device, " Characterization and Metrology for ULST Technology: 1998 Internationad Conference, DG, Seiler, ef al,
eds, page 73,
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Gate error produced @ 33 degrees = 3.5 nm

Gate
Longth: BSnm 53nm 45nm Inm 32nm I0nm 25nm

Y% error = 5.4 6.6 (& 9.4 10.9 1.7 14

89

e

Eiror Gate Length

TR} Xi ot Chanmel { Extension Junction) = 0.3 5"Physical Gate Length cwith a range of £25%) throwgh 2007, Al that time, e target device changes (o a
Jully deplaied SOI, single gate device { 2005-2010), then to @ vulii-gate_fully depleted SOI device thereafter [link to PIDS Chapier]. For these advanced
devices( beyornd 2007 the X, is st equal to the chmmel thickness. See worksheet lnbeled RaXj.

[L] The maximum drafn extension sheet resistaice is modeled by allocating 7% of the allowable source and drain panasitic redstances fo the drain
extensions. See worksheet labeled RaXj, The drain etension sheer resistance value must be optimized together with the comtact resistance and junction
lateral abrupiess (wileh effects greading restaance), in ovder to meet the overall parasitie resistance requivenrents. This is a relatively erude model
and the resultmt sheet resistance values shonkd only be used as a gide.

M} Chansrel abruptness in nm per decade drop-off in doping concentration) = 011 = Physical Gate Length (nm - based on Short Charmel e'ﬁ'.':l'.m
Mot dizscusston of the integration choices n the supplenental material and thar this medeling fias mot been corvied ont for Advanced MOSFET
confignraiions s years past 2007 are noted a5 Not Available.

[N] Contact funciion Depth = 1. 1 *Plhysdcal Gate Length ('with a range of £33%) through vear 2007, Bevond 2007 this hes wo significance since in our
tavanonry contiact i assamed to be with the drain extension.

[ Spacer thickviess (width) (5 taken ax the same af the Comtact Junetion Deprh for bulk devices, through 2007, Vﬂi&ﬁf}; estabiished wsing regpos
surface methodology in “Response Surface Baxed Optimization of 0.1 pm PMOSEETys with Ulira-Thin Oxdde Dielecirics™”. Beyond 2007, the spacer
witdth is equal to the thickness of the silicon added o the contact region, reference worksheet Roti

TP Sparcer thickness for an elevared junction (where there is mo deeper contacting fusclion i5 taken as the extension junction depih for bulk devices
through 2007, For advanced fully depleted devices it is taken as 1.5 the ehannel thickness with a range of £ 25%. Reference worksheet RaXj

[ Silicen conmumprion ix based on having the stlicide Hicloess equal to half the comtmet junction depih, for bulk devices through 2007, For advariced
Sully depleted devices, having eflevared contacts the silicide thickness ix such thay the silicide/sdlicon interface is coplanar with the chanmelpare

dielectric interface. The silicon conswmption is equal fo the added silicon thickness above the plane of the channel’gaie dieleciric interface. In the model
asswmed here this added silicon is equal to 1 3xofthe channel thickness Reference worksheer ReXj.

[R] Stficide thickmess is faken to be 102 of the Comnc{ Xj mitdpoint o aveld consumpiion-induced increase in comiact leakage for bulk devices through
2007, Less than half of the junciion can be consmed, % For advanced devices, bevand 2007, having elevated contact structures. the sificide thickness is
thai thickness vielded by consungition of the comlact silicon added above the plane of the pate dielecivic/chamnel interface, Le. 1.5x of the chammel
thickness For cobalt and titaninm di-silicide lavers this slicide tickness is nominaily equal re the sificon corsumed For nickel mono-slictde the
silicide thickness is equal to 2 221 84xof the dlicon connumed In the table we have asmumed NISH implementation in 2005, See workslreet ReX]

[5) Comract silicide sheer red gance: asmumes 15 pd2 -cm silicide resistivigy for TESE o CoSty and 16 ni2-cm difctde resisttviny for NiSL

[T] The SiSilicide marcimum interfacial comact resistivity values were calenlated assuming that 1006 of the PIDS toval allowed MOSFET
Sowrce/Drain resistance i[5 allocated to the contact redsivity, It ferther assumes thal the fransgstor contact length is taken o be twice the MPU half
pitel, where lenith is in the divection of cuwrrent flow, Since the PIDS allecation is in ternis of Rs %W, the equation for the contact resiaivity rhec is:

rhoc = By x W x M These values should be appropriately modified if different transisior contact lengihs are asoumed. (See worksheer on Contact Rz,

Note that this contact resistivity iz the maxinmm allowable and cammot be wsed for real devices. The values of comtact resistivity, drmin extension sheer
ressance and drain extension lateral abrupiness mest be co-optimized in order to meet the overmll peovgiic resstance Fequirement £

[U Gate thickmess is takes between one and two tines the physical gate length.

- Taur, : 25 nm CMOS Design Considerations, ” IEDM 1995, Teclwifeal Digest, IEEE, Dec. 1995, pages

759702

17 4. Srivastava and C M. Osburn, "Response Surface Based Optimization of 0.1 pm PMOSFETs with Ultra-Thin Oxide
Qfefecﬁrs. " SPIE Proe., vol. 3506, (1998), page 253.

FOM Osburn, JY. Teni and J. Sun, “Metal Silicides: Aetive Elements of ULSI Contacts, " J. Electronie Mater,

vof, 25711, (1996, page [725

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Petitioner Micron Ex-1047, 0031



28 Front End Processes

TV] These fines replace the FPoly Doping concemtration allowanrce of previous ITRS versions. They show that for a given Poly Doping and Chaomel
Doping, theve ix a maxinmm EOT necessary fo achieve the needed CET ar defined by PIDS. This is a different requirement than that expressed in the
EOT lines near the top of Table 71. These differences arise from different model asnmptions Please refer to the supplemental material for a more
conplele discusson,

[W] Uniform chamnel concentration for Vi = 004" Values were interpolated from calculations done for the 1999 [TRE Neither quantum mechaical
nor potenttal tmerease in shord chanmel effecis were used tn his calewlations. These effecis do, howver, tend fo affsel each other, NOTE: The
acsunption af @ consarnt tireshold voltage af 0.4 1 may not be const et with the leakage curvent criteria. To reach the leakage curvens criteria may
remft in wnacceptably large threshold voltages for the scaled power swpplies resuliing in severe performance degradation. In addiion, high
cencentration chanmels conld wverely imypact dratn currents due fo impurity scattering. This mode! appdies only for bulk devices

TX] Asmmes theat the trench depth for bulk is proporfienal fo the combact junction depth pins depletion width inte the well The constant of
proporionality was determined by setting the 2003 node value equal to $00 pm,

Y] Assumes a meinimum tresch wichh equal o the MPU halfopitei
[Z] Assumes thar the trench widh is reduced by no more than half of the top dfmersion
JAAJ Assmmes that the trench depih for SO8 is equal to the S film thickness for partially depleted SO0, fe, 0.8 xphysical gate fength.

" R, Muller and T. Kamins. Device Electronics for Integrated Circuits, New York, NY: John Wiley and Sons, Inc., 1977, page 324,
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Table 716 Thermal and Thin Film, Doping and Etching Technology Requirements—Long-term

Year of Production 2010 2012 2013 20]5 2016 2015 Driver
Tecimology Nede hpa§ hp32 hp22

DRAM ¥ Pitch {mr) 45 35 32 25 22 13 DRAM
MPLVASIC ¥ Pitch () 45 15 ks 25 22 13 MPU
MPU Primfed CGate Lewngth (mm) 23 20 I3 14 13 g MPU
MPU Phiysical Gave Lewgtiy {nm} I8 14 13 Ia @ Fy MFPU
Equivalent phrvsical axide thickness for MPUASIC Ty, fnin) fA. AL} AP LI ST
gﬂe diefectric leakage at 100°C (A um) high-performance (B, B, VP LASIC]
Physical gate length operating low eperating power (LOF) (nm) 22 18 16 13 11 9 LOoP
Physical gate fength low gandby pewer ( LSTF) (nm) 23 20 18 14 13 10 LSTF
Equivalent physical oxide thicless for low operaing power T, (i} q 0.9 i q 1 q LOP
[A AL}

Giate dielecivic leakage (ndjum) LOF (B, BI, B2} LoP
Equivalent pivsical oxide thickness for fow standby power T, (am) ] |

f4 Al

Giate dielectric feakage (pAjum) LSTF [B, B1, B2}

Thichkeess contrel BOT (% 3a [Cf P LA SIC
Gate efch bias (mmy [DF B MP LA ST
Lyure 3o variation (nm) (E] 1 1 1 1 LR LA S
Total allowable lithograply 3o inm) [ FJ : = 0.89 g0 0.6 MPLVASIC
}"j;al' allovable stch 3er(mm), including photores ot trim and gare eich VP LASIC
Resist irim allowable 3 imn) [G] MP LA SIC
Gate efch allowable 3o (ms) [G) AP LA SIE
CD bias between dense and i solated lines [H] AP LA SIC)
?Sﬂjﬂmﬂ measurable gate dielectric remaining (post gate etch ofearn) MPLASIC]
Profile control (side wall angle) (J] : 9 9 9 : 9 MP LA S
PIDS Assunved Device Structure = FD30OI * FDSOI, Multi-Gate *

Lyein extension Xj (nmed [E] 7.2 11.2 104 8.0 7.2 5.1 l'l-fPl-'fziﬂi“
Meaxinnmm drain extension sheet resistance (PMOS) (f¥sg) [L] 1875 318 314 350 549 584 ll'fF[-’-H-En’C
M prer drain extension sheet resistance (NMOS) (£} L] 875 242 240 257 256 272 ‘lfP{L’:l.ﬂf

Marnrfecturable solutions exis, and are being optimized
Mannfacturable solutions are known
Tnterim solutions are known @

Marnfacturalle solntions are NOT known _
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Table 716 Thermal and Thin Film, Doping and Etching Technology Requirements—Long-term (continued)

Year af Production 2ala 2012 2a13 2ais 2ofea 2018 Dyiver
Teclmology Node hpds hpi2 hp22

DRANM & Fiteh frmg 45 ER] 32 25 22 18 DRAM
MPUASEE ¥ Pitch (nm) 45 EL 32 25 22 15 MPL
MPU Primted Gate Length (nmy 25 20 15 I4 13 e MPU
MPU Physical Clate Length () 15 e 13 I g 7 MPL
Extendon lateral abrupiviess (nmdecade) [M] TED TED TED TED TED TBD MPLIASK
Contact Xj tnm} [N NA NA NA NA NA NA  [MPLUASIC
Sidewall spacer thickness fnm) extension struciure [Of WA WA WA WA WA WP LASIC
Spacer thickness, elevated contact [F] 10.8 i MPLASIC
Mevvinuem silicon consumptton (mn) [Of 10.8 15.6 12.0 10.8 : WP LA SK]
Sificide thickmess (nm) [R] 13 0 19 14 13

Contact silicide sheet Rs (£¥sq) {S] 12.3 r.a 8.5 11.1 12.3 17.2  Figeeie
Conttact mexinim ﬁ;{.ﬂ{ﬁy{'ﬁ{nr}l i 5.08E-08 2.03E-08 1.71E-08 1.10E-08 2.69E-09 540E-09 Rk a
Crate electrode thickeess [U] 18-36 14-28 1326 10-20 9-18 =14 SiEIER &
Gl depletion: requived EOT based on gate ehaice [V
Fow the case of j_E_"‘If]-"q_‘mj polv doping [V]
For the case of 2E20cn” poly doping [V]

For the case of metal gate (V] TBD 1.05 TBD

Eniform chammel concentration fem ), for V=04 [F] NA NA NA NA NA NA  [MPLIASK
STT depeh fmm} [T A 36 34 300 198 286 Bulk
Trench width af top (nm) [ Y] 45 35 32 25 22 18

Trench sidewall angle (degrees) [2} >88.1 >88.4 >B8.5 >B8.8 >88.9 >89.1 Eulk
Tl gt i o es o s e [NOTH
STI depth (nm) [AA] 14 1 10 8 7 6 SO
Trench asgpect ratio 0.8 0.8 0.8 0.8 0.8 0.8 S

* Rejer to mpplemental material worksheets 2003 Contact Ry and 2003 RsXj for a more complete descripgion of the modeled devices

Marmfacturable solutions exis, and are betng optinized
Menufacturable solwions are known
Tniterim solutions ave kuown [

Marmfacinrable solutions are NOT known _

Intermediate and long-term solutions require the identification of materials with a higher dielectric constant (=10
suggested for intermediate term and =20 for long term) with other electrical characteristics (such as stability and
interface-state densities) and reliability approaching that of high quality gate 510;. A major problem with a material other
than 5i0s is the anticipation that a very thin 5i0; layer may still be required at the channel interface to preserve interface-
state characteristics and channel mobility, This interface layer would increase the equivalent oxide thickness and severely
degrade any benefits that accrue from the use of the high-x dielectric,

The presence of an intermediate layer of 0-5i-O bonding to bridge between the silicon substrate and high-x metal ions is
expected to limit the scaling of equivalent oxide thickness to nominally 0.4 nm. It is also anticipated that an appropriate

material may be required between the high-k material and the gate electrode to mimimize mutual interaction and to inhibit
the growth of additional dielectric lavers during subsequent processing. Improved thickness control and uniformity will

also be essential to achieve V; control for 300 mm wafers. Sensitivity to post-gate, process-induced damage associated
with ion implant and plasma etching is expected to increase, especially as it relates to leakage current associated with the
gate dielectric perimeter.
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Another challenge 1s the realization of dielectric properties that meet both the gate leakage specification and the reliability
requirements. To achieve these needs, the high-k dielectric must have a band gap of 4-5 eV with a barrier height of =1 eV
to limit thermionic emission and direct tunneling. In addition, the candidate dielectric material must have negligible trap
densities to be stable and to suppress Frenkle-Poole tunneling. Finally, the material must have excellent diffusion barrier
properties to prevent contamination of the transistor channel by gate electrode material or gate electrode dopant.

The gate electrode also represents a major challenge for future scaling. Near-term potential solutions to the gate electrode
problem include improvements in the doped polyeide gate stack or the use of boron-doped Si-Ge gate electrodes. The
development of enhanced means of activating the doped polysilicon for achieving tighter control of the work function as
well as boron penetration resistance of the gate dielectric (e.g., the use of silicon nitride) is of great importance. (Link fo
the PIDS chapter). Channel autodoping associated with boron out-diffusion and polysilicon depletion will eventually
require the phase-out of dual-doped polysilicon gate material. A long-term solution such as low resistivity gate material(s)
has not been sufficiently addressed and much more research will be required to identify and qualify an altemative gate
electrode material, although a significantly enhanced emphasis has been placed on this problem.

Work function, resistivity, and compatibality with CMOS technology are key parameters for the new candidate gate
electrode materials. The last issue requires that different materials be used for the PMOS and NMOS transistor gate
electrodes to achieve acceptable threshold voltages, the former having a Fermi level near the silicon valence band, and the
latter having a Fermi level near the conduction band. Sheet resistance considerations may ultimately require the use of
cladded gate electrodes. where an interface laver is used to achieve the desired gate work function and the second layer is
used to lower the overall gate sheet resistance. The introduction of single-gate, fullv-depleted ultra thin body SOI devices
with inininsic channels will change the optimal values of the gate work functions to near mid-gap, suggesting that tunable
workfunction systems are of high im portance.

In order to maintain high device drive currents, technology improvements are required to increase channel mobility of
traditional bulk CMOS devices, as well as partially depleted, and fully depleted SOI devices. The use of strained channel
layers, such as strained 31 on relaxed Si-Ge for NMOS and strained Si on strained Si-Ge for PMOS will help in achieving
this objective but will require considerable process optimization. These enhanced mobility, e.g., strained, channel devices
may be needed in conjunction with oxynitride gate dielectrics, before the mtroduction of high-x materials. Alternate
devices such as non-standard, double gate devices anticipaied in the longer-term would also benefit from strained silicon
channels.

The incorporation of mobility-enhanced channels, alternate interfacial layers, high-x dielectrics, and new gate electrode
materials into CMOS configurations pose significant integration challenges. The limited thermal stability of many of the
candidate material systems 1s incompatible with junction annealing cycles typically used after gate formation. The use of
these new materials may require that either junction annealing temperatures be dramatically lowered, or altemate
processes be used that reverse the sequence of gate stack and junction formation. Examples of these include the
“replacement gate” or gate-last processes. These schemes increase manufacturing complexity, CoO, and may impact
device performance and reliability, Consequently strenuous efforts are in place to retain the conventional CMOS process
architecture,

Sidewall spacers are currently used to achseve isolation between the gate and source/drain regions, as well as to facilitate
the fabrication of self-aligned, source/drain-engineered dopant structures. The robustness of the sidewall spacer limits the
gate and source/drain contacting structure and processes that can be used to form these contacts. Sidewall spacers have
traditionally been formed from deposited oxides, thermal oxidation of polysilicon, deposited nitrides, and various
combinations thereof. Traditional sidewall processes will contimue to be used at least until the time (—2008) when
elevated or raised source/drain structures are required, at which time process compatibility with the side-wall spacer will
become critical. Fully depleted SOI devices will require thin, robust sidewalls having gate dielectric-like reliability and
stability. In addition, they must be optimized to minimize parasitic capacitance and series resistance, Below a physical
gate length of about 20 nm, even the best state-of the-art thermal oxides are susceptible to defect formation when
subjected to selective epitaxial silicon or silicide processes anticipated for elevated contact structures. Nitrides or
oxynitrides may offer a better alternative than oxide; however, additional research is needed to find and qualify an
acceptable sidewall spacer, compatible with the high-i gate dielectric.

Thermal and deposited thin films are also very important for filling shallow isolation trenches as well as for pre-metal
dielectrics. Trends for decreasing trench width, and higher aspect ratio gaps, suggest that top and bottom comer profile
control and controlled uniform filling of densefisolated structures are the key requirements for this application. In the
fabrication of shallow trench isolation structures, the top comer of the active region is generally exposed by HF etching of
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pad and sacrificial oxides prior to the growth or deposition of the gate dielectric. The gate conforms to this corner,
forming a region of higher electric field and potentially high defectivity. This region can be thought of as a transistor in
parallel with the bulk transistor, with both a lower threshold voltage and saturation current. This leads to a *hump’ in the
I4/Vg characteristics and higher subthreshold leakage. Accordingly, the top comer of the STI trench 1s rounded, usually by

oxidation prior to the deposition of the isolation oxide. Increasing the radius of curvature of this comer increases the Vi of
the parasitic transistor and decreases the magnitude of this “hump.” However, unless new processes are used, device
scaling will lead to a decreased radius of curvature.

The magnitude of the parasitic drain current also depends on the degree of recession of the field oxide adjacent the active
edge. since that will in part determine the cross section of the edge “transistor.” Therefore, as the radius of curvature is
scaled down with the isolation width, hopefully so is the recession of the field oxide, resulting in at least partial mitigation
of the degradation associated with the decrease of the radius of curvature. The recession of this oxide depends on the
*hardness’ of the deposited isolation oxide to CMP processing and to HF dipping, as well as to the thickness of the pad
and sacrificial oxades, all of which are process design choices that are optimized at each technology node.

The key thermal/doping integration issues are maintaining shallow junction profiles, junction abruptness, obtaining high
dopant activation, ensuring thermal compatibility of materials, and controlling the impact of these issues on device
electrical performance. A potential solutions roadmap for Thermal/Thin Films is given in Figure 46. The technology
changes associated with incorporation of strained substrates, high-k dielectrics, metal electrodes and non-bulk CMOS are
sufficiently major that two vears of process qualification and pre-production will likely be needed before they are ready
for full production. For example, extraordinary amounts of reliability data will be needed before totally new gate stack
materials would be released for sale to customers. This 13 in contrast to previous, less radical changes, which only
required a vear for qualification.
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DoprinG TECHNOLOGY

As previously mentioned, the traditional scaling of bulk CMOS devices that has served this industry for over two decades
is becoming inereasingly unworkable due to escalating off-state power consumption, with the consequence that the
introduction of new matenals and device structures 15 anticipated within the next ten years. This is discussed in the PIDS
chapter where the following device scenario may be inferred:

Years 2003 through 2007—bulk silicon MOSFETS with the following enhancements:
o Optimized oxymitride gate dielectric—2003-2006

o  High-x gate dielectric lavers —2006 for low-operating power devices
—2007 for high-performance devices
»  Metal gates —2007 for high performance devices and

—2008 for low power devices
Years 2008-2010—Fully depleted SOI single gate planar devices with elevated contacts
Years 2011 and thereafter—Fully depleted double or triple gate devices e.g. FINFET, tri-pate

It 15 noted that this 15 just one scenario discussed by PIDS that will achieve the historical pace of transistor performance
improvement. Other scenarios are possible, but the doping technical requirements tables are based on this scenario. It is
noted that the vast majority of development activity in the industry is focused on extending the capabilities of the
incumbent technology, bulk silicon CMOS. Therefore it is quite possible that other enhancements not anticipated by the
FEP and PIDS technology working groups will extend the life of this technology. The reader may infer the doping
requirements of extended bulk CMOS by extrapolating the requirements from the 2003-2007 period. The table notes
provide all the guidance needed for such extrapolation.

DifFicULT CHALLENGES

Through 2007 the difficult challenges for doping of CMOS transistors are 1) extending the concentration of active p-type
and n-type polysilicon gate doping beyond presently known limits in order to limit depletion layer thickness in poly-5i
gates; 2) achieving doping profiles in the source/drain extension regions to attain progressively shallower junction depths
needed for control of short-chammel effects, while concomitantly optimizing the sheet resistance-junction depth product,
doping abruptness at the extension-channel junction, and extension-gate overlap; 3) developing activation technologies
that permit the realization of 10 nm junction depths that exhibit sheet resistance values of nominally 500 Chm/sguare;
4) achieving controlled doping profiles in the channel region to set the threshold voltage while concomitantly minimizing
short channel effect and maximizing carmier mobility, and 5) the formation of, and making contact to shallow, highly
doped source/drain regions.

Beyond 2007, the grand challenge is more directly stated as “Transistor Structure.” Planar, bulk CMOS will be extended
to the 65 nm node using the aforementioned innovations such as high-x gate dielectric layers, high-mobility, strained
channels, metal gate electrodes, and elevated contact structures. Beyond the 65 nm node, new transistor structures are
anticipated to replace bulk silicon devices when continued use of bulk-5i CMOS imposes unacceptably high leakage

current penalties.

SouRrRcE AND DRAIN EXTENSIONS

For planar bulk CMOS, the management of short channel effects is expected to have a significant impact on processes
used for doping drain extensions, channels, and channel edges. Drain extension doping levels are expected to increase,
driven by the need to reduce junction depth while concomitantly mimimizing parasitic resistance. These requirements
derive from the need to achieve a low parasitic source and drain series resistance that may not exceed 17-33% of the ideal
channel resistance. (See also the PIDS Chapter Logic Technology Requirements, High Performance Near Term Tables)
Similarly, drain extension doping profiles. which with earlier technology nodes had required lateral grading for minimum
hot carrier damage, now need to become more laterally abrupt to support these series resistance requirements. [n a bulk
planar MOSFET the as-implanted (vertical) junction depth with its proportional lateral straggle strongly influences
subsequent lateral diffusion and encroachment of the channel. Short channel behavior 1s therefore strongly linked to the
vertical junction depth, and the drain extension resistance strongly linked to doping concentration and lateral abruptness.
The complexion of the abruptness challenge depends on the device type. In addition, increased lateral abruptness, while it
reduces the accumulation resistance of the drain extension, also influences the spreading resistance with the result that
increased lateral abruptness needs to be weighed against other factors that contribute to the overall series resistance. The
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effort to model the requirements for sheet resistance, junction depth and junction abruptness has led to an appreciation of
the complexity of the interdependence between these parameters with each other and their combined influence on the
overall transistor design. Therefore, the process that collectively optimizes junction depth, doping concentration and
lateral abruptness, requires the virtual design of the complete transistor characteristics for each node. This 15 a task
beyond the scope of this roadmap. To that end therefore, all three requirements in the technical requirements tables have
been indicated as “guidance™ rather than well-defined requirements. [Link fo “Abrupiness™ report from Gossmann fo be
included in the supporting material]. In general terms however, for P-channel devices, sensitivity simulations indicate
that above a critical abruptness value there is only a marginal reduction in parasitic resistance. Improving the abruptness
beyond some critical value therefore gives only minor improvements. Some authors claim that a minimum abruptness
exists beyond which further improvement is questionable. On the other hand, for n-channel devices, a more abrupt source
extension junction leads to a higher source injection velocity and higher resulting drive current. Therefore, for NMOS
devices higher abruptness values continue to be desirable. It is also noted that the present models from which the drain
extension sheet resistivity and lateral abruptness values are derived remain rather primitive, and that further future
changes in these requirements are likely to evolve as these simulation models become more sophisticated. This topic 18
addressed at length in the supporting material [link fo this materialf.

The realization of ultrashallow source and drain extension junction depths, that are vertically and laterally abrupt, requires
not only the development of new and enhanced methods for implanting the doping species, but requires as well the
development of thermal activation processes that have an extremely small thermal budget. This is required to truncate the
enhanced diffusion that accomparuies the activation of the implanted dopant species. The current methods under
investigation are identified in the potential solutions Figure 47. These methods may introduce significant cost adders to
the CMOS process flow. Therefore, one should carefully evaluate the incremental benefits in lateral and vertical
abruptness that these processes deliver versus the costs incwrred. Sub-nanometer spatially resolved 2D metrology 18
needed to momtor the location and shape of both vertical and lateral dopant profiles in the extension region.

For non-bulk, MOSFET s, envisioned in year 2008 and beyond, doping processes will require modification for optimized
device drive current and threshold voltage stability. Critical doping junction depth parameters will be determined by the
thickness of the active silicon layer and therefore become less challenging. For example for fully depleted SOI devices,
(also called ultra-thin body devices) the required silicon active layer thickness is nominally in the range of 0.3-04 L,
{Lg = the physical gate length). Double gate devices such as FINFET require nominally twice this active layer thickness.
These devices do not require channel doping to manage the short channel effect, and therefore may be implemented using
intrinsic, undoped silicon channels. However, the precise control of doping around the gate edge to optimize gate/drain
overlap (or underlap) and the management of parasitic resistance remain important technology challenges.

ConTACT

Scaling of contact area, source/drain Junction depth, and contact silicide thickness will lead to increases in parasitic
resistance effects unless new materials and processes are developed for producing the contact as well as the self-aligned
silicide contact shunt. Several imterdependent scaling issues arise that require mutual optimization between contact
Junction depth, silicide thickness, and silicon/silicide contact resistivity. The contact junction depth, despite the sirategic
placement of halo implants must still scale with gate length, as shown in Table 71. Because of this, progressively less of
the contact depth remains available for silicide formation. To avoid contact leakage, no more than half the contact depth
can be consumed in the formation of the silicide. Therefore with scaled contacts, the silicide must become progressively
thinner to accommodate the progressively more shallow contact junction. This practice cannot be continued beyond a
certain point because the silicide will tend to become discontinuous and therefore not adequately shunt the contact.

The mtroduction of self-aligned mickel monosilicide contacts has provided a near-term solution to this problem, This
material consumes nominally half the silicon during silicide formation than the predecessor, cobalt disilicide. In the
longer term, this problem can be overcome by the selective deposition of silicon epitaxial layers in the contact region
thereby making more silicon available for the silicide formation process. However, as previously discussed, selective
epitaxial deposition places increased demands for perfection and robusiness on the sidewall spacer. Another contact
scaling problem arises form the lateral scaling of the contact area. As a consequence, the contact resistivity associated
with the interface between the silicide and the doped contact silicon becomes an important component of the overall
source/drain parasitic resistance.

The control of this 1ssue requires that dopant concentration at the interface be maximized, or that a lower barrier height
material such as silicon/germanium be used as the contact junction. Here, the use of selectively deposited
silicon:germanium materials in the contact and the controlled profiling of the contact dopant provide solutions to these
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problems. However, the CMOS integration of these processes that mandate different dopant species for the p-channel and
n-channel devices makes this a significant challenge. These integration challenges are made more difficult by the fact that
the transistor gates are also doped and silicided together with the contact regions. Another challenge is posed by the
introduction of high-k gate dielectric materials also anticipated in the near term. The limited thermal budget of the
candidate high-k matenals, will significantly impact the contact formation and shunting strategies. Similarly the
introduction of metal gates (two metals of different work function will be needed for the p-channel and n-channel
devices), 15 expected to further limit the options for contact formation and shunting,

Beyond the 65 nm node, the expected changes in CMOS transistor structures to planar single gate fully-depleted and
multi-gate fully depleted devices will present a new array of challenges for formation of contaets to thin, vertical multi-
channel arrays linked to heavily-doped contact bus structures. Mastering the intricacies of formation of reliable contacts
to these 3D structures will require an additional set of rapid innovations in contact technology. Here, the management of
the series resistance of the contact structure remains a major challenge. For the planar single gate devices, the introduction
of elevated contacts cannot be avoided without incurring major resistance penalties. Similarly, the research literature
contains many references to the strategic use of selective epitaxial shunting of the contact regions of double gate devices
in order to realize the required reduction in parasitic resistance. The whole 1ssue of CMOS integration, and its associated
dual-doping requirements and how doping is accomplished on these epitaxially enhanced contacts remain a major
development issue,

GATE ELECTRODE

The polysilicon gate electrode also represents a major challenge for near-term scaling. This 1s demonstrated in the lines on
Table 71 labeled “Depletion; required EOT based on gate choice”, This data was generated by C-V modeling with a
variety of channel and polysilicon gate doping concentrations, as well as with metal gates. Curve fitting then permitted
extraction of the polysilicon depletion layer EOT contribution as well as the channel quantum layer EOT contribution.
Hence, the EOT for a particular node represents the equivalent oxade thickness that is required to obtain that node's
capacitive equivalent thickness (CET) for a given channel and gate polysilicon doping. This approach allows the trade-
offs that exist between poly-doping and gate dielectric EOT to be made explicit. The red coloration of the EOT values is
associated with the need to introduce the high-k gate dielectric material. From Table 71 it becomes clear that, according to
this modeling, the introduction of metal gates has the potential to delay the required introduction of the high-x gate
dielectric to vear 2009, whereas with polysilicon gate electrodes at a 1%10°%em’ doping level, the high-x gate dielectric
material requires introduction in 2006, The inference is that if the polysilicon doping level can be increased, then the need
for the high-x material may be delaved. Eventually the increase in the gate dielectric effective thickness associated with
polysilicon depletion and the channel autodoping associated with boron out-diffusion from the p* polysilicon gate will
require the phase-out of the currently used dual-doped polysilicon gate matenial beyond the 65 nm technology generation.

CHANNEL

The maintenance of acceptable off-state leakage with continually decreasing channel lengths will require channel doping
levels for planar CMOS transistors to increase in order to control short channel effects for extremely small devices.
Increasingly precise control of both vertical and lateral channel doping profiles is required to deal with short channel
effects, introducing new challenges for doping tools, process and metrology. In the near term, these scaling problems are
exacerbated by the slower than ideal scaling of the gate stack, which is the result of the unavailability of a practical
matenial solution for higher x gate dielectric layvers and the presence of gate depletion effects due to limitations to doping
levels in poly-51 gates. The circuit speed advantages of increased drive current for high-performance logie applications
will dnive the near-term (at the 9 nm technology generation in 2004) ntroduction of strained-51 channel matenals to
increase carrier mobility and to counter the trend towards lower carrier mobility driven by increased channel doping for
control of short channel effects.

The substantial increases in off-state leakage currents that accompany scaling of threshold voltages in bulk-S1 and
partially-depleted CMOS transistors will ultimately drive major changes in channel materials and transistor strueture, to
some form of fully-depleted, multi-gate transistor. The introduction of fully depleted CMOS (see fuller discussion in the
FPIDS chapter) is anticipated to occur beyond the 65 nm technology generation in about 2008, Channel designs for fully
depleted CMOS favor the use of intrinsic, undoped silicon. This may be achieved in single gate and double gate fully
depleted structures, because the electric field lines from the drain terminate at the gate, thereby shielding the source from
DIBL and associated short channel effect. This approach avoids the carrier mobility degradation associated with channel
doping but requires that threshold voltage be exclusively controlled by the work function of the gate electrode. Dual work
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function gates are required for CMOS integration but since both work functions are near mid-gap, a potential solution
might consist of a single metal with work function modified by subtle changes in composition, e.g. doping

In single-gate, fully depleted CMOS designs, the channel thickness follows similar scaling as the source/drain extension
in bulk-5i and partially depleted transistors. Control of channel thickness (of the order of 10 nm for sub-25 nm gate
lengths) to the 5% range (equal to the lattice constant of 51) desired for control of threshold voltage is a significant
challenge for SOI wafer fabrication and process controls for manufacturing of fully-depleted CMOS devices. Shifting of
single-gate, fully depleted CMOS to multi-gate structures leads to a relaxation of the channel thickness scaling This 1s
reflected in the doubling of the channel thickness trend. identified as the progression of the drain extension Xj in
Table 71, with the anticipation of the use of a dual-gate architecture for the 40 nm technology node (2011). Extension of
fully-depleted channel designs to tri-gate and suwrround-gate architectures promise additional improvements in drive
current at the cost of increased complexity in manufacturing process,

Optimization of the doping transition from highly-doped contact regions to intrinsic channels, reduction of sub-threshold
leakage at high-field channel edges in multi-gate designs and solution to a large number of process integration issues
arising from a fully 3-D transistor design must be dealt with before the successful introduction of multi-gate, fully-
depleted CMOS production. These challenges, added to the anticipated shafts to high-x gate dielectrics and dual-
work function, metal-gate materials, constitute a revolutionary change in transistor technology in the coming 5 to 7 vears.

POTENTIAL SOLUTIONS

The first two sections of the Doping Potential Solutions Table in Figure 47 list approaches to realizing the “Key
Innovations” discussed in the PIDS chapter. The “Device Structures” category highlights anticipated process solutions to
the potential doping and contact integration issues ansing through the introduction of new gate stack and substrate
materials and non-planar device geometries. The primary impact of these changes is expected through modification of the
timing or application of solutions already present on the table rather than through the introduction of revolutionary
process technologies. The “Channel Engineering” category identifies specific doping and deposition solutions for
simultaneously meeting threshold voltage, channel mobility, and subthreshold current requirements of the evolving device
structures. We expect strained channel engineering to apply to virtually all device approaches in the future, with highly
doped and super steep retrograde channels giving way to lower concentrations for FDSOI and multiple gate devices.

The next four categories of Potential Solutions focus on the production of abrupt, ultrashallow junctions. The evolution of
beamline ion implantation and anneal will continue for the foreseeable future; however, the need for additional, possible
complementary options is expected for alternative device structures. Evolutions of beamline ion implantation will include
the ability to implant high doses at higher angles for higher aspect ratio structures, and may include implantation of larger
ion clusters. The annealing roadmap will be increasingly driven by abruptness requirements in addition to sheet resistance
and junction depth with shorter gate lengths. Annealing technologies have a roadmap of decreasing process times, which
are the clearest potential solution to near diffusionless junctions. In the near term, spike anneals are clear leaders for
junction formation while millisecond anneals are well into development. Plasma doping combined with annealing and
selectively deposited junctions appear the most likely alternatives for high aspect ratio, three-dimensional structures.
Correlated with this is the category of “Defect Engineering,” highlighting the approach of mitigating or using the various
enhanced diffusion and dopant segregation effects that to date have mainly confounded boron diffusion in particular.

Also note that “Low Resistance Deposited and Thermal Doping™ as a solution category includes selective deposition not
only for ultrashallow junctions, but also for raised contacts, strain engineering, etc. It is in these applications rather than
ultrashallow junction engineering that selective deposition is anticipated at the 90 nm node. In addition, this section lists
some of the candidate technologies for the introduction of dopants toward the far end of the current table.

The contact category of Figure 47 notes that self-aligned metal silicides remain the incumbent technology, albeit with a
progression in the silicide material of choice. While MiSi 15 expected to be widely implemented by the 65 nm node, the
material roadmap beyond MiSi remains unclear. Migration to a metal contact scheme to meet the contact resistance
challenge with scaling is not expected in this decade.
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FRONT END ETCH PROCESSING

Reduction in ¢ritical dimension (CDY) and process control remain key challenges for FEP etch technology. These, coupled
with new materials such as high-x gate dielectrics and metal gates; larger diameter (300 mm) wafers and new generations
of photoresist, make the challenges truly formidable. In addition, other CD reduction technologies, such as resist trim, are
also now being used in production as an alternative to, or in combination with enhanced lithography approaches such as
optical proximity correction, (OPC) and phase shift masks (PSM). Refer to the Etch worksheet in supplemental material
for more details.

To achieve the level of control required, etch modules must have a number of fundamental design attnibutes (refer to FEP
Table 71a). CD» etch uniformity is a strong function of chamber design which fundamentally must address both uniform
gas distribution and particularly uniform plasma distribution consistent with relatively low bias voltage. Although
compensation effects can be used to improve uniformity, these introduce unacceptable repeatability risks because they
create an inherently narrow process window. Wafer edge profile consistently remains an issue. Edge profile control is
independent of wafer size and can possibly be considered one of the major challenges to equipment design generally.
Even though very uniform plasmas may be formed across the chamber diameter, the uniformity at the wafer edge must be
modified by edge compensation to account for edge anomalies. Theoretically, CD conirol at the sub-2 nm level can be
achieved in a vanety of ways but the end result must be a vertical, smooth edge profile, achieved with a damage-free
process that exhibits good selectivity control and minimum micro-loading. Of particular importance is the need for
damage free processing especially as it relates to controlled completion of the gate etch process without damage to the
underlying silicon. Meeting this requirement becomes increasingly difficult as critical dimensions shrink and new gate
dielectric lavers are introduced (See Figure 48). In sitv etch monitoring to achieve etch stop on very thin gate dielectric
layers and feed-forward/feed-back integrated metrology for profile control may well become standard techniques used to
achieve sub-1 nm CD control,

The required CD control and etch characteristics mentioned above must also be achieved with new materials, such as
high-k dielectric films and metal gate structures (See Figure 48). Here, the etch equipment and process must not only deal
with these new materials but may also need to be integrated into potentially new process architectures dictated by their
limited thermal stability. Many plasma sources have been developed with the intent to offer improved etch technology.
Generally speaking however, the plasma density for optimum results is in the ~10"/em® regime. Equipment and process
development may well take multiple paths. Evolution of ECR and ICP processing is expected to continue and may well
develop the necessary features to deal with new gate materials. It is also possible that new etch approaches may be
required to deal with the particular non-volatile by-products produced by etching metal gate electrodes. Such
developments will also have collateral impacts on overall equipment robustness and particularly on MTBC and MTTC.
For high-k gate dielectric layers these developments must be complete by 2006 when such dielectric layers will be needed
for low stand-by power devices. It is expected that metal gate electrode etch processes and equipment will be required
shortly thereafter. To deal with sensitivity to damage, chemical downstream etching, neutral stream or other innovative
etching techniques should be investigated as a possible finish- or over-etch step. Work using pulsed plasmas is already
underway with this in mind. Ideally, for cost reasons, if not from a technical viewpoint, development should lead to an
eich tool which can deal with both new gate materials and possible stringent damage requirements that may be brought
about by advanced chip architecture (See Figure 48).

As linewidths shrink, the presence of line edge roughness (LER) is becoming inereasingly important to CD control along
with the angle the slope of the etched gate. There is also some evidence that LER contributes to pate leakage. Both
lithography and etch can contribute to LER. The choice of gate material, photoresist type and etch chemistry all
contribute to the degree of LER. To set a control target for this quantity, the impact of LER to device performance has to
be better understood and the associated measurement methodology and equipment will also have to be developed.

Resist trim of printed features is being used in production environments to reduce gate physical dimensions as an
alternative to, or in addition to lithographic techniques such as OPC and PSM (link fo illustration). Trimming also allows
compensation for within wafer and dense/isolated line with variation in subsequent steps to enable the meeting of overall
profile and CD requirements. A flexible FEP etch reactor and process is essential here. It is important to note that in
addition to reducing the width of the resist uniformly across the wafer, the height of the resist must not be excessively
reduced or selectivity 1ssues will arise when transferring the pattern into the underlying hard mask. Another consideration
is corner faceting. While the overall resist height may well remain intact, faceting reduces the overall effective height and
the selectivity requirement becomes more difficult to achieve. Much of the current learning has been obtained on 248 nm
resist types, but quite a bit of production experience has been gained on 193 nm resists as well. For 157 nm generation
resist materials, the task will be much more difficult since both the height of the resist material decreases significantly
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(=200 nm [157]), and because the infertor etch resistance of these materials creates added problems with etch rate and
selectivity. In addition to resist trim issues, many of the new resist materials at 157 nm can still fail during etch due to
reticulation at much lower temperatures, structural inconsistency, surface irregularities and general lack of robustness.
Multi-level resist technigques are also being developed to enable smaller feature transfer into underlying materials,

Changes in gate stack materials will probably occur in two phases. Firstly, the introduction of high-x gate dielectric
materials, which with the use of nitrided oxide gate dielectric layers, is already ocourring and secondly, the introduction
of metal or metal nmitride gates electrodes. High-x gate dielectrics other than silicon oxides and nitrides are expected in
2006 on the low standby power devices. As scaling reduces thermal oxides to the 13 angstrom regime, direct charge
carrier unneling leads to unacceptably high gate leakage. High-x gate materials under development, such as Hf oxides,
can reduce such leakage. It is well known that the interaction between gate materials and lithography 1s a vital aspect to
achieving good CDs. These new high-x gate dielectric materials will be more difficult to etch because of their different
chemical and physical properties. On the other hand, stopping on this more robust dielectric layer may be easier. Wet
etching will be difficult since increased thickness (compared to S10 or SiN materials) may result in unacceptable undercut
profiles. Clearly, as gate dielectrics with increased & value are introduced, new etch challenges will be uncovered. Metal
gate electrode materials will also pose a CMOS integration challenge. Because of work function requirements, the
candidate metal gate materials for P Polysilicon replacement (Pt, Ir, Ni, Mn, Co), will be different from those that
replace the N' Polysilicon (Ta, Zr, Hf, Ti). These materials generally have less volatile by-products than their doped
polysilicon counterparts and in addition each is expected to have its own distinet etch process requirements. Therefore
CMOS integration of the etching processes becomes more difficult. This brings into question whether a simultaneous etch
of both gates 15 possible, One solution might be the use of protective resist overcoat/masks similar to the 1on implant
masks used in selective CMOS doping. The combined damage-free etching of dual metal gates together with damage-free
stopping on a high ¥ oxide remains the ultimate goal.

The introduction of new gate materials will also impact defectivity. Strict FEP etch requirements related to defect density
and plasma damage must also be met. With existing device designs, plasma damage introduced by various tunneling
phenomena, hot carriers, and charging 15 fairly well understood and charactenzed with existing device designs and
materials. With the onset of new materials, new issues will arise relative to new damage mechanisms. To meet future
defect density requirements the plasma processes and etch tools must generate considerably fewer and smaller particles.
Improvements will be required in the etch chemistries, the control of deposition in the etch chamber, and the cleaning
procedures used for the etch chamber maintenance. These requirements will have to be met, consistent with acceptable
wafer processing cost and tool uptime. Plasma etch tool design and plasma processing conditions must be developed that
do not cause charging damage. Alternative high-x and/or stacked gate dielectric matenals will require development of
multi-step etch processes. This requirement may translate into the need to change gas chemistries in the same etch module
in order to etch a variety of stacked materials, or the need to etch the bulk material in a main etch step, followed by
completion in a finishing etch, followed by an over-eich step. It is highly desirable to ascertain the amount of material
remaining prior to completion of the main etch through the use of interferometry or a similar sensing technique so that a
pre-emptive endpoint can be determined. Again, a highly selective non-damaging process is required.

Shallow Trench Isolation (ST1) also has some challenging integration issues as we move towards the 90 nm regime and
beyond. Here, many device manufacturers are beginning to use etch processes, rather than classic thermal processing, to
round the top corner of the STI trench as a means for alleviating the classic transistor double-hump effect. Etching also
has the advantage of not encroaching into the active area. For this application, integration challenges are top- and bottom-
corner rounding radius control, STI wall slope control and the void-free filling of the trench with high quality oxide.
These characteristics must be controlled for both variable STI gap widths and variable density of STI features while
maintamning CD control,

The scaling of sidewall spacer width and its dimensional control presents another challenge to plasma etch. The spacer
width and its sensitivity to over-etch is governed by the gate electrode profile, the thickness control and conformality of
the spacer dielectric deposition process, as well as the amisotropy of spacer etch process (refer to FEF Tables 71a and b).
An accurate assessment of the scalability of the sidewall spacer from an etch perspective is hindered by the limited
availability or process control data. Here the use of feed-forward/feed-back integrated metrology may well provide a
breakthrough,

For future DRAM device generations using stacked capacitor structures, the development and introduction of high aspect
ratio contact via etches (HARC) of ~15:1 together with efficient post-etch etch residue removal processes remains cructal.
The ability to maintain CD and selectivity consistent with appropriate etch stopping and low damage to the shallow
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contact junctions will be key technical challenges. For ultra shallow junctions a small and controlled degree of silicon
contact etching 1s desirable for optimum device contact resistivity and leakage.
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Figure 48 Front End Processes Etching Potential Solutions

DRAM STACKED CAPACITOR
Historically, a quadrupling of DEAM product capacity every three vears has been based on the following:

I.  Reduction of the minimum feature size (2x)
2. Expansion of the chip size (about 1.4x)
3. Improvement of cell area factor and cell efficiency (about 1.4x)

However, continued chip size growth is inhibited due to economic reasons and cell factor improvement is impaired due to
the physical limit of the cell layout, Instead of quadrupling, DRAM products of intermediate capacity such as 128 Mb and
512 Mb, have appeared respectively after the 64Mb and 256 Mb DRAM generations. DEAM capacitor technology faces
new challenges of introducing new storage capacitor dielectric and electrode materials. Table 72 summarizes the
technology requirements for the DRAM stacked capacitor. The DRAM cell size is being scaled down faster than the
general desipn rule. An area of at least BF? (F is feature size) has been realized at the 180 nm node, which is the smallest
cell size with a folded bit line architecture. Each of the target values in Table 72 is based on the assumption that a cell
capacitance retains at least 25{F/cell to assure stable circuit function and sufficient sofi-error immunity.

With the onset of the mega-bit era, nitride/oxide dielectric films, together with 3-dimensional polysilicon capacitor
structures, have been used to keep the cell capacitance sufficiently high for sensing and noise immunity. However, it was
difficult to keep a sufficiently high cell capacitance value using these materials and structure at the 130 nm node and
beyond. Thus, alternative high-k dielectrics such as TayOg and AL O, were introduced at this technology node. TayO,,
with a range of dielectric constants, is one of the most promising dielectrics mentioned above. For the 130 nm node, a
paly-silicon bottom electrode and a 3D capacitor cell with high-x dielectric and metal counter-electrade have been used
(this is an example of a metal-insulator-silicon (MIS) structure). This MIS stack, using Ta;Os as a dielectric, has an
effective dielectric constant of 22, However, due to the growth of an oxide layer at the interface duning thermal annealing
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Table 72a DRAM Stacked Capacitor Films Technology Requirements—Near-term

Year of Production 2003 204 2003 2004 2007 2003 2009
Techmology Nede T i 5
DRAM ¥ Pitch {mn) fAf o0 o) &0 70 &5 37 50
Cell size factor a [B] 8.0 2.0 7.5 7.0 7.0 6.0 6.0
Cell size (') [C] 0.08 0,065 0.048 0.034 0.030 0.c19 0.015
=, 2x0.4 =0 18x0.36 | =016x0.3 | =014x0.25 | =013x0.23 | =0.114=017 | =0.1x0.15
Storage node size (i) [D] 0.030 0.024 0.018 0012 0.011 0.006 0.005
=0.1x0.3 =0.00x0.27 | =0.08x0.22 | =0.07«<0.18 | =0.065=0.16 | =0.057=<0.11 | =0.05x0.1
Capacitor Cylinder | Cylinder | CYIMST | CVINAST | podestal | Pedestal | Pedestal
sructire Mis MISMIM MIM MIM MM KiM MM
Capacitor dielectric material ALOITAC | ALOITAO | ALOITAO "'}';ﬁ_lr;ff AF:?I‘J;:;D “;?&’;0 A:IE?:;;D
teE® 250F fum [ 35 2.3 1.8 14 0.8 0.8 0.8
Dielectric constant 22 22 40 50 50 50 50
SN height (um) 21 1.5 14 14 1.2 1.6 1.8
Cyltnder factor [E] 1.5 1.5 1.5 1.5 1.0 1.0 1.0
Roughmess factor 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tetal capaciter area f,:,h'.l'l:.l .57 1.66 1.29 1.1 0,56 0.55 0.55
Structural coeffeient [F] 321 256 26.8 29.5 18.8 284 16.3
t e (@23F (nmi [H] 14.3 7.3 18.2 17.9 a9 9.8 9.6
AR of SN (OUT) for cell plate depe. [T] 29.4 19.9 321 394 26.5 42.8 58.6
HAC diamerer (um) [} 012 011 010 0.08 0.08 0.07 0.06
Total interlevel insulator and metal
thickne s 0.90 0.86 0.84 0.81 078 0.75 0.73
except SN (wm) [K]
HAC depth () [L] 3.00 2.36 2.24 216 1.98 2,35 2.53
HAC AR 25.0 213 23.3 25.7 254 34.4 42.2
Veapacitor {Volts) 1.8 1.7 1.6 1.5 14 1.3 1.2
Reteniion time (my [M] 64 64 64 64 64 64 64
Leak curvent (A/celli (NS 1.05 1.00 0.94 0.88 0.82 0.76 0.70
Leak current density {nd lem’) 411 601 72.9 87.0 147.4 1376 129.0
Depostion temperature (degree C) =500 =500 ~500 ~500 =500 =500 =500
Film anneal temperature (oegree C) ~B00 ~B00 ~750 ~7a0 ~T50 =750 <750
Wenrd fine R (¥ sg,) 5.0 10 2.0 2.0 2.0 2.0 20

Marngfeciurable seluions exis, and are being optimized
Mepfaciurable solutions are known
Interim solutions ave known [

Manufaciurable solutions are NOT knownr _
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Notex for Tables 72a and 72 b: Cell aren F
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Table 726 DRAM Stacked Capacitor Films Technology Requirements—Long-term

Year of Production 2010 2012 2013 2005 2006 2018
Technology Node a5 hpi2 hp22
DRAM ¥ Pitch fnm) [A] 45 35 32 25 2 15

Cell size factora [B] 6.0 6.0 6.0 6.0 6.0

Cell size (uni') [C] 0.012 0.007 0.006 0.004
=0,09x0.14 | =0.07x0.11 | =0.064x0.1 | =0.05x0.08

Stavage nede size | m..,",. ot 0.004 D002 0.002 0.004 0.0005
=0.045x0.09|=0.03 50,07 |=0.03 Z=0.06 |=0.025x0.05 =001 8x0.03
Capacitor Padestal Padestal Padestal Pedestal Padestal Padestal
sruciune MM MM MM L MM
e s | o | oo [T
teg@2 3fF (e (G 0.7 : 0.4 0.4 0.25
Dieleciric constant 50 60 60 80 80 100
SN hetehs Gum) 1.8 2.0 2.0 2.0 2.0 20
Cviinder factor [E] 1.0 1.0 1.0 1.0 1.0 1.0
Roughness factor 1.0 1.0 1.0 1.0 1.0 1.0
Total capeacitor areq r;.rm:,l 0.52 0.42 0.39 0.30 0.26 0.180
Sirnctuwral coefficierns (F) 42.6 575 62.8 B0.3 n.z 111.4
t pine @ 25/F (mn) [H] 9.2
AR of SN{OUT) for cell place depo. [I} 7.2
HAC diameter (um) [J} 0.05 0.04 0,04 0.02 0.03 0.02

Mammfacinrable solutions exis, and are being optimized
Menufocturable solisions are known
Iriterim solutions are known |6

Manmfacinrable solutions are NOT knovwn _
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Table 72b  DRAM Stacked Capacitor Films Technology Requirements—ILong-term (continued)

Year af Production 2olo 2012 2alz 2015 2016 2008
Techmology Node Frpd 5 fipi2 frpd2

DRANS % Piteh fmre) fAT 43 15 32 25 22 15
g‘?:?:,:;:?i?d insulator and metal thickee ss except 0.70 0.66 0.63 0.59 0.57 0.53
HAC depith {prmy [L] 2.60 2.66 2.63 2.59 2.57 253
HAC AR 481 63.2 68.5 86.3 a7.2 117.2
Veapaciter { Valts) 1.1

Retention time ims) ] 64

Leak currend (fA/cell) [N] 0.64

Leak curvent density fiL-l,-'rm:J 124.7

Depasition tenperalure. (degree C) =500

Film anneal temperature {degree C) =750

Word line Ks {Clunesg.) 2.0

Manifrcturable solutions exis, and ave being optinized
Mmnfaciwrable solutions are known
Interim solutions are kown [

Mamufacturable solntions are NOT known _

Year of Production 2003 | 2ong | 2665 | 200G | 2067 | 2068 | 2009 ) 2000 | 2002 | 2003 N 2005 | 2006 | 2018
DRAM Y% PITCH (nm) 100 a0 &0 T0 63 57 S0 45 35 | 2 25 22 18
Electrode [A) metal

high-k ON
dielectric Ta:0s ARD: Taz0s AbRD 3 Others NewAlaterial

Bottom poly-Si
metal

Flectrode [A] [B]

[A] Metal: TV, TIN. W, Pt, Ru, RuC2, IrO:
[B} Perovite: SnEuli.i'l.'\'l

Figure 49 DRAM Stacked Capacitor Potential Solutions

DRAM TRENCH CAPACITOR

Tables 73a and 73b summarize the technological requirements for DRAM trench capacitors. The target values are based
on the assumption of a 35 {F capacitance per DRAM cell. It is further assumed that the cell size will remain 8F°.
Attaining cell size factors <8 are considered difficult challenges for both stacked and trench capacitor based DRAM cells.

For technology nodes down to and including the 110 nm design rule, trench capacitor technology has been characterized
by the use of conventional mitride/oxide capacitor dielectric in combination with trench profile optimization techniques

The introduction of bottle-shaped trenches and trench surface roughening is anticipated at the 100 nm node. These surface
area enhancement techniques will allow conventional nitride/oxide dielectric to be extended down to and including the
90 nm design rule.

It is expected that high-x dielectric materials will be implemented at the 80 nm design rule. Al;O5 is the most likely
candidate at the introduction node. Atomic Layer Deposition (ALD) will be required to deposit these materials into high

“ N. Fubushima et al,, IEDM Technical Digest, pp, 257-260, 1997
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aspect ratio trenches.** High-k materials with still higher dielectric constant are under evaluation for smaller ground rules.
Metal top electrodes are anticipated at the 65 nm node and will allow the replacement of SIS by MIS capacitors.
Ultimately, MIM capacitors are an option at the 45 nm design rule. High-« dielectrics are already in production at current
technology nodes (2110nm) using stacked capacitor technology ® Trench DRAM technology can reserve the
introduction of high-x dielectrics for future technology generations, which is a considerable scaling advantage.

Trench technology allows the fabrication of rigid and mechanically extremely stable high aspect ratio capacitor structures.,
As a result of ground-rule shrinking, the trench aspect ratio (trench depth divided by trench top width after etch) will
increase up to values of ~60:1 for the 80 nm design rule. Such aspect ratios have already been demonstrated.” Even
higher aspect ratios are anticipated at smaller ground rules.

Movel cell concepts relying on the replacement of the conventional planar transfer device by a vertical array transistor are
envisaged for the end of the decade. The use of a vertical transistor would greatly alleviate device-scaling issues.

For embedded applications, the trench technology with its capacitor buried in the substrate enables a planar transition
between the DRAM cell array and the logic circuit. The trench DRAM concept also avoids deep, high aspect ratio contact
haoles. In addition, since the capacitor is processed prior to the transfer device, degradation of device performance from
the capacitor-forming thermal budget is not encountered.

Table 73a  DRAM Trench Capacitor Technology Requirements—Near-term

Year of Production 2w 2N 2iM15 2 2o 2008 2
Technology Node [ 5
DRAM ¥ Pitch (nm) T L 80 7 65 57 S
DRAM Product 16 1G 26 2G 26 4G 4G
Cell size factor 8 8 a8 8 8 8 8
Cell size (um') 0.08 0.065 0.051 0.039 0.034 0.029 0.02
Trench siructwre bottled bottled bottled bottled bottled bottled bottled
Trench circumference {mm) 851 TBE 681 596 553 a1 426
Trench area enhancemend factor (bottle) fA] 1.65 1.65 1.65 1.65 1.65 1.65 1.65
Trench surface renghening factor 1.25 1.25 1.25 1.25 1.25 1.25 1
Effective oxide thickness (CET){nm) 5 5 4.1 4.1 338 3.2 28
Trench depth [um], far 25/F) 58 6.4 B 6.7 6.6 6.2 7.7
Aspect ratio (trench depthvirench widdhy 45 55 58 73 T8 Ta a3
Upper elctrde Siicon | Silicon | Siicon | siicon | Metal | Wetal | Meta
Dielectric material NO NO High-x High-x High-x High-x High-x
Battam electrode Sllicon Silicon Silicon Sllleon Silicon Sllicon Silicon
Sllicon-
| Insuator- 3"'““%:72'3.“.'1“"’" Metansulator Silcon
NG gh-x
{A] Botle factor = checkerboard square perimeter / conventional elliptical perimeter

Mennfacinrable solutions exid, and are being optinnzed
Menufacturable soliions are known
Trterim soliusions ave known |4

Manmfacinrable solutions are NOT known -

"’ M. Crursche er al,, IEDM (2001 411,
= Semiconductor Insights Report 0503-5222-F841 (20031

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS, 2003

Petitioner Micron Ex-1047, 0050



Front End Processes 47

Table 736 DRAM Trench Capacitor Technology Requirements—lLong-term

Year af Production 2040 2012 2003 2015 2006 2048
Technology Node hpd 5 frpd2 hpd2
DRAM ¥ Pitch ) 45 15 32 23 24 I8
DRAM Product 4G 8G 16G 16G 3G 326G
Cell size factor 8 g 8 8 B B
Cell size (um') 0.016 0.01 0.008 0.005 0.004 0.003
Trench strueture bottled bottled bottled bottled bottled bottled
Trench circwmference (na} 383 298 272 213 187 153
Trench area enhancement factor 1.65 1.65 1.65 1.65 1.65 1.65
Trench surface rowghening factor (bortle A ] 1 1 1 1 1 1
Effective oxide thickness (CET) (i) 2.2 1.6 1.4 0.8 0.6 0.4
Tench g (o) @ 755 r | _es | 62 | 5 | a5 | 4
Aspect ratio (trench deptfvtresch width) a4 113 17 121 125 136
Uipper electrode Metal Metal Meatal Metal Metal
—
P—— 1:Siticon | 1:Silicon [ 1: Silicon [ _1:Silicon | 1: Silicon | _1: Silicon |
Z: Metal 2: Metal Z: Metal Z: Metal 2: Metal 2: Metal
Capaciter sructure’dielectric ¥ :I :HEJPI-III::‘;:T-K

fA] Boitle factor = checkerboard synare perimeter'comventional elliprical perimerer

Manufpeturable solutons exis, and are being optimized
Mmfacturable solutions are knowir
Interim solutions are knewn |4

Manufacturable solutions are NOT known [ NN

Non-VoLATILE MEMORY (FLASH)

Mon-volatile semiconductor memories, such as Flash electrically erasable programmable read-only memories (Flash
EEPROMS), typically comprise a floating gate memory cell, which includes a source region, a drain region and a channel
region formed in the silicon substrate, and a floating gate, formed above the substrate between the channel region and a
control gate. The floating gate is separated from the substrate by the tunnel (oxide) dielectric and from the control gate by
the interpoly dielectric. A voltage differential is created in the cell when a high voltage is applied to the control gate while
the channel region is kept at a low voltage. This voltage difference causes electrons to move from the channel region to
the floating gate through a phenomenon known as tunneling, thus charging the floating gate. This movement of electrons
is referred to as programming, An opposite voltage difference 15 created between the control gate and the drain or the
channel region, causing electrons to move from the floating gate to the drain or channel region through a tunneling
mechanism, thus discharging the floating gate. This movement of electrons is referred to as erasing.

The roadmap for Flash memories was first reported in the 2001 ITRS for both NAND and NOR types, but a clear
definition of the technology node has vet to be given, The definition of the technology node for this device, 1.¢., the
meaning of the minimum feature size, is not the same for NAND and NOR types, due to the different peculiarities and the
different architectures,

For NAND Flash the best definition of the minimum feature size is the half-pitch of the memory cell when viewing a
cross section parallel to the bit line, that is also the half pitch of the poly 2-word line. Refer to Figure 50.
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top view of 2 memory cells

=

the bit line

Figure 5O Minimum Feature Size of NAND Flash Memory

For MOR Flash memories the definition of the minimum feature size is not very easy and can vary among the different
Flash manufacturers. Referring to Figure 51, the following are definitions of the minimum feature size specific for NOR

Flash memories, as follows:

. the half pitch when viewing a cross section parallel 1o the poly 2 word line

«  thepoly |topoly | distance along the word line
. the minimum contact size

— M ——

top view

|reixz

b [ 2

— i ——

memory cells

the pword{hine
halfl
pitch

—c el pitch —

Fignre 51 Minimum Feature Size of NOR Flash Memory

Scaling of semiconductor devices like non-volatile flash memories requires continuous thickness reduction of the tunnel
dielectric layer in order to improve the program/erase performance and to reduce the applied voltage. Scaling also
requires a thickness reduction of the interpoly dielectric to avoid the degradation of the coupling ratio factor of the
memory cell. The most important issues related to these requirements are the capacity of the tunnel oxide dielectric to
sustain the required number of program/erase cycles and, for both dielectrics, to assure the required charge retention
properties of the device in all operating conditions, Present technologies, mainly based on thermal and CVD cxynitrides
for both dielectrics, are not expecied to satisly the aforementioned dielectric scaling needs, thus requiring the
implementation of new technologies and new materials.
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Regarding the technology roadmap, reported in Tables 74a and 74b, no major changes have been implemented relative to
last vear. In the 2002 ITRS update, a pull-in of the technology nodes had been made in order to reflect the acceleration
ocourring in Flash memory R&D and production. Now the Flash roadmap is aligned with logic in terms of technology
nodes, with only a few months delay not detectable when the time unit 1s the year. Moreover, major changes occurred for
the tunnel and the interpoly dielectric thicknesses of NAND devices. In the present ITRS revision minor adjustments have
been made for the scaling down of the thickness for both the interpoly and the tunnel dielectrics.

Al the present time, international consensus has not been achieved relative to the potential solutions needed to address the
scaling issues for this technology. It 1s expected that these i1ssues will be addressed in subsequent editions of the ITRS.

Table 74a FLASH Non-volatile Memary Technology Requirements—Near-term

Year off Produciion 2063 24 2005 20048 2007 2008 2009
Technology Node Fpn) s

DRAM ¥ Pitch fnmi o ] vl 7 [ 37 an
MPLVASIC 4 Pirch {rm) 107 90 20 7o 65 57 50
MPU Printed Gate Length (i} B3 53 45 40 35 iz 28
MPU Plrsical Gate Length (nm) 45 r K ¥4 28 23 22 20
Flash rechnalogy made (i [A] 107 90 20 70 65 57 50
Flash NOR turmel oxdde thickness (EQT-nm) [B] 9-10 | 8.5-9.5 | 8.5-9.5

Flagh NAND turmnel exide thickness (EQT-nmj} [B] -8 -8 -8

Fladh twemrel oxide thickness contred EOT (% 39 [C] <15 <13 <+3 <13 <+3 <t3 <25
Flash runeel coxtde neininnm QB & 1+ .J{I{ .‘i.-"{.‘m: {ﬁ'fi:‘m:) o 0.2 0.2 0.2 0.2 0.2 0.3 0.3
Flash tnrrel oxdde defectivity at mimimum (B8 fde_.l'-"'cm:J {E] <0.M <0.01 <0.01 <0.01 <001 <0.01 <001
Flash turrel low field leakage (nA/3V3 [F] 100 100 100 100 100 100 100
Flash program/erase window DVT (V3 fo] >3 >3 >3 >3 >3 >3 >3
Flash erase time degradarion 1, ../, [H] <2 <2 <2 <2 <2 <2 <2
Flash progran time degradation b/t [1] <2 <2 <2 <2 <2 <2 <2
Flash NOR interpoly dielectric thickness (EOT-nm) {J] 13-15 | 11-13 | 11-13 | 11-13 R . {1 W 1 b
Flash NAND interpely dielectric thickness (EGT-nm) [J] 1315 | 1315 | 1315 | 1315 | 10-13 | 10-13 | 10-13
Flash interpoly dielectric thickness control EOT (% 35 (K] <#f <#f <#f <#f <#f <#f <if
Flash interpoly dielectric Ty o, of formation § >57<3°(°C) (L] 750/900 | 750/900 | 750/900 | 750/900 | TOO/E50 | TOO/850 | TOO/B50

Flash interpoly dielecivic conformality on floating gate BOT,. JEOT, . [(M] | >0.95 | =085 | =095 | =098 | =098 | =098 | »0.98

Fladh mavimum charge logs 10 years at room temperature (17
singleidual bit (%) [N] 2010 2010 2010 2010 2010 2010 2010

Marngfisciurable solutions exis, and are being aptimized
Mannfacturable solutions are known
Interim solutions are known [

Manufacturable solntions are NOT knows _

Notes for Tables 74a and 74b:

TA] Flash devices tend to lag the curveit CMOS teclmology mode. Thi s emtry provides the F value for designs i the indicated tne period,

[B] Tunmel oxides muss be thick enongh to aziure retension but thin enongh to allow ease of erasedwrite, This diffienlt problem hinders scaling,
[T Tunred oxtade thickness control must guaraniee oorrect progranterase windows,

[ Mivdieom OF D valiee (Constant Current Stress) fo grarantee device writederase cyeling.

[E] Twmnel oxide defectivity fo guarantes device write/erase cveling.

[F] Leakage value to guaramtes device charge retention

[03] Between minfmmm and mavinmm valves of the program/erase disti butions

THY Time degradation after maxvimmn specification muriber of write/erase cycles

(1} Time degradation affer madrmm specifcation memtber of write/erase cyeles
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L] Interpaly dieleciric must be thick enongh to assure refention but thin enough to assoure an almost conston conpling rafio. Clurge retention with
scafing dowr ix the major i e,

TEJ Thickness control to atmre correet coupling ravie and minfmum thickness for elarge retention,

[L] For long (=5 ninl and shors (< 5 min) thermal processes to avold tunnel ovide and device degradasion.
TMY Uniform gep coverage is impartant for charge retention,

IN] T assure device fimctionality.

Table 74b  FLASH Non-volatile Memory Technology Requirements—Long-term

Year af Production 2040 2012 2013 2005 2006 2018
Tecimology Node hpt§ hpil2 12

DRAM ¥ Fitch {nm) 45 i5 iz 25 22 18
MPLVASIC ¥ Pitch (n) 45 35 32 25 22 18
MPLU Primted Cate Lewgth (nmy) 25 20 18 14 13 10
MPU Physcal Gate Lewmgth (e 18 14 13 10 9 T
Flash teclhnology node (nm [A] 45 15 2 25 22 18
Flash NOR tnnnel axide thickness (EQT-nm) [B]

Flash NAND turmel oxide thickness (EOT-mm) [B] 67 6T 6T 6T 67 6T
Flash innnel oxtde thickness control EOT (% 3a [Cf <325 | <225 | <225 | <225 | <225 | <25
Flash tunwel oxide minimum QBD ai 1= 107 Alem” (Clem™) [D] 0.3 0.3 0.3 0.4 0.4 0.4
Flasth nmnel oxide defectivity ar mindmuny Q8 D {’de_.l!-"cm‘ﬁ;l {E] =0.01 <0.1 <0.M1 <0.1 <0.1 =<0,
Flash tnmnel low field leakage (nd/5V) [F] 100 100 100 100 100 100
Flash program/erase window DVT (V) [G] >3 >3 >3 >3 >3 >3
Flash erase fime degradation iyt [H] <2 <2 <2 <2 <2 <2
Flash program time degradation 1, 0 (1]

Flash NOR interpoly dielectric thickmess { EOT-nm) U] 3-10 I G- -8 6-8
Flagh NAND interpoly diefectre thickness (EOT-nm) [J] 9-10
Flash interpoly dieleciric thickness convol EOT % 30 [K]

Flash interpoly dielectric Ty o of fovmation t =377 < 5 (°C) [Lf B50/800

Flash interpoly dielectvic conformality on Toating gate EOT, JEOT, . (A7) >0.98 | >0.98 | >0.98 | >0.98 | >0.98 | >0.98

Fleasty mera ey cheorge loss 10 vears af room femiperature (V)
— single/dual bit (%) {N] 2010 2010 2010 2010 2010 2010

Mafactnrable soluttons exid, and are beirg opiinizéd
Manufacturable solutions are knovwn
Titevim solitions are known [

Marmifacturable selutions are NOT kmown _

FERROELECTRIC RANDOM AccESss MEMORY (FERAM)

FeRAM was a new addition to the 2001 ITRS, and was the result of collaboration between the FEP and PIDS technology
waorking groups. The critical requirements tables, Tables 75a and 75b and potential solutions roadmap. Figure 52, were
updated using information gathered from conference papers and other sources together with current information provided
by FeRAM researchers.

Historically speaking, FeRAM devices had been proposed much earlier than semiconductor memory devices.*! At present
however, memory capacity is limited to ~1/1000 that of commodity DEAM, due to limited ferroelectric film reliability
and to difficulties associated with capacitor fabrication. These difficulties together with the lack of a “killer application™
has constrammed commercial production. The technology tables are therefore based on demonstration samples and not on

1 L. Moll and ¥. Tarui, IEEE Trans. Electron Devices, ED10, 335, 1963
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volume manufactured products, in order to show the technology level. FeRAMs depend substantially on the continued
development of materials such as ferroelectric films making the forecasts presented here somewhat speculative.
Mevertheless, the roadmap covers the years 2003 to 2018 in order to provide a strategic overview of the technology
directions and the challenges that must be overcome. This section deals with 1) Memory capacity, 2) Cell size,
3) Ferroelectric materials, and 4) Mininmm switching charge estimation,

MEmMORY CAPACITY

Table 75a shows a memory capacity of 32Mb for year 2003 demonstration samples.” In the longer term, beyond 2005,
memory capacity growth is forecasted to quadruple every three vears concurrent with a 0.7 technology node reduction.
Currently, FeRAM process technology considerably lags leading edge memory. In the near term therefore (2003-2003), it
is forecasted that FeRAM scaling will occur at an accelerated rate, with a yearly doubling and concurrent 0. 7x reduction.
This forecasted scaling rate vields a 128 Mb standard memory capacity in 2005, demonstrated using 130 nm technology.
Since it is strongly applications dependent, embedded capacity is not shown, but it is assumed to be ¥ that of standard
memory.

CELL SIZE

Currently, the mainstream cell structure is the One Transistor-One Capacitor (1T-1C) cell and is replacing the 2T-2C cell
that was needed to ensure stable data read out. The 1T-1C configuration is mandatory for the realization of large capacity
FeRAM. As far as the capacitor structure is concerned, the change from the planar capacitor type to a stack configuration
has resulted in a cell size reduction. A 3D type cell is assumed to appear in 2007 when the normal Stack structure cannot
provide the minimum needed switching charge. The different capacitor configurations are shown in the drawing
accompanying Tables 75a and 75b. The above-mentioned cell structure and capacitor configuration changes are
forecasted to reduce the cell area factor to ten in years 2008 and 2009 after which the cell area factor is fixed at the value
of eight for the period 2010 to 2018 for standard memory. Smaller cell size factors such as six may appear following the
results of leaming experiences with leading DRAM technology.

FERROELECTRIC MATERIALS ALTERNATIVES

There are several ferroelectric materials under evaluation at the present time, and represent the most important attribute of
this device.’® At present there is no clear decisive material choice. Two current materials contenders are PZT, or
Pb{Zr, T1), and SBT, or SrBi;Ta,Og. SBET has superior endurance characteristics with a Pt bottom electrode and is more
suitable for low voltage operation because of its smaller coercive field (Ec). SBT is therefore favored to replace PZT,
which was first used in production. However, compared to FZT, SBT has a smaller switching charge per unit area, Qsy,,
which is important since it is more difficult to maintain minimum switching charge when scaling. Also, degradation of
film characteristics due to processes after the film fabrication may hamper such replacement. 1t is also reported that PZT
has superior imprint characteristics. (Imprint is defined as a resistance to polarization reversal that develops after repeated
cyeling of the memory capacitor.)

The most important issues with PZT and SBT films are suppression of film deterioration that is attributed to oxygen loss,
the achievement of stable data read/write characteristics, and data retention. Process improvements are also required for
embedding FeRAM. It is important to avoid high temperature annealing or hydrogen incorporation into ferroelectric films
after the oxvgen anneal used to crystallization the films. For example, low temperature MOCVD ferroelectric film
deposition after metal wiring processes, which avoids high temperature anneals, or hydrogen barrier lavers may be used.
Alse, conductive oxides such as IrOy or SrRuly (SRO) are often used as capacitor electrodes since their use improves
ferroelectric film quality.

Physical Vapor Deposition (PVD) and Chemical Solution Deposition (CSD) including Sol-Gel methods are currently the
most commonly used methods for ferroelectric film deposition. However, continued scaling dictates the need to shift to
methods with better step coverage such as MOCVD A reported MOCWVD study has shown that a (111) oriented PZT film
is very effective at yielding an improved switching charge.*’ Etching of capacitor electrodes is very difficult to do with
RIE since the most suitable capacitor electrodes do not have volatile etch products. Therefore sputter etching is widely
used. This limits CD control and makes scaling more difficult. High temperature etching for improving sidewall slope of
the capacitor is thus being developed to overcome this difficulty.

i Seng, M. J Joo, N. W. Jang, H. H. Kim, J H. Park, H. Y. Kang, 8. Y. Lee, and Kinam Kim, 128-1, Symposium on VLST
Technofogy, 2003

1‘5 D, J Wouters, 25, International Conference on Solid State Devices and Materials, 2003,

Y. Horii, ¥, Hikosaka, 4. Itoh, K. Matanea, M. Kurasawa, G. Komuro, K. Maruvama, T. Eshita and 8. Kashiwagi, 539, IEDM, 2002,

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Petitioner Micron Ex-1047, 0055



52 Front End Processes

PZT and SBT are often doped. For instance PZT may be doped with lanthanum, and SBT with niobium. Doping is used
to achieve the following film enhancements: leakage current suppression, improved endurance or imprint characteristics,
suppression of post process film degradation, and others. Besides PZT and SBT, one of the promising new materials is
BLT or (Bi,La),Ti;04,.%* of which characteristics are between the foregoing two.*”® Since the characteristic of each film
has been improved by efforts in recent years, it seems to be more important to master the material rather than selection.

EstimaTeo Minimmum SWITCHING CHARGE

The estimated minimum switching charge has been derived as follows. The sense amplifier for FeRAM is assumed to be
basically the same as that of DRAM Therefore, the bitline signal voltage was caleulated using DRAM data from the 1999
ITRS. These data provide that the capacitance Cs remain constant at 25fF/cell independent of technology node, and the
bitline capacitance is 320fF at the 1 Gb or (.18 ym node. Based on this data with the further assumption that bitline
capacitance 1s proportional to F** where F is the feature size™ allows for the calculation of AViuee The AVigine is about
140 mV, and we assume that this is needed for the sense amplifier circuit independent on technology nodes. Multiplying
AViitine (140 m V) with Ciagne then gives the minimum switching charge.

Dividing the minimum switching charge value derived above by the ferroelectric film switching charge per unit area,
Qsw, (assumed to be 20-40 pC/em®) then yields the desired capacitor area. If this area is larger than the projected
capacitor size, then a 3D capacitor should be adopted. Based on this, a 3D capacitor will be needed by year 2007,

The FeRAM forecast of Tables 75a and 75b is based on these assumptions and calculations. “Red brick walls” begin to
appear in 2006 at the earliest, and become more widespread in 2007, The first priority to break through these walls is the
development of highly reliable ferroelectric materials that exhibit negligible post-process degradation.

'_"'3 B H Park, B. 5. Kang, 8.D. Bu, T. W. Noh, J. Lee, and W. Jo, 652, Natire, 1999,
“ 03 Wourers, 28, International Conference on Solid State Devices and Materials, 2003,
4. Nitavama, Y. Kohvama, ad K. Hieda, 355, IEDM, 1995
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Table 75a FeRAM Technology Requirements—Near-term

Year of Production 2003 200 2005 200k 2oar 2003 209
Tecimology Neds hp Iipdi 5

DRAM ¥ Piteh fnmy) T Ly 0 o 65 57 50
MPLVASIC ¥ Pitch () 107 a0 g0 7o B5 57 50
MPU Printed Gate Lewngth (nm) 65 53 45 40 k] 3z 28
MPLT Physical Gate Lewgth (gl 45 r k¥ 28 25 22 20
Demortstration Sangple Dendtv (aandand memory) [A] IZMb B4Mb 128Mb 256Mb 256Mb 512ZMb 512Mb
Feature Size (ump: Fl { sandard memory) [B] 0.25 0.18 043 013 042 0.11 040
Feature Size (um}: F2 {embedded memorny [C] 018 0.13 012 0.11 010 0.09 0.08
Access time (nsh [D] 55 40 30 30

Cyele time fns! [E] 20 7o 50 50

Cell area factor a (standard memaryd [F[ 15 15 12 12

Cell size (') {standard memory) [G] 0.938 0.486 0.203 0.203 0173 0121 0.100
Total cell area rnmf-"j__ﬂ:r staridard memary [H] 3.93 8.15 6.80 13.61 2314 3z48 33.69
Cell area factor: b fembedded mewory) [I] 46 15 5 a5 i 30 30
Cell size (pm‘t}l,fbr embedded memory [J] 1.490 0.592 0.504 0.424 0.300 0.243 0.192
Projected capacitor size (umi') [K] 0.44 0.23 0.12 012 0,058

Capacitor avea (um’) [L] 0.44 0.23 0.12 012 0.086

Cap area/prof cap size [M] 1 1 1 1 1.48 1.67 1.89
Height of bottom elecirode/F (for 30 capacitor) [N] NA MNA MNA NA 0.24 0.33 0.45
Capacitor sructure [Of stack stack stack stack ib iD

Call Structure [P] 1TC 1TMC 1TiC 1TiC iTiC iTiC

Fop (Volt) fOF 2.5-3 1.8 1.5 1.5

Mistiminm switching charge density (u Cemi ) at Vop [R] 12.8 19.8 30.5 30.5

Mintinenm switching charge per cell (fC/cell) ar Vop (57 35.8 44.8 36.1 36.1 34.2

Rerention at 85°C (Years) [T} 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years
Enduremeee [L7] NSRS NS E =10 E16 >1.0E1E =>1.0E16 =>1.0E16

Marnrfacturable selwtions exig, and are being optimized
Memfacturable solutions are known
Interim solutions are mown |4

Manufaciurable solwtions are NOT knewn _
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Notex for Tables 75a and 7 5b:

[A] Embedded memory strongly depends on applications, only sandard memory is thus shown here. 32 Mb at 2000 Samaung's 0.25 gm standoaed
inemiory denron Srator.

[B] Feature size "FI1" is defined as the cvitical diviension in the cell, 0.25 jmi at 2002 is the value for Sanmng's cell, a tvpdeal standoard memiory cell
[C] Feature size "F2" s defined as the eritical dimendon for logic area. 018 um ar 2003 Matsushita (sample), 015 pm ar 2004 Fufitsu’s S0 (mass
production).

JOF 55ng ar 2003 Snsing s I2Mb. Fujitm's 018 gy -4Mb: 30ms Matsushita’s 0018 g -I0h: §Sn
Ferre. Film
[E] Not referenced Plake

[Fla= Cell size/FI".

[G] Cell size = a* FI-. i nek)
THY Cell area*memory size (bit).

{115 = Cell size/FY.

(2] Cell size = b* FY’

[K] 2003-2006: TFI°, 2007-2009: 4F1°, 2010-2015: 3FT" are assumed

[L] 38 is asumed 1o be a pedestal structure.

M} More than [ for 3D capacitors, offerwise: 1.

INJ For instance, .24 meces thet the height is 0.24%F1.

JO See figures (right).

[P Besides cell sructures, configurations are being investigated; ex. Chain-FeRAM
[T Vo =operational voltage. Low voltage opevation is a key isse. Matsushita's 0 18 ym sample with SBT ar 2003: [1V
[R] This valwe carn be calenlated by (8] divided by [L]. This value is asomed fo be 40 for 30,

[5] Calewlated by DV, “Chitie, With the arannptions et OV e, =140 mb s needed and Cpapun, 15 ar same as DRAM
[T] Depends on applications §5°C comes from the specifications for IC cavds.

TUT 100 MH=*10veqis=3E+ 16, Some 1B+ 15 is required to conipete with SRAM arnid DEAM.

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Petitioner Micron Ex-1047, 0058



Front End Processes 55

Table 75b  FeRAM Technology Requirements—ILong-term

Year af Production 2000 Joiz2 2013 25 2006 2018
Technology Nede hp s hpa2 hp22
DREAM ¥ Fiselr {nmy) 43 15 32 25 2 I8
MPUASIC ¥ Piteh (nm) 45 5 32 25 22 18
MPLU Printed Gate Length (nm) 23 20 18 14 13 10
MPU Plysical Gate Lergtf (e 18 14 13 10 | T
FeRAM Generation (standard memory) [AS 1Gb 2Gb 4Ghb BGb 16Gb I2Gh
Feature Size {pn: Fl (siandard memoryd [B] 0.09 0.07 0.065 0.050 0.045 0.035
Feature Size (pmi: F2{embedded memory) [C] 0.07 0.057 0,050 0.04 0.035 0.028
Access tiwme (ng fD] |
Cyele time ing) [Ef
Cell aren _factor a (sandard memory) [Ff
Call gze r;mr"j (xtendeard memory) [G] 0,065 0.039 0.034 0.020 0.016 0.0
Total cell area m:.lnzjjbr standiard memory [H] 69.58 84.18 14517 171.80 27831 336.73
Cell area factor: b (embedded memaory) [If 24 24 20 20 16 16
Cell dze r;mr"}_rbrfmbaﬁﬁldnm#mwfjf 0118 0.078 0.050 0.032 0,020 0013
Profacisd capacitor siee () [1] 0.024 0.008 0.0061 0.0037
Capacitor area (uni’) {L] 0.071 0.048 0.045 0.038
Cap area/proj cap sze [M] 2.90 4.08 4.48 B.37 7.33 10.20
Height of bottom electrode!F {for 30 capacitor! [N] 0.7 1145 1.30 20 2371 345
Capacitor sructure [0
Cell Sructure [P
Vop (Veltl fO}
Minimmn switching charge density rprf"-i'm'lJ al Vep [R]
Minimm switching charge per cell (fCcelll ar Vap [5 18.1 17.8 15.0
Retention af 85°C ( Years{T] 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years
Endurance {LT] >1.0E16 >1.0E16 =>1.0E16 =>1.0E16 >1.0E16 >1L.0E16
Marnfmcturable solutions exis, and are being optimized
Mmnfacturable solutions are known
Interim solutions are kmowr
Manufacteralble solutions are NOT known _
Year of First Product Shipment 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 § 30010 | 2002 | 2013 | 2005 | 2006 | 2018
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Figure 52 FeRAM Potential Solutions
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An endurance of 10" read/write cyeles is required to replace other RAMSs such as SRAM and DRAM. In order to confirm
such endurance values, testing within a practical time period is very critical, since the FeRAM temperature acceleration
factor is rather small. Some new ideas such as Non-destructive Read-out scheme, which is free from the limitation of
read/write cycles, are being investigated to overcome endurance issues,

Presently, the lack of “killer application™ as well as reliability and cost are the greatest barriers to widespread use of
FeRAM devices. For these reasons FeRAM applications are mainly limited to embedded memory for portable low-power
uses such as [C cards, etc. However, 1t is important to point out that the FeRAM market can expand if these problems can
be overcome. FeRAM could then begin to replace Flash and SRAM, which devices have found use in similar applications
segments. It 1s important to note again the following outstanding features of FeRAM as an optimum memory for
multimedia applications.

Mon-volatility
Low voltage (power) operation
«  Highspeed
+  High endurance
«  Capacity for high levels of integration, (Cell structure is similar to DRAM.)

An encouraging fact is that the storage capacity of commodity Flash memory has dramatically increased and 1s currently
almost equal to or even greater than that of DRAM. This increase has occurred because of market demand for large
capacity, nonvolatile memory. FeRAM could also satisfy this market demand and therefore could be another Flash
Global efforts by researchers for FeR.AM development are highly encouraged.

CROSS-CUT ISSUES

FEP MeETROLOGY CROSS-CUT ISSUES

Advanced gate stack, wafer cleaning, and doping process technologies as well as starting materials measurement
requirements continue to challenge existing metrology capability. This 1s highlighted by the near term and long term
Metrology Challenges Table in the Metrology Roadmap and by the discussion of FEP Metrology in the Metrology
Roadmap, The FEP Metrology Technology Requirements Table lists measurement precision for gate dielectric thickness
and other FEP films and processes, and the FEP Metrology section indicates that meeting the stated precision is a difficult
goal. It is important to note that interfacial measurements for control of gate dielectric processes will be very difficult.
The Key Metrology Challenges that are based on FEP needs are:

o Impurity detection (especially particles) at levels of interest for starting materials and reduced edge exclusion for
metrology tools, Control of gettering in SO1 substrates.

¢ Measurement of complex material stacks and interfacial properties including physical and electrical properties. The

specific FEP requirement is for measurement of high-« gate stacks including metal gates and interface process
control. The addition of SOI and strained silicon requires development of metrology capability.

# 3D dopant profiling
FEP MODELING AND SIMULATION CROSS-CUT ISSUES

In the 2003 ITRS the FEP challenges surround the introduction of new materials and non-standard dual gate MOSFETs.
This raises various requirements on Modeling and Simulation. Especially, material i1ssues need to be addressed in most
modeling areas. This includes among others strained materials, so the importance of modeling of stress and strain is
further growing. New device architectures request especially large progress in numerical device simulation, together with
improvements of the simulation of the process steps used to fabricate these devices, eg., the formation of shallow
Junctions. Process variants are getting increasingly important as device further scale—a premier example is the
redistribution of variance allowance between lithography and etching in this roadmap—and simulation can and must
contribute to assessing the impact of such variants on the final device and chip. High-x dielectrics are required to be
intreduced before 2007, so modeling must be able to appropriately describe them as soon as possible. The formation of
ultra-shallow, abrupt, highly activated drain extensions continues to be a major challenge, and support from modeling is
required both to improve the physical understanding for the processes used (e.g., kinetics of dopants and point defects
during annealing) and to subsequently optimize them by numerical simulation. This knowledge is also needed for defect
engineering, which aims at achieving shallower junctions by the exploitation of the interaction between dopant atoms and
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defects. Furthermore, the reduction of eritical dimensions (CD) and their variations are generally a key 1ssue, and it 15
highly desirable to use simulation to identify among the many parameters influencing CD the most important ones, in
order to minimize experimental effort.

FEP ENVIRONMENT, SAFETY, AND HEALTH CROSS-CUT ISSUES

Refer to the Environment Safely, and Health chapter for comprehensive information and link to a new chemical
screening tool (Chemical Restrictions Table).

INTER-FOcUs ITWG DiscussiON

It should be evident that FEP shares numerous issues and dependencies with other Focus ITWGs. Chief among those are
issues surrounding gate EOT and leakage requirements with the PIDS and to some extent the Design [TWGs. Other
1ssues with these ITWGs revolve around junction depth and sheet resistance requirements as well as requirements driven
by altemate device structures. Resolution of these issues is generally attained through compromise and trade-offs. CD
control remains an issue that was not resolved to everyone’s satisfaction in this edition of the ITRS and must be resolved
in the 2004 update by cooperation among the FEP, Lithography, FIDS and Design ITWGs. It is further expected that
there will be more extensive discussions with PIDS regarding the modeling of other non-traditional MOSFETS such as
FinFET and other multi-gate transistors. Other interactions include those with the Yield Enhancement ITWG to validate
different statistical defect models. A very important interaction was with the Interconnect ITWG where members of the
FEP surface preparation team provided technical support in the development of interconnect surface preparation and
cleaning technical requirements and potential solutions.

ImPACT OF FUTURE EMERGING RESEARCH DEVICES

This 2003 FEP chapter marks the first time where device alternatives to planar bulk CMOS have been explicitly
incorporated into the FEP technical requirements tables. It has been increasingly recognized that bulk CMOS faces
significant challenges that threaten to prevent the historical 17% per annum increase in logic transistor speed. Various
device alternatives are discussed in the Emerging Research Devices chapter, where the following sequence of
“technology boosters™ are presented as follows:

+  Strained silicon channels

¢ Ulira-thin body (fully depleted) single gate devices (with elevated contacts) (FDSOI)
High-k gate dielectric layers

«  Metallic gates

«  Ultra-thin body (fully depleted) double gate devices

=  Ballistic or quasi-ballistic carrier transport

»  Reduced fringing (and/or gate-drain overlap) capacitance

«  Metallic source/drain junction

Some of the requirements associated with this scenario have been discussed and modeled in the thermal films and doping
sections. Specifically some requirements related to strained silicon, FDd SOI, and FD Double gate devices have been
modeled. The modeled double gate device 15 one where the channel lies in the plane of the wafer, with the gates above
and below the channel (See doping supplemental material worksheet XjRs) Another double, or multiple gate device
alternative where the channel is vertically disposed with respect to the plane of the wafer, with gates on each side, eg.
FinFET. or Tri-gate has not yet been modeled, but will be addressed for the 2004 ITES uwpdate. One important issue that
requires further address is the entire area of lateral abrupiness of the drain junction at the channel, as well as the degree of
gate/drain overlap. This is currently an active area of research and will also be addressed in the next chapter edition.

The introduction time of these non-classical devices is pegged at 2008 with the introduction of planar single gate ultra-
thin body devices, having elevated contacts, followed by double- or multiple-gate devices in 2011. However in the years
prior, bulk CMOS will require significant enhancement through the introduction of devices having strained silicon
channels, high-x gate dielectric layers, and metal gates. Extensive research and development is required to execute this
seenario. The traditional pace of transistor performance improvement requires this investment, which 1f not made will
result in the inevitable slowing of device performance.

THE INTERMATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Petitioner Micron Ex-1047, 0061



58 Front End Processes

Memory devices are similarly challenged, as 15 evident from the “red walls” that show up in the requirements tables for
DRAM, Flash and FeRAM memories. In addition to significant materials requirements, memory structures are expected
to fundamentally change in order that the storage bit density and cost/bit may continue to progress at historical rates. This
1s another difficult challenge articulated in the Emerging Research Devices chapter, where the “realization of a
manufacturable, cost-effective fabrication technology for electrically accessible high-speed, high-density, non-volatile
RAM is identified, that must be integratable with CMOS logic process flows.” The research and development challenges
associated with continued scaling of traditional memory structures, and the introduction of new memory devices are as
significant as those with the continued scaling of logic transistors, and will require equivalent investments in monetary
and intellectual capital.

CONCLUSION

This chapter has reviewed the ITRS Front End Process challenges, requirements, and potential solutions associated with
the era of materials limited device scaling. This coming decade is expected to require the development and introduction of
a host of new materials and unit processes ranging from the starting substrate matenals, and encompassing virtually all
facets of front end processing. In contrast with interconnect, where low-x materials present a great challenge, FEP
requires the introduction of a variety of high-k materials for applications as diverse as MOSFET gate dielectric layers,
DRAM storage capacitors, and Flash memory tunnel, and interpoly dielectric lavers. In addition, the growth of the
FeRAM market requires the development and optimization of a broad class of ferroelectric thin film materials.

In addition to the above, the advances in lithography and critical dimension etch technology have resulted in the ability to
produce short channel MOSFET devices before the availability of critical gate stack materials needed to fully exploit the
benefits of these scaled devices. Accordingly, in addition to the urgent need for the aforementioned high-x gate dielectric
materials, dual metal gate devices are required, and the traditional silicon oxy-nitride gate dielectric layers will be scaled
to dimensions well beyond previous expectations, creating concerns about overall device reliability, as well as off-state
power consumption. These issues are expected to result in more complex FEP process flows where multiple gate lengths
and gate dielectric layer thicknesses will be integrated on the same chip. These issues are also expected to ereate pressure
for technology advances in doping to deal with the greater short channel sensitivity that arises with the extended scaling
of the silicon nitride gate dielectric.

Also, as previously discussed, it is expected that non-standard dual gate devices will enter production within the Roadmap
time horizon. The manufacture of these devices is expected to have a fundamental impact on the FEP materials, unit
processes, and process architectures.

Layered on top of these crucial issues is the need for the next generation silicon starting material, the introduction of
which 15 expected to pose significant cost and technology challenges.

The road to the future for FEP 1s marked by many barriers and challenges that are significant but not insurmountable.
Success will require the appropriate generation of fundamental knowledge about materials and process technologies and
the timely conversion of this fundamental knowledge into production materials and processes suitable for the cost-
effective manufacture of these next generation devices. When one considers the challenges highlighted in the FEP chapter
along with the potential impacts of Emerging Research Devices that will soon fall within the Roadmap time horizon, FEP
15 indeed a rich area for research and mnovation.
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