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Abstract

As multistep, multilayer processing in semiconductor industry becaonuwes
complex, the role of cleaning solutions and etching chemistriesbaceming
important in enhancing yield and in reducing defects. This thesis deatesstr
successful formulations that exhibit copper and tungsten compafitéitg are
capable of Inter Layer Dielectric (ILD) cleaning and selecTii etching.

The corrosion behavior of electrochemically deposited copper tins fih
deareated and non-dearated cleaning solution containing hydrofacdidHF) has
been investigated. Potentiodynamic polarization experiments eareed out to
determine active, active-passive, passive, and transpassivagegCorrosion rates
were calculated from tafel slopes. ICP-MS and potentiodynameithods yielded
comparable Cu dissolution rates. Interestingly, the presencedodggn peroxide in
the cleaning solution led to more than an order of magnitude sumpredscopper
dissolution rate. We ascribe this phenomenon to the formation of ma&trauO
which dissolves at slower rate in dilute HF. A kinetic schenwlving cathodic
reduction of oxygen and anodic oxidation of°Cand Ci' is proposed. It was
determined that the reaction order kinetics is first order vagipect to both HF and
oxygen concentrations.

The learnings from copper corrosion studies were leveraged to develep
etch/clean formulation for selective titanium etching. Theoduction of titanium

hard-mask (HM) for dual damascene patterning of copper interconcrectted a



unique application in selective wet etch chemistry. A formulatan addresses the
selectivity requirements was not available and was developed doeirmgarse of this
dissertation. This chemical formulation selectively stripgHM film and removes
post plasma etch polymer/residue while suppressing the etch tategsten, copper,
silicon oxide, silicon carbidesilicon nitride, and carbon doped silicon oxide. Ti
etching selectivity exceeding three orders of magnitude wégega Surprisingly, it
exploits the use of HF, a chemical well known for its S#@hing ability, along with a
silicon precursor to protect SiO The ability to selectively etch the Ti HM without
impacting key transistor/interconnect components has enabled advproesss
technology nodes of today and beyond. This environmentally friendlyufation is
now employed in production of advanced high-performance microprocessdrs

produced in a 3000 gallon reactor.
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Preface

Aluminum alloys, tungsten and SiOnsulators have been the materials of
choice for interconnect systems since the dawn of the Integ@Gitedit (IC) era.
These materials were convenient to process using subtradiverecesses for metal
line patterning. However, as ICs have relentlessly marched dosvpath towards
smaller geometries in the pursuit of low power consumption, inaesgmeed and high
integration density, the Al/W/SiQinterconnect system became a limiting factor.
Today in advanced interconnect systems; Copper and Tungsten ahdice
metallization for Ultra Large Scale Integration (ULSIl)ungsten is only utilized for
local interconnects (first level metallization), contacts émdistor components, gate,
source, and drain. Copper wiring (interconnects) is employedl athar layers and
can be up to 12 metallization levels of copper wires, where onedewahunicates
with another through conductive copper vias, See figure 1.1. The esmat of
aluminum alloys by copper, as the metal of choice, mandated pmnuhanges in
integration, metallization, and patterning process technologiést instance, the
introduction of copper in semiconductor devices has brought attention to the
phenomena of corrosion that must be circumvented for optimal deviterpance,
reliability, and longevity.

Ti hard masks have been recently adopted to enable the integdtemes of
advanced interconnect technologies. The utilization of a metal HMd®asa leading
approach to allow for patterning smaller dimensions, preventing pdilertion, and

in achieving high aspect ratio structures, which has lead to fusteding, and
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increased component density in ULSI devices. To fabricate Ti biMship surface

increasingly sophisticated selective etching/cleaning clansmlutions are needed.
Further more these chemical formulations must be compatible dewawpper,

tungsten and low-k dielectrics used in advanced devices.

The work presented in this dissertation evolved from the study and
characterization of the corrosion behaviors of copper thin films. §uesdy, copper
corrosion work/learnings were applied to develop a novel Ti sedewtet etch/clean
chemical formulation that has now enabled future ULSI technolodigés. developed
formulation is capable of selectively striping patterned Ti Hinh films, while
suppressing the etch rates of W, Cu,,S&llicon carbide (SiC), silicon nitride @Bl,),
and carbon doped silicon oxide (CDO). Furthermore, its able to removelasma
etch polymer/residue typically generated in usual semiconductor processing.

The Following is a brief outline of the thesis. A historipakspective and
technology trends appear in chapter 1 followed by an overview ofcgaductor
processing and a review of interconnect integration in chapt€hapter 3 presents a
detailed study of the corrosion behaviors of copper thin films in organic HF cogtaini
cleaning solution for semiconductor applications. Chapters 4 and Sagietailed
description of the Selective Ti HM chemical formulation developmeand
performance. Chapter 6 provides a comprehensive analyticaltbtadgharacterizes
the formulation composition. In chapter 7, a kinetic study of the fotronlaynthesis
is described. In concluding, Chapter 8 describes the scalability waltertaken to

enable the wet etch/clean formulation for high volume manufagturin
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CHAPTER 1

Background

1.1 Historical perspective and Technology trends

Some of the greatest innovations of the past half-century haveveavtihe
integrated circuit (IC) industry. The trend is likely ¢ontinue either directly from
semiconductor technology or through its incorporation in the biosciearmtother
disciplines. Chemistry plays an important role in the continued develdpoh ICs
and related devices processing. Indeed, current limitations inngxl§€ls such as the
microprocessor lie not in device or circuit design, but in our aldibitynanufacture
these reliably and affordably on a large scale. At no other timhe history of the
industry have more new materials been introduced/required at tleetsaen At the
core of many of the obstacles facing the microelectronics trydase issues that can
be only solved through knowledge and applying basic chemical principlésjing
thermodynamics, quantum mechanics, surface chemistry, and cheamests.
Corrosion processes and selective wet etching/cleaning undengfdiedat the heart
of the various challenges that must be overcome to fabricateledhi@h performance
microprocessors of the future.

As the number of transistors per microprocessor is approachingoh,biiigh
degree of complexity has evolved in electrically connecting thamthe turn of the
millennium, copper replaced aluminum as the interconnect matetifl$h devices.

The introduction of copper to construct interconnect systems requiredioipgion of



a process known as Dual Damascene (DD). The simplest posgsidenswhich

involves only one device (transistor) is illustrated in Figure 1.1.

Meldl 3

Cu via
Cu

Metali‘

Melal 1

Figure 1.1 Schematic of a transistor and a Cu wire.

Electrical signals to the source, drain, and gate of the $tansire transported
over a three dimensional superhighway layered in multilayeradtstes connected
through vias. Modern microprocessor may have up to 12 layers démbtdetween
the layers and lines is insulating materials, low k interlayer diel€tiii).

Due to it's high conductivity, Cu as interconnect material veasively
explored for many year$, ? but its feasible production technology was not
demonstrated until the late 1990’s. In September 1997, IBM and Motordéaetec
their intentions to incorporate Cu with oxide (8)Gn their next generation CMOS

logic technologies (Figure 12}. Shortly after, the performance advantage of Cu



interconnects was demonstrated in high-speed microprocgsstvhat came as a

surprise is the claim that this performance improvement is achievedvegracist.
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Figure 1.2 Scanning electron micrographs of interconnect architecture will\ais
of Cu wires/vias, W contacts/local interconnects, and SiO2 D&nonstrations by
(a) IBM, and (b) Motorola.

The concept of dual damascene (DD) was introduced to the patterhing

copper interconnects in which copper is poured into patterned trencheissmdthin

the ILD”. During the metallization process, the DD structures pattéméhe ILD



are filled with copper utilizing an electroplating process whieals been the leading
approach for the integration of copper interconnects in advanced .Ul ddition,
polishing technologies had to be introduced into the interconnect manirfgctur
process to remove excess plated copper by utilizing a chemgzddamical polishing
(CMP) process. Plasma (dry) etch process is commonly ageattern the vias and
trenches into the ILD. The plasma etch process is anisotmomiature and has the
ability to produce vertical sidewalls which is essentialsioccessful DD integration.
However, the plasma etch process causes the formation of polsiteréeesulting
from the plasma gases reaction with the etched materialsrdér to obtain reliable
IC devices with low interconnect resistance, the polymer/residube sidewalls and
bottom of the vias must be removed prior to the next process stepe fiave been
many approaches explored to remove the plasma etch residuese ifitlude the use

of O,, NF,/Ar and He/H plasma chemistries to clean polymeric residties;""%as

well as the use of solutions such as aqueous dilut& &l a variety of other
formulation designs.

As fabrication technology advances to length scale in sub 50 nm, theptonc
of using a sacrificial hard-mask (HM) that is complet&goved at the end of the DD
patterning process was presenfedrhe use of a sacrificial HM during DD patterning
has emerged as a potential method for controlling via'flarédditional key benefits
that have been realized as a result of utilizing a hard-maskBrallows for a wide
process window for etch rate control which enhances etch sélec#) permits for

significant improvement with respect to etching high aspeid tructures with



robust via and trench profiles, 3) critical dimension (CD) controlclviallows for
acceptable Etch Bias (EB) of the critical dimension, where

EB = FCCD - DCCD (1-1)
where DCCD and FCCD are the critical dimension at the litigr develop check
and etch final check steps, respectively, 4) protects the ILDriadaggorous ILD in
particular, from damage induced by the plasma during the dry etch processaatsl 5)
as an interface between the ILD and photoresist during both thendigrench
patterning steps. Dry etch selectivity between photoresistL&nd difficult to attain,
especially when polymer ILDs are used. Selectivity isnéelfin detail in chapter 4.
The etch strategy relies on consuming most, if not all, of the msisbdrduring the
via/or trench etch process. Under such circumstances, the preseheehafd-mask
prevents the via and trench etch chemistry from attacking thempolILD in the
masked region of the wafer when the photoresist is consumed. Aawhmask
approacht®'”*®and triple hard-mask integration scheié%*'are also proposed for
patterning DD structures in polymer and hybrid ILDs.

To fully realize the aforementioned benefits of employinpaad-mask, a
metallic hard-mask must be used. Metallic hard-masks egl@aaing conventional
inorganic hard-masks such as s@nd SiC in ULSIs patterning schemes due to their
chemical nature which provides significant improvem&nisth respect to plasma
etch selectivity. It is anticipated that conventional inorganid-naasks (Si@ and
SiC) cannot be implemented in future DD integration schemes of agtvanc

interconnect systems due to their low selectivity and seveetirig generated during



the dielectric etch processes. New metallic hard-maske baen introduced as
potential candidates to replace the conventionab &i@ SiC inorganic hard masks.
Metallic and composite materials such as Ti, TiN, TaN, etc... havéeedit chemical
nature than dielectric material and therefore exhibit betted heask capabiliti€s
(higher selectivity and less faceting) than conventional hard masks.

Figure 1.3 illustrates the integration of a sacrificial fard-mask in the
patterning scheme of advanced DD interconnect structures. @heeFhows the
polymer/residue that results from the plasma etch processeafteving the etch-stop
(ES) protective layer to expose tungsten. The various elememtssiofiple device
containing two transistors and two layers of interconnects avdllaistrated. SiN or
SIC are typically used as ES layers in the integration seb@fhinterconnect systems.
The primary function of this layer is to act as a diffusionibathat inhibits copper
from diffusing into the ILD. Most of the material specificat stems from this key
functionality. In addition, the ES layer protects the underlyinghiieim wet and dry
chemicals used during the patterning process. The polymer/residdge composed
of a complex inorganic, organic, or organo-metallic compounds that encompas
mixtures of elements such as,MN,C,TinO; at the first level interconnects (local
wiring), and CuF/N,C,TinG; is expected for the upper layers interconnects where
only copper metallization is used. To complicate matters fyrtherTiF C, residues
seem to become larger and denser as a function of plasmane¢th tiTherefore,
novel cleaning approaches are needed to selectively remove thieharel-mask and

heavy etch polymer/residues after patterning.
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Figure 1.3 Cross section (not to scale) of two transistors, W contatsfirst layer
of DD interconnect. Note the sacrificial Ti hard-mask and pehjrasidue. Key
abbreviations. HM: hard mask, ES: etch stop layer.

When the etch-stop layer is removed, W at the local intercanteaa and Cu
for all other interconnect levels become exposed to the wet etafiazthesolution in
the subsequent process step. Therefore, it is imperative that CandVILD
compatible wet etch chemical formulations are employed. Iriaddihe presence of
Cu and W in the chemical solution resulting from the metal corrasgsolution
during the etch/clean process must be minimized or prevented. QCir &dh the
chemical solution present reliability and yield risk to IC devisgnce they can
deposit/precipitate onto the wafer surfac&he work presented in this dissertation
explored the corrosion behaviors of copper thin films in an organic diEining

solution. Furthermore, the invention of a selective Ti wet etcricfermulation is

revealed.



CHAPTER 2

Semiconductor Processing

2.1 Introduction

The manufacturing of ICs today typically occurs by means afenthan 400
processing stegdsuch as ion implantation, deposition, lithography, and etching.
Precise control of these operations is critical for high-ymtluction of defect-free
products. Contamination is a major source of these defects, curaentynting for
50% or more of yield losses in IC manufacturing. Accordingiypag the most
numerous processing steps are cleaning operations, often numiernaghan 100.
Cleaning, in general, aims at selectively removing an unwantedatyén to yield a
clean surface having desirable properties. These unwanted substamgenclude
organic films such as photoresist, inorganic materials such assmmeietal oxides or
metal salts, or residues and particulates such as those originating from ygastoes.
Semiconductor cleaning specifically encompasses surface pieparand
modification, residue removal, thin film stripping, particle removaising, and
drying.

Since the first development of manufacturing processes fok-salte devices
and ICs, cleaning has been performed primarily using liquid phase gpescebk the
semiconductor industry, there are two main regimes; they aignd¢ed as Front-
End-of-Line (FEOL) or Back-End-of-Line (BEOL). In FEOL tmastors are

fabricated through selective doping of the silicon substrate. fHmelaxd clean for



decades for FEOL has been the RCA cfeanmodifications thereof. The RCA clean
is a multistep process comprised of ans®H/ H,O,/DIW (deionized water) known
as Standard Clean 1 (SC-1), HGI/DIW known as Standard Clean 2 (SC-2), dilute
HF dip and DIW rinse steps. Other FEOL formulations that have bsed include
Piranha clean (sulfuric acid/,8,/DIW)?" and similar formulations.

BEOL refers to all processing beyond the first deposition of na@tlincludes
fabrication of the multiple levels of interconnect wiring and insua Interconnects
are generally fabricated by blanket deposition of a matésldwed by selective
plasma etching. Etching by means of plasmas is highly ampot and is more
precise. Therefore, plasma-etching processes are usdtical steps of fabrication.
Plasma processes are not without their shortcomings, Substratéecatmifdamage,
contamination, and, polymer/residue are common.

2.2 Review of Interconnect Integration

The investigations to be presented in subsequent chapters assbhase a
familiarity of interconnect process technologies. This seaifochapter 2, provides
an overview of interconnect integration, emphasizing key features ih bot
conventional Al and Damascene Cu technologies.

In conventional silicon ULSI technologies, the interconnects areefbrafter
front end processing. The increase in transistor density (FRylijeis a challenge
considering that each device must communicate with other devascigcuit block
needs to talk to other circuit blocks, and so on up the hierarchyinféneonnections

required to support this communication grow increasingly more complex.



Furthermore, due to the higher clock frequencies, these inter¢mmseaeed to

support higher bandwidths.

transistors
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Figure 2.1 Transistor count for Intel microprocessors as a function of year,
commonly known as “Moore’s Law,” which predicts the doubling of traosisount
every couple of yeaf$

It is easy to imagine what problems may occur if this cdmggedss not
addressed. The problem is as familiar as the rush-hour teafGountered in daily
commuting. The obvious solutions of building more highways and widening daees
prohibitively expensive. Similarly, adding more metal levels anceaging chip size
to accommodate more interconnects can significantly add to the lowvestl
Interconnect technology designs for high-performance digitstesys is a growing
problem that needs to be addressed early on in a desidf. flow
2.2.1 Conventional On-chip Wiring

On-chip wires have always been necessary to connect ciragéagher. While

the metal and dielectric materials are undergoing changes, itbs largely have
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remained the same in function and usage. One significant did&ensnin their
growing number. Figure 2.2 shows a Scanning Electron Microscopd)(iBtage of
local interconnect with the dielectric material remoYedhese on-chip wires are thin
and narrow with cross-sectional dimensions typically less tharmohalfmicron. On
the local level, they connect transistors that are a fewomscapart. On the global

level, they must span across an entire chip.

SEla

Figure 2.2 SEM phot
removed).

ashy

of lower levels of i

0

o ;
nterconnect (with dielectric material

A typical wiring hierarchy is shown in Figure 2.3, which shovesass-section
of an advanced hierarchical wiring scheme using copper metiaiiza The lower
levels of interconnect are thinner and are used in local routingmiedéate layers are
of medium thickness and used for semi-global routing. Finallytajpdayers are the
thickest and are used for global routing. Alternating leveldntdrconnect are
customarily laid out in orthogonal directions to minimize crodsfa&tween adjacent

levels. Furthermore, this convention helps to simplify routing.
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Figure 2.3 Sample cross-section of hierarchical wire scaling

2.3 Interconnects Fabrication Process
2.3.1 Conventional Technology

The state-of-the-art 0.2Hm interconnect system, shown in Figure 2.4,
illustrates the integration of conventional Al metallization. Example consists of
five levels of aluminum alloy wires and tungsten vias alsoedafllugs or studs
embedded in oxide (SKR Integration success is largely attributed to the processes
that maintain excellent planarity after fabricating each amyevia and wire level.
The absence of topography helps to mitigate the fundamental depth-oftfoitagdn
of high-resolution lithography and avoid reliability problems such esinine breaks
over dielectric steps.
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Figure 2.4 Cross-sectional scanning electron micrograph of state-of-the-affuth 25
CMOS multilevel interconnect technology for high-performance fgic
2.3.2 Fabrication of Tungsten Vias

The process sequence for forming tungsten vias is summarized in Figtire 2.5
First, a thick blanket oxide film of SiJs deposited on a planar surface, typically by
PECVD (plasma-enhanced chemical vapor deposition) with a TEOS
(Tetraethylorthosilicate) precursor at 350-400°C. The oxide i&[Dpatterned by
photoresist and then etched to expose the underlying metal layealiym metal
silicide. After the resist is stripped, the via openingléaiced and then lined with a
thin physical vapor deposition (PVD) of Ti layer. In modern CM@é&hnologies,
PVD exclusively refers to sputtering. The Ti film serassan adhesion layer and also
decreases contact resistance to underlying conductors by reduterfgcial oxides.
Titanium nitride is subsequently deposited in situ, either by spgter by CVD.

Following that, the remaining part of the hole is conformally dilleid-free with
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CVD tungsten by Sikdreduction of WE. The excess W, TiN, and Ti in the field
regions are finally removed by chemical-mechanical polisHidK), This method of

embedding metal structures in dielectrics is known as damagweness, paying

tribute to an ancient art thatiginated in Damasctis

Tungsten via technology has matured to the point where void-free aaqered vias

with aggressive aspect ratios exceeding 3:1 are routinely forthed, enabling

increases in wiring density and reducing parasitic capacitémre under- and

overlying wires. Advances in lithography alignment have also eddimrderless vias
to be formed, thereby permitting even further improvements inngvidensity.

Damascene tungsten has been adapted as planar local intercdonesttapping

photo
resist
oxide

oxide deposition via lithography

@ @ ®

source/drain and gate cont&cts

2R AR/

w
oxide
Al(Cu) wire
via etch doposicion and CVDW fin WL TiN, and Ti polish

Figure 2.5 Process flow for fabrication of tungsten vfas
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The main drawback of tungsten via technology is cost. Furthermore,
processing of tungsten, a brittle refractory metal, is notofimusitroducing particles
and defects on the wafer which compromises yield. Therefore ttetogenent and
employment of suitable and selective wet clean formulationsniove these defects
is essential.

2.3.3 Fabrication of Aluminum Alloy Wires

The conventional process for forming Al alloy wires is summdrineFigure
2.6%. After via or contact CMP, metal is sputtered over a plardrizeface. The
metal deposition typically consists of a sequence of Ti, Al/Cuadd TiN depositions
without breaking vacuum. The Al layer is alloyed with 0.5% Cu whegregates to
the Al grain boundaries for improved electromigration resistance

This “Ti-over-and-under” wiring uses Ti as a base layer for good adhesion, low
contact resistance to underlying vias, and a seed for (111)-walf&u grains which
have better electromigration resistance. The Al/Cu layeansigiched by thin Ti
layers because subsequent thermal treatment formss, TeAl hard refractory
intermetallic compound that further improves electromigration b#itva as well as
mechanical stability against stress-induced void and hillock formatkinally, the
reactively sputtered TiN film caps the metal stack to minénthe reflectivity of the
stack and thus facilitate photolithographic fabrication of fineutes. The process
flow continues with the metal lithography and etch. After tletamis patterned, the
photoresist is removed and the metal spaces are subsequentlyyilled¢onformal

oxide deposition. Void-free dielectric gap-fill remains an irdégn challenge, but
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can be achieved with high-density plasma (HDP) CVD oxide presdss 0.18im
technologies. The residual oxide topography is removed with oxide, (&d¥ng a

planar oxide surface as the starting point for fabricating the next levielf

ANCu) Ti
i i E oxide E i
metal stack deposition wire lithography
E gViay oxide
wire etch oxide gapfill deposition oxide polish

Figure 2.6 Process flow for fabrication of aluminum alloy wites

The interconnects in advanced logic IC’s typically obey aahthical wiring
scheme. The metal pitch (sum of line width and spacing) and #iskbecome
progressively larger for interconnects further away from thesistors as shown in
Table 2.1. The lower layers of interconnects are designean&ximum wiring
density, while the uppermost layer(s) of thick interconnectsiraemded for long

connections as well as power and ground distribution.
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Table 2.1 Interconnect Design Rules for 0.3% Technology?

Layer Minimum Pitch Thickness Wire Aspect Ratio
mietal 1 0,48 pm 048 um 1.5 :1
mietal 2 0.93 pm 0.90 ym 1.9 :1
mietal 3 0.93 pm 0.90 pum 1.9 :1
mietal 4 1.60 pm 1.33 yum 1.7 21
mietal 5 2.56 pm 1.90 yum 1.5 :1

2.3.4 Dual-Damascene Copper Technology

The cross-section of a manufacturable copper interconnect technlogy
shown in Figure 2.7. In this example, W local interconnects and censaet
fabricated first using the Damascene process described imrB5@c4.2. Then, six
levels of Cu wiring are integrated with Cu vias between ssoeesnetal layers.
Oxide is both the via- and wire-level dielectric. As mentiome@hapter 1, the main
technical issues with Cu integration are Cu line patterning anenfmat device
contamination. Deep submicron copper interconnects cannot be formed hesing t
conventional approach used in Al metallization. Cu halide compounds,héagides
and fluorides, that form during plasma etching are hardly volaie low
temperature®, rendering the etch prohibitively slow. Unfortunately, photoresist
cannot withstand the temperatures required for practical Cu atek (> 200°C).
Dielectrics such as polyimide, oxide, and nitride have been expsweaternative
masking materials but they complicate the lithography procegst etching and lift-
off approaches have also been atteniflftedHowever, line width control of deep

submicron features is essentially impossible with these techni@iiess known to be
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a fast diffuser in silicon where it can act as a deep levetpor in the silicon
bandgaf'. Deep level states degrade minority carrier lifetinaising high junction
leakage in transistors and short retention times in DRAM'’s reguiaster refreshing
which of course leads to increased power use. Cu also diffusagyhhsilicon
dioxide, especially under electrical bifasThese facts have raised serious concerns
about device contamination should Cu be introduced into the backend of line
processing. Successful implementation of Cu interconnects must centgguevent

any trace amounts of Cu from migrating to the Si substrates Wiliinot only involve

added process complexity but also influence wafer handling and tool designs.

metal &

metal &

oxide ILD

metal 4

metal 3

metal 2

metal 1

W local interconnect W contact

Figure 2.7 Scanning electron micrograph of manufacturable copper interconnect
architecture demonstrated by 1BM
The preceding obstacles are overcome by the dual-Damascenesspro
developed at IBM with diffusion barriers surrounding the Cu interconfibcts

lllustrated in Figure 2.8, dual-Damascene is a modified singleaSeene process
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where incorporating a second lithography step defines both wire treackesia

holes before they are backfilled with Cu. Thus, Cu wires and veasoamed with

only one metal fill and one CMP step. Otherwise, two completdesiDgmascene
flows will be required: one for the vias and the second for the yongrivires. This
process simplification results in reduced cost and improved manbidity. The

Cu interconnects are isolated from the surrounding oxide by metadrbaaterials on
the interconnect side and bottom interfaces, and by a dield@ricer above the
interconnects. The individual steps in the dual-Damascene flowh&ndomplex
considerations in choosing barrier materials are elaboratdatieinsubsections to
follow.

metal

* barrier
— I /

LY

oxide deposition line and via etch metal barrier deposition

@
by s

N

Cufill Cu and barrier polish dielectric barrier passivation

@ ® ®

Figure 2.8  Simplified dual-Damascene process flow for fabricating Cu
interconnect’.
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2.3.5 Dielectric Etch

In a dual-Damascene flow, there are various methods of formnegtnenches
and via holes to the underlying conduéfor Five approaches are summarized in
Figure 2.9%47484950 Theijr merits and issues are listed in Table 2.2. The specific flow
that is ultimately implemented in manufacturing will vary freaompany to company

and depends on the process strengths in lithography and etch within a corporation.

20



{a) buried etch stop approach

wviag-lawel ILD and etch stop (via) wire-lewvel ILD wire lithography
etch stop deposition lithography and etch depaosition and =ich

wia etch

(b) clustered approach

B

wig- and wire-level wiag- and wire-level partial via etch wire and

ILD deposition lithegraphy deposition via mask etch extended via sich

(c) partial via first approach

Ty

wia- and wire-lewvel wia lithography _ . wire and
ILD deposition and partial =tch wire lithography aextendad wia etch

{d) full wvia first approach

il Tl

wizm- and wire-lewsl wia lithographny
ILD deposition and etch

wire and

wire Iithography extended via =ich

() line first approach

e L T

oxide
wia- and wire-level wire lithography . . -
ILD depasition and etch wia lithography wia etoch

Figure 2.9 Dual-Damascene variations for defining wire trenches and vesh(d)
buried etch stop (b) clustered approaches (c) partial via (@)stull via first, and (e)
line first approaches.
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Table 2.2 Comparison of Dual-Damascene Dielectric Etch Approathes

Process Advantages Disadvantages
Flow
buried topoaranhy minimized etch process selectivity
etch stop pography and control are critical
Clustered rocess types grouped resist adnesion,
P ypes group pattern transfer
partial cleaner structure, lithography process difficulty
via first less critical etching increased
full via Iltho_graphy af‘d .etch proces Ses1ithography rework and resist
. slightly easier; stacked via ) er
first . cleaning process difficult
trivial
, , easier etch process, . . ”
line first resist cleaning process critical

less topography for lithography

2.3.6 Metal Barrier Deposition

Barrier encapsulation of Cu interconnects is required to ensurevibiattrace
levels of Cu do not diffuse through the surrounding dielectrics int&ihsibstrate.
As illustratedin Figure 2.8, both metal and dielectric barriers will be neededfal-
Damascenantegration of Cu with oxide. Following the dielectric etch, the wire
trenches and via holes must be lined with a conductive barrieriahéteclad the side
and bottom boundaries of the Cu interconnects. Since barrier neatagatjenerally
very resistive compared to Cu, barrier thickness rhedtept to a minimum in order to
preserve the effective conductivity advantage of Cu évexloys. Minimum barrier
thicknesses in the 20-30 nm range are expected forp@nl®chnologie¥. Besides
possessing superior barrier property, metal barriers shamddionally exhibit low
contact resistance to Cu. This requires an effective cledimeoia holes following
the dielectric etch. Since the via etch will expose underlgingwires, the cleaning
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solution must not corrode the copper, and consequently redeposit Cth&@wlution
onto the ILD surface and via hole sidewallsvhich is part of the focus of the
strategies developed in this dissertation, chapter 3. The Hayeesshould also have
low stress and good adhesion to oxide. In addition, barriers play antamipaie in
determining the microstructure of Cu films that are subsequesplysited. Similar to
that of Al alloys, the electro-migration reliability of Catérconnects depends on Cu
film texture®. The texture and roughness of the barrier layer are onlyfaetors
affecting the texture that develops in Cu film deposition by elelsemical meana
Finally, for integration feasibility, it is important that raktbarriers be deposited
conformally into high aspect-ratio holes with low particle countsraodt be easy to
planarizé®.

The above requirements have generated much interest to evaluatartbe
properties of refractory metals, primarily Ti, W, tantalufia), and their nitrides.
With the wealth of experience gained from W via technology, thasing would
ideally like to extend the use of Ti/TiN liners in Damasc€uentegration. However,
it appears that TiN may be inadequate as a barrier agaundiffusion. Ta and TaN
have shown great promise.

Amorphous materials are also being considered. Ternary filma®MN as thin as 5
nm have been shown to exhibit excellent barrier properties, presutmaremoving
fast Cu diffusion paths along the grain boundaries present in psigtiye films®,
These advanced barrier materials will draw more attentidraager thickness scales

with interconnect dimension. There exists a strong concurrentt efodevelop
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deposition technologies capable of providing conformal coverageroébmaterials
in very high aspect-ratio holes. Conformal coverage of the dielegpenings is
essential because failure is expected to occur where ther bariennest, usually at
the lower corners and sidewalls of a via. Conventional dc magnsfrottering
cannot meet the stringent conformality requirements becausdathe angular
distribution of sputtered atomic flux will result in more depositidong the top
corners of the trenches before there is adequate barrielagevaiong the via bottom
and sidewalls. This casing will also increase the difficaftyhe subsequent Cu fill.
Figure 2.10 depicts Sputtering technology being modified to improvicaleflux
directionality. Long-throw, collimated, and ionized metal plasiivP] sputtering
technologies provide better but not completely conformal step covetalgetently a
conformal process, CVD also has been actively investigated bam isxpensive
technology. The potential of CVD will depend on the extendibility loéaper

sputtering technologies for more aggressive geom&tries

ideal typical
conformal )
deposition cusping

1R -

reduction in
cross-sectional
area of Cu

N

minimum
barrier thickness

Figure 2.10 Comparison of ideal and typical step coverage of a metal barrier
deposited by PVF.
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The development of a metal barrier technology is key to succassgtation
of Cu. Although many implementation details remain undisclosed bypaoies
involved, there is growing consensus in the industry to employ Ta lametsTaN
barriers deposited by IMP sputtering.

2.3.7 Copper Deposition

After metal barrier deposition, the trenches and vias are fiigh Cu. Many
technologies have been explored to identify a cost-effective solcajoable of high
aspect ratio and void-free Cu fill. Four are described in tlsisudsion: PVD, CVD,
electroless plating, and electroplating. PVD techniques, evdmimproved flux
directionality, are incapable of achieving void-free Cu fill. Riéwvig Figure 2.10, the
cusping that develops during sputtering will eventually pinchhefGu film near the
top of the trench and form a keyhole. However, good trench filling has bee
demonstrated through reflow after sputteffrf§ First, the trench is partially filled by
sputtering. In a subsequent in situ heat treatment, typiaap0°C for 30 minutes,
the metal atoms redistribute from the field region into the kretieereby completing
the fill. The reflow process is thermodynamically drivensoiyface diffusion which
minimizes the surface energy of the Cu film. It is vezgsstive to the purity of the
ambient gas during anneal, microstructural inhomogeneities inCthdilm, the
wetability of the barrier underlayers, and the density of tréeatures. Moreover, the
relatively high thermal budget incurred by the reflow anneay manecessarily
impose stricter barrier requirements. The limited procesidat renders sputter

reflow inadequate for manufacturing.
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Due to its superior step coverage over PVD, CVD has naturabyvest much
attention. CVD Cu films are deposited by thermal decompositiongainometallic
(OMCVD) precursors at 150 to 200%C The most extensively investigated precursor
is Cu(hfac)(tmvs), abbreviated for copper (I) hexafluoroacetytaate
trimethylvinylsilane. Although excellent trench fill in aggsive geometries have
been demonstrated, the main bottleneck preventing widespread use of (C¥DdSt.
The price of the Cu precursor will remain prohibitively high untilagier alternative
fill technologies can no longer accommodate the fill requiremaststerconnects
continue to scale.

Electroless plating, a cheap and simple means of selectivebgitiag thin Cu
films, was also consider®d Wafers are immersed in a heated bath of aqueotis Cu
ions. Cu atoms are then supplied to the wafer surface by catagtiction of the
Cu?*ions, but only at exposed conductive surfaces of the wafer. Elsstrplating
was a serious contender during the early stages of Cu procespueset.
Unfortunately, its primary drawback is lack of process control dudeposition.
Deposition will proceed spontaneously and depend primarily on the platimgosol
chemistry and the seed layer. Moreover, the microstructureectr@ess Cu films
generally consists of very fine grains, implying poor electgoation reliability. For
these reasons, electroless Cu is not considered feasible for production.

Electroplating emerged as the most promising and cost-effeativk@bsition

technology?® having already been demonstrated for manufacturability
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In electrochemical deposition of copper, the wafer is coated wilinaseed
layer of Cu, typically by sputtering, and immersed in a smutiontaining Cti ions.
Although the wafer will have already been lined with a conductaredy and a thin
Cu seed layer, the Cu seed layer is needed because eleictgopialy not occur on
some barriers. Electrical contact is made to the seest Mahich serves as the
cathode. An electrical current is supplied to the cathode to redudens at the
wafer, thereby depositing atomic Cu on the Cu seed. As Cu ioptaded out of the
solution onto the wafer, the Cu anode simultaneously undergoes oxidatemhetoish

the supply of Cu ions in the solution. See Figure 2.11.

fpﬂaﬁng o

(faci:rgfgm Cu?* + 2e~ — Cu®

i Cu® — Cu®* + 2e

continuous chemical circulation

Figure 2.11 Schematic of a Cu electroplating systém)

In principle a relatively simple technology, Cu electroplatingoractice is
fairly complex. A manufacturable process must demonstrate fgboapability, step
coverage, film morphology, across-wafer and wafer-to-wafer unifi@sn and
practical deposition rates. To achieve void-free fill, the containtise electroplating

solution and the way in which the electrical current is appliedt lpeisoptimized.
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Otherwise, keyholes may form in the trench since the platirggisahigher at the
trench shoulders, where the current density is highest, than a¢nicl tvottom. The
plating bath primarily consists of aqueous copper sulfate (Qu&dal sulfuric acid
(H.SOy) but also contains trace quantities of organic additives (e.g., thioure
disulfides, and polyamines). These additives improve the qualtheadeposited Cu
film by, for example, enhancing deposition at the bottom of trendesing as
wetting agents for good film nucleation, and relieving deposited dthms&’. The
trench and via filling capability of electroplating is also impebyy modulating the
magnitude and direction of the electrical current. Reversingdlagity of the applied
current causes oxidation or etching of Cu to occur at the waftacesur Since the
etching rate is also a direct function of current density, a depustch sequence is
employed to remove copper from the trench shoulder more quicklyftbanthe
trench bottom during the etch cycle, resulting in more conformarage. With both
pulsedplating waveform and bath chemistry optimization, high aspect-n&nches
and vias can be successfully filf&d Given the appropriate barrier and Cu seed layers
and microstructures, plated Cu films with large grain sizes aniear-bamboo
microstructure can be obtained. These factors are believed &spbensible for the
good electromigration resistance of plated®Cu
2.3.8 Chemical-Mechanical Polishing

After the trenches and vias are filled with Cu, the excesi ¢he field region
is removed by chemical-mechanical polishing (CMP). PioneerelBlidly CMP is

unquestionably the key enabling technology in Damascene intedfatiBigure 2.12
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illustrates a typical CMP system. Both chemical reégtiand mechanical abrasion
play important roles in the selective removal of a film frone wafer surface.
Chemicals in the slurry react with the film surface, typycédrming a thin oxidized
layer. This layer is subsequently removed by mechanical abrasion due to ficiegpar
in the slurry under the pressure of the polishing pad. The wafeaceubecomes
progressively planar with polishing time since the removal or paliskate increases
with local pad pressure.

In metal CMP, a good balance must exist between chemicainantanical
components to achieve optimum planarization. If the mechanical contpisnso
dominant, surface scratches and nonuniform polishing may result. @th#drehand,
if the chemical component is too dominant, overpolishing can result aresseurface
topography due to the selectivity of the slurry chemistry agalitectric removal.
Mechanical abrasion depends on the size and concentration of sluriglepart
hardness and surface roughness of the pad, pad pressure, and thelrsiieds of
the pad and wafer. The chemical component is controlled by theisthem
concentration, and pH of the slurry. The CMP process must also ménattern

density and feature size effects in order to avoid dielectric erosion anddmbtag.
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polishing table

Figure 2.12 Schematic of a typical chemical-mechanical polishing sy&tem

Compared to W CMP, there are several additional challenges uttiqQa
CMP™%.  Unlike W, Cu is a relatively soft metal which is easibrroded and is prone
to scratches and embedded particles. In addition, Cu CMP is catedliby the
underlying conductive barrier layers which must also be removeke amy CMP
process, the post CMP clean is critical in removing tracetuofy from the polished
surface. However, since Cu CMP is inherently a wet processvithdiberate C§"
by-products, the post-CMP cleaning solution has the additional bwfdemoving
these ions from the wafer surface in order to minimize the palteoit device
contamination.
2.3.9 Dielectric Barrier Passivation

Following Cu CMP, the Cu interconnects must be capped by a tdielec
barrier (also known as Etch Stop (ES) layer) such as PEWNDnsnitride or silicon
carbide. The nitride passivation completes the fabrication of one level of Guanule

vias.
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2.4 Interconnects reliability and limitations

2.4.1 Limitations with Interconnect Scaling

IC performance is dictated by the delays arising from propmaygat electrical
signals through the circuit. These delays have traditionally lassociated with
transistor switching. Performance improvements have thus beervextipemarily
through reductions in the size of transistor geometries, most not@bgate length in
MOS technology?. With this paradigm, the industry has enjoyed continual
improvements in IC performance until only recent years. Thengcah transistors
has necessitated an increase in wiring density to accommadagasing transistor
densities over larger chip aréds This has been made possible by advances in
interconnect technology enabling continued miniaturization of interconagetell as
stacking of additional levels of metallization.
2.4.2 Interconnect Delays

Although signals propagate faster through transistors as dimensgossated
down, propagation through interconnects unfortunately becomes slower. tjrinfac
submicronlogic technologies, interconnects have become the performancer limite
(Figure 2.13)*. Moreover, the increasing complexity of multilevel wiring
architectures has escalated the cost of interconnect mamufgcto comprise over

half of the total wafer processing cOst
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Figure 2.13 Intrinsic gate and interconnect delays as a function of minifeature
sizé®.

The interconnect delay can be estimated byRKedelay— the product of
interconnect line resistandg, and the parasitic capacitance coupling the interconnect

to adjacent lines and underlying Si substraitee RC delay is given by

I (2-1)

Fail

MYILD

RC =pe

Where p, L, andty, are respectively the resistivity, length, and thickness of the
interconnect, whilee and t p are the permittivity and thickness of the ILD
respectively. For convenienceis usually cited in terms of the dielectric constamnt,
defined ag/e,whereg, is the permittivity of free space.

Various options exist to redudeC delays. In some cases, the length of an

interconnect in a critical path can be reduced if additional lesklwiring were

availablé®. However, this solution provides little benefit to designs ajreguiimized
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for maximum wiring and transistor densities. Moreover, extendnygpaocess flow
will invariably increase cost and reduce chip yield. Rid&delay can also be reduced
by dividing long interconnects into shorter segments and inserjoegters (inverter
stages) between consecutive segnféntRepeaters sharpen slowly rising and falling
transitions of a logic stage output, hence shortening the timered to trigger the
input of subsequent logic stages. Repeaters are effective guovltey can
significantly reduce the effectiveC load driven by the preceding stage. The penalty
though is increased power consumption, chip area, and design costanofber
attempt to minimize interconnect delay is to lower the IC dperaemperature where
both interconnect propagation and device switching are fAsténfortunately, the
added complexity and cost of cooling the chip can only be justifiespacialized
applications where performance is the only objective. The techoalagplution for
RC delay reduction is to replace the existing conductors and insuthdrsomprise
the interconnect system with lowgrandkx materials. The conventional architecture
consisted of aluminum (Al) alloy conductogs4 3.0-3.3 uQ2-cm) isolated by silicon
dioxide (SiQ) or oxide =4.0-4.5). The different layers are connected by tungsten
(W) vias p ~ 5.7 uQ2-cm).
2.4.3 Reliability

Interconnect reliability is also compromised by scafhd® 3. Copper
interconnects suffer from failure modes associated with the @emahg process and

integration schemes of DD Cu structures. A common failurehamesm is linked to
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the challenge of providing void free lines and vias completehamswdated with
continuous liners which are common places for early reliability failures.

In this section, two key reliability areas, electromigrateomd stress-induced
voiding (SIV) are briefly discussed. Electromigration is onenefgrimary reliability
failure mechanisms in interconnects. Since supply voltages areedoted as
aggressively as the interconnect dimensions, interconnects must sugbertcurrent
densities and are consequently prone to earlier electromigratailore.
Electromigration is thermally activated atomic diffusion induced am electron
current. At current densities as high as those used in IC’s,ither®ugh transfer of
momentum from the electrons to the atoms of the conductor to causatame self-
diffusion in the direction of electron transport. This mass mowérokanges the
atomic density along the interconnect and consequently builds up medisiresses.
Tensile stresses in the line eventually lead to formation of ¥batsultimately cause
open-circuit failures while compressive stresses lead toatowm of hillocks that
protrude through the encapsulating ILD and cause short-circuit fanuth adjacent
interconnects or interconnects in a different level. Therevawecbmpeting forces

governing electromigration which can be summarized by he following driftieqtfat

_ (PeiCN (gu i 7 2-2
J = ( T ) (Z‘,”n‘ 2] ”U;:!) (2-2)

The electron wind force is proportional to the effective chargebeunZ*y, the

electronic charge e , metal resistivityand the current density The second term in

(2-2) is the back stress gradient generated by the surroundilegtdcs and barrier
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layer$® to counter balance the electron wind much like the confinement of a glass tube

to a liquid column under gravity. Herg, is the atomic volume ancb%l) is the

stress gradient along the interconnect line. The effective whitiusDes includes
contributions from all diffusion paths and each could have a differehe@ause the
wind force varies according to the local environment surrounding a givefi*atom

Pure aluminum interconnects exhibit poor resistance againstoaégtation.
To alleviate this deficiency, the industry has invested exhaugtortseto improve the
reliability of aluminum metallization, incorporating optimized midrostures,
alloying with impurities, and cladding the interconnect with hamer| material®.
These sophistications have markedly prolonged the lifetime of Acoreects to the
point that failures are concentrated to the intermetallicfates between the Al wires
and W vias.
2.4.4 Capacitance Issues

With minimum interconnect feature sizes in the 100 nm regimecortaect
capacitance increases from continued scaling because of dominatirig-lime
coupling between adjacent wires of the same metal leveh@snsin Figure 2.14.
Besides the RC delay, capacitive parasitics also present lth&tions on IC
performance, dynamic power dissipation and crosstalk #of$¢°:%? Continued

scaling of interconnects will only intensify these issues.

35



H
Cr iz !-I

Capacitance (fF)

0.4

0.1

0.0

- / Cu_ i

| N
1.0
Feature Size (um)

1.5 20 25 3.0

Figure 2.14 Impact of line-to-ground and line-to-line coupling on total interconnect

capacitance.

With increasing device densities and operating frequencies, thetydensi

power that is generated on-chip also increases. See Figure 2.[5.t@ay operate

at 85-120°C due to device and interconnect heating. This issue imposesimgrea

demands on already expensive packaging solutions to transport tssafram the

chip in order to prevent quiescent temperatures from escalating fevirer.

Otherwise, chip performance and reliability will degrade.
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On-chip power dissipation consists of both static and dynamic comigonka
MOS technology, static power dissipation is primarily due to tsémsijunction
leakage. Dynamic power is dissipated during the switching iératssin digital
circuits and is estimated by

denamicz 1/2 G,C\/z f (2'3)

WhereC is the capacitive load at a circuit nodeis the power supply voltagéis the
clock frequency, and represents the probability that the node transitions in a given
clock cycle. This shows that lowerlLD’s have a direct impact on dynamic power
reduction. Crosstalk noise is another undesirable consequence adnniest scaling,
most seriously affecting wires of minimum spacing. A propagatbltage transient
in an interconnect will capacitively couple voltage transients iatfjacent
interconnects; the smaller the metal line separation, therléingecrosstalk peak
voltage that is inducé@ Therefore, for circuits to be resilient to crosstalk, supply
voltages cannot be lowered too aggressively in order to maintaguateenoise
margins. Lateral coupling can be minimized by manipulatinggdmmetries (aspect
ratios) of the lines and spaces, but altering aspect ratiostradlgs line-to-line for
line-to-ground capacitante
2.5 Problem significance

More new materials are being introduced today than at any otherini the
history of ULSI fabrication (Braun, 2001); In BEOL new low dielectconstant

materials are replacing Sitas the insulator and copper as discussed before has
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replaced aluminum as the conductor. The dual damascene techntheeprsmary
means for building interconnects using copper

A specific challenge is the selective wet etching ofiBai@ thin layers and
the cleaning of post dry etch residues, especially in the visishvare small holes
patterned in an interlayer dielectric to connect two metartay These features may
prove most difficult to clean due to the high-aspect ratio and rddaature size (sub-
100 nm) demanded in future generations of devices, as defined in theatioteal
Technology Roadmap for Semiconductors, 2001 (Table 2.3). The stauthaie
remain after etching vias are patterned layers that coayain numerous post-etch
residues. The mechanisms by which the residues form includéhélformation of
nonvolatile products in secondary reactions between gas phase newtrtile &lm to
be etched; (2) Sputtering of the etch mask resulting in redepositiafia sidewalls
and bottom, and (3) Back-sputtering of the underlying films once expghsed) over
etch.

Table 2.3 Wiring pitch and aspect ratio are the geometries of intéoescleaning
Semiconductor Industry Association (SIA), 2001.

1999 2002 2005 2008
Local wiring pitch (nm) 500 365 265 185
Local wiring aspect 14 15 1.7 19
ratio

Residues at the bottom, sidewalls, and top of these features usas @aor
contact upon subsequent depositions, may alter the properties of low-k dieleunsjc fil
and may lower the conductance of metal lines. Inadequate cleaws1900 times

greater dielectric leakage current and a wider capacitammE". Therefore, these
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structures must be free of essentially all residues. Tidues that remains after an
etching process is dependent upon the dielectric material, thiegetas, and all other
exposed materials. Some of the etch residues that have beectarimed and
reported® are, Ck-Cu, CHF,, CuF, CuQ, for Si0; based dielectrics with or without
dopants such as C, F, N, and GuUOH for Carbon based low-k dielectric polymers.
The primary chemical formulations for BEOL cleaning involverasive
solvents such a hydroxylamifend other corrosives/carcinogens that are not always
compatible with W, Cu, and dielectric materials. Non-corrosietenals such as
fluoride-based chemistries have been suggested as alterffativést these often
result in etching of exposed silicon dioxide. The hydroxylamamet fluoride-based
formulations often contain a mixture of organic solvents and wateurred
commercial formulations have proven to be non-compatible, non selexsuepping
metallic HMs such as Ti, and ineffective in removing dry etcidres®. Unless
improved and highly selective wet etch/clean solutions are developgithyikld

manufacturing will not be possible for next generation devices.
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CHAPTER 3
|. Corrosion Behavior of Copper Thin Filmsin Organic

HF containing cleaning solution

3.1 Introduction
In advanced interconnect systems of today, copper is the choice of

metallization for Ultra Large Scale Integration (ULSI). ogper wiring is now
employed in all interconnects layers with up to 12 metalbratevels in advanced
microprocessors. In principle, interconnects are electrigdispor charge carriers
made out of metal lines and are separated by insulating yeenthelectric (ILD)
material. The replacement of aluminum alloys by copper meddprominent
changes in integration, metallization, and patterning process tegme®l For
instance, the introduction of copper in semiconductor devices has baitegitton to
the phenomena of thin film corrosion that must be circumvented for optievade
performance, reliability, and longevity. This has also mandated thei@uatwet
etch clean chemistries that are Cu-compatible for the mtiegrof dual damascene
(DD) patterning of copper interconnes A simple two layer DD interconnect
system is illustrated in Figure 3.1. In such a system, thé&ieldcsignal that allows
transistors to communicate with one another and with the outside wdrkhsmitted
through the metal lines within any given metallization level &ndugh copper filled
vias from one metallization level to another. In DD integrationviheesistance is

mainly determined by the via diameter and thickness, resistofityhe copper
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diffusion barrier being used and by the overall interfacial est&t with the
underlying metal layer. Etch residues resulting from plastola during patterning

process steps may give rise to high via resistance or even create opens.

Silicon Substrate P

Figure 3.1 A simple two layers DD interconnect system (nosdale) showing
various components such as Diffusion Barrier (DB), Etch Stop (ES) layer, and ILD
There have been many approaches explored to remove the plasma etch

residues. These include the use of RF,/Ar and He/H plasma chemistries to clean

polymeric residugd§!0#1031041%55 \ye|l as the use of wet etch chemistries such as
aqueous dilute HE® and a variety of aqueo®¥, aqueous containing organic
compound¥® and non-aqueolf§ formulation designs. It is most crucial for a wet
etch clean step(s) to be robust with respect to polymer, residuenatallic and non
metallic particles removal, as well as exhibit high degreeoaipatibility to exposed
substrate materials during the wet etch cleaning process.

The use of copper-compatible clean chemistries to remove th&sees and
provide ultra clean surface for the next processing step isy dokebetter device
performance and reliability. If the cleaning solution attates copper line, the

subsequent barrier and seed deposition processes may exhibit poor coverafe
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excessively etched area, resulting in an incomplete viasfi$heown in figure 32°
Therefore, understanding molecular mechanisms behind cleaning solstessential

for developing successful Back-End-of-Line (BEOL) process.
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Figure 3.2 (a) Effect of copper attack by the wet etch clean cheynairing DD
patterning. (b) TEM reference of a functional DD structure.

3.2 Copper Rich Residue

The presence of copper rich residue on the wafer surface &ftedean steps
using non-copper compatible chemistry was detected. Examplestofesidues are
shown in Figure 3.3 and have been the driving force behind this silitg.Energy
Dispersive X-ray (EDX) histogram analysis of the residuesfpes indicating the
presence of Cu is shown in Figure 3.4. Copper corrosion/dissolution dieamang

process leads to the re-deposition/precipitation of copper and/or comber r

precipitants onto the wafer surface. The presence of copper orDBhsutlface

presents a serious yield and reliability problems to the pedioce of ULSI devicéS"
112,113,114 |n order to obtain reliable devices with low via resistancerabiue on

the sidewalls and bottom of the vias must be removed prior to #ieraeess step.

42



Similarly, copper rich residue may connect metal lines leatbngndesired short

circuits.

it
I

(b)
Figure 3.3 Cu containing residue observed after the wet etch clean stegpticgl
microscope image. (b) SEM micrograph

Figure 3.4 EDX histogm showing th composition the residue on the ILD
surface.

The objective of the study reported in this chapter is to investggiper thin
films corrosion/dissolution in aqueous solution containing HF, organic compounds
and HO; and its relevance to semiconductor DD patterning of copper interaennec
Such solutions are commonly used in the semiconductor industry for persiapédch
cleaning. Furthermore, we focus on the influence of hydrogesxipler on copper
corrosion from a mechanistic and kinetic stand point. Hydrogen plerasi a

common component in many cleaning formulations used for particle amthees
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removal in the fabrication of IC device$ 17 118 119,120,121, 122 Tha chapter begins
with a brief overview of principles and basic concepts of corro€onin particular.
The discussion in subsequent sections focuses on methods used to quansfgrgor
corrosion prevention techniques, and copper dissolution kinetics and reaction
mechanisms. Several plausible models to explain the observedreddespper
deposition onto the ILD surface are also discussed.
3.3 Properties of Copper

Copper has played a significant part in the history of humankind, whih ha
used the easily accessible uncompounded metal for thousands of yepper S the
only metal found in its metallic state ready for use, andatatively easy to shape.
Copper softness is due to its face centered cubic atomic sttucfopper can be
alloyed with other metals to achieve hardness. For example,ebieran alloy of
copper and tin, and brass is an alloy of copper and zinc. Copper sisagemnd only
to iron2>1#4

Copper has been one of the most important metals used in advahacgmen

technology. This is primarily due to its high electrical and nfarconductivity,
second only to silver among pure metals at room tempetau@opper is a reddish-
colored metal; it has its characteristic color becausesobaind structure. In its
liquefied state, a pure copper surface without ambient light apps@newhat
greenish, a characteristic shared with gold. When liquid coppearkigght ambient

light, it retains some of its pinkish luster.
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Copper is the first element of group IB of the periodic table, hasia
number 29 and occurs in two isotop&u and®°Cu. Copper occupies the same
family of the periodic table as silver and gold, since they dmsle one s-orbital
electron on top of a filled electron shell. This similarity lac&on structure makes
them similar in many characteristics. All have very higkrmal and electrical
conductivity, and all are malleable metals. The presence ofnapyrities lowers
copper's conductivity. Copper oxides are unstable relative to othalsrdee to low
free energy of formation.

Copper has immense commercial importance. Millions of tons ad us
annually. Copper is used in many applications such as wiresgeoiaals, electrical
conductor testing and casting alloys. A principle use is in #atrglal and electronic
industries for interconnects applicatidhs
3.3 Principles of corrosion:

3.3.1 Definition:

Corrosion of metallic materials is the destructive resulctemical reaction
between a metal or metal alloy and its environment.
3.3.2 Basic Concepts:

At present, insufficient knowledge is available to predict with eastainty
how a particular metal or alloy will behave in a specific emunent. The mechanical
and physical properties can be expressed in terms of constardBetheal properties
of a given metal are dependent entirely on the precise environmentiations during

processing. The relative importance of mechanical, physicalterdical properties
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will depend in any given case on the application of the metal.eXxample, for ULSI
interconnect systems, electrical conductivity, adhesion, elegratiun resistance,
and corrosion resistance are of major importance.

One can use thermodynamics, e.g., Pourbabkjoid diagrams, to evaluate the
theoretical activity of a given metal or alloy provided theroical makeup of the
environment is known.

3.3.3 Pourbaix Diagram

E-pH or Pourbaix diagrams are a convenient way of summarizing much
thermodynamic data and provide a useful means of summarizingetmeodynamic
behavior of a metal and associated species in given environmentiliens. E-pH
diagrams are typically plotted for various equilibria on normate&San coordinates
with potential E) as the ordinatey(axis) and pH as the abscissaakis)?®. For
corrosion in aqueous media, two fundamental variables, namely corrosiatiglote
and pH, are deemed to be particularly important. Changes in otlednlgay such as
the oxygen concentration, tend to be reflected by changes in fitesioa potential.
The E-pH diagrams is simply designed for a metal/water systean shows the
condition of oxidizing power versus the acidity or alkalinity ({4)'%®*?° The
Pourbaix diagram describes the reaction of a metal in a wgstem to indicate
regions of immunity, corrosion/dissolution, and passivation. The diageam i
constructed based on the Nernst potential of a metal versus hy@degande and is
plotted against pH of an electrolyte. All possible reactioessaown in the diagram

to indicate where each phase/species of a metal is present. Figure 3.4 shagvam
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for the copper and water system. There are three main regitiis thie Pourbaix
diagram: corrosion, where metal in the form of cations and anions is presenttyassivi
or passivation region where a stable metal oxide generallysformthe metal and
finally, the immunity region in which the metal itself (reddderm) is present and no
reaction occurs. Within the Pourbaix diagram, two lines are disawn where
stability of hydrogen and oxygen gases and water is indictebdist in potential
reactions that may be expected. The regions that allovhéombdynamically stable

compound are referred to as the passive region.
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Figure 3.5 Potential-pH diagram of copper in water syst&ém
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3.3.4 Pourbaix Diagram Limitations

For the usual conditions in areas on the Pourbaix diagram wheaosiooris
possible, no information on corrosion kinetics is provided by these thgnamically
derived diagrams. The diagrams are derived for specifipgmture and pressure
conditions and selected concentrations of ionic species. Most diagoasider pure
substances only; the presence of other species can form compiéixdhe metal.
Therefore, additional computations must be made if other spaaeasvalved. In
areas where a Pourbaix diagram shows oxides to be thermodgtigmstable, these
oxides are not necessarily of a protective (passivating) etatut®?> Lastly, the
Pourbaix diagrams as the one shown in Figure 3.5 have been estabdiseédb the
behaviors of bulk copper and not copper thin films which are the focuhisof
investigation.

3.3.5 Corrosion Properties of Copper:

Copper naturally occurs in the environment and it is obtained by reduadft
its compounds. It is not very reactive chemically based onetbetrochemical
series®® and oxidizes slowly in atmosphere at room temperature. l& haktively
noble potential based on the EMF series and galvanic Sé&rig&ry small amounts of
copper added to a solution may cause considerable corrosion of more metas
elsewhere in the systéfi Copper alloys are more corrosion resistant than copper
itself due to more protective and stable film formation.

A thermodynamic warning of the likelihood of corrosion is obtained by

comparing the standard potentials of the copper reduction, such as
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Cu*(ag)+2¢ > C{ $ E=+0.342V (¥

2H" (aqg)+2e — H,( g E =0V (H
4H"(ag)+ QO (g)+4e - 2H Q) B =+1.23V (¢

Because equation (c) redox standard potential i® mositive tharE” (Cu2+ / Cu), it

can drive its oxidation.
E(a)= E‘a(a)+ﬂ Ina( H") =—0.05%/x pH
F
E(b)= E@(b)+g Ina( H')=1.23/— 0.05¥x pH

The above expression provides an indication at wHathe copper will have a
tendency to oxidize.
3.4 Experimental
3.4.1 Substrate

The experiments were performed using copper onkbtasilicon wafers
(Cu/Si) substrate. The copper film was uniformlyposted using typical industry
electroplating (EP) equipmérit' ***followed by a chemical mechanical planarization
(CMP) step to closely mimic the actual Cu surfaceirdy the DD process. The
thickness of the Cu film is approximately 400 nmdetermined by 4 point probe
method (Surface resistivity meter, Gaurdian Manufiaeg Inc., Model SRM-232)
and cross-section SEM.
3.4.2 Cleaning solution

The electrochemical and dissolution experimentsewsrformed utilizing a

semiconductor cleaning chemical solution suppligd\bhland Chemicals, which was
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composed of 93 wt% ethylene glycol, ~4 wt% ammonitinoride, 0.033 wt%
hydrofluoric acid (HF), and ~3 wt% water, known Rgute EG3. All experiments
were carried out at room temperature°@)L
3.4.3 Surface Preparation

Before proceeding with electrochemical or immersexperiments, a surface
treatment with 0.49 wt% HF was carried out to eesarclean surface. A set of
screening experiments to investigate optimal dipetiin HF solution for surface
cleaning were conducted. A one minute HF treatmead found to be appropriate.
This pretreatment renders a clean surface on whilmative copper oxide is partially
removed to expose a clean elemental copper surfaceger exposurex(5minutes)
of the wafer to HF did not alter the X-ray Phota#ien Spectroscopy (XPS) spectra,
which exhibited peak due to Cu(l) and Cu(0). Sepife 3.16 (red line).
3.4.4 Experimental Conditions

In the electrochemical experiments, copper corrosias investigated under
deareated, partially-deareated and non-deareatdatioso conditions. In the
immersion experiments several factors were invastiy These included: Non-
deareated, deareated, aerated, addition of hydrpgeoxide (HO,), and in the
presence of organic corrosion inhibitors. Deaerativas achieved by bubbling
nitrogen through the solution, and aeration wasm@qished by bubbling air into the
solution. Dissolved oxygen (DO) concentration nueasients were performed using

a digital oxygen meter (Traceable® Dissolved Oxyddeter, Control Company,
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Model RS-232). In the dissolution experiments,pEypconcentration was monitored
using ICP-MS.
3.4.5 Electrochemical measurements

Open-circuit potential and potentiodynamic expentaewere carried out on
the Cu/Si wafers. The electrochemical experimemése conducted in a three-
electrode electrochemical flat cell. Platinum mests used as the counter electrode.
All potentials were measured versus a saturatednal electrode (SCE) which
represents the reference electrode. Cu wafer witirea of 0.3 cAdefined by a viton
O-ring was used as the working electrode. A Primt&&pplied Research Model 273
potentiostat/galvanostat interfaced with an IBM patible computer was used for
data collection. Corrware/corrview software (Sweab Associates) was used to
conduct the experiments and the data analysis. erfirpnts were performed in
triplicates to ensure reproducibility. For the weded and partially-deareated
experiments, nitrogen was bubbled into the soluitioa round bottom flask and then
transferred into the electrochemical cell. Theasmnration of DO in the deareated,
partially-deareated and non-deareated solutio@6i2.1, and 4.5 mg/l, respectively.
3.4.6 Open-circuit potential experiments

In these experiments, open-circuit potential (O@Bues or free corrosion
potentials were determined for Cu by immersing @u#Si sample in to the cleaning

solution for at least ten minutes.
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3.4.7 Potentiodynamic experiments

Polarization curves were obtained in order to deitee the influence of the
cleaning solution on the corrosion behavior of theestigated wafers. In each
experiment, the potential was scanned at a ral® ohVV/min in the anodic direction,
starting from a potential level of 100 mV more negathan the open-circuit potential.
3.4.8 Dissolution experiments

Dissolution experiments were carried out using 18 ¢4 cm x 4 cm)
copper/silicon wafer coupons in a 300 ml volumeletining solution. Aliquots from
the cleaning solution containing the copper wafarevcollected for inductively
coupled plasma mass spectrometric (ICP-MS) analgsisspecific intervals to
determine copper concentrations. Experiments vperdormed in 3 replicates to
ensure reproducibility. ICP-MS measurements werdopaed using the Agilent
7500CS.

The influence of a strong oxidant was investigdtgdhe addition of KO, (J.T.
Baker, Inc.) to the cleaning solution. The finglddconcentration in the solution was
5%. The effect of a commercial corrosion inhihitbenzotriazole (BTA), was also
investigated. For such studies the cleaning swlutontained BTA typically at 0.5%
concentration level to suppress the copper digsoluh cleaning solution.

3.4.9 Surface characterization

SEM images and Energy Dispersive X-ray (EDX) analysere performed

using the Hitachi S-4700. Atomic Force Microscopyi) images were produced

using Atomic Force Profiler (Dimension, Modek $30). The X-ray Photoelectron
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Spectroscopy (XPS) survey spectra were obtainedyusiVG Scientific Theta Probe
300.
3.5 Results
3.5.1 Electrochemical Corrosion Measurements
3.5.1.1 Open-Circuit Potential Measurements

The open-circuit potential (OCP) measurements feD.Hcontaining, non-
deareated and partially deareated cleaning solutwth Cu film as a working
electrode are shown in Figures 3.6, a, b and pentiwely. In all cases, the OCP
decays exponentially to final equilibrium value gasgting that the copper thin film is
becoming more active in these solutions. In thee aidscleaning solution containing
strong oxidizer, HO,, the OCP value settles at 0.291V starting fron@D\3 i.e. about

10mV change over 5 minutes.
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Figure 3.6 Figure 3. Open circuit potential measurementsefectrolytic solutions
used; (a) in presence of 5%,®, (b) in an non-deareated (DO 4.5mg/L) and
(c)deareated (DO 0.6 mg/L) solutions. The corredpanOCPS are 0.29, 0.08 and —
0.005 Volts respectively. Note the equilbriatioaripd is longer in non deareated
solutions.
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3.5.1.2 Potentiodynamic Experiments
The results of the potentiodynamic experiments, elgmanodic polarization curves
for copper obtained in the hydrogen peroxide comtgi, and partially-deareated and

non-deareated cleaning solutions are shown in Ei§uf a and b, respectively.
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Figure 3.7 Potentiodynamic curves for copper thin films onrSeleaning solution
containing (a) HO, and under (b) non-deareated and deareated cordilibe dashed
arrows indicate positions of OCPs while the fuibars indicate the corresponding
potentiodynamic polarization curves.
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3.5.2 Immersion measurements

From a thermodynamic point of view, the electrocloamn experiments
indicated active dissolution of copper in the &lUEGS3 solution. Therefore, to
complement the electrochemical work, Cu dissolugxperiments employing ICP-
MS techniques were carried out to determine theotlition rate and reaction kinetics
of copper in dilute EG3.
3.5.2.1 Dissolution experiments in non-deareated dilute EG3

The experimental results for Cu dissolution in m@areated dilute EG3 are

shown in Figure 3.8.
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Figure 3.8 Cu dissolution in non-deareated dilute EG3 as atfan of time.
Dissolved oxygen concentration was 4.5mg/L.

3.5.2.2 Copper Dissolution in aerated dilute EG3
The experimental results for copper dissolutionagrated dilute EG3 are

shown in Figure 3.9.
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Figure 3.9 Cu dissolution in aerated dilute EG3 as a functibtime. Dissolved
oxygen concentration was 8.9 mg/L.

3.5.2.3 Copper Dissolution in deareated dilute EG3
The experimental results for Cu dissolution in dased dilute EG3 are shown

in Figure 3.10.
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Figure 3.10 Cu dissolution in deareated dilute EG3 as a funatibtime. Dissolved
oxygen concentration was 0.6 mg/L.
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3.5.2.4 Copper Dissolution in non-deareated dilute EG3 in the presence of(®3
Copper dissolution results for the non-deareatkdedEG3 and in the presence

of H,O, is shown in Figure 3.11.
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Figure 3.11 Cu dissolution in non-deareated dilute EG3 in tresence of kD, as a
function of time.

3.5.2.5 Copper Dissolution in non-deareated dilute EG3 in the presenceRrA
Copper dissolution results for non-deareated diE®S3 in the presence of an

organic corrosion inhibitor benzotriazole (BTA) afeown in Figure 3.12.
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Figure 3.12 Cu dissolution in non-deareated dilute EG3 in tresence of BTAss a
function of time.
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3.5.3 Surface characterization

Since copper undergoes active dissolution in dil@&3, it is important to
study the surface characteristics of the copperftim after the cleaning process.
3.5.3.1 Atomic Force Microscopy (AFM)

Atomic force microscopy investigation was carriegt @ complement the
SEM work to determine if the dilute EG3 solutionshany impact on the copper
surface and confirm the type of corrosion, nameilyiform corrosion. Localized
corrosion, such as pitting corrosion is not obsgrwvethe atomic force microscopic
images given in Figure 3.13 and 3.14 before arel aftmersion respectively, where

the mean surface roughness before and after exptswieaning solution is 3.&

0.1 nm, and 0.82= 0.04 nm respectively.
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Figure 3.14 AFM image of the coper wafer after immersion iluei EG3.
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3.5.3.2 X-ray Photoelectron Spectroscopy (XPS)

The XPS spectra, Figure 3.15, show the surface ositignal changes that take place
before and after the cleaning treatment. The cedrtines indicate positions for the
various oxidation states of copper. Virgin coppafers show GO while cleaned
wafers indicate the presence of both@@and Cd. The interface between copper and
the cleaning solution differs in the presence gDH The XPS results shown in
Figure 3.16 reveal a replacement of;,Ouvith CuO on the copper surface, perhaps

due to oxidation by bD-.
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Figure 3.15 XPS spectra of the copper surface before and siftéaice treatmentsi
line corresponds to wafer as received (contrBl)line is the XPS spectrum after
surface treatment with 0.49% HF, tBeandD lines correspond to wafers that were
immersed in the cleaning solution for 6 and 12 Bpraspectively.
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Figure 3.16 XPS spectra of the copper surface before and akercleaning solution

treatments. The\ line corresponds to wafers that were dipped intélilcleaning
solution.B line corresponds to wafer processed in dilutercigasolution containing
5%H,0,. The other lines correspond to wafers processedei@ning solution with
commercial organic corrosion inhibitor benzotriozl different concentration<C
(0.1%) ,D (0.5%), ancE (1.0%).
3.6 Discussion

The OCP decays exponentially to final equilibriualue suggesting that the
copper thin film is becoming more active in thestusons. In the case of cleaning
solution containing strong oxidizer,,&,, the OCP value settles at 0.291V starting
from 0.301V, i.e. about 10mV change over 5 minutélhe open-circuit stability
indicates that the corrosion of copper is undevattbn polarization. Intersection of

the OCP on the potentiodynamic curve shown in Edura indicates that the copper

is under active corrosion. The shift of corrosjpoiential to a nobler potential in
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Figure 3.7a, in comparison to deareated and noredtsl samples (Figure 3.7b), is
consistent with the effect of a strong oxidiZépn active-passive corroding system.

The time scale for establishing OCP is longer imam-deareated solution
implying a diffusion controlled process. The OGRemtial change in a non-deareated
solution is ~30 mV taking place over 25 min dumatioln addition, comparing the
OCP value to the active potential values in theapmdtion curve of Figure 3.7
indicates that copper is active at the open cirpatential. The OCP values depend
upon concentration of dissolved oxygen. Any reidmcin oxygen concentration
results in reduction of limiting current densitydapotential values for the cathodic
reaction causing the open-circuit decay. Thisdatlis that corrosion of copper is
under concentration polarization. In the deareat@dtion, the potential change is
only ~10 mV during first few minutes and reachesteady state after ~5min. The
open-circuit stability shows that the corrosion obpper is under activation
polarization.

The potentiodynamic polarization curves show thatdorrosion of copper in
the cleaning solution increase to 0.2 V is affectsd dissolved oxygen (DO)
concentration. Higher current values are obsergeti in non-deareated solution up
to 0.2 V. Above this potential, the current valaes similar for Cu in the deareated
and non-deareated cleaning solutions. The shaffee@&nodic polarization curves for
Cu in the deareated and oxygen-containing soluti®msfferent from each other. In
the deareated solution, the current values incre@beincreasing the potential values

above ~0.05 V. This indicates the presence of @ivearegion in which metal
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dissolution takes place. In the non-deareatedtieak) the current values increase
with increasing potential values from ~-0.02 V t@2DV indicating the presence of an
active region. Then, the current values decreafeimcreasing potentials to ~0.14 V
indicating the presence of an active-passive regloonstant current is observed
between ~0.14 V and ~0.17 V indicating the presari@ passive region. Above the
passive region, the current values increase witeasing the potential values applied.
The critical passivation current (£0A/cm?) is slightly higher in the non-deareated
solution than that (8.5 x TOA/cn) in the partially-deareated solution. In the eti
region, Ca" is likely formed, which is supported by the Polixbdiagram for Cu-
water systert®. Relatively high current is observed in the passiegion. This
indicates that non-protective film is formed on shweface. Given the sensitivity of the
potentiodynamic scans to dissolved oxygen, the fibnld be due to formation of
oxide(s) of copper, as explained in the next sactio

The shift in corrosion potential for peroxide contag solutions is high
extending well above 0.2V. Above 0.287 V, the eatrincreases with potential an
indication of an active region. However unlike tien-deareated/partially deareated
samples, no clearly defined active to passive iianss visible in the plot. The low
corrosion current density observed at corrosioremtadl is consistent with lower
copper dissolution rates measured by ICP-MS. Tipesentiodynamic polarization
experiments were analyzed by employing Corrvisgitware to determine the

corrosion rate in terms of the corrosion currentsity (ko) using Tafel slopes. The
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corrosion rates for the deareated and non-deareatpdriments are 0.80 +0.04
A°/min. and 2.0 £ 0.1 Amin. respectively.

The XPS spectra, Figure 3.14 indicate the preseh@e,O for Virgin copper
wafers, while cleaned wafers show both,@uand C3. This suggests that the attack
of HF on CyO may initiate the corrosion process, due to arfble AG (=- 379
kJ/mole) of the reaction. Two possible mechanissain the observation of €in
the XPS data. First, stripping & by HF in the cleaning solution could expose the
underlying Cd, or second, the disproportionation of ‘Ewspecies (from the HF
reaction) could give rise to €&u Both mechanisms predict that Cu(ll) species khou
be present in the cleaning solution.

To test these models and to complement the etdwtmical experiments,
which indicated active dissolution of copper, wenmared the buildup of copper ions
in the cleaning solution using ICP-MS. These csirean be fitted to pseudo first
order kinetic process. The measured dissolutites riom the extrapolated slopes of
the concentration vs. time curves at t=0, yieldigalof 10 ppb/min in a non-deareated
solution and 1ppb/min in a deareated solution. fEbte of copper dissolution is thus
strongly dependent on the oxygen concentrationes@&hfindings are in qualitative
agreement with electrochemically determined coomsiate of 2 A’/min and 0.8
A’/min, when corrected for the differences in getioesurface areas of samples.

The dissolution rate declines precipitously whemgh HO, concentration is
introduced in a non-deareated cleaning solutiohe ICP-MS data analysis yields a

very low copper dissolution rate of 0.15 ppb/mit such extremely low dissolution

64



rates, on the timescale of experiment, lead toppas@nt zeroth order (straight line) as
opposed to the first order kinetics as seen in amnated/deareated solutions.
Corrosion rate calculation of the polarization @&rshown in Figure 3.7a, give a
corrosion rate of 0.3 A°/min, a value that is mioWer than either the deareated or
the non-deareated samples discussed before.

On a molecular level, the interface between copper the cleaning solution
differs in the presence of,B,. The XPS results shown in Figure 3.15 reveal a
replacement of GO with CuO on the copper surface, perhaps due taogn by
H,O,. Similar observations were made by Vazquez &P abme time ago, who
suggested that the peroxide reduction rate is fezgntly reduced in the presence of
CuO in neutral/basic solutions. The slowdown imathodic reduction process would
in turn reduce the anodic corrosion rate of copgédre lack of Cu(0) peak in the XPS
spectrum indicates that a thicker CuO film covérs copper surface perhaps due to
the high concentration of hydrogen peroxide usedhis study. The shift of the
corrosion potential to nobler values is consisteith peroxide reduction (E= 1.776 )
being coupled to an anodic Cu oxidation, supplantile normal cathodic oxygen
reduction (B = 1.229) mechanism. At the observed OCP in thiexige containing
solution, the Pourbaix diagram for copper woulddpme a stability and possible
passivity conferred by CuO. The XPS data in Figuks shows that CuO is only
observed in peroxide containing solution therebyficming the prediction of
Pourbaix diagram. Thus, an interfacial CuO may vipl® an effective

corrosion/dissolution barrier in the cleaning st containing peroxide. An
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alternate mechanism of surface passivafidin the cleaning solution containing
oxidizer HO, could be due to its higher oxidizer concentraticosnpared to the
experiments involving dissolved,O Therefore, in summary, de-aeration/use gbH

can provide a successful strategy for cleaning @batron which protects the
interconnect material.

These observations could be rationalized in terith@ following set of chemical

reactions:
2Cu + 1/2@ > CuO AG = - 146 (3-1)
CwO + 2HF > CwF; + H0 (3-2)
CwF, > CukR + Cdf E=0.37V  AG = ~-10 Kcal/mol (3-3)
Cu + 1/2Q-> CuO AG =-129.7 (3-4)
CuO + 2HF-> CuR, + HO (3-5)

Reactions 1-4 explain why the dissolution rateoxygen dependant. The
second reaction postulates formation of ‘Gspecies in solution through the attack of
HF on CuyO, the third reaction describes the disproportiomateaction (eq. 3) that
causes immediate deposition of Cu and creatés <pecies. In the presence ofd4,
presumably surface cuprous oxide is oxidized to @u(Cu is directly oxidized to
cupric oxide which in turn is, slowly attacked by itb form cupric fluoride (eq. 4, 5)
which in solution can't disproportionate. ThusOhx may be help reduce copper
deposition by quenching reaction 3.

Literature data indicates that in HF based chegisCul; ions are

predominant speci&¥. Therefore, other possible reactions shown itetatl for the
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formation of dissolution products in the dilute HGB system were developed.
Directions of those reactions were determined bgutating changes in standard
Gibbs free energyAG®). However, the mechanism proposed for the de@osof

copper (egn. 9) are not relevant since the expssdéce of the wafer is not Si but its

SIOx.
Table 3.1 Reactions showing CgFormation and possible Cu deposition mechanism.
Cu' +3F > CuR (3-6)
Cu+ 3HF + 1/2 8> HCuk + H,0O (3-7

Cu + 2+ 3F - CuRk + H,O AG®° = -188.5 KJ/mole (3-8)
Mechanisms of Cu deposition:

Si + 2CuF-> Cu + Sig AG® = -624 KJ/mole (3-9)

3.6.1 Factors Effect Thin Films Copper Corrosion

Copper corrosion studies have been undertakerddoades. Most of the
research up until recently was done utilizing betper. The focus of this work was
to investigate the corrosion behaviors of coppir films. The corrosion behaviors of
bulk copper and the techniques used to determimeosion rates are not fully
consistent with copper thin films. Copper thinmfd may behave significantly
different due to thin film characteristics suchths crystallographic orientation and
grain boundary volume, which are induced by steess$ strain in the film, which is
influenced by the deposition method.

Furthermore, with respect to dissolution rate, disdolution mechanisms, the

behaviors of blanket copper thin film wafers may reflect strongly the behaviors of
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a patterned wafer during processing. The corrosiehaviors of dual damascene
copper interconnect structures is governed by aawation of physical and chemical
factors that are influential on the type of copmerrosion. These factors are

summarized in the schematics given in Figure 3.17.
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Figure 3.17 Factors influencing copper interconnects corrosion.
3.6.2 Copper Corrosion Modes in Interconnects Structures

The various potential modes or types of corrosimolved in an interconnect
damascene structure are illustrated in Figure 3.18orrosion mechanisms and
behaviors can become significantly more complexwbensidering the underlying
interdependency of the aforementioned factors. Ewample, optimizing the
deposition process of copper to achieve maximuniocorality and uniformity may

impact the corrosion resistance performance ottpper interconnect system.
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Figure 3.18 Modes of Cu corrosions that can take place in comfzmascene
structures.

3.6.3 Copper Precipitation/Deposition Mechanisms

It is conceivable that more than one mechanismespansible for copper
precipitation/deposition onto the ILD surface assmnted in Figure 3.3. The
occurrence of more than one mechanism at differmons of the processed wafer is
feasible. The mechanism at which copper depogirenipitation occurs can be
attributed to factors such as surface propertienngtry of structures exposed,
patterning density, etc..In addition to these factors, a series of radeoaical tracer
studies by Kertf? suggested that the metal depositions on silicofases depend on
the immersion time, temperature and chemical coitipns of the etching solutions.
A number of plausible mechanisms may explain thenpmenon of copper
deposition/precipitation onto the wafer surfacéwe Bource of copper can be attributed
to precipitation of copper complexes from the clegrsolution, Plasma etch creates
residue on the surface and Electroless depositioropper Cii* > CU’ in which
copper can plate out of the solution during the eleaning and etching proce$s. 4+
145,146,147, 148 Oyr studies imply that an electroless depositimolving the reduction

of cupric ions can be avoided by having an oxidjzpecies, such as®, present in
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the cleaning solution provided it is compatiblehwitther solution-exposed interfaces
on the wafer. An additional source of copper daéposn wafer surface may arise
from surface mediated nucleation and growth of eogpmplexes.

It is quite clear that in order to prevent the fatimn of copper rich residue on
the ILD surface, copper corrosion must be preventédaintaining low copper
concentrations allows maintaining these specieovbetheir solubility limits.
Similarly, the harmful role of metallic contaminanh creating undesirable deposits is
well established for bare silicon wafts°% 151 152,153, 154,135,355 g phort of front-
end-of the-line (FEOL) processing. This preseatlgtunderscores analogous effects
of the wafer surface contamination due to prodeét€u interconnect corrosion in
BEOL.

One of the limitations of the present study is thattilized blanket (non-
patterned) wafers and not the copper damascerermpadtwafers. It is known that the
nanoscaled patterns may exhibit higher corrositesrd since the dissolution rates
are expected to be dependent on a number of phyaatars and film characteristics
such as curvature (Kelvin effect), grain size, text geometry, and microstructtite
159 Furthermore, with ever decreasing size of tlatuies on the wafer surfaces, these
features provide sites for heterogeneous nucleatideven with respect to this
enhanced deposition mechanism, reducing solutiomebaopper concentration,
lowers the degree of supersaturation and hengertiability of nucleation events.

In addition to deareation and the use ofOF one may contemplate using

corrosion inhibitors such as benzotriazole (BTA)p#ssivate the copper surface and
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prevent copper dissolution. We have establishedutiir ICP-MS based dissolution
studies shown in Figure 3.11, that such corrosntrbitors indeed reduce the copper
dissolution rates. However, the mechanism fordissolution suppression appears to
be different from that observed in the peroxide taming solution. When the
corrosion inhibitor are used the copper surfacelays Cu(l) oxide (as shown in
Figure 3.15), and presumably, the inhibitor filetween copper surface and cleaning
solution provides the corrosion resistance. Néwedess, the introduction of such
corrosion inhibitors in the cleaning solution coplotentially lead to carbon deposits

at subsequent processing stages.
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Il. A Kinetic Study of Copper Thin Film Dissolution

Thin film copper dissolution and reaction kinetiegere investigated by
monitoring Cd? employing ICP-MS and oxidation states of copper Sinwafer
surface by XPS A kinetic scheme involving cathodic reduction ofyggen and anodic
oxidation of Cd and Cu' is proposed that is consistent with experimentally
determined reaction kinetic orders.

To probe further how the oxidizing agents such aggen can affect the
corrosion process, time dependentCeoncentration was investigated as shown in
Figure 3.19. Here, an initial increase in the @pponcentration was followed by
significant slower rates of dissolution at latengs. This trend was quasi-universal
regardless of the oxygen concentrations and itetteb discerned on a log scale, as
shown in Figure 3.20. It should be noted thatdtecentration of C at longer times
is dependent on the dissolved oxygen concentratiohherefore, the ICP-MS
measurements of copper concentration were supplavita oxygen concentration as
a function of time and the number of wafers. Tdasa appears in Figure 3.21. The
objective was to probe whether a steady state otrat®n of Q [i.e., d[Q))/dt=0] is
reached in the cleaning solution. Figure 3.21 gmtss the results for cleaning
solutions that were isolated from the open air. e Tasults show that within 300
minutes, a timescale comparable to the initial surgcopper dissolution shown in
Figures 3.19 and 3.20, the corresponding oxygercesgration in the cleaning
solution decreases and reaches a steady statbe fame solution, two more wafers

were added at t=8700 minutes and the system was sg#ated from air. Resulting
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decline in Q concentration occurred on the similar timescabecheng a new lower
steady state of oxygen concentraticril.bppm). It is clear, therefore, that the

corrosion process involves oxygen participatior (s¢er).
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Figure 3.19 Cu dissolution in aerated clean solution as a fanadf time. The DO
concentration was 8.9 mg/L.
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Figure 3.20 Cu dissolution in aerated and deareated cleanisolas a function of
time. The DO concentrations were 8.9 and 0.6 mg/lthe aerated and deareated

solutions, respectively.

73



6
5 1 }u wafer 2 Cu wafers added

DO conc. (mg/L)

O r N W

0 2000 4000 6000 8000 10000
Time (min)

Figure 3.21 DO Concentration in the clean solution in a seatedtainer as a
function of time and Cu surface area.

The essential component of the cleaning solutidARs It can attack exposed
oxide surfaces of copper and silicon thereby fumitig as a cleaning agent provided
the duration of cleaning is precisely controllethermodynamically, the free energy
of formation for Cuk from CU{ or CU is negative. However, in our prior
electrochemical studies, it was noted that elebeotcally formed CuO film confers
a degree of passivity to the copper film; whileaded and non-deareated solutions
generally corrode at appreciable rate.

A simple electrochemical model of the dissolutiomgess is proposed in
Figure 3.22. It depicts cathodic reduction of cxygoupled with anodic oxidation of

Cuor Cu™ that lead to the formation of Cuspecies in the cleaning solution. More

specifically:
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Cathodic reduction
H+2+%0—->HO
Anodic oxidation
T > XU+ 2
u —» XU+ 2e
or CU —Cu'+2e

Net reactions
2Lu+2H +%¥Q—>2Ci"+ HO (31
Cl+2H"+%»Q > Cu"+ HO
Given that our XPS data always shows presence 6f €hecies, see Figure
3.14, oxidation of Ct> Cu"* through formation of cuprous oxide might be thera
limiting process. Thermodynamically the followimgaction steps are energetically

feasible.

Without O, :Cu,0+ 2HF - Cu, E+ H,0—» Cd+ CuE+ HO
With O, : 2Cu’ + % O, + H,0— Cu,(OH),
Cu,F,+2HF+%0O,—> 2Cuk+ H,O (3-11
Cu’+ CuR,
Cu,Fy
+ HF + %0, > Tuk + H,0O
The disproportionation of Cuspecies is a well known effect observed with
other copper halides, although it has never beamyfiestablished in the case of £

Disproportionation is consistent with the obsergegdper rich residues (Figure 3.3) on

the ILD surfaces, although it does not prove itsunence. In the above reaction

75



schemes we emphasize the role gfi®corrosion process through the formation of

Cw(OH), and its decomposition in the presence of HF.

2+
Cu +H20. HE 0,

e _
Cu 0O e

v

Figure 3.22 A simple electrochemical model of the dissolutmcess showing the
cathodic reduction of oxygen coupled with anodi@ation of Cu® or Cu'™* that lead
to the formation of CtI species in the cleaning solution.

To further develop molecular mechanism of kinetEsopper dissolution we
focus on the short-time behavior. This is directBlevant for semiconductor
processing, as typically wafers are expected tol&@ned in less than 5 minutes. To
study the kinetics in this time region, a methodhdfal rates was employed where the
d[Cu*?/dt was determined by drawing a tangent to coppecentration vs. t curve in
the limit t-0. This is shown schematically by the dotted limd=igure 3.19. Under

these conditions a general rate equation for appearof Cif species in the cleaning

solution can be written as:

I (312
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Here n and m are the reaction orders with respect tolekssoxygen (@") and HF
concentration respectively. Figure 3.23a depicts In-In gliadhe copper dissolution
rate versus the £" concentration in a fixed HF concentration (note dissolutiors rate
are in ppb/minute, while concentration of HF is in high 100fsppm range).
Similarly for fixed oxygen concentration (<10ppm range)wall stirred cleaning
solutions, the dissolution rate was determined as a functidAFotoncentration,
Figure 3.23b. The measured values~afnl. 0t0.1. Also plots of In(@0,>9 (0,°°
denotes a steady state concentration §1Oversus time were linear (not shown)

implying a first order rate process for the decreaseicddcentration presented in

Figure 3.21.
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b)
Kinetic order with respect to HF 0.9+-0.1
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Figure 3.23 Cu dissolution order kinetics with respect to DO and HF eainations
in (a) and (b) respectively.

A plausible kinetic scheme is presented below:

os"e O kM 3(13a)

03—k, 20%% (33b)
ks

2Cu+ O**H,0€ Cuy(OH), K (3.13c]
k.

Cu,(OH),+ HF—<«— Cy OH) CuR+ HO 3(13d)

Cu(OH)CuF+ HF—» Cy E + H O (3.13¢

Cu,F,—<- CU + Cuk (3.13f
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The corresponding kinetic analysis is presented in appéndix provides the

following simple rate expression for copper dissolution:
dCu?] 26k kK Q[ HE ~
=k[Cu(OH J[ Hif = (314
a - dOUOn (k—k, )

In this analysis, the kinetic rate of adsorbedd{3sociation as well as the rate
of Cw(OH), formation provides the plausible rate determining steps. eXpigession
is consistent with observed rate law, although we have nottddt¢he postulated
intermediates such as &4 or Cu(OH)CuF in our experimental work. In view of
these considerations, we have not further modeled the dekailetics that could
includes the second oxidation step involving oxygen for thespecies (see eqgn. 3.11
above), as it would entail postulating additional intermediates &CuwF, )etc.
Nonetheless, if the branching ratio of €ufavors disproportionation then the kinetic
analysis presented above becomes applicable to mechametiel of copper
corrosion and deposition of undesired copper-rich residngke ILD surfaces in the
HF containing cleaning solution.

Here, the findings of this work were compared with atyestudy of copper
electrolyte interface by Chan et® In this classic work it was noted that surface
oxide CyO formation is detected in basic/neutral pH conditions while idiac
conditions formation Cu-X species is more commonly obse&®>1°31% Chan et
al observed that even in acidic conditions adsorbed oxggenies as opposed to
oxide formation was detectable in surface enhanced Ratodies. However, near

neutral pH both formation of oxide as well as halides of @ere suggested. In this
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scenario copper oxidation is driven by halides. The follgwsequences can be

suggested for anodic oxidation of copper by fluoride lmersed on their work.

ka
2Cu+ 2F > Cu, kK, + 2e (3.15a)
Cu,F,—<—» CW + CuF (3.15b)
0"+ 2H" +2e— H,O (3.15¢)
Ky
2Cu+ 2HF - H,Cu, F, (3.15d;
k3
H,Cu,F,+ 0" > H,0+ CuF,+ Cd (3.15

In this scheme copper oxidation is driven byatack and compensating oxygen
reduction is postulated. This mechanism does not lead toofilstr kinetics with
respect to HF and dissolved oxygen. Given that our clgautution exhibits a pH
that is nearly neutral (pH=6.8), the formation of ,@H), (i.e., eqn. 3.13c) is
expected to dominate the dissolution kinetics as was suggestqdation 3.13. This
is also consistent weak passivation layer that observed irotbetiodynamic studies.
Assuming that such layer is made of porous oxide film, tteelaof HF as well as
oxygen access to the underlying copper surface appeasile. A more detailed
verification of these models would require systematic studasdritiolve variation of
pH of the cleaning solution to observe differing kinetic exgmie n and m consistent
with reaction sequences presented in equation 3.15. sBudiks are beyond the scope
of the present investigation.
3.7 Summary

Potentiodynamic polarization experiments carried out in the clgaailution,

show active, active-passive, passive, and transpassivensegidJse of organic
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corrosion inhibitors, deareated solutions and possible usel,0f provides an
effective method to reduce corrosion rates and coppeceotration in cleaning
solution. HO, addition to the cleaning solution appears to be very benebgial
creating a CuO film that is resistant to attack by HF. The pucation of HO,
provides an additional advantage by enhancing the cleaningosts ability in
removing particles and residue. Furthermore, a simple kimeigel is proposed for
copper dissolution during wet chemical etch process. dligisea first order kinetics
with respect to dissolved oxygen and HF, the two key ingnelienvolved in
corrosion of copper. If dissolved oxygen is eliminated protective CuO is formed

the rate of copper corrosion can be suppressed.
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CHAPTER 4

Titanium Assisted Dual Damascene Patterning of Advanced Copper | nterconnects

and Selective Wet Etch Concepts

4.1 Introduction

The focus in this chapter and consecutive chapters tiscted to a novel
formulation designed to selectively strip patterned titanium thim fivithout
impacting key interconnect/transistor materials. The concepid learnings
developed in chapter 3, particularly those pertaining to smmocharacterization and
corrosion prevention of copper thin films are extended testigate the corrosion
behaviors of titanium and tungsten thin films and their relevdaoctiture ULSI
process technologies.

The chapter begins with a description of titanium assisted darakscene
patterning of copper interconnects process. The conoémich rate and wet etch
selectivity and compatibility in the integration of titanium hard kreasd its relevance
to advanced logic process technology is then presentedllyk-ithe properties and
corrosion behaviors of Ti and W are discussed. Asiqusly pointed out, Ti and W
are the metals of interest for the first layer of Ti assiBi®dpatterning interconnects.
Therefore, the developed formulation must be capable toTtigile exhibiting no
reactivity towards W. For upper interconnect layers, eommmpatibility must be

demonstrated by the wet etch chemical formulation.
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As discussed in details in chapter one, one of the margfiteassociated with
the incorporation of a metal hard-mask (MHM) in the integratid advanced logic
process technology for dual damascene patterning of cogpeconnects is to control
via flare. The industrie’s migration to low-K ILD materials ioged considerable
difficulties due to their weak mechanical strength and thecaged susceptibility to
flare the top of the via or to cause deformation in the vdilprduring the etch
process, as shown in Figure 421 The via etch profile impacts reliability through its
effect on the continuity and conformality of the metallic copp#usion barrier to be
deposited. Moreover, a MHM allows for a wide processdaim for etch rate control,
permits for etching high aspect ration structures with rolnasiigs, protects the ILD
material from damage induced by the plasma etch proaasgsacts as an interface
between the ILD and photoresist during both the via andhreatterning steps. This
is critical when polymer ILDs are used, since dry etchcigley between photoresist
and polymer ILD is difficult to attain. The etch strategy sel@ consuming most, if
not all of the photoresist during the via/or trench etch psocedJnder such
circumstances, the presence of the hard-mask preventsighand trench etch
chemistry from attacking the polymer ILD in the masked megjiof the wafer when
the photoresist is consumed. This demand leads to theptarfceap layers, which
may be used concurrently as hard-m3skA dual hard-mask approd€h*®®*? and
triple hard-mask integration schem@&s'’*'*"?are also proposed for patterning DD

structures in polymer and hybrid ILDs.
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Figure 4.1 SEM micrographkof an electrically failed via. Via profildeats barrier
deposition. Note that in addition to the degraded via profileetl®ern high level of
striation inside the 193-nm via.

To fully realize the aforementioned benefits of employingaad-mask, a
metallic hard-mask must be used. Conventional inorganicrhastts (e.g., Si&)
SiC...) are inadequate advanced interconnect systems inlihgdsom and beyond,
due to their low selectivity and severe faceting generateédgithe dielectric etch
processes®. New metallic materials such as Ti, TiN, TaN, etc..., hawdifferent
chemical nature than dielectric material allowing for better inaask capabilitiés*
than conventional inorganic hard-masks. The work of digsertation focuses on
titanium HM. The overall advantage of employing MHM, enabfesther
miniaturization which allows for the increase in component densifA visual

illustration of the technology trend and miniaturizing is illustrateigure 4.2.
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Figuc:gs4.2 Schematic cross section of an IC showing the Technologiatmiizing
trend .

4.2 Titanium Assisted DD patterning of advanced copper interconnects

The arrival of process technology in the sub 50 nm maddaéadoption of a
titanium hard-mask to meet miniaturization requirements. Althdlghndustry was
united in its adoption of DD as the method of choice for returing copper
interconnects, several integration schemes and material staksproposed and
implemented. The two most widely used are the trenchaiidtthe via-first schemes.
On the other hand, the material stack may contain multiple stogh (ES) layers
and/or hard masks (HM). This dissertation focuses omi#hafrst integration scheme
with a single ES layer and a single metal hard-mask layehia is the most cost
effective approach in manufacturing high-performance opitcessorg®’"178
The process flow of a simple, two transistors, and two-lay@rconnect system
involving the integration of titanium hard-mask is illustrated in FeguB. In (a) The
vias are patterned, in (b) The trenches and vias pattesitgnplete, (c) shows the

photoresist and light absorbing material (also known ageifiteictive coating (ARC))
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films are stripped, and the etch stop layer is etched at tt@rbof the vias to expose
the tungsten. Note the ES layer is a unique feature in theinBegration and
patterning process. The primary function of this layer iactoas a diffusion barrier
that inhibits copper diffusion into the ILD. It allows the film teak and protect
underlying copper from wet chemicals used during the pateerprocess and
improves reliability. The ES layer also functions as a layewrhich the via etch
process terminates. This functionality is also needed tepratching into the ILD
beyond desired via depth in the case of unlanded viasewiterconnect design rules
allow for a via to partially land on the underlying metal tayas illustrated in the
Figure. In (d), the metal hard-mask and plasma etchhnmolyesidue are removed,
and in (e), the copper diffusion barrier (DB) and comperdeposited in the vias and

trenches.
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Silicon Substrate P

Figure 4.3 Schematic cross section of DD patterning steps involving al imatd-
mask. (a) The via is patterned, (b) The trench is pattefogghotoresist and light
absorbing material films are removed, and the etch st@p layetched at the bottom
of the vias exposing the W, (d) The metal hard-maskpahgner/residue are removed,
and (e) The copper diffusion barrier (DB) and copper geposited in the vias and
trenches.
4.3 Basic Wet Etching Terminology

In the IC manufacturing industry, a wet etch processgdtethe employment
of liquid etchants (chemical solutions) to remove an unwantatkrial such as a
residue/polymer or a thin film from the surface of a wafafet etching is isotropic or
multidirectional, which indicates that the film or material is etchiedn equal rate in
all directions. In contrast, plasma etching is known to soaopic or unidirectional.
The immersion and spray methods are the two most widely wet etch process
techniques in the fabrication of semiconductor devicegshdnmmersion method, the
wafers are immersed in a tank that contains the chemicalosoland is usually a

batch process since several wafers are processedsantieetime. On the other hand,

the spray method is typically a single-wafer processingnigoe where the wafer is
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sprayed with the chemical solution while rotating. Key pararsetlefining the
etching processes are discussed below.
4.3.1 Etch Rate

The etch rate for a material in a particular wet etch chemaatien is
intuitively defined as how fast is a material or a film is rendofrem a surface. The
etching rate is limited by two fundamental mechanisms, diffusionkinetic
(activation). The diffusion mechanism is reactant/productrotbed and it is sensitive
to agitation where the reactants are transported to the esusiadace reaction takes
place, and products are transported from the surfalse.agtivation limited scheme is
dependent on surface reaction rate constant. The retehirig is given by

Rate = R exp[-Ea/ksT] (4-1)
Where R is the rate constant and depends on reactant dengifg, the activation
energy, k is the Boltzmann’s constant, and T is the temperature.

The etch rate of a certain material is dependent on theasitiop of the wet
etch chemical composition, concentration, and temperaturedvarmages and
disadvantages of wet etching have been well defiié®® Variation of etch rate with
respect to age of the chemical solution and/or the age cfolbéon in the process
bath, non uniform etching, and loading effects are sontleedimitations that must be
identified and characterized in order to achieve a suttesst etch process with

stable etch rate.
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4.3.2 Wet Etch Selectivity

Selective wet etch chemical solutions are essential to deviégndard
manufacturing of advanced ULSI technologies. The aliitgelectively remove an
unwanted material or strip a thin film layer while maintaining @alt@imension (CD)
control and compatibility to surrounding structures, and uyiderllayers is crucial
for a successful ULSI manufacturing technology.

When designing a wet etch process, the etch rate ofmeatehial to be etched
must be known. Knowing the etch rates of other materialsitiebe exposed to the
wet etch solution, such as masking films, surrounding stestuand underlying
layers enables an etch process to be chosen for gleathsty (high ratio of etch rate
of the target material to etch rate of the other material)dfeotists. Etch selectivity is
defined as:

Selectivity =  ERarget material  ERother material (4-2)

While several large literature-review compilations of wet etdatisms that target

specific materials have been maffe'®they only report etch rates in some cases, and

rarely have corresponding selectivity information.

The incorporation of Ti into the manufacturing process diaaced
interconnects systems created the need for wet chemistriesdtirass the selectivity
requirements. Since wet etch chemistries that addresshtilerge did not exist, a
selective wet etch chemical formulation capable of selectivgpypsg patterned Ti
was developed throughout the course of this dissertatior rdduirements for the

selective wet etch chemistry are: 1) Must strip a patternedriilitm hard-mask layer
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with no adverse impact towards W, ILD (SiGEN4, CDO, and SiC) for Via 0/Metal
1 (VO/M1) patterning, can also be referred to as firstedagr first level of
interconnect, 2) Must strip the thin film metal hard-mask layién no impact to Cu,
ILD (SiOx, SkN4, CDO, and SiC) for all upper interconnects layers beybadnetal 1
layer, and 3) Remove residue/polymer present on thacguds a result of the plasma
etch process.
4.4 Metals of Interest - Ti, W, and Cu

The properties and corrosion behaviors of titanium andstangare briefly
discussed in this section, since much of our focus will gicted to these two metals.
Some of the basic characteristics of titanium and tungsteisi@e in table 453 A
lengthy discussion for copper was presented in chaptefh& knowledge acquired
from the copper corrosion characterization/prevention investigavas applied in
developing the Ti selective wet etch chemistry which exhibitapatibility to key
interconnects/transistor components.

Table 4.1 Some important characteristics of titanium and tungsten

Ti w
Density (g/cm) 4.506 19.25
Melting point °C 1668 3422
Boiling point °C 3287 5555
Heat of fusion kJ/mol 14.15 52.31
Heat of Vaporization kJ/mol 425 806.7
Crystal structure hexagonal cubic body centered
Electronegativity (Pauling 154 236
scale)
Electrical resistivity (20 °C) 0.420m (20 °C) 52.8 ©2-m
Therma) conductivty (300 K) 21.9 (300 K) 173
Thermal expansion pm/mK (25°C) 8.6 (25 °C) 4.5

91



4.4.1 Titanium

Titanium is recognized for its high strength-to-weight réfio It is a strong
metal with low density that, is quite ductile (especially in anygex-free
environment)®, lustrous, and metallic-white in color. The relatively highmesiting
point (over 1649 °C) makes it useful as a refractory mefake most noted chemical
property of titanium is its excellent resistance to corrosiors tapable of

withstanding attack by acids, moist chlorine in water but is #®libconcentrated

acids!®®

thermodynamically a very reactive metal, it is slow to react wéter and air.
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Figure 4.4 Potential-pH diagram of Ti in water system.

While the Pourbaix diagram (Figure 4.4) shows that titanism
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4.4.2 Tungsten

In its raw form, tungsten is a steel-gray metal that is dftétle and hard to
work. But, if pure, it can be worked easffy Of all metals in pure form, tungsten has
the highest melting point (3422 °C, 6192 °F), lowest vapoesgure and (at
temperatures above 1650 °C) the highest tensile stféfgffungsten has the lowest
coefficient of thermal expansion of any pure metal. pinee form is used mainly in
electrical applications, but its many compounds and alloys aesl un many
applications. Elemental tungsten resists attack by oxygen, acidsalkali§®®. The
most common formal oxidation state of tungsten is +6, but itbéghall oxidation
states from -1 to +8°. Tungsten typically combines with oxygen to form the yello
tungstic oxide, W@ which dissolves in aqueous alkaline solutions to form tungstate

ions, WQ*". Figure 4.5 shows the Pourbaix diagrfamtungsten.
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Figure 4.5 Potential-pH diagram of W in water system.
Pourbaix diagrams are useful tools that provide guidanca starting point for
approaching formulation development that involve metals for apglication of

interest.
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CHAPTER 5
Selective Titanium Wet Etch/Clean Chemical

Formulation Development

5.1 Introduction

The development of a robust titanium selective wet etch cheforcallation
is herein discussed in details. The formulation is HF bakethical solution that
exhibits unique selectivity behaviors and in compliance with interects fabrication
requirements, in which a metal hard-mask is integrated fer fifst time to
manufacture high-performance interconnects systems tieeaareliable fabrication
process of advanced ULSIs. The ability to etch a titaniward-mask without
adversely impacting key interconnects structures has saemessfully demonstrated.
The wet etch formulation was developed to addresses ti#epr of selectively
stripping thin, patterned Ti layer and removing post dry edsldues/polymers from a
substrate with superior compatibility towards W, Cu, silicon gxwglass silicate,
carbon doped oxide, and porous ILD films.

The most distinctive characteristic of the developed formulaBothat, it
contains hydrofluoric acid as one of the constituents. Yetxhibits exceptional
compatibility to silicon oxide and doped silicon oxide dielectric meltein which a
zero etch rate was achieved. This unique characteristichewsnphasized, since HF
containing wet etch chemistries are known to be extremeklesgjge towards silicon

oxides. The use of HF chemical solutions has evolved @srenon practice for
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etching silicon oxides in the semiconductor industry since itpiime This is the
first time, in which a hydrofluoric acid wet etch chemical solutisncapable of
stripping a metal while exhibiting superior compatibility to silicondex doped
silicon oxide, and other dielectric materials. This capabilityfisritical importance
since it will enable a vast number of applications beyond whptesented in this
dissertation.

5.2 The Industry’s Approach for Removing a Titanium Hard-Mask Film

Although the industry was persistent on adopting a sacrificitdlrhard-mask
such as Ti to allow for the manufacturing of advancedh ldgnsity interconnects
systems, a method for robustly removing the Ti hard-naéigk DD patterning steps
was not available. The strategies that were exercised antptdte by the industry
did not offer much success. Although the industry continaddil in defining a path
or an approach to remove Ti hard-mask by utilizing a wamétmethods, further
innovative strategies were desperately needed.

To overcome these early failures, CMP was used asdintgapproach to
remove the thin patterned Ti hard-mask film. Many issuea@ated with this
strategy became apparent, and hindered the industry’s/abibipply CMP technique
for a successful manufacturing process. Discontinuityoarnrier/adhesion layer,
dishing in the underlying layer were key concerns restifted the employment of a
CMP process. In addition, pockets of the Ti hard-mask stdl remain across the
surface, which negatively impact the overall K valuex{kof the ILD stack and can

cause circuit shorts. The difficulty of dealing with the afoeationed challenges, a
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more fundamental solution has to be provided to robustly tteipatterned Ti hard-
mask layer and meet the ever stringent interconnect deegitirements mandated by
manufacturing high-performance microprocessors.
5.3 Formulation Creation Strategy
5.3.1 Success Criteria

Since the formulation was being developed to be implemente imdustry
eventually, it needs to meet basic industry criteria. Selectafith rate, economy and
environmental safety and health issues (non-toxic, non-feEterand non-corrosive)
are some key concerns to consider during the developrasess. Therefore, choice
of a chemistry highly selective, with a fast but controllable eaté, mild in nature,
economical, and stable is essential to meet the successacd&vised by the
semiconductor industry. In addition to the factors for selgdirsuitable chemistry,
device reliability and performance must not be compromigée combination of all
of these issues made this a challenging endeavor.
5.3.2 Formulation Design Considerations

A thorough identification of materials exposed and the unideylayer during
titanium hard-mask removal is a key to a successful begjnsince the wet etch
formulation must be compatible to these materials. A compsaremvestigation of
all involved materials characteristics and properties is anoiingéertaking that was
performed to allow for the progression in a precise pah.illustrated by the DD
structure of the first layer interconnects in Figure 4.3(@wshin chapter 4, the

titanium hard-mask layer and its relation/location with respecther structures and
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materials are shown. Note that the formulation must be corfgatililicon oxide to
account for the event of via miss alignment (unlanded vi@milarly, for upper
interconnect layers beyond the first level, copper will be segan place of tungsten.
Therefore, the formulation must also be compatible towasdper. In addition, care
has to be exercised not to degrade the value of the dieleotrgtant which would
impact the overall device reliability and performance.
5.3.3 Development Process

Although the Ti Pourbaix diagram (Figure 4.4) shows that itilanis
thermodynamically a very reactive metal at low pH, titaniumighli resistant to
oxidizing acids over a wide range of concentrations andpeestures, only
hydrofluoric acid and fluoride containing chemical solutionsaatvide range of
concentrations are capable of attacking titanium in an acidicoenvent. The use of
HF containing solutions is problematic since it also dissolvesridderials such as
SiQy, CDO, SiOF, SiN4. An alternative approach to dissolving titanium is the use of
strong oxidizers such as hydrogen peroxide. The presefia number of strong
oxidizers in chemical solutions at any pH are capable ofingtchitanium.
Unfortunately, the employment of oxidizers will readily digssctungsten and attack
copper as discussed in chapter 3.

The first plan of attack in designing and developing the etelh chemical
formulation for this application was to employ a silane crodsAgagents in which a
compound (monomer) from this family was added to a dilike solution. The

preliminary hypothesis was based on the prospect that tlealuction of a silicon
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based compound may hinder the HF ability to etch silicon oartk other silicon
containing dielectric materials. The low pH produced by ldRt®ns renders it
compatible towards W as supported by the Pourbaix diagrastréitad in Figure 4.5.
This inherent compatibility of HF solutions towards tungstensigiaificant advantage
in identifying a path to creating the formulation.
The concept of incorporating a silane cross-linking compaotada dilute HF
solution appeared unrealistic at first. It has been establighethie scientific
community that silane cross-linking compounds and otheresitamlecules form sol-

gel polymers in acidic environments %2

Feasibility of this undertaking was
demonstrated by etch rate results on blanket test waferthdovarious materials
involved in this work. In addition, the successful removahe Ti layer on patterned
wafers was demonstrated. Although promising results waigated and reproduced,
the challenges associated with the synthesis and scalabilitclofasformulation in
which a homogeneous (free of polymer) solution is cteare enormous.
5.4 Fundamentals of Organosilicon and Sol-Gel chemistry

Silane cross-linking agents, silane coupling agents, andsilicen containing
organic compounds belong to the organosilicon family ofpmmds. Organosilicon
compounds are organic compounds containing carbon silibonds, and
organosilicon chemistry is the corresponding science expldheir properties and
reactivity'>'* In general, organosilicon compounds are commongg sy many

industries to synthesize polymeric materials for a varietgpplications. Contrary to

the industry's common practice, in this work, an organosilicmmmpound,

99



methyltriethoxysilane (MTES) was used to create a novel claérfdonulation by
adding it to a dilute hydrofluoric acid solution. The concepemiploying such a
family of compounds to formulate a thermodynamically stéddeogenous solution
in an acidic environment without forming a gel/polymer is uaigand contradicts with
the typical scope of organosilicon compounds usage. , Tthissnecessary to discuss
the chemical nature and fundamental characteristics of thigyfafn compounds
briefly and emphasize the advantages and challenges iadsdoawith their
employment before continuing with detailed discussion of themutation
development process and scalability.

Sol-gel chemistry is a versatile approach for fabricatingeriads for numerous
industrial applications. Figure 5.1 illustrates the sol-gel psodeswhich simple
molecular precursors are converted into nanometer-siaditlps to form colloidal
suspension, or sol. The colloidal nanoparticles are thendlinkién one another in a
3D, liquid-filled solid network. This transformation to a gel dam initiated by
altering the reaction solution conditions. Shifting the pH towaadic or basic
environment is most commonly practiced to enhance gelatilynigrization.
However, the acid-catalyzed reactions proceed much fésterthe base-catalyzed at

an equivalent catalyst concentrafioh
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Figure 5.1 In sol-gel chemistry, molecular precursors are convddeaanometer-
sized particles, to form a colloidal suspension, or sol. Alethe sol solution
conditions produces a gel network. The sol and gel caprdeessed by various
drying methods (shown by the arrows) to develop materi#hsdistinct properties.
The focus here will be restricted to the methyltriethoxysilane EB)T
monomer, which was the chosen molecule from the orgaaosfamily. MTES is a
silicon-analog of ethers or a cross-linking agent from tgarwtrialkoxysilane family
and has RSi(OR’)3 as the general chemical formula. ©tgalkoxysilanes possess
some notable characteristics such as instability, and in nasstscthey quickly
dimerize to produce siloxanes. Furthermore, difunctionahtirans lead to forming
linear polymers. The choice of using MTES for this wads based on a number of

key criterions such as availability, low cost, viscosity, daghipoint that allow for

scalability and high volume production of the formulation.
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Methyltriethoxysilane was incorporated into a dilute HF soluticectueve the
desired etch rates for the various materials of interds¢. synthesis process by which
gel/polymer formation was prevented is discussed in the folipwection. Before
proceeding with a detailed description of the synthesis strawmgye principle
reactions for methyltriethoxysilane monomers and their retevda this work are
discussed to highlight the fundamental difficulty associated wehethployment of
MTES or other organosilicon compounds to ascertain a peremus chemical
solution. The immense challenge of creating such a cheforralilation arise from
the mere inherent ability of organosilicon compounds to rngéalim gel/polymers in
an acidic environment, as a result of this basic principle,sgmghesis approach has
never been attempted. Moreover, to complicate mattersthefu
gelation/polymerization is accelerated under the influen¢#fof It has been reported
by Bernard et al. that in a sol-gel process the hydrogsiscondensation reaction of
Tetraethoxysilane (TEOS) which is a similar molecule to MTEf&dter when HF is
used as a catalyst in place of other d€fdsThe HF catalytic mechanisms to enhance
the polymerization rate of a sol-gel system are discussethier section.

5.4.1 The Sol-Gel Reaction

The sol-gel reaction in past years has gained much attentitve glass and
ceramic fields. This chemistry produces a variety ofganic networks from silicon
alkoxide monomer precursors. Although first discoveredhia late 1800s and
extensively studied since the early 1930s, a renewedstitéré®surfaced in the early

1970s when monolithic inorganic gels were formed at low &atpres and converted
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to glasses without a high temperature melting prdééss Through this process,
homogeneous inorganic oxide materials with desirable propeftieardness, optical
transparency, chemical durability, tailored porosity, andnthé resistance, can be
produced at room temperatures, as opposed to the myiohr melting temperatures
required in the production of conventional inorganic gl&8$é%. The specific uses
of these sol-gel produced glasses and ceramics areddrom the various material
shapes generated in the gel state, i.e., monoliths, filnessfiend monosized powders.
Sol-gel chemistry is used in many applications, including, gppestective and
porous films, optical coatings, window insulators, dielectric eledtronic coatings,
high temperature superconductors, reinforcement fiberssfied catalysts’.

At the functional group level, three reactions are geneuskyl to describe the
sol-gel process: hydrolysis, alcohol condensation, and watelensation. In general,
the hydrolysis reaction represented by equation 5-1 skiwatshe addition of water

replaces alkoxide groups (-OR) with hydroxyl groups (OH).

R

L L Hydrolysis L+ rod
R B P — L -
o / I\OR + H,O Reesterification HCC))';R'/' \OR (5 1)
OR

Subsequent condensation reactions (Equations 5-2 andiny€dying the silanol
groups (Si-OH) produce siloxane bonds (Si-O-Si) plus hiigoroducts water or

alcohol. Under most conditions, condensation commencesrebéfgdrolysis is
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complete. However, conditions such as, pH, molar ratithefvarious species, and

catalyst can force completion of hydrolysis before cosdon begins”®.

R Water R R
| Concensation \"‘L._, & HOH
. . — LS + -
OR-';SI_\OH + |_|O-;,'SI.._‘_OR * Hedrolyeis OR'// O™ v ™NpoR (5 2)
OR OR OR OR
R Alcohol R R
| T Cordensation AN f
50 + o\ -Si ——— Q.%-/!SL\‘Q/§L“—;:“-.E + ROH (5'3)
OR”/“ N on RO oR Alconolysis R \ R
OR CR OR OR

Under acidic conditions, it is likely that an alkoxide group istgmated in a
rapid first step. Electron density is withdrawn from the siliadom, making it more
electrophilic and thus more susceptible to attack from waternis fesults in the
formation of a penta-coordinate transition state with significar-§iNe charactéf?.
The transition state decays by displacement of an alcohahaexsion of the silicon

tetrahedron, as seen in Figure 5.2.

| . FaST | +
— =R + —_— = 1—:.3.]?_
| |
/’_\ '
y/ + - R / H
_Sli—[.j_R + HOH S :m?—of = —=i=0H + ROH + H+
3 H q

Figure 5.2 Acid-catalyzed hydrolysis of Silicon Alkoxide.
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With respect to the hydrolysis and condensation reactiéntheo sol-gel
process, It has been established that certain reaction giaranare more important
than otherd?204:205.206.207208 Tha gl has a profound influence on hydrolysis and
polymerization. Although other factors such as the natage @ncentration of
catalyst, and FD/Si molar ratio have significant effect on the sol-gel pgecéhe pH
emerges as one of the most influential factors. The effepH on the hydrolysis
represented by reaction (5-1) is illustrated in Figure 5.3he Tydrolysis rate
dependency on the pH vafl&is clearly shown. Furthermore; €oncentration and

pH influence on condensation/polymerization time is illustratdégare 5.4'%!
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Figure 5.3 Hydrolysis rate as a function of pH for RSi(OR)3 + H2®Si(OR)20H
+ ROH.
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Figure 5.4 Polymerization Time dependence on pH anddacentration.
5.5 Experimental Design

In summary, the developed wet etch/clean formulation ieistynthesized in
such a way that, a homogenous solution mixture freeadfctes, polymer, or oily
residue is created. Techniques including screening amdritdcexperiments were
undertaken to define a robust process window and pratiffsswith respect to the
formulation synthesis and etch rates of thin films materials.

The development process was segmented into a numbehaskgp which
included basic science evaluation of literature, componentsaRés scalability, and
cleanability (the ability to remove post plasma etch residu@uations. Key
responses were divided into two main categories. The firgelated to the
formulation synthesis process, while the second is associaithd creating a
formulation that meets the etch rate requirements. Theesinéd formulation was

evaluated based on the final solution mixture characterislicsegard to etch rates,
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the formulation must be capable of robustly stripping Ti winiggntaining a zero etch
rate towards W, SiQQ CDO, SiNg4, SiC, and Cu throughout the wet etch process.
5.6 Strategy

To achieve the goal a methodical approach was definedofiodied. The
following are the steps that were undertaken: 1) the clafioienulation constituents
and concentrations to carry out the synthesis successfaly identified, 2) it was
made certain that the synthesis process, byproductsirahdormulation mixture are
safe, 3) the synthesis approach and key parametdisasuiemperature, time, etc...
were identified, 4) the process target, process windaa/ process cliffs with respect
to the synthesis and etch rates of the investigated materiadsdetrmined, and 5)
refinement and optimization of the synthesis to produce absuitand robust
formulation that meets the required etch rates targets wasrped.
5.6.1 Identifying the Formulation Constituents

Previous discussion has emphasized the detrimental affegting oxidizers
such as kD, and/or HF to strip titanium. The predicament with using oxidizethat
they would negatively impact the tungsten, while HF would ls@vere consequences
towards SiQ@ and ILD materials. The incorporation of MTES into a diluté H
solution to synthesize a formulation that suppresses the impd€t@n SiQ emerged
as a feasible composition. Screening factorial experimentghef identified
components (HF/MTES/Water) were carried out.

From a wet etch selectivity point of view, the proposed asitipn of HF,

water, and MTES is compatible only at the first intercontea&l in which tungsten is
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exposed during Ti removal as illustrated and discussed uopegesections. In order
to allow the employment of the formulation for all other intergant layers, in which
copper is exposed during the Ti strep process, it mustiexloiimpatible behaviors
towards Cu. To enable this formulation which would notamte copper, the use of
an organic copper corrosion inhibitor emerged as a prhefipgoach. Benzotriazole
(BTA) was selected as the corrosion inhibitor for this applinati®he selection and
characterization work is discussed later.
5.6.2 Safety Considerations
In addition to performance criterion previously summarizeth wespect to

synthesis and etch rates, the formulation must be sadetpliant and exhibit minimal
impact on the environment and human health. In the dades of this work, it was
anticipated that SiFcan potentially form during the synthesis and could poseuse
health concern. Sjks known to be a toxic gas and would limit the ability to scade th
production of the formulation for high volume manufacturingd.o address this
possibility, a study of head-space chemical analysis dutlirey synthesis was
undertaken. Examples of reactions leading to formati@iFafare given by:

CHSi(OCH,CHs)3 + HF — CH3Si(OH); +5CHsCH,OHT (5-4)

CHSI(OH) + HF - SiR T + ... (5-5)

Lab scale head-space extractive Fourier Transformréufr&pectroscopy

(FTIR) analysis was carried out to monitor S@ncentration as MTES was dispensed

into the dilute HF solution.
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5.6.2.1 Experimental Details

An FTIR Unicam-Mattson spectrometer was used for thisyaisalat 0.5 cr
resolution, and 150C.A 10 cm single pass gas cell was u$@e sample line was
positioned directly above the solution in the hood. A sammeppwas used to extract
the sample through the FTIR cell. The Siletection limit was estimated to be 6 ppm
using this procedure (excluding the effects of interferendeish could raise the
detection limit). Several experiments in which the Silicon precungs added to
reaction solution were tested.
5.6.2.2 Results

Figure 5.5 shows background spectrum before MTES additithe dilute HF
solution. Figure 5.6 shows the $iEalibration spectrum (10 ppm). The FTIR
spectrum after addition of silicon precursor MTES is illustrateBigure 5.7. Figure

5.8 spectra shows SiEalibration superimposed on silicon precursor addition spectr

004
o 002
|4
s
(]
-~
St
2
)
T
-.002
-.004] . . . . . .
1200 1100 1000 800 800 700
Wavenumber

Figure 5.5 Background spectrum — prior to precursor (MTES) adulitio
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Figure 5.6 SiF, calibration spectrum (10 ppm).
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Figure 5.8 Spectra showing Sjfealibration superimposed on silicon precursor

addition.
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Small emissions of SiFmay have been detected; however VOC emissions
from formulation were the predominant component in headspdove reaction.
Therefore, the formulation is considered safe.

5.6.3 Formulation Synthesis Process

The aim of this section is to underscore key parametersvire investigated
in carrying out the synthesis. It was readily established fiwgtors such as
temperature, concentrations, reaction time, Stir rate, and MaE8ion rate to the
dilute HF solution are highly influential in synthesis of formulativith desired
characteristics.

Screening and factorial experiments were undertaken teerstadd the
relationship between the aforementioned synthesis parametelisits,
concentrations of mixture constituents, and the formation dicles, residue, or
polymer, i.e., sol-gel. Furthermore, once a proggagow with respect to synthesis
was determined, additional factorial Design of ExperimentsHD®ere conducted
within this process window space to identify exact concentrabbrt®nstituents to
produce a final formulation mixture that meets the etch rajairements for the
investigated substrates. In addition, an evaluation of theufation’s capability to
strip the Ti layer on DD patterned wafers in particular, veeslacted.

Since the formulation deals with a three-component systemVHES, and
water, the synthesis process window and process cliffe wientified through the
employment of a triangular phase diagram as a practicabaqp to investigate the
interdependency of the various factors and conditions te\geta formulation with
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the desired characteristics. A three component system baketyrees of freedof =
2. However, when other factors are involved the degoédseedom, and hence,
variance may significantly increase making the task of eiamthe interdependency
of the various factors and variations in compositions of rthigeture extremely
complex. Therefore, it was important to first, determine d¢péimal reaction
conditions/parameters, and then hold them constant once thageatified. This
strategy resulted in reducing the degrees of freedom tonthioh allows for the focus
to be limited to the concentrations of the three componentsievacthe desired etch
rates.

The phase diagram was constructed based on the volaatieriis of the three
component system which is satisfied by

Xur + Xutes + Xq2o0= 1 (5-6)

The aforementioned investigation is illustrated in Figure 5.9 iiclwthe Ti

selective wet etch/clean formulation synthesis process clitfspamcess window are

identified.
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Figure 5.9 Process cliffs affecting Ti selective wet etch/clean formulation

Silicon oxide etch rate suppression was demonstrated bydbmanation of
MTES into the dilute HF solution when the proper conditions/pearars are applied.
From an etch rate selectivity prospective, the next logicplist® extensively explore
the synthesis operating process window to pin point the locgdioness target) of the
final formulation composition that provides the desired etcts fatethe investigated
thin film materials and capable of selectively stripping the yeédlaon DD patterned
wafers. A factorial DOE approach was carried out toesehsuch a task in which a
formulation with robust Ti ER and zero or near zero ERdib other materials of

interest is realized.
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5.7 Synthesis Details and Reaction Characterization

The challenges of establishing the formulation became mtmesie with each
level of scalability as progress was made to move fromaller container to a larger
one. Before scaling the synthesis to larger containerseautiors, Initial work was
done on a laboratory scale, at a beaker level. Thiorasessel evolved from a 200
ml beaker, to a 3000 gallon reactor. The problems assdcisith the chemical
formulation scalability will be discussed in chapter 7. Synthésiailed work on a
small scale (beaker level) is described in the following sections
5.7.1 Mixing, and Reaction Optimization

The dilute HF solution is prepared using a concentrated 49% Hhis
solution is then heated to 80 °C. Pure MTES is added tdiltite HF solution at 80
°C. The volumes used to carry out the synthesis @&® 201 water, 1.0 ml HF, and
3.80 ml MTES. The MTES is added to the solution at ach@5 ml/minute using a
digital pipette while vigorously stirring the solution mixture usingagnetic stir bar.

Throughout the synthesis, the temperature is maintained°& 80d vigorous
mixing is applied. For the reaction to reach completion mgef at least two hours
is required. The solution mixture is then filtered and allow@dcool to room
temperature. At this point blanket test wafers and patteraéersvare processed in
the solution mixture. The etch rate functional testing for blawkders with various

substrates and evaluation of Ti assisted DD patterned wedeesperformed at 60 °C.
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5.7.2 Proposed Reaction

Although the synthesis of the formulation deals with a com@agtion, some
of the reaction products were determined and characteaizeshown in chapter 6.
Due to the large number of possible product speciesy ratith remain not fully
identified. An extensive analytical work was undertaken imtéempt to identify as
many of the product as can be possible.
Figure 5.10 depicts the proposed synthesis reaction ansissti® two possible
pathways. One reaction pathway is leads to the formatipolgier, while the other
leads to the creation of homogenous solution comprised ohti®is product species.
In order to achieve the latter and ensure the abserpmdywher, factors and conditions
discussed in the previous section must be taken into acandrgrecisely controlled.
From a kinetics point of view this can be accomplished,ifsk>> K;. It was found
that this condition can be satisfied by the following criterion: The optimal
temperature range is 70-80 °C throughout the synth@3i¥he desired concentration
ratio of HF to MTES was identified and maintained constaribag as the water
volume is in excess. 3) MTES must be added at a skevwnta the dilute HF solution
at 70-80 °C. The optimal rate of addition was found t6.6enl/minute or below for a
200 ml dilute HF solution in a beaker. 4) While adding MT&®l during the

synthesis aggressive mixing must be sustained.
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Figure 5.10 Proposed reaction for the Ti selective etch formulation sgighe

5.8 Etch Rate Experiments

The silicon oxide, silicon nitride, carbon doped silicon oxidesos carbide,
and metals, Cu, W, and Ti were deposited using well estalilddposition techniques.
Etch rate investigation for the various thin film substrates wedormed by
measuring the thickness before and after wafer immersiorthe developed
formulation solution. The thickness measurements for Si@Q,CSEN,4, SiC were
performed using an ellipsometer (Nanometrix, nanospec )5100he titanium,
tungsten, and copper film thickness measurements werermped utilizing a four
point probe method (Surface resistivity meter, Gaurdian Kéatwing Inc., Model
SRM-232). All experiments were carried out at 60 °6ingl high density poly
propylene (HDPP) beaker.
5.8.1 Etch Rate Targeting and Optimization

A factorial DOE was carried out to determine the exact curet#ons for the
formulation constituents in which desired etch rates can bezegaand a process
target can be achieved. Initial screening experiments witigrsynthesis operating

window depicted in Figure 5.9 showed that W, CDO, and @& not affected by
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variations in concentrations within this space. Ti,,S#EDd SiN4 etch rates did vary
as a function of concentrations and hence were extepsmvastigated.

The following are the involved factors and response:

Factors: HF, MTES, and water concentrations by volume.

ResponseTi, SiQ,, and SiN, etch rates.

The factorial was designed to achieve the final formulatidatiea mixture
that provides an optimal process with respect to etch ra@sus@able for Ti assisted
DD patterning applications.

The etch rate investigation results as a function of voluanesllustrated in
table 5.1. All experiments were performed at 60 °C. @mahstrate synthesis and
etch rate control and reproducibility, synthesis was carngdnoduplicates and etch
rate experiments were performed in triplicates. A temperaifi60 °C was chosen
due to its beneficial enhancement from a cleanability, and eite robustness
perspectives. Etch rate is directly proportional to temperatlir addition, 60 °C is a

practical temperature that can be implemented for high volameifacturing.
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Table 5.1 Etch rates as a function of formulation constituents concentgatio

. CVD SiOx
49% HF MTES H20 Ti ER . .
Volume | Volume | Volume |[(A/min) @ Al E.R S'i’/\M.ER \2// E.R CE/O .ER SA(/: I.ER
(mi) (ml) (mi) 60C ¢ ?(I)?;) @| (A/min) (A/min) (A/min) (A/min)
1 6 200 24.000 -1 0.000 0 0 0
1 6 200 24.000 -1.1 0.000 0 0 0
1 5 200 43.103 -0.6 0.000 0 0 0
1 4.5 200 56.604 -0.1 0.000 0 0 0
1 4.5 200 56.604 -0.2 0.000 0 0 0
1 3.8 200 120.000 0 0.000 0 0 0
1 3.8 200 120.000 0 0.000 0 0 0
1 3.8 200 120.000 0 0.000 0 0 0
1 3.6 200 148.515 0.4 0.014 0 0 0
1 3.3 200 254.237 2.6 0.090 0 0 0
1 3.3 200 254.237 2.6 0.090 0 0 0
1 3 200 288.462 3.7 0.128 0 0 0
1 3 200 288.462 3.8 0.131 0 0 0
1 2.8 200 306.122 4.5 0.155 0 0 0
1 2.8 200 306.122 4.5 0.155 0 0 0
1 2.4 200 357.143 6.8 0.234 0 0 0
1 2.4 200 357.143 6.8 0.234 0 0 0
1 0 200 1000.000 306 10.552 0 0 0
0 6 200 0.000 0 0.000 0 0 0
0 3 200 0.000 0 0.000 0 0 0
0 0 200 0.000 0 0.000 0 0 0

5.9 DOE analysis and Response Surface Modeling

The DOE analysis and response surface modeling wafermed utilizing
JMP (John Manhattan Project) software (SAS associatdsd. data in table 5.1 was
used to fit a model and carry out the analysis. Furtherntbe fitted model was
employed to derive the response surface etch rate cqloisr The strategy that was
used to carry out this statistical analysis is as follows: lpiiat screening studies
were performed, 2) additional experimentation to verify sungbort screening results
were executed, 3) second-order design and modelinga@atkrize the promising
region (process window) and seek optimum factor settingsmgositional
concentrations) were conducted, and 4) validation/verificatiperements to confirm
and fine tune predicted optimal factors parameters (contenspawere carried out.
Factorial DOEs are very useful tools in identifying the molsaemtial factors (factor

screening) and for understanding how these factorstatffiec response variables
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within the experimental region. In this work, once the influérfiators, HF and
MTES and their interactions were identified, a Response Guiiethodology (RSM)
was used for optimizing the response (etch rates) antingt¢he process window and
process target. RSM is a collection of mathematical andtstaltiechniques that are
useful tools for modeling and analysis.
5.10 DOE Results

The fitted model analysis outcome for each respons&i®;, and SiN, etch
rates are presented in appendix B. This analysis protdegtch rate prediction
expressions, shown in figures 5.11, 5.13, and 5.1%if@®iC, and SiN4 respectively.
Although the computer generated expressions show too significant figures, the
actual is only three significant figures. Another artifact toé@ JMP program
expressions is that they include unnecessary terms (teuttipli@d by zero). Since
the DOE deals with 3 factors, the regression model is aselsabset of terms from a
third-order Taylor series approximation. The interactionile®ffor Ti, SiQ, and
SisN4 etch rates are shown in Figures 5.12, 5.14, and redfectively, in which a
matrix of interaction plots are shown in each figure. Thia isseful tool in which
two-factor interaction effects can be visualized. Note that paoallel lines are an
evidence of interaction. It is readily observed that MTE& HR interaction effect is
significant, which is a strong evidence that the effect otbikcentration on etch rate
is dependant on MTES concentration. Water has a negligitiéet, which is

consistent with the main effects estimates.
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Prediction Expression

440.856065002363
+240.895741457445*49% HF Volume (ml)
+-126.82160774041*MTES Volume (mi)
+0*H20 Volume (ml)
(49% HF Volume (ml)-0.85714285714286)
+_(MTES volume (ml)-3.47619047619048)
*_.147.95854236381
[49% HF Volume (ml)-0.85714285714286)
*«(H20 Volume (mi)-200)*0
(MTES Volume (ml) - 3.47619047619048)
*+(H20 Volume (mi)-200) *0
(4996 HF Volume (ml)-0.85714285714286)
+ (MTES Volume (ml) - 3.47619047619048)
“+(H20 Volume (mi)-200) *0

Figure 5.11 Ti etch rate prediction expression.

Interaction Profiles
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Figure 5.12 Ti etch rate interaction profiles. HF and MTES concentratines
represented by the X-axis. The red curve correspintte low concentration of the
complementary component and the blue curve corresportids tagher concentration.

Prediction Expression

100.707192982935
+21.4991261449032*49% HF Volume (mi)
+-28.970562364954*MTES Volume (ml)
+0*H20 Volume (ml)
(49% HF Volume (ml)-0.85714285714286)
+ (MTES Volume (ml)-3.47619047619048)
*-33.79898942578
+[49% HF Volume (ml)-0.85714285714286)
*(H20 Volume (mli)-200) *0
+[ MTES Volume (ml)-3.47619047619048)
*(H20 Volume (ml)-200) *0
(49% HF Volume (mi)-0.85714285714286)
+ (MTES Volume (m)-3.47619047619048)
*(H20 Volume (ml)-200) *0

Figure 5.13 SiQ, etch rate prediction expression.
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Interaction Profiles
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Figure 5.14 SiQ, etch rate interaction profiles. HF and MTES concentratioas a
represented by the X-axis. The red curve correspntie low concentration of the
complementary component and the blue curve corresporids toagher concentration.

Prediction Expression

3.45321772076519
+0.74659179621521*49% HF Volume (mi)
+-0.9933913991242 *MTES Volume (mi)
+0*H20 Volume (ml)
(499% HF Volume (mi)-0.85714285714286)
+ (MTES Volume (m)- 3.47619047619048)
*-1.1589566323116
(49% HF Volume (ml)-0.85714285714286)
*(H20 Volume (ml)-200)*0
(MTES Volume (mli)-3.47619047619048)
*(H20 Volume (ml)-200)*0
(49% HF Volume (ml)-0.85714285714286)
+ (MTES Volume (m)- 3.47619047619048)
*(H20 Volume (ml)-200) *0

Figure 5.15 Si3N4 etch rate prediction expression.
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Interaction Profiles
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Figure 5.16 SisN4 etch rate interaction profiles. HF and MTES concentratioas a
represented by the X-axis. The red curve correspantie low concentration of the
complementary component and the blue curve corresporis togher concentration.
5.10.1 Prediction and Contour Profiler for Ti, SiQ;, and SgN4 etch rates

Profiling is an easy way to visualize a response surfathe prediction
profiler depicted in Figure 5.17, shows vertical slices sxmach factor HF, MTES,
and water concentrations, while holding other factors at muwelues. In this

analysis, the software (JMP) computes a grid of predictdges of etch rates and

desirability for each predicted value within the experimentabreg
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Prediction Profiler
800
600
400
200

03
-200]
150
100

50—_

e
/.
: /
/.
/

Ti ER (A/min)
155.6761

18.79694

5_
3_
1_

0.649238

-1

Pred Formula Pred Formula CVD Pred Formula

Si3N4 ER (A/min) SiOx ER (A/min)

-3
— —

Desirability
0.41735

dlale iAol wIng 8 g g a0 u wop o
o o o o 2 g < o N o &
T » o S O (o) S
— (0] o N
— N
0.5 3 200
49% HF MTES H20
Volume (ml) Volume (ml) Volume (ml) Desirability

Figure 5.17 Prediction Profiler for Ti, SiQQ and SiN4 etch rates from the fitted
model.

The ultimate goal of the factorial DOE is to pinpoint a formutatio
composition target and operating window also known as tlséfeaegion, to provide
the most optimal etch rates as defined by the success citerdrcontour profiler
approach was employed in which the factorial DOE analysisfited models were
used to locate the process target and window.

A contour profiler is shown in Figure 5.18 which etch rate contours and

response surfaces as a function of HF and MTES ctnatiens are illustrated. The
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contour profiler shows response contours for two facbrs time. This is a useful

technique to optimize response surfaces graphically.

Contour Profiler

Horiz\ert Factor Current X

® O 4£9% HF Velume (mi) 0.5

O (& NTES Volume (ml) 3

Q O H20Volume (ml) 200

Response Contour Current™ Lo Limit Hi Limit

— Pred Formula Ti ER (& /min} 100000 155.8781
~— Pred Formula CWVD SiO= ER (A/min} 100000 12738842
= Pred Formula Si3N4 ER (A/min} 100000 0.8452338

AT ES “olme (ml)

T T T T T T T T T T
] 0.1 02 032 04 05 06 07 0& 08 1

49% HF Velume (ml}

Figure 5.18 Etch rate DOE/response surface for HF, MTES, and wateentrations.

Figure 5.19 shows an acceptable process window with@j, 8nd SiN4 etch
rates between 50-400, 0-5, and 0-5 A°/min respectivEhe unshaded (white) region
in the larger plot includes HF and MTES concentrations witner@redicted etch rates
satisfies the etch rate limits requirement. The 3-D contour plossrate the fitted

“response surface” (i.e., fitted model) for each respons
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Contour Profiler
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Figure 5.19 Etch rate DOE showing process target and process window

Table 5.2 is populated with etch rate data based on the Daielnand
additional performed experiments. Note etch rates camdetained invariable by
holding the ratio of HF to MTES constant as long as water ex@ess. This is an
indication of the importance of the HF/MTES ratio as a criticalapater in

synthesizing the formulation.
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Table 5.2 Etch rates as a function of concentrations by volumeneight %.

HF MTES H20 49% HF| MTES H20 ) CVD Si3N4 .
Concentration | Concentration| Concentration| Volume | Volume Volume (BrﬁiF;) SiOx ER ER (XV/rEiF:) C(Z?nE)R (il?m?rf;

(Wt%) (Wt%) (Wt%) (ml) (ml) (ml) (A/min) | (A/min)

0.237 2.602 97.160 1 6 200 24.000 -1 0.000 0 0 0
0.237 2.602 97.160 1 6 200 24.000 -1.1 0.000 0 0 0
0.238 2.390 97.372 1 5.5 200 30.738 -0.9 0.000 0 0 0
0.238 2.390 97.372 1 5.5 200 30.738 -0.8 0.000 0 0 0
0.238 2.178 97.584 1 5 200 43.103 -0.6 0.000 0 0 0
0.238 2.178 97.584 1 5 200 43.103 -0.6 0.000 0 0 0
0.239 1.964 97.797 1 4.5 200 56.604 -0.1 0.000 0 0 0
0.239 1.964 97.797 1 4.5 200 56.604 -0.2 0.000 0 0 0
0.240 1.750 98.011 1 4 200 100.000 0 0.000 0 0 0
0.240 1.750 98.011 1 4 200 100.000 0 0.000 0 0 0
0.240 1.664 98.096 1 3.8 200 120.000 0 0.000 0 0 0
0.240 1.664 98.096 1 3.8 200 120.000 0 0.000 0 0 0
0.240 1.664 98.096 1 3.8 200 120.000 0 0.000 0 0 0
0.240 1.578 98.182 1 3.6 200 148.515 0.4 0.014 0 0 0
0.240 1.578 98.182 1 3.6 200 148.515 0.4 0.014 0 0 0
0.240 1.491 98.269 1 3.4 200 176.471 1.1 0.038 0 0 0
0.240 1.491 98.269 1 3.4 200 180.723 1.2 0.041 0 0 0
0.240 1.448 98.312 1 3.3 200 254.237 2.6 0.090 0 0 0
0.240 1.448 98.312 1 3.3 200 254.237 2.6 0.090 0 0 0
0.240 1.405 98.355 1 3.2 200 272.727 3.1 0.107 0 0 0
0.240 1.405 98.355 1 3.2 200 267.857 3.1 0.107 0 0 0
0.241 1.318 98.441 1 3 200 288.462 3.7 0.128 0 0 0
0.241 1.318 98.441 1 3 200 288.462 3.8 0.131 0 0 0
0.241 1.231 98.528 1 2.8 200 306.122 4.5 0.155 0 0 0
0.241 1.231 98.528 1 2.8 200 306.122 4.5 0.155 0 0 0
0.241 1.144 98.615 1 2.6 200 326.087 5.6 0.193 0 0 0
0.241 1.144 98.615 1 2.6 200 333.333 5.6 0.193 0 0 0
0.241 1.057 98.701 1 2.4 200 357.143 6.8 0.234 0 0 0
0.241 1.057 98.701 1 2.4 200 357.143 6.8 0.234 0 0 0
0.469 3.258 96.273 1 3.8 100 122.951 0 0.000 0 0 0
0.469 3.258 96.273 1 3.8 100 123.967 0 0.000 0 0 0
0.471 2.841 96.687 1 3.3 100 263.158 2.7 0.093 0 0 0
0.471 2.841 96.687 1 3.3 100 263.158 2.7 0.093 0 0 0
0.761 5.281 93.958 1 3.8 60 126.050 0 0.000 0 0 0
0.761 5.281 93.958 1 3.8 60 127.119 0 0.000 0 0 0
0.766 4.618 94.616 1 3.3 60 263.158 2.8 0.097 0 0 0
0.766 4.618 94.616 1 3.3 60 263.158 2.8 0.097 0 0 0
1.104 7.660 91.237 1 3.8 40 130.435 0.2 0.007 0 0 0
1.104 7.660 91.237 1 3.8 40 130.435 0.2 0.007 0 0 0
1.110 7.098 91.792 1 3.5 40 227.273 1.2 0.041 0 0 0
1.110 7.098 91.792 1 3.5 40 227.273 1.2 0.041 0 0 0
1.115 6.720 92.166 1 3.3 40 267.857 2.9 0.100 0 0 0
1.115 6.720 92.166 1 3.3 40 272.727 2.9 0.100 0 0 0
2.008 13.938 84.054 1 3.8 20 141.509 1.3 0.045 0 0 0
2.008 13.938 84.054 1 3.8 20 144.231 14 0.048 0 0 0
2.046 12.330 85.624 1 3.3 20 306.122 3.6 0.124 0 0 0
2.046 12.330 85.624 1 3.3 20 312.500 3.8 0.131 0 0 0
0.049 0.000 99.951 1 0 1000 348.837 66 2.276 0 0 0
0.098 0.000 99.902 1 0 500 555.556 133 4.586 0 0 0
0.122 0.000 99.878 1 0 400 625.000 151 5.207 0 0 0
0.163 0.000 99.837 1 0 300 789.474 227 7.828 0 0 0
0.240 0.000 99.760 1 0 200 1000.000] 306 10.552 0 0 0
0.490 0.000 99.510 1 0 100 1666.667] 611 21.069 0 0 0
0.980 0.000 99.020 1 0 50 2500.000f 1221 | 42.103 0 0 0
0.000 2.615 97.385 0 6 200 0.000 0 0.000 0 0 0
0.000 1.325 98.675 0 3 200 0.000 0 0.000 0 0 0
0.000 0.000 100.000 0 0 200 0.000 0 0.000 0 0 0
0.000 0.000 100.000 0 0 100 0.000 0 0.000 0 0 0
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5.11 Enabling the Formulation for Copper

So far, the work described earlier deals with the developoem novel
formulation that can be used at the first interconnect layegnmve a Ti hard-mask
after DD steps in which tungsten becomes exposed dueng stripping process. To
further enable the formulation for all interconnect layersyust exhibit compatibility
towards copper. The strategy of employing organic coppepsion inhibitors was
the leading approach to alleviate copper corrosion and prifteccopper surface
during the Ti strip process. From a practical point of viBenzotriazole (BTA) was
selected for this application. The goal of this work is to datex optimal BTA
concentration needed to provide a robust passivation to gpeiceurface during the
wet etch clean process, and ensure that BTA has nosaduapact on copper
interconnects in patterned DD structures, in particular.

The copper industry has used BTA as a corrosion inhilromore than 50
years’’?. It is a common corrosion inhibitor, its role is overwhelmirmnd
consequently it has been studied in detail. It is known thaper forms a cuprous
benzotriazole complex, [Cu(l)-BTA], which is responsibler fthe corrosion
inhibition?!3214213218.217 Toqay it is widely accepted that it forms a complexetay
with Cu-l ions on the copper surface using Cu-N BStehd that it is an anodic-type

inhibitor. An illustration of BTA adsorption onto the Cu sudgds shown in Figure

5.20°".
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Q

(a) AH=-0.407 eV (b) AH=+(.133 eV (c) not stable, finally converge to (a)
Figure 5.20 Three adsorption coordination of BTA. Only the first laigeshown.

The copper corrosion characterization and inhibition sisitherein discussed.
This investigation includes an electrochemical analysis, inhwekguilibrium rest
potential (Open Circuit Potential), linear polarization and Tafelarption
techniques were carried out to determine the corrosionrdtee presence of BTA.
The electrochemical experiments were performed on ammrgcid (2% citric acid
solution) stripped copper samples. Surface analysis Bkl were performed
before and after immersion in the formulation solution to itigate the phenomenon
of pitting corrosion.
5.11.1 Copper Corrosion Results

The open circuit potential study is illustrated in Figure 5.21 atdgthat the
bulk of copper film is passivated at about 100 seconds i Bifige of 900 — 2000
ppm. i.e., a protective film is formed on the surface amakquilibrium condition is
reached. Figure 5.22 depicts the linear polarization measumts indicating

negligible corrosion for BTA concentrations of 900 — 2pén.
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Figure 5.21 Rest potential for two different BTA concentrations.
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Figure 5.22 Linear Polarization measurements on Cu surface indicatiryjasr

corrosion.

The results of the potentiodynamic experiments (Tafel paléwiz) curves for

copper obtained in the formulation solution are shown in Ei§u23. The corrosion

behavior of copper in the solution was modulated as a fumofi@TA concentration.

The anodic polarization curves indicate negligible

corrosidihe potentiodynamic

polarization experiments were analyzed by employing Corfewoftware to

determine corrosion rate in terms of corrosion currentityefls,;) using Tafel slopes.
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The corrosion rates for BTA concentrations of 900 —02ppm were 0.04 A%min.
The surface characteristics of the copper thin film werestigated before and after
processing in the wet etch formulation to ensure the abs#niogealized corrosion,
such as Pitting corrosion. The SEM micrograph images shovigure 5.24 did not
reveal any indication of pit formation characteristic for pittingasion.

Although this investigation comprised BTA concentrations ranfyimg 900 —
2000 ppm, a concentration of 800 ppm offered a ropassivation to the surface and
resulted with the same corrosion rate of 0.04 A°min. &thes, a BTA concentration
of 800 ppm was incorporated into the formulation. Highceotrations of BTA
provided the necessary protection against corrosion. Hawex white film
Haze/residue forms on the copper surface when higheseotrations of BTA are
used, in this formulation it was visible when ~1300 ppm iseded. This residue is
visually observed and it stems from BTA’s ability to formulti-layer film on the
copper surfacd”. The formulation was optimized in a manner where thiseissu

avoided.
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Tafel Plots @ different BTA levels
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Figure 5.23 Tafel Polarization curves for copper thin films on Si inftivenulation
solution containing BTA. Copper etch rate = 0.04 A/min.

l8.akV x381

(@) (b)
Figure 5.24 SEM micrograph of Copper surface before and aftecgssing in the
formulation in (a) and (b) respectively.

5.12 Final Formulation Composition

The final formulation composition and concentrations is illustratéichble 5.3.
The strategy and experimental work to reach this composiierbaen discussed in

details in the previous sections.
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Table 5.3 Composition of the Ti selective wet etch formulation.

Chemical Concentration wt%
HF 0.24
MTES 1.66
BTA 0.08
H>O 98.02

5.13 Etch rates
The etch rate results for the various substrates are showable 5.4 and
Figure 5.25.

Table 5.4 Etch rate results of the various thin film materials in the Ti Sekevet
etch formulation at 60 °C.

Thin Film (Material) Etch Rate @60 °C (A%min)
Ti 120
W 0
CVD SiOx 0
CDO 0
Cu 0
Si3N4 0
SiC 0

[EEY
o
o

Etch rate (A%min)

Ti W CVD CDO Cu SiBN4 SiC
SiOx
Thin film (material)

Figure 5.25 Etch rate results in the Ti selective wet etch formulation at 60T
maximum error in the ER determination is approximately 5%.
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5.14 Effects of Selective Wet Etch Chemistry on DD patterned wafers
Figures 5.26 shows SEM micrograph of dual damascettermpad wafers

before processing in the developed etch formulation solution

" 300m
Figure 5.26 SEM micrograph of DD patterned wafers after the breatutjin plasma
etch process and before treatment with the Ti selective wetleemistry.

Figure 5.27 shows SEM micrograph of DD patterned weadéiey the break-through
plasma etch process and after processing in the Ti selettivdormulation solution.
Note the clean surface and complete removal of the platoma polymer/residue
illustrated in (a). The SEM images shown in (b) and (®@gakthe formulations’

compatibility towards Cu and W respectively.
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Clean Surface

Figure 5.27 SEM micrograph of DD patterned wafers after the breabutin plasma
etch process and after treatment with the Ti selective wet dtemistry. (a)

illustrates the formulation’s ability to remove the polymer/resjdb), and (c) show
it's compatibility towards copper and tungsten respectively.
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5.15 Electrical performance

Figure 5.28 shows the Resistance distribution of ~ 65,008 chain for
advanced (new) and reference (prior) technology nod&s previously stated, the
developed selective wet etch/clean formulation is used for nadda process
technology node, the previous technology distribution is shaw a reference for
comparison. The electrical test results clearly show the loegestance and narrower

range for the advanced technology distribution.

Advanced Technology Using
Ti Selective Etch 53

Formulation 3
£4 - 2
. i
BQ \ : v
- 7
o g | -
o &
£ £ ¢
S = ]‘
Q -4
1 -
r | Previous

technology as
areference

Via Chain Resistance (a.u.)

Figure 5.28 Resistance distribution of 65,000 vias chain for wafersmeléavith the
developed Ti strip/clean chemistry. The reference distributionshewn for
comparison.

5.16 Time of Flight Secondary lon Mass Spectrometry (TOF SIMS)

The TOF SIMS data shown in Figure 5.29 indicate a complete vaimof 250

Angstroms thick titanium film in 90 seconds. This result wathér confirmed by
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optical microscopy studies as shown below in Figure 5r3Blanket titanium wafers

and in Figure 5.31 on patterned wafers.

Ti2

[counts]

Control (no etch)
30 sec etch
60 sec etch
73 sec etch
75 sec etch
90 sec etch

=
o
)
L

Intensity

Figure 5.29 Depth profile determination of titanium concentration as a funatio
depth.

Control
(noetch) 30secetch 60secetch 73secetch 75secetch 90secetch 105 secetch

et Ao g

Figure 5.30 Evolution of reflectance images as a function of etch time.
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Figure 5.31 Reflectance images on patterned wafers.

5.17 Summary

The developed Ti selective wet etch/clean formulation exhibitalilgy to
remove the plasma etch polymer residue, and strip patt@irtaech film layer while
suppressing the etch rates of QiI@DO, SiN4 SIiC, Cu, W. This capability was
demonstrated on blanket and DD patterned wafers with ieree of any adverse
impact to interconnect and transistor structures or underiyiaigrials. The results
for patterned wafers are in agreement with the blanketrsvateh rates findings for
the various substrates.

The formulation synthesis and reaction rate are clearipé¢eature dependent.
Based on the proposed reaction shown in figure 5.10briéek down of MTES at
higher temperature and its reaction with HF under optimal itonsl previously
described, enhances the formation of the products rabpmifisr the formulation’s
unique selective characteristics. Since the pH of the fotronles ~2, it is expected
to rapidly dissolve Ti as suggested by the Pourbaix diagt@own in Figure 4.4.
Although titanium is thermodynamically reactive metal at low pH, ititanis highly

resistant to oxidizing acids over a wide range of concéomisa and temperatures,
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Hydrofluoric acid and fluoride containing solutions at a widegeaof concentrations
are capable of attacking titanium. The use of HF contaswhgfions is problematic
since it also dissolves ILD materials such as,S@DO, SiOF, SN4. An alternative
approach to dissolving titanium is the use of strong oxidizech @s hydrogen
peroxide. Unfortunately, the employment of oxidizers rgadigsolves tungsten and
attack copper.

It has been shown that W@ stable under acidic conditidhs This oxide
layer provides a passivation capability and protects theowW &ttack by the chemical
solution. Titanium is highly resistant to oxidizing acids tugs unique capacity
to form a stable titanium oxide layer B A Comparison of thermodynamic
stability of WQ; and TiQ passivating layers given by

AGt 298k for WO; = -183 kcal/mole  andAG, 298k for TiO, = -213 kcal/mole
shows that W@is less thermodynamically stable than ZiOThis indicates that the
thermodynamic selectivity of Ti removal relative to W in acidiondition is
unattainable.  Therefore, selectivity may be achievable \vizetik control.
Accordingly, the strategy that was applied is to use conditibas are known to
protect W. For example, ensuring that the formulation is aaditature with pH
equal or below 2 as suggested by the Pourbaix diagraecessary. Increasing the
kinetic rate of Ti dissolution using complexing agents suclkR@$A, and/or mild
oxidizers were attempted. But these efforts were unssittes

Oxidizers such as ¥, (E; = 1.76 V) severely attacked W, while mild

oxidizers such as HCOOH (E= 0.06 V), SA" (E; = 0.15 V), Fé&", etc..., were
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fruitless and did not provide the needed wet etch selectilitgrestingly, the use of
dilute HF, one of the strongest oxidizers knowg £E3.05 V) exhibited compatibility
towards W. This compatibility complemented with an increasselectivity was
further enhanced by incorporating MTES into the formulatid®imilarly, MTES

provided the formulation with its unique compatibility towards ,S#dd similar

materials. The difficulty of this challenge is attributed to thieeeely favorable SiF

AG (~- 1572.7 kJ/mole) which suggests that HF reaction with, S8 highly

spontaneous.

The concept of incorporating a silane cross-linking companiada dilute HF
solution seemed unrealistic. It has been established in theifscieommunity that
silane Cross-linking compounds and other silane molecules $oi-gel polymers in
acidic environments. It was hypothesized that silicon preursay hinder the HF
ability to etch silicon oxide and other silicon oxides dielectric medte This
phenomenon can be ascribed to the formation of products as salicic acid or
possibly other species that if present at sufficient amomntie solution, would
establish an equilibrium with S§O Once an equilibrium is reached, silicon oxide and
similar materials are no longer etched by HF. Another pleusitechanism is the
formation of species that may have passivated the silicoe surface.

The excellent electrical performance of the circuit furthenalestrated the Ti
etch/clean formulation’s capability. A tight distribution obtainedvia resistance

chain was demonstrated, suggesting that the formulation islsualhis application.
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The novel feature of this formulation is that although it contaiks a
common agent for etching SiQt does not attack ILD or SiOnaterials. Use of HF
was considered high risk. This formulation represenissadf its kind in meeting
demanding requirements in selective metal HM etching in thé&esaductor industry

and enables the sub 50 nm and beyond process techsdimgi¢l_SI.
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CHAPTER 6

Formulation Characterization and Reaction Kinetics

6.1 Introduction

Detailed characterization of the various reaction product cangsoin the wet
etch/clean formulation is presented in this chapter. In thissiigetion, numerous
analytical and characterization techniques were employea ieffort to identify the
various reaction products constituents. Here, some regrrtolucts are revealed and
carefully characterized by conducting reaction kineticsiasud On the other hand,
many product species remain unidentified. This kinetic stualy wndertaken in an
attempt to establish a capability that provides real time reactimes evaluation and
quality control adjustments and fine tuning to ensure suadessithesis. One of the
reasons for undertaking this study is for the practical impoetaof being able to
determine how quickly the reaction of HF, MTES, and wapgroaches equilibrium.
Furthermore, the study of the reaction rate leads to arrsiadding of mechanisms
for the investigated reaction and its influence on etch rateecxamined substrates.

Based on the synthesis reaction previously proposed, froskict species
hexafluorosilicic Acid (HSiFs), HF, and inorganic silicon compound silica or silicic
acid (H:SiO3) were successfully identified. A kinetic investigation wasied out to
characterize the behaviors of these species as the repignesses. The etch rates
of Ti and SiQ as a function of varying HF concentration resulting dutiregsynthesis

was investigated. The reaction orders with respect to TiS¥0gl etch rates were
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determined. Furthermore, the mechanisms for the HE/&@ HF/Ti reactions were
elucidated. It is important here to evaluate these reactiomactéastics due to the
unigueness of the wet etch/clean formulation. It would adsimieresting to examine
whether the behaviors of these reactions agree with tHeafothers who studied the
etching of Si@ and dissolution of Ti in HF chemistries.
6.2 Methods

Various analytical methodologies were employed to aid in ffate of
identifying and characterizing the reaction products. All erpants were done in
triplicates. It was readily realized that the determination ofvém@us synthesis
products and their structures is extremely challenging. difiisulty stems from the
inherent nature of the reaction and its ability to produce n@ogucts. The
analytical techniques used are listed systematically as follows:
6.2.1 Analytical Methods
F Concentration

The concentration of ‘Fwas determined using Orion Model 94-09 lon
Selective Electrode (ISE).
NMR

Proton NMR spectra were recorded on a 499.89 Midrdan spectrometer.
The NMR spectra were processed usiigMR 4.3 Varian Unity 500 Plus software.

% NMR spectra were recorded a Bruker AMX600 spectrometer.
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Gas Chromatography Mass Spectrometry (GC-MS)

The GC-MS system was a Scientific Focus-GC (Thermo-FiShamtific).
No sample preparation was required for this analysis. sah®le was analyzed neat.
The samples were hexane extracts of the formulat@ne microliter of sample was
injected and vaporized in split mode (split ratio 20:1) onto apaar GC column
where the constituents in the sample were separated urediiltwing temperature
conditions: Isothermal at 50C for 5 minuteRamp from 50 to 250 °C at 10 °C/min,
Hold at 250 °C for 15 minutesUnder these conditions, compounds with molecular
weights up to approximately 400amu can be detected.
Eluted material is swept by helium to a mass spectrometbe MS acquires data
from 40 — 500amu. Spectra are compared to a Natiosttuke of Standards and
Technology (NIST) database for identification.
Matrix-Assisted Laser Desorption Mass Spectrometry (MALDI MS)
MALDI mass spectra were measured on a Bruker Autdfleeflectron time_of flight
mass spectrometer equipped with a nitrogen laser3@7 nm).
High Performance/Pressure Liquid Chromatography- Ultraviolet/Visible
Spectroscopy-Mass Spectrometry (HPLC-UV/VIS-MS)

Dionex High Performance Liquid Chromatography system (UliEVia000)
was used to carry out the analysis.
Evaporating Light Scattering Detector-Mass Spectrometry (ELSD-M)

This work was conducted using the Metara LMS-300 CCAchvis based on

in-process mass spectrometry analytical technique.
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6.2.2 Kinetic Study of Selected Reaction Constituents
Determining H,SiFs concentration
|. Reagents

De-ionized ice, potassium nitrate-saturated solution, stand&wdium
hydroxide solution (0.05N), and bromothymol blue (BTBZ, Percent solution.
Bromothymol blue is an indicator, a substance that chandes &® the pH of a
solution changes. Bromothymol blue is yellow in acidic solutiamd blue in basic
solutions.
Il. Procedure

5 ml of the sample containing the hexafluorosilicic acid pipetted into a 100
ml volumetric flask, and then dilute with DI water up to the ffldnark. 100 ml of
Dl ice was placed into a 400 ml beaker. Then 25 ml tdgsium nitrate solution was
added to the ice. 25 ml of the solution from step 1 wasitakd added to the beaker
that contains the DI ice and potassium nitrate solution. Thees f BTB were
added to the solution. Titration
with Standard Sodium hydroxide solution (0.05N) until the epidtds reached was
performed (the blue color persists for at least 30 sejond® HSiFs can be

determined by

NNaOH(M)VNaOH( ml) MWI—& Sig( g Xl

%H,SiF, =
2W(g).1000ml /L

00 (6.

Where W is the weight of the sample in grams.
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Determining HF concentration

After cold titration, the beaker was placed with contents frbove titration on a hot
plate and brought to boil. The hot solution was titrated saium hydroxide until
the neutral point is reached (green color). % of free @dk) other than bBiFs,

expressed as

%HFE = NNaOH(M)(VﬁgIgH _O'S\/Ir\]l(;tOH)(ml) MWHF( g)><100 (6.]
2W (g).1000ml /L

Determining H,SiO3; Concentration Using Blue Complex Method
|. Reagents

Acidic molybdate solution and reducing agent.
Il. Procedure

The acidic Molybdate solution is prepared by adding 2 gamimonium
molybdate tetra hydrate into a 100 ml elementary flask.l & 87 % HCL were then
added. DI water was added up to the 100 ml mark.

The reducing agent is a mix of three different solutions kvhie prepared as
follows:
Solution A: 2 g of 4-[methyl-amino] phenol sulfate plus 1.2 g of isod sulfite
anhydrous were placed into a 100 ml elementary flask, dieted with DI water up
to the 200 ml mark.
Solution B: 10 g of oxalic acid were placed into 100 ml elementary flaskl then

diluted up to the 100 ml mark.
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Solution C: 115 g of 36N HSO, were added into 250 ml elementary flask, and then
diluted with DI water up to the 250 ml mark to make up YSGi.

62.5 ml of the 36N KE50O, is needed to make up the 250 ml solution of 9$®j.
Multiplying the volume (62.5 ml) by the density ob$0, (1.84 g/ml), 115 g of 36 N
H,SO, is the amount needed to make up the 3R®.

The reducing agent is 100 ml of solution A plus 60 ml oftsmiuB plus 120 ml of
solution D plus 20 ml of water.

3 ml of acidic molybdate solution was added to 1 ml of ta@mme. The
solution is heated for 20 minutes at 50-60 °C, until the formatfa yellow complex
is noticed. The solution was taken out and 15 ml of thechregwagent was added to it.
Reheated for 20 minutes at 50-60 °C. Formation of biueptex is observed. The
absorbance was measured at 810 nm using the UV/Visibter(was ran as blank).
A calibration curve is shown in Figure 6.1, was establiglsdg silicon standard

solutions.

(o] 2 4 6 8 10 12
H2SiO3 Concentration (ppm)

Figure 6.1 Calibration curve constructed using the silicon standard solution
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Determining Silicon Oxide and Titanium Etch Rates
SiO, and Ti etch rates fro each coupon sample were detednbg measuring the
thickness before and after immersion in the solution. Tickrtess measurements for
SiO, were performed using an ellipsometer (Nanometrix, nawco$d®0). The
titanium film thickness measurements were performed basedsaal observation
and utilizing a four point probe method (Surface resistivitytemeGaurdian
Manufacturing Inc., Model SRM-232). All experiments wesgried out at 60 °C,
using high density poly propylene (HDPP) beaker.
6.3 Results and Discussion
F~ Concentration

F Concentration was identified as a key indictor for synthegecess and
completion due to the accuracy and repeatability of measms. The average
concentration of Fwas found to be 76.2 ppm after synthesis. The initial gfothnis
method was to determine and subsequently correlate farenand SiQetch rate.
NMR

Figure 6.2 illustrateSH NMR of the formulation indicating the presence of
ethanol and benzotriazole (Added as a Cu corrosion inhibitbralso shows broad
multiple peaks in the methyl region (see Figure 6.3). Tiwad peak could be
attributed to fluxional behavior or slow tumbling of oligomers iatlitg the presence

of methyl group in oligomeric species.
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Figure 6.2 *H NMR spectrum of wet etch/clean formulation.

Figure 6.3 *H NMR spectrum. Note multiple peaks in the methyl region.

% NMR shows similar broad peaks as illustrated in Figurev@ch could
also be attributed to fluxional behavior or overlapping pehlesto oligomers.*F
NMR of dilute HF solution gave two peaks at 129 ppm (ibbs$i,SiFs), and a peak

at 158 ppm (due to HF) as shown in Figure 6.5.
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Figure 6.4 °F NMR spectrum of formulation.
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Figure 6.5 *F NMR spectrum of pure HF.
% NMR illustrated in Figure 6.6 shows the absence of thk pea58 ppm
seen in HF spectrum (Figure 6.5). Absence of this peald suggest that free HF is

reacted out of the solution forming SiF oligomeric speciadifeg to a broad peak at
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127-129 ppm as shown in Figure 6.4. The entife NMR spectrum of the

formulation is shown in Figure 6.7 for reference.

Note absence of

ing baseline believed to peak at -157.675
an artifact of the probe found in HF
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Figure 6.6 *%F NMR spectrum of formulation. Note absence of peak5i#.7.
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Figure 6.7 Entire’®F NMR spectrum of formulation is shown for reference.
Gas Chromatography Mass Spectrometry (GC-MS)

The goal of this technique was to achieve mixture separatnnl discrete
molecular detection. GC-MS data shown in figure 6.8 indieagrouping of peaks
that are separated by 77 mass units, a fragment consigtierthe polymer backbone
CHsSi(OH), or CHSIOF. Each oligomer then cleaves in a predictable pattern
Groupings of peaks are believed to be analogs havingnganumbers OEt or F

ligands.
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Figure 6.8 GC-MS Spectrum indicates grouping of peaks that are ateplby 77
mass units.
Matrix-Assisted Laser Desorption Mass Spectrometry (MALDI MS)

The purpose of this analysis was to determine molecularand fragments in
the formulation. MALDI work results illustrated in Figure 6shows similar,
predictable cleaving patterns when compared to GC-MS resihs results indicate
fragmentation pattern of 14 (GHand 58 (CHSIO) mass units. However, the
predictable fragmentation pattern ends at mass units belowsl@8picted in Figure
6.10. Lower mass spectra consist of several prominexds npeaks other than
identified repeating fragments. This may indicate the presericenonomer

fragments.
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Figure 6.9 MALDI-MS spectrum for the formulation.
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Figure 6.10 MALDI lower mass spectrum of the formulation. Notegfreentation
pattern ends at mass units below 169.
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High  Performance/Pressure  Liquid  Chromatography-Ultraviolet/Visible
Spectroscopy-Mass Spectrometry (HPLC-UV/VIS-MS)

HPLC technique was employed for species separation. idBméfication of
compounds and interpretation of their structure was donesimg UV/VIS and MS
respectively. Figure 6.11 shows the results of this studgioh the presence of BTA
is confirmed. Other species were not detected in this regidns emerged as an
excellent technique for BTA analysis but lacks the selectivaty Separating out
formulation components. This was a practical quantitativeytecall technique for
BTA while also having the ability to monitor for BTA degradatio
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Figure 6.11 UV/VIS and MS spectrums in (a) and (b) respectivelyjcaithg the
presence of BTA in the UV/VIS region.

‘l'r :i i Ihi i A Iy o0

Evaporating Light Scattering Detector-Mass Spectrometry (ELSD-M)
The ELSD-MS technique was used to complement other aralgtiethods in
identifying the various oligomer/polymer species in the fortinia The result of this

study is shown in Figure 6.12 a and b for the ELSDM8despectively.
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Figure 6.12 ELSD in (a) and MS spectrums in (b) confirming the preseof BTA
and other species.

6.5 Kinetic Modeling of Formulation Synthesis

Kinetic model and reactions mechanisms were developed fer th
HF/MTES/water reaction. This kinetic work is relevant for lelsthing a successful
synthesis and, more importantly, serves as a model totdinieg the reaction

behaviors during the synthesis. One of the reasonsiflartaking this study is for the
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practical importance of being able to determine how quicklyrédaetion of HF,
MTES, and water approaches equilibrium. Furthermoresttigy of the reaction rate
leads to an understanding of mechanisms for the investigatetion and its influence
on etch rate of the examined substrates.

Based on the synthesis reaction previously proposed, firoskict species
hexafluorosilicic Acid (HSiFs), HF, and an inorganic silicon compound (silicic acid)
were successfully identified. A kinetic investigation was edrout to characterize
the behaviors of these species as the reaction progrédsegtch rates of Ti and SIO
as a function of varying HF concentration resulting during #ynthesis was
investigated. The reaction orders with respect to Ti and, tCh rates was
determined. Furthermore, the mechanisms for the HF/ 810 HF/Ti reactions were
elucidated. Although these reactions have been extensiveled, it is important
here to evaluate their characteristics due to the uniqueriethe avet etch/clean
formulation. It would also be interesting to examine whetherbhaviors of these
reactions agree with the work of oth&swho studied the etching of SiGand
dissolution of Ti in HF chemistries.

6.5.1 Kinetic Study Results

The experimental results pertaining to the synthesis of thmaufation to
evaluate silicic acid (b5i03), H,SiF;, and HF concentrations, and sié@nd Ti etch
rates are illustrated in Table 6.1. Etch rates of Ti and &@ concentrations of
reaction mixture were monitored as a function of synthesis. tiibe study was

carried out over a 24 hours period in which HF (0.24 Wt%TES (1.66 wt%), and
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water (98 wt%) were mixed. The data indicates a stommgelation between HF
concentration and Ti and Si€ch rates. On the other hand, the correlation,8i®4
and HSiFs is not as robust. Furthermore, the data shows that theor@aynthesis
reaches equilibrium in less than two hours. This is appaveen comparing the
concentration and etch rate results for the 2 hour and@4 samples.

Table 6.1 H,SiO;, H.SiFs, and HF concentrations, and Etch rates of,Si6d Ti
determined in real time while synthesis is in progress.

Time H2Si03 H2SiF6 HF SiO2 ER TiER Ln [HF] Ln (Si02 | Ln (Ti | Selectivity (Ti
(min) |Concentration (ppm)]  (Wt%) (wt%) (A/min) (A/min) ER) ER) | ER/SIO2 ER)
0.0 3.500 0.008 0.172 3.70 164.84 -1.760 1.30% 5.1p5 44.550
30.C 5.10( 0.00% 0.08% 1.0C 96.1¢ -2.48¢ 0.00( 4.56¢€ 96.15¢
60.C 4.30( 0.00% 0.05¢ 0.7¢ 94.9¢ -2.83( -0.31¢ 4.55% 130.05(
90.C 4.50( 0.00¢ 0.04% 0.37 47.6% -3.14% -0.994 3.86 128.70(
120.0 4.800 0.004 0.037] 0.25 45.45 -3.297 -1.38p 3.817 181.8
1440.0 4.700 0.004 0.037% 0.26 45.3( -3.497 -1.347 3.413 2B814.

During the synthesis of formulation, hydrolysis of Mtes miag represented

schematically as:

Mtes+3H,O0— S{ OH,+3 ROH
Si(OH), + 6 HF <> H,SiE+4H,0
[H,SiIR] 2.8x 10°

= ~ . ~1x10°
[S(OH),J[ HA® 6.4x10°x[1.9x10°F

The K value estimated from the concentrations in Table 6vériglarge implying a
complete disappearance of HF consistent with the NMR resutsnsin Figures 6.4-
6.7. The figures show’r NMR peak due to HF completely disappears upon
completion of the synthesis. Furthermore, this result is consisigh studies of

Finney et. af?* who found similarly a large value for K in their study ofSiHs
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hydrolysis. It is known that under acidic conditions (pH<#he polymerization of
Si(OH), can be prevented, although experimental data [NMR aaskMpectroscopy,
see figure 6.8-6.10] indicate some degree of oligomerizatioing the course of the
synthesis. More importantly, the extremely low concentraifddF detected provides
protection against unwanted etching of S&ructures on wafer during Ti etching
process.

To further probe the effect of HF and predict the reactiwdsr kinetics for Ti
dissolution and Si@etch rate, the log of HF concentration vs. the log of, Si@l Ti
etch rates were investigated as shown in Figures 6.8, 6215 respectively.

Furthermore, the selectivity of Ti to SIQli ER/SIG, ER) was examined as shown in

figure 6.16.
2.000-
y = 1.7091x + 4.3354
2 _
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Figure 6.13 SiO, ER Kinetic Order with Respect to HF Concentration.

The observed SiDetch rate order with respect to HF concentration is 1.7.
This order value is consistent with the results of Monk ét’atho observed similar

order for phosphorus doped silicon oxide. It is belietreat oxide etching results
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from attack of HE. As previously discussed during the synthesis, HF cdrateon

decreases dramatically as depicted in Figure 6.14.
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Figure 6.14 HF concentration as a function of synthesis time showsnexpial
decay, with time constant of 29 minutes.

This exponential time dependence of HF concentration duriegyhthesis

can be explained as follows:

158



CH,S(OE),+3H,0—+— CH Sj OH,+3 G H OH
ky

CH,S{OH),+3HFf CH,SiE+3H,0
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_[CH,S(OH) ], + AHF]
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Kk, [CH;SiF]g,

e, AR CH.S{ OF ]

d[Ad':F] = k][ HF %, +9[CH,S( OH),] ] HAZ, + k][ A HF

AHF = AHF e witha =[ K[[ HAZ,+9[ CH, Ki OW] o] HFL+ K

+3N HFI[ CH,Si O ] (| HFZ,

As the equilibrium concentration of HF is low, the JHEoncentration would

be even lower thereby preventing oxide etching.
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Similar analysis of Ti etch rate with respect to HF comre¢éion gave a

reaction order of approximately one as shown in Figure 6.15.
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Figure 6.15 Ti ER Kinetic Order with Respect to HF Concentration.

This kinetic order is similar to what observed for copper etcbymddF in
chapter 3. By analogy with copper etching studies, it is suggyésat Ti etching may
proceed through formation of titanium oxide on the surface. No fughdace
characterization of Ti species or corrosion studies were conducted.

From application point of view, what is important is the selegtiot Ti
etching over Si@etching. The selectivity as defined by equation 4-2 is plottead as
function of HF concentration in Figure 6.16. It clearly shows an exp@ahéncrease
in selectivity with decrease in HF concentration. The Pourbagram for Ti
suggests two scenarios depending on the open circuit potential (GRIPC is close
to zero, the formation of Ti)which in turn is dissolved by HF, could provide the Ti
etching mechanism. On the other hand if the OPC is significantly negative, then dir

attack of fluoride on Ti could drive the dissolution process (see belbwhe former
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were the mechanism, etching rate will be sensitive to dissolvedeaxy Further

studies are necessary to establish molecular mechanism for Ti dissolution.
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Figure 6.16 Ti/SiO, selectivity with Respect to HF Concentration.

6.6 Model for Ti etch Selectivity

Through careful interpretation of the analytical data, a plausitdehanism
pertaining to the selectivity of Ti etching process mayatenalized. The NMR and
Mass spectroscopic results clearly indicate that F ishetthto Si monomers, Si-O-Si
oligomers (dimers, trimers, etc...), and (-Si-O-)n polymers lback. What ever
remaining small concentration of HF in equilibrium with Si spe@essufficient to
cause Si@etching. One model to rationalize the Ti selectivity of tirenulation is in
terms of a catalytic role provided by titanium surface for riflease of F into the
solution and/or the Ti surface in particular. This desirabitityeleasing the fluorine
onto the Ti surface can be attributed to two likely motives. Tise it due to the

greater difference in electronegativity between F-Ti vs. Si0¢ (F-Si and F-O), the
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second is the abundance of ¢h the surface (note, the pH of the formulation is ~2)
which promotes the formation of HF and/or HFesponsible for etching the Ti. To
further understand the selective etching model, one must revisit $leedoacepts of
corrosion since Ti etching is a corrosion process. Metal dissdlyekberating
electrons into the bulk of the metal which migrate to the adjoinirfgsirwhere they
react with H in the solution to form K The dissolution of Ti in the wet etch/clean
formulation is shown schematically in figure 6.17. The formatioRBfmechanism
which rapidly reacts with Ti is illustrated. This released~oonto the Ti surface is
much more favorable than on Si@ue to electronegativity differences and the
presence of H on the Ti surface. These conditions provide the necessary
requirements for the release of fluorine from the organosilicomomers and
oligomers and the formation of HF on the Ti surface. A siimiadel based on
dissolution of TiQ can be advanced. However, to discriminate between these two

models would require further electrochemical corrosion studies.
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Selective Ti Etch
Formulation Solution

Ti

Figure 6.17 Schematic diagram of Ti dissolution in the wet etch/clean formulation.
6.7 Summary

NMR showed multiple peaks b¥H NMR that corresponded to different
methyl groups, while®F NMR also showed multiple broad peaks. GC-MS work
indicated that there were discrete correlations of peaks iitG@do fragmentation
patterns in the MS which further showed fragmentation patterhsvdra common to
different molecules. The MALDI work supports GC-MS findingsR s$tudies
confirmed Si-F covalent bonding. BTA concentration was determineatitpiavely
and its behaviors were characterized ustiRl_C-UV/VIS-MS. HRICP-MS method
was successfully employed to determine Si concentration in tmeuli@iion for

characterization purposes. ELSD-MS technique was used to completment
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analytical methods in identifying the various oligomer/polymecigse Interpretation
of the data suggests that the formulation is composed of a mixtureonomers,
dimers, trimers, to hexamers siloxane compounds containing médayb,fhydroxyl,
and ethoxy groups. Discrete monomers of similar composition arvdiledty. The

following is a representation of these compounds.
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The reaction products, in conjunction with the residual HF, providesatsel
Ti etching capability. The reaction orders with respect tetdhing and Si@etching
rates of HF were determined and were found to be 1 and 1.8 respeciived pH of
the formulation and the aerobic conditions in which the Ti etchingisgedaout offers
protection with respect to tungsten etching. This is a distinctnéalya as W is a
common element present at first layer of interconnects. Theb&rudiagram for
tungsten (Figure 4.5) shows the formation of passivating W@ at low OCP and
pH of ~2. Thus the overall formulation achieves selective etchitigraspect to Ti

while maintaining negligible etch rates with respect to,%i W.
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CHAPTER 7

Scalability and Process Control

7.1 Introduction

The objective of this chapter is to discuss the strategy eeceaitthe various
stages of scalability development and optimizations of thestebiclean formulation
synthesis for high volume manufacturing. Two key strategie® wee&ploited in
establishing an optimal apparatus design to carry out the synthasessccommodates
the needs of manufacturing Fabs: 1) Employing the 60 letter hatteiautomated
wet station where wafers are processed as a reactisel vy Designing a reactor in
which the synthesis can be carried out externally and on a nmgeh tcale than the
first approach.

The scalability of the formulation synthesis from a laboratmgle (200ml in
beaker) to high volume manufacturing batch reactor (3000 gallons) thwenigh a
steep learning curve due to difficulties related to the syistlegsironment. Besides
the factors previously discussed (temperature, time, MTES add#ten HF/MTES
ratio, and stirring rate), additional variables related to thgelavolume and the
enclosed reactor system had to also be addressed and overcommosth®etable
challenge was related to the fact that the synthesis inkahbisaan open system, while
all other stages of volume scaling dealt with an enclosed sys&me of the key
issues that were readily observed as a result of employingciwmsed system were a

significant shift in pH and an increased susceptibility to fagrpolymer, particles,
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and oily residue (i.e. gel). These shortcomings have considerably tedpte
formulation from a reliability and functionality stand point. In tlgsalability
development work at various stages, extensive experimental dessgoarried out in
response to the increased number of factors resulting from tleseddystem. These
additional factors included nitrogen sweep rate, pump flow rate, antbniger time
required for the synthesis. An optimal nitrogen sweep is retjairéhe head space of
the reactor to assist in the escape of volatile species anenpitheir condensation.
The system differences open (beaker) vs. enclosed (reaetad) tb adopting
significant changes with respect to previously optimized m@acatonditions in lab-
scale synthesis. Previous and new factors were thoroughly investigatedtuiiing
scalability development in which a successful formulation wasodstrated at each
stage of development.

Here, some reaction products were carefully characterizexh inttempt to
establish a capability that provides real time informatiorh wéspect to synthesis
progress. This ability ensures that proper synthesis conditiomsedré.e. real-time
process evaluation and quality control) and necessary adjustmentsadtom
conditions can be made to ensure that synthesis is following a gagher Typically,
analytical techniques are needed to serve as a predictive tardich product
worthiness which are required for the certification of chemiaaimblations,

particularly, if they are to be implemented for high volume manufacturing.
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Typically, analytical techniques are needed to serve ada{we indicator of
product worthiness which are required for the certification of ctanformulations,
particularly, if they are to be implemented for high volume manufacturing.

7.2 Systems Designs and Assembly
7.2.1 Synthesis in the Bath within the Automated Wet Station
Figure 7.1 illustrates the components of the system that whseditito

synthesize the formulation.

Figure 7.1 Schematic of the formulation synthesis system within the attohveet
station. Dilute HF bath and the MTES delivery components are shown.

The 60 liter bath which is used to process wafers on an automatestiavien
and the various components to deliver the MTES to the bath are shovwguia F.1.
It shows the dispense block used to inject the MTES into the battdhe dilute HF
bath. This system was used as a temporary solution until the higimeol
manufacturing (HVM) reactor was constructed.

A Schematic diagram of the 3000 HVM reactor and its componestsoisn

in Figure 7.2. The system features the reactor, MTES contangedelivery system,
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recirculation pump, and heat exchanger. Furthermore, a complet@geamdinitoring
system was put in place to monitor temperature, pump pressureorsdlaw rate,
and nitrogen mass flow rate.

A number of milestones were achieved throughout the design andbiftal
development. In the first stage, a 20 gallon reactor referrad sample system was
assembled. In the second stage of development a 120 gallon pilan syste
designed and constructed. In the third stage of scalability a 1000 gedictor was
erected, and finally in the last phase a 3000 gallon reactor was built.

The reaction synthesis in the reactor was carried out in agnaimilar to that
in the beaker. The dilute HF solution was prepared using a coneenti@¥% HF.
This solution is then heated to 80 °C. Pure MTES is added at aa®to the dilute
HF solution at 80 °C. Throughout the synthesis, the temperatoraingained at 80
°C and vigorous mixing is applied by employing a pump. For theioeaid reach
completion (equilibrium) a period much longer than the 2 hours in beaker
required. In addition to altering reaction parameters and conditiorey &iQ etch
rate target of 0.3 A’/min was established to alleviate timitdtions given by the

enclosed reactor system.
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Figure 7.2 Schematic diagram of 3000 gallon reactor and its components.
Functional testing of the final reaction product was done on blanketadésts.
The etch rate experiments were conducted in the same manneviasigly described
in chapter 5. Additional key parameters of the reaction products avelyzed and
their concentrations were determined. HF, &d BTA concentrations were
determined at the end of each synthesis as an indication of asdfutegathesis and
to establish a base line. Note that manipulating any of thesmsess parameters

enough to drift Fconcentration would push the CVD etch rate out of control limits.
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7.3 Process Control and Stability Results and Discussion
The syntheses model with respect to HF concentration and silicda etch
rate as a function of time is shown in Figure 7.3. Note the totge required to

reach equilibrium conditions and stabilize the Seéfch rate to achieve the required

target.
Synthesis Model
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o4 o MTES or HF Addition Si02 7015
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Figure 7.3 The syntheses model with respect to HF concentration and siicde
etch rate.

The reaction profile in the reactor at the various phasesatdlslity is shown
in Figure 7.4. The plot clearly shows the ability to match tméhegis with respect to
HF concentration trend at each phase of scalability. This isod tdication of
progressing in an acceptable path at each stage of scalingeactdrrassembly
development. For the 1000 and 3000 gallon reactors, synthesis control @andobatc
batch uniformity is demonstrated as shown in the process contrad dhastrated in

Figures 7.5, 7.6, and 7.7 for SIHF concentration, and Eoncentration respectively.
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Additional indicators were investigated as well, these includéA Boncentration,
and Ti ER in which process control was also demonstratedrifgpiag was shown to

be robust and consistent from batch to batch with etch rate of ~120 A’/min.
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Figure 7.4 Reaction profile with respect to HF concentration and reaciioa at
various stages of scalability.

In comparison with the data for the open beaker synthesis, as shoaiein t
6.1, the SiQ etch rates are higher at the equivalent concentration of Hieioldsed
reactor system this could arise from the evaporative losseaftive fluorine
containing components in the open system. Note significantly elffetime

dependences of HF concentration in open (Figure 6.14) and close system (Figure 7.4).
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Figure 7.5 SiG, etch rate process control charts for various batches from the reactor.
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Figure 7.7 F Concentration process control chart for a number of batches.
7.4 Summary

The synthesis of wet etch/clean formulation on a large scahe ireactor was
demonstrated as suggested by the summarized results. The formulation adevelope
necessary success criterion described previously in which a homogsolatien
mixture free of particles, polymer, or oily residue is creatédrthermore, etch rate
targets of the various substrates were achieved and was cahbmpatterned wafers.

The kinetic work discussed in chapter 6 was also important in develaping
successful synthesis. The concentrations &6 and HSiFs were investigated as a
function of synthesis time, which assisted in providing additional gatoge
characterize and achieve a successful synthesis.

For the scalable reactor design, potential scale-up obstadlesdsatified and
addressed throughout the various phases of development. The scalabdlgpdent
and investigation work revealed that the removal of the by-productilgatmecies
using N sweep and the modification of a number of factors from the beaktr s

reaction was a key for an optimal and successful synthAsshelf life stability study
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was undertaken to determine the extent of the formulation $yabllhis investigation
indicated that the compositional stability of the formulation exceedsriod longer
than one year. This stability could be attributed to maintainingdbMwhere Si
monomeric species dominate and polymerization is suppressed under the

conditiong?®,
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CHAPTER 8

Conclusions and Future Work

8.1 Conclusions

As multistep, multilayer processing in semiconductor industry becaonus
complex, the role of cleaning solutions and etching chemistriesbaceming
important in enhancing yield and in reducing defects. This thesis deatesstr
successful formulations that exhibit copper and tungsten compatibititycapable of
ILD cleaning and selective Ti etching.

The synthesis of wet etch/clean formulation on a large scaledgactor (3000
gallons) was demonstrated as suggested by the summarized r@sdtformulation
developed met necessary success criterion described previously oh ahi
homogenous solution mixture free of particles, polymer, or oiliduesis created.
Furthermore, etch rate targets of the various substrates aohieved and was
confirmed on patterned wafers.

In the copper corrosion work, Potentiodynamic polarization experiments
carried out in the organic, HF containing cleaning solution, show adictive-
passive, passive, and transpassive regions. Use of organic cormasioitors,
deareated solutions and possible use #.Hprovides an effective method to reduce
corrosion rates and copper concentration in cleaning solutioQ, &tidition to the
cleaning solution appears to be very beneficial by creati@gQ@ film that is resistant

to attack by HF. The incorporation of,®) provides an additional advantage by
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enhancing the cleaning solution’s ability in removing particlesl aesidue.
Furthermore, a simple kinetic model is proposed for copper dissolutiomgduet
chemical etch process. It predicts a first order kinetick wespect to dissolved
oxygen and HF, the two key ingredients involved in corrosion of coppelissolved
oxygen is eliminated or if protective CuO is formed the rateopper corrosion can
be suppressed.

The developed Ti selective wet etch/clean formulation exhibésability to
remove the plasma etch polymer residue, and strip patterrgathTilm layer while
suppressing the etch rates of QI@DO, SiN4 SIiC, Cu, W. This capability was
demonstrated on blanket and DD patterned wafers with no evidence afleense
impact to interconnect and transistor structures or underlyingri@at The results
for patterned wafers are in agreement with the blanket svateh rates findings for
the various substrates.

The concept of incorporating a silane cross-linking compound into a difute H
solution is novel. It was hypothesized that silicon precursors majehithe HF
ability to etch silicon oxide and other silicon oxides dielectriatamals. This
phenomenon can be ascribed to the formation of products such as saticior a
possibly other species that if present at sufficient amountiensolution, would
establish an equilibrium with SJO Once an equilibrium is reached, silicon oxide and
similar materials are no longer etched by HF. Another plausiig@ehanism is the

formation of species that may have passivated the silicon oxide surface.
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The novel feature of this formulation is that although it contains &lF
common agent for etching SiAt does not attack ILD or Sinaterials. The use of
HF was considered high risk. This formulation represents aofirs kind in meeting
demanding requirements in selective metal HM etching in the sathictor industry
and enables the sub 50 nm and beyond process technologies for advanced ULSI
Interpretation of the data suggests that the formulation igpesea of a mixture of
monomers, dimers, trimers, to hexamers siloxane compounds containihgl, met
fluoro, hydroxyl, and ethoxy groups. Discrete monomers of similarpesition are
also likely.

The reaction products, in conjunction with the residual HF, provide etisele
Ti etching capability. The reaction orders with respect tetdhing and Si@etching
rates of HF were determined and were found to be 1 and 1.8 respeciivelypH of
the formulation and the aerobic conditions in which the Ti etchingigedaout offers
protection with respect to tungsten etching. This is a distinctnéalya as W is a
common element present at first layer of interconnects. Theb&rudiagram for
tungsten (Figure 4.5) shows the formation of passivating W@ at low OCP and
pH of ~2. Thus the overall formulation achieves selective etchitigraspect to Ti
while maintaining negligible etch rates with respect to,%iad W.

The kinetic work discussed in chapter 6 was important in developing a
successful synthesis. The concentrations &6 and HSiFs were investigated as a
function of synthesis time, which assisted in providing additional gatage

characterize and achieve a successful synthesis.
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The excellent electrical performance of the circuit furitiemonstrated the Ti
etch/clean formulation’s capability. A tight distribution obtainadvia resistance
chain was demonstrated, suggesting that the formulation iblguiitet this application.

For the large volume reactor design, potential scale-up obstacles
identified and addressed throughout the various phases of development. The
scalability development and investigation work revealed that thevanof the by-
product volatile species using dweep and the modification of a number of factors
from the beaker scale reaction was a key for an optimal @wwkssful synthesis. A
shelf life stability study was undertaken to determine thengxdf the formulation
stability.  This investigation indicated that the compositional k&abof the
formulation exceeds a period longer than one year.

8.2 Future Work

8.2.1 Cleanability Improvements

Even though he developed formulation has been successful for this appitather

improvements with respect to cleanability can be pursued. Stgdasd towards
improvements in wetting the patterned ILD surface should be condudied may

involve the use of surface tension reducing components.

8.2.2 Further Compositional and Kinetic Characterization

Further characterization to determine the exact compositidredbtmulation
needs to be performed. Effect of dissolved oxygen and pH rieebs explored

systematically.
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Appendix A

Kinetic Analysis for Copper Dissolution

Oads
"€ O k= [O;%

o

o 00 L) 101 kcuona- u @1-0

dt
s . _[Cu(OH,]  k[Cu(OH),]
2Cu+ O+ HZOGK{Z Cli( OHZ ng - [Oads] - 2k1[ogds]+ Kz[ Cl&( Ol—)z]
k,[Cu(OH),]

T 2O+ ki Cuy( OH ]
[oy, @H )= 21O g

"Tore)

ayon,+ Hsagoy o 1o T o o 1 K aignagr 1
QUOH QR+ HE > O uoqcfj'ﬂ:!,{mwar B [k QR
ap-tootves Vg purrka@yos e ka0t i

Substituting for Cy(OH), concentration from the reactions:

ksl TSI HA _2 Kk kg Il HF

)

The rate law for copper dissolution predicts a first order kinetics withaespe

d[cu”]
dt

—k[Cu( OH),J[ HR =2

to HF and dissolved oxygen, consistent with experimental data.
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Appendix B

DOE Fitted Model Analysis Outcome for Ti, SiQ, and SgN4 Etch Rates

Figures aB.1, aB.3, and aB.5 show plots of actual (observed) vsctprkedi
values for each response variable, Ti, ,Si@hd SiN, etch rates respectively, which
gives a visual assessment of how well the fitted models predict the respoab&esari

The etch rate summary of fit and analysis of varianceéhierfitted model are
shown in Tables aB.1, aB.2, and aB.3 for Ti, Si@hd SiN4 etch rates respectively.
The Ti etch rate parameter estimates, effect tests, atetigparameters for the fitted
model are illustrated in Tables aB.2, aB.4, and aB.6 for Tiy, i SiN4 etch rates
respectively. The effects estimates are herein comparedaaRdreto plot is
constructed. Pareto plots are useful graphical method for compdi®ats estimates
of the absolute values of all effects. It is clear that MFES, and the HF/MTES
ratio have significant effect on etch rate.

aB-1 Ti Etch Rate Analysis

Actual by Predicted Plot
1200

1000
800
600

Ti ER (A
min) Actual

400

200

-200 “— T T T T
-200 0 200 400 600 800 1000
Ti ER (A/min) Predicted
P<.0001 RSq=0.86 RMSE=91.004

Figure aB.1 Ti etch rate of observed vs. predicted from the fitted model.
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Table aB.1 Ti etch rate summary of fit and analysis of variance for the fitted model.

Summary of Fit

RSquare 0.859593
RSquare Adj 0.834815
Root Mean Square Error 91.00396
Mean of Response 196.4169
Observations (or Sum Wgts) 21

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 861931.3 287310 34.6921
Error 17 140789.3 8282 Prob>F
C. Total 20 1002720.5 <.0001*

Table aB.2 Ti etch rate parameter estimates, effect tests, anddspat@ameters for
the fitted model.

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept Biased 440.85607 70.5342 6.25 <.0001*
49% HF Volume (ml) 240.89574 57.67643 4.18  0.0006*
MTES Volume (mi) -126.8216  13.87927 -9.14 <.0001*
H20 Volume (ml) Zeroed 0 0 . .
(49% HF Volume (ml)-0.85714)*(MTES Volume (ml)-3.47619) -147.9585 26.63666  -5.55 <.0001*
(49% HF Volume (ml)-0.85714)*(H20 Volume (ml)-200) Zeroed 0 0
(MTES Volume (ml)-3.47619)*(H20 Volume (mi)-200) Zeroed 0 0
(49% HF Volume (ml)-0.85714)*(MTES Volume (ml)-3.47619)*(H20 Volume (ml)-200) Zeroed 0 0
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
49% HF Volume (ml) 1 1 14447148 17.4446  0.0006*
MTES Volume (ml) 1 1 691470.79 83.4936  <.0001*
H20 Volume (ml) 1 0 0.00 . . LostDFs
49% HF Volume (m)*MTES Volume (ml) 1 1 255529.56 30.8546  <.0001*
49% HF Volume (ml)*H20 Volume (ml) 1 0 0.00 . . LostDFs
MTES Volume (ml)*H20 Volume (mi) 1 0 0.00 . . LostDFs
49% HF Volume (ml)*MTES Volume (ml)*H20 Volume (ml) 1 0 0.00 . . LostDFs
Sorted Parameter Esimates
Term Estimate  Std Error  t Ratio Prob>ft|
MTES Volume (m) -1268216  13.87927 9.4 } <0001*
(49% HF Volume (m)-0.85714)* MTES Volume (ml)-3.47619) -147.9585 26.63666  -5.55 | <0001*
49% HF Volume () 240.89574  57.67643  4.18 0.0006*
H20 Volume () Zeroed 0 0
(49% HF Volume (m)-0.85714)*(H20 Volume (m)-200) Zeroed 0 0
(MTES Volume (m)-3.47619)*(H20 Volume (m)-200) Zeroed 0 0
(49% HF Volume (m)-0.85714)*(MTES Volume (mi)-3.47619)*(H20 Volume (m))-200) Zeroed 0 0
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aB-2 Silicon Oxide Etch Rate Analysis

Actual by Predicted Plot
350
300

N N
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o O
| |
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CVD SiOx ER (A/min) Predicted
P=0.0176 RSq=0.44 RMSE=53.965

Figure aB.2 SiOy etch rates of observed vs. predicted from the fitted model.

Table aB.3 SiOy etch rate summary of fit and analysis of variance for the fitted model.

Summary of Fit

RSquare 0.4396338
RSqquare Adj 0.34075
Root VMiean Square Error 53.96534
NMean of Response 16.1.2857
Observations (or Sum WWgts) 21

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 38842.275 12947.4 4.4458
Error 17 49508.388 2912.3 Prob>F
C. Total 20 88350.663 0.0176*
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Table aB.4 SiOy etch rate parameter estimates, effect tests, and sortatgiars for
the fitted model.

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept Biased 100.70719 41.82677 241 0.0277*
49% HF Volume (mi) 21.499126 34.20212 0.63 0.5380
MTES Volume (mi) -28.97056 8.230406  -3.52  0.0026*
H20 Volume (ml) Zeroed 0 0 . .
(49% HF Volume (ml)-0.85714)*(MTES Volume (ml)-3.47619) -33.79899 1579554  -2.14  0.0472*
(49% HF Volume (ml)-0.85714)*(H20 Volume (ml)-200) Zeroed 0 0
(MTES Volume (mi)-3.47619)*(H20 Volume (ml)-200) Zeroed 0 0
(49% HF Volume (ml)-0.85714)*(MTES Volume (ml)-3.47619)*(H20 Volume (ml)-200) Zeroed 0 0
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
49% HF Volume (ml) 1 1 1150.709 0.3951  0.5380
MTES Volume (ml) 1 1 36082.879 12.3900 0.0026*
H20 Volume (mi) 1 0 0.000 . . LostDFs
49% HF Volume (ml)*MTES Volume (mi) 1 1 13334.247 45787  0.0472*
49% HF Volume (ml)*H20 Volume (ml) 1 0 0.000 . . LostDFs
MTES Volume (ml)*H20 Volume (ml) 1 0 0.000 . . LostDFs
49% HF Volume (ml)*MTES Volume (ml)*H20 Volume (ml) 1 0 0.000 . . LostDFs
Sorted Parameter Edimates
Term Estimate  Std Brror  tRatio Prob>|
MTES Volume (m) -28.97056 8230406 -3.52 0.0026*
(49% HF Volume (mi)-0.85714)*(MTES Volume (ml)-3.47619) -33.79899  15.79554  -2.14 0.0472¢
49% HF Volume (m) 21499126 3420212 063 J 0.5380
H20 Volume (m) Zeroed 0 0
(49% HF Volume (m)-0.85714)*(H20 Volume (m)-200) Zeroed 0 0
(MTES Volume (m)-3.47619)*H20 Volume (mi)-200) Zeroed 0 0
(49% HF Volume (mi)-0.85714)*(MTES Volume (ml)-3.47619)*H20 Volume (m)-200) Zeroed 0 0

aB-3 Silicon Nitride Etch Rate Analysis

Actual by Predicted Plot
12
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-2.5 0.0 2.5 5.0 7.5 10.0 125
Si3N4 ER (A/min) Predicted
P=0.0187 RSg=0.44 RMSE=1.8667

Figure aB.3 SN, etch rate of observed vs. predicted from the fitted model.
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Table aB.5 SiN4 etch rate summary of fit and analysis of variance forfithed
model.

Summary of Fit

RSquare 0.435497
RSqquare Adj 0.335879
Root Mean Square Error 1.866727
Mean of Response 0.561095
Observations (or Sum Wgts) 21

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 45.70146 15.2338 4.3717
Error 17 59.23936 3.4847 Prob>F
C. Total 20 104.94082 0.0187*

Table aB.6 SiN,4 etch rate parameter estimates, effect tests, and sorted pasdioeter
the fitted model.

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept Biased 3.4532177 1.446839 239  0.0289*
49% HF Volume (ml) 0.7465918 1.183093 0.63 0.5364
MTES Volume (ml) -0.993391 0.2847 -3.49  0.0028*
H20 Volume (ml) Zeroed 0 0 . .
(49% HF Volume (ml)-0.85714)*(MTES Volume (ml)-3.47619) -1.158957 0.546387  -2.12  0.0489*
(49% HF Volume (ml)-0.85714)*(H20 Volume (ml)-200) Zeroed 0 0
(MTES Volume (ml)-3.47619)*(H20 Volume (m)-200) Zeroed 0 0
(49% HF Volume (ml)-0.85714)*(MTES Volume (m)-3.47619)*(H20 Volume (ml)-200) Zeroed 0 0
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
49% HF Volume (ml) 1 1 1.387683 0.3982 0.5364
MTES Volume (ml) 1 1 42.425613 12.1749 0.0028*
H20 Volume (ml) 1 0 0.000000 . . LostDFs
49% HF Volume (ml)*MTES Volume (ml) 1 1 15.678172 4.4992 0.0489*
49% HF Volume (ml)*H20 Volume (ml) 1 0 0.000000 . . LostDFs
MTES Volume (ml)*H20 Volume (ml) 1 0 0.000000 . . LostDFs
49% HF Volume (ml)*MTES Volume (ml)*H20 Volume (ml) 1 0 0.000000 . . LostDFs
Sorted Parameter Estimates
Term Estimate  Std Error  t Ratio Prob>[t|
MTES Volume (m) -0993391  0.2847 -3.49 0.0028*
(49% HF Volume (m)-0.85714)*(MTES Volume (m)-3.47619) -1.158957  0.546387  -2.12 0.0489*
49% HF Volume (m) 0.7465918 1.183093  0.63 J 0.5364
H20 Volume (m) Zeroed 0 0
(49% HF Volume (m)-0.85714)*H20 Volume (mi)-200) Zeroed 0 0
(MTES Volume (ml)-3.47619)*(H20 Volume (m)-200) Zeroed 0 0
(49% HF Volume (m))-0.85714)*(MTES Volume (mi)-3.47619)* H20 Volume (m))-200) Zeroed 0 0
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Appendix C

List of Publications, Awards, and Patents/Disclosures

1. Nabil G. Mistkawt?® Makarem A. Hussefn Malgorzata Ziomek-Mordz Shankar

B. Rananavare“A Study of Copper Thin Film Dissolution Kinetics in Organic HF
Containing Cleaning SolutionJ. Electrochem. Soc. Submitted (2010)

2. Nabil G. Mistkawi?, Makarem A. Hussefn Malgorzata Ziomek-Mordz Shankar

B. Rananavare Corrosion Behavior of Copper Thin Films in Organic HF Containing
Cleaning Solution for Semiconductor Applicationk” Electrochem. Soc157, C24
(2010).

3. The Secret to Developing Wet Etch Chemistry for enabling subnmb®nocess
Technology Nodes. (Manuscript in preparation)

4. A statistical approach to the Design of Wet Etch Clean @a¢rRormulations.
(Manuscript in preparation).

Awards

1. Chemistry Department (Portland State University) Achievenmfanard for
Academic Excellence (Paul Emmett award). (2009)

2. Nickel/Platinum Alloy selective wet etch/clean formulationvelepment and
module design/set-up award (Logic Technology Development (LTD)el Int
Corporation). (2009)

3. Q1 Materials DRA, for efforts in backend cleans (1266) developpaatnership
with GFM for Backend cleans cost savings of $30M; enabled an @GHhnical
solution for P1266.

4. Selective Titanium Wet Etch Chemical Formulation developmemrda{LTD,
Intel Corporation). (2006)

5. Golden Global Environmental award for the invention of a green chemical
formulation used at Intel (Intel Corporation) (2006).
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6. 1997 PTD Design of Experiment award, for the development of Bctsad etch
process (1997).

Patents/Disclosures

1. A Method for Stabilizing pH and Improving Clean Ability during $&ie
Removal of Un-reacted Ni-Pt/Ni Post Salicide Formation whMlaintaining High
Compatibility to Metal Gate Components. (Intel Disclosure # 72416) (2009).

2. Selective Nickel Etch Process with High Compatibilitpvetal Gate Components
(Intel Disclosure # 61295). (2008).

3. Mega Sonic Assisted Cleans to Selectively Remove Un-Re&ttBPd/Ni Post
Salicide Formation with High Compatibility to Metal Gate Compuse(Intel
Disclosure # 61294). (2008).

4. Composition for etching a metal hard mask material in semicardpiicessing.
Patent Pending, (2006).

5. Si containing precursors as a source of silicic acid to suppress silicoretohidate
in phosphoric acid (Silicon Nitride selective etch). Patent pending (2005).

6. Process to remove carbon doped oxide (CDO) thin films from siliedersv (Intel
Disclosure 43765). (2005).

7. Process to remove silicon carbide (SiC) thin films from &eve. (Intel Disclosure
40696). (2004).

8. Addition of metal corrosion inhibitor Benzotriazole (BTA) to a sanmueous
corrosive solvent, such as AP-761, as a method to improve its s¢yetctimetals and

alloys. (Intel Disclosure 40193). (2004).
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