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ABSTRACT

Transfer from aluminum to copper metallization atelcreasing feature size of
integrated circuit devices generated a need for diffwsion barrier process. Copper
metallization comprised entirely new process flothwiew materials such as low-k
insulators and etch stoppers, which made the diffulsarrier integration demanding.
Atomic Layer Deposition technique was seen as érieeomost promising techniques
to deposit copper diffusion barrier for future dms.

Atomic Layer Deposition technique was utilized tpdsit titanium nitride, tungsten
nitride, and tungsten nitride carbide diffusionrbas. Titanium nitride was deposited
with a conventional process, and also with newsitu reduction process where
titanium metal was used as a reducing agent. Tangstride was deposited with a
well-known process from tungsten hexafluoride antm@nia, but tungsten nitride
carbide as a new material required a new processnistry. In addition to material
properties, the process integration for the coppetallization was studied making
compatibility experiments on different surface miale. Based on these studies,
titanium nitride and tungsten nitride processesewleund to be incompatible with
copper metal. However, tungsten nitride carbida fivas compatible with copper and
exhibited the most promising properties to be irdegyl for the copper metallization
scheme. The process scale-up on 300 mm wafer ceaapextensive film uniformity
studies, which improved understanding of non-umifity sources of the ALD growth
and the process-specific requirements for the AeBctor design. Based on these
studies, it was discovered that the TiN processnfrittanium tetrachloride and

ammonia required the reactor design of perpendidlaia for successful scale-up.

The copper metallization scheme also includes pocteps of the copper oxide
reduction prior to the barrier deposition and tlpper seed deposition prior to the
copper metal deposition. Easy and simple coppedeoxieduction process was
developed, where the substrate was exposed gasedwsing agent under vacuum
and at elevated temperature. Because the redugtisrobserved efficient enough to
reduce thick copper oxide film, the process wassitmred also as an alternative

method to make the copper seed film via coppereoseduction.
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1. Introduction

In April 1965 Intel's co-founder, Gordon Moore, pished a paper irkElectronics
magazine, where he introduced a “legendary” figtivat has been referred to as
Moore’s Law™ This figure depicted that the number of transistara square inch of
silicon doubles every 12 months. Legend it becafter ¢ghe prediction was found
correct until nearly these days, although a sldgteleration down to 18 months has
occurred. After the first microprocessor that caored about 2,200 transistors, the
progress has been tremendous. For example, 18@86 processor in 1974 contained
6,000 transistors, the first Pentium processord@3lcontained 3,100,000 transistors,
and Pentium 4 in 2004 contained already 125,0004@0@istors on the chip when the
chip size was only 112 nfimwhich equals the size of a finger tip. Today, whe
industry moves towards 45 nm process technologyendgoré"2 quad-core
processor comprises more than 500 million transst®uch a transistor can be
switched on and off approximately 300 billion timeesecond. Since the magnitude of
these numbers is often very difficult to visualigzeme simplifications are needed. For
example: 1) you could fit more than 2000 transst@5 nm) across the width of a
human hair, 2) 300 billion times a second means adha switch equals the time a

beam of light travels a couple of centimeters.

For the further discussion of the development ef ititegrated circuit (IC) industry
later in this thesis, the background of Moore’'s L&as been explained here.
Understanding of the background is important bezauselps to understand many
decisions made in the IC industry, as well as mbsd$uture predictions. Although the
performance of processors has improved with ineasimber of transistors, Moore
was primarily interested in shrinking transistostsoinstead of improving transistor
performance in his paper. Moore’s paper also intced a less known cost/integration
curve that depicts how the relative manufacturingt @er component changes as a
function of the number of component per integratiecuit. This figure shows that the
manufacturing cost decreases rapidly with incredeesl of integration cutting down
packaging cost. This continues until the integratballenges become overwhelming,
thus increasing defect yield and manufacturing.cbisé lowest point of this curve is
a combination of certain major factors such aghé&)maximum number of transistors,

2) the average number of defect per square inctihe33ize of wafer, and 4) the costs
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associated with producing multiple components fleekaging costs. Consequently,
the figure referred to as the Moore’s Law, showsiraportant parameter how the
cost/integration curve can function. When the featsizes are shrinking, the
cost/integration curve moves downwards. In othemapMoore’s law was one of the
major factors leading to the reducing of costsha tC manufacturing. The cost-
driven factors are also dominating when new protedsnologies are chosen for the

IC manufacturing.

Moore’s Law has led to increasing function densitghe chip, defining the number
of interconnected devices per chip area. As theimum feature size of an IC
decreases, the active device density increasesd@éViee integration became more
demanding because the area occupied by the integcban lines on the chip surface
extended more rapidly than the area needed to anodate the active devices.
Eventually, minimum chip area became interconnieaitéd. At this point, continued
shrinking of complementary metal-oxide semicondu(@MOS) transistors produced
less circuit-performance benefits. This dilemma wssved by a multilevel-
interconnection system in which the area needethéyinterconnect lines is shared
among two or more levels (Figure 1). In 2010, tinectional density of active devices
in microprocessor unit (MPU) is so high that thentner of metal levels is expected to
be 12'° Furthermore, because there are more gates, a langeber of connections
between gates must be made, and the average lentjté interconnection lines will
increase. Total length of interconnects in MPUipested be over 2 km/énwhen

global wires are excluded.

As in all process steps, the cost impact of thetilmuél metallization scheme had to
be carefully considered. Although it made possii@emanufacture more dies per
wafer and reducing the cost per chip in that manhérought additional cost factors
for the development, manufacturing, and the dewti@ability. For example: 1) new

materials had to be used comprising significant R&Dbrk, 2) process challenges
meant some negative impact to the manufacturind,y8 new failure modes such as
electromigration, corrosion, and hillock formatiovas expected to influence the
circuit reliability. The question was whether theipesize reduction and enhanced

chip value will produce a margin of profit thatgseater than the amount lost due to
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additional incurred process costs and yield andabidity loss. Evidently, the
multilevel metallization scheme became cost-effecéind successful.

Passivation

Dielectric
» «— Etch Stop Layer

-+— Dielectric Capping Layer

Copper Conductor with

. Barrier/Nucleation Layer

Global L<

\

Intermediate <<

P .
Metal 1 —_ “ «—— Pre-Metal Dielectric

Tungsten Contact Plug

—): :<— Metal 1 Pitch

Figure 1. Cross-section of hierarchical scaling/éfU device'®

In late 1990s, it was found obvious that the insieg length of interconnects was
leading to the increase in the resistance timesatmce (RC) time delay of
interconnects, and in sub-quarter-micron deviceendtie propagation delay passed
the intrinsic delay that comprises the MOS traosistielay. The multilevel
metallization was facing new challenges that regglimajor changes in materials and
the process flow. Minimization of the RC delay fedca transition from aluminium-
copper (Al-Cu), tungsten (W), and silicon dioxid&@,)-based interconnects to the
Cu metal and the low-dielectric constan) ihsulator metallization scheme.

In addition to the RC delay, conventional aluminunetallization was facing
overwhelming challenges because aluminum is seasftr electromigration, also
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known as “electron wind effect”. When the curreansiity increases, aluminum atoms
can move in the lattice and cause severe devikedaisuch as voids and “hillocks”.

In the worst case, the wire will be open or shortnth other wire. Alternative metals

such as tungsten, silver and gold were considenade sthey have better

electromigration properties. However, tungsten hbsut twice as high electrical

resistivity than pure aluminum, and gold and silliewe a high cost. Copper metal
was found to be an attractive option because oligh electromigration resistance
and low bulk resistivity (1.7 Q cm versus 2.7 Q cm for aluminum). After all, one of

the most important reasons for a successful breakgin of the copper metallization
was the great progress achieved in the processlogevent of robust and cost-

effective copper deposition and patterning.

Because the copper metallization comprised entirew process flow and new
materials, new diffusion barrier for copper was dexe Atomic Layer Deposition
(ALD) technique was seen as one of the most prowgpitechniques to deposit copper
diffusion barrier for future devices, when the dgesnode was shrinking.

Discussion in this thesis is presented in chronolgorder. The discussion in the
chapter of Background is limited to the publicatiaihat were available when the
experimental work was done. Publications which hbeeome available later are

discussed in the chapter of New Discoveries.

2. Motivation for the Present Study

Since most of the work was done in ASM, Inc. whigla tool and process supplier
for the IC manufacturers, motivation for this waslas based on possible business
opportunities in the metallization market. The cappliffusion barrier process is
perceived as a part of back-end-of the line mattkatt is the biggest market sector in
the IC equipment market. Entire capital spendingl@nequipment in year 2007
totaled $44.5 billiort® The reason for bigger back-end-of the line maikevery
obvious because the MPU devices require 9-12 nesthtin layers multiplying the
need of process equipments. Contrary to back-endeofine manufacturing process,

the manufacturing process of the transistors isnofieeded only once, which is a
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characteristic for all front-end-of the line proses. The back-end-of the line market
has been dominated by the companies named Appliakrils, Tokyo Electron,
ASML, and Novellus.

In 1999, the consequences of increase in the numbé&ansistors per chip were
expected to increase the need for new diffusionidrgorocess in the near future. The
consequences comprised a new interconnect mateml continuously shrinking
interconnects, which was eventually expected to enpkysical vapor deposited
(PVD) diffusion barrier inadequate for metallizaticAcknowledging the limitations
of PVD films, the IC industry was expected to cledise chemical vapor deposited

(CVD) or ALD diffusion barrier instead for futuresdices.

Because of the above business factors being claseblved with this work, the
application was well defined prior to studies. Huepe of this study has been in the
process integration challenges, which minimizes rikke for spending money and
resources on processes that may fail in the proonesgration.

3. Background
3.1. Diffusion Barriers Prior to Copper Metallization

The diffusion barrier layer is used to stop diftusibetween two different materials.
In the IC metallization the barrier is used to sapmathe insulators and conductors
that used to be silicon dioxide (S)based dielectrics and aluminum and tungsten
metals. Because the diffusion has a negative impadhe device performance

regardless the direction of diffusion, the barmarst work towards both directions.

Barrier materials can be categorized accordindhéodiffusion barrier mechanist.

Three major mechanisms are: 1) passive barrieer lagich is immiscible and does
not react chemically with other materials; 2) sdffbarrier: a passive barrier with
structural defects like grain boundaries, which stg#fed by another materials; 3)
sacrificial barrier: a material which reacts cheatlic with other materials. During

chemical reaction interdiffusion is prevented, Ible barrier fails as soon as the
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material is completely consumed. Historically, moistalline liners tend to yield the
poorest barrier performance and are thus the léesirable for diffusion barrier
application® This generalization is particularly justified whehe film has a
columnar structure where the grain boundaries extdnoughout the entire film
thickness, thus providing an effective pathway ddfusion. Consequently, in the
light of crystallinity a desirable diffusion barribas amorphous or nano-crystalline

structure that makes diffusion path complex fone@nd molecules.

Horizontal conductors of the IC devices are maimhade with aluminum
metallization. Since the film is deposited on nedtat surface, there are no high
surface morphology requirements, and the film can deposited with PVD
techniques. However, tungsten is often used iniocartvias having higher
morphology requirements depending on aspect rati) ©f the via. Consequently,
tungsten metal is deposited with the CVD technita offers a better step coverage

for the film than the PVD techniques.

Titanium (Ti) and titanium nitride (TiN) diffusiobarrier (film stack for aluminum:
TiN/Ti/AI/TiI/TIN) made by PVD has been a “work ha's for the aluminium
metallization having effective barrier propertiemimst Al, W, and Si diffusiof % It

is also adhesion promoter by improving wettabitifyaluminium interconnect and by
enhancing its mechanical stability. Because of mhigtipurpose they are often called
liners. In tungsten plug Ti/TiN reduces contactistesice and improves tungsten
adhesion. Titanium nitride has an important roleptotect elemental Ti and SiO
surface from WE that is often used in the tungsten nitride depmsiby CVD.
Tungsten hexafluoride reacts with Ti and Si@hd forms gaseous TiFand Sik,

which can leave behind drastic surface damagesiné).
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Figure 2. “Worm holes” on silicon surface causedungsten hexafluoride [ll].

As mentioned earlier, PVD-TIN has been the techmigiichoice in the IC industry.
Although CVD-TiN has some major advantages likevadystep coverage, it has also
major disadvantages compared to PVD-TIN. Currernllgse disadvantages are more
significant for the IC industry than its advantag@se disadvantage of CVD-TIN is
its relatively high deposition temperature (> 58 that is required to obtain the film
with a low impurity content. The CVD-TIN film oftecontains some amount of
halide or carbon residues depending on which metetursor was used. Those
mobile residues, which can diffuse in the devicd dagrade its performance, worry
the IC industry a lot. Furthermore, there is ofeetiensive growth of ammonium
chloride (NHCI) in cold walls of the CVD reactor. This is raigi particle and

impurity concerns.

Because the resistivity of diffusion barrier maérs higher than that of aluminum or
tungsten metal, the thickness of diffusion bargbould be as low as possible to
reduce the overall resistance of metal wires. Nbedss, the diffusion barrier must

fulfill its primary mission as a barrier, which lite how thin barrier film can be used.
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When tungsten is used to fill vias, a TiN layel56f is enough to protect underlying

surface in the bottom of vi&?

Today, few of the most common techniques usedhieVD-barrier depositions are
ionized magnetron sputtering and ionized metal m&@s(IMP). Whereas the
collimator and long-throw techniques faced majdfidilties already with AR of 3:1,
the IMP technique offered significant improvemend a&urther extend to smaller
design nodes of the IC industry. In IMP technighe sputtered atoms are ionized
between the target and the substrate. Since thsdratéis biased, the ionized atoms
will be accelerated and controlled in certain digt resulting in collision of high
yield of atoms to the substrate in perpendiculagl@niIn ionized magnetron
sputtering, the atoms are controlled by magnetadfi Effective utilization of
sputtered atoms makes these techniques even ntaetise cost-wise comparing to

the collimator and long-throw techniques.

3.2. Copper Metallization

In 1997 IBM announced that it had developed cirguithere aluminum was replaced
with copper metallization. IBM called its technojo@MOS 7S and it was a major
milestone in semiconductor technology. Six levelpmer metallization was
materialized by using planarization technique chlddemical-mechanical polishing
(CMP) and electrochemically deposited (ECD) coppdnstead of metal etching,
vias and trenches were etched directly in an insul&atterned surface was filled by
copper and excess copper was removed by CMP. Anitpeh where vias and
trenched were made simultaneously for chip wiringsvealled a dual damascene
process. Few years later Intel Corporation was ldpirgg their production capability
for dual-damascene processing, and the CPU praxiuaith the copper metallization
was launched for 130 nm process technology Rddzopper and dual damascene
processing on 300-mm-wafers was quickly establghtposition in the IC industry.
Nowadays, industry has moved towards 45 nm protadsnology node and the
copper metallization is facing challenges of insmeg@ resistance due to electron
scattering>?® which leads to increasing thermal budget of dirguAlthough copper

metal was chosen over aluminum based on its goedtremigration properties,
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copper wires are still sensitive for stress migwagdi and electromigration particularly

at interface$’

3.2.1. Process Flow

In this chapter, the process flow of copper meation is presented generally
offering reasonable understanding of the processsdbefore and after the diffusion
barrier deposition. As mentioned before, the insutaand etchstopper layers are
deposited prior to metallization. An insulator, waiiis made of silicon oxide or
silicon oxide based or made of silicon based loar-bther low-k materials, is etched
with conventional wet etching techniques or dryhetg. In dual damascene process
etchstopper layer, e.g. silicon nitride or silictarbide, is used to obtain a particular
shape of via and trench. Once etching has beeworpet the pattern of wiring is
ready and open copper metal contact of underlyiegaliayer can be seen in the
bottom of via. Prior to the diffusion barrier defim on patterned features, the
surface of insulator and the copper contact mustleaned. When the cleaning is
accomplished, the diffusion barrier is depositeltbfeed by copper seed deposition.
The copper seed layer, which is often depositetM# technique, is required for the
ECD copper process. Then ECD-Cu is used to fihdhes and vias. Excess copper
and the diffusion barrier on the top horizontalfasce are removed with the CMP
technique ensuring that the wires are not shorigper the surface cleaning the next
layer of insulator is deposited for the next métation level. To avoid reoxidation of
copper surface after its reduction it would be dmaatage to be able to integrate
some of these processes. The next chapters distessprocess integration
requirements of the diffusion barrier process caosmmy the cleaning step prior to the

barrier deposition and the copper seed depositith® diffusion barrier (Figure 3).
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* Good growth and adhesion on the
barrier

« The process rate = 30 A/min —2

» CNP compatible + Deposition Temperature <400 °C

+ CIP compatible
+ ECD-Cu compatible

+ Deposition Temperature < 400 %2

* Good growth and adhesion on Low-k

» Good growth and adhesion on the Cu) Removal

etch stopper + Low-k compatible

* Good growth and adhesion on 3102 General Process

Requirements * The process temp. <400 °C

+ Good growth and adhesion on Cu

» Low process variation + The etch stopper compatible

+» Low particle generation * 5102 compatible

* The robust process

Figure 3. Process requirements for the diffusiomriéwa and copper seed layer

integration to the copper metallizatidh.

3.2.2. Surface Cleaning and Reduction

After lithography the surface of insulators and tle@per contact in the bottom of via
contain various residues from the etching process Gopper surface is oxidized.
Wet® as well as plasma cleaning processes have beesloged for the surface
cleaning. Conventionally, the copper oxide as asletching residues are removed by
argon ion sputtering. One of the major disadvargagé this method is the
resputtering of copper from the bottom of via te #ide walls of via. Possible Cu
agglomeration on side walls is a reliability iss@éernative methods, such as/Ar

plasma have been develop&d!

3.2.3. Copper Diffusion Barrier
The choice of copper diffusion barrier material wassed on several factors: 1)

material properties, 2) process performance, 3)en@tand process compatibility

with the process integration, and 4) overall cost.
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Material properties-in 2001, copper diffusion barrier was expectedddtinner than
10 nm in the near future. Decreasing thickness wasatural development in
improving the RC delay of metal wiring. Limitatiold material thickness were the
barrier properties and the step coverage. Redistivas expected as low as possible,
max: 500uQcm. Typically, resistivity is measured on the figurface by four-point-
probe, which gives an idea about the resistivityhorizontal trench wiring and
sidewalls of via. However, in the bottom of via mnt flow is perpendicular to film
surface and the resistance of copper wire anddrdayer are in series and have to be
added®® Impurities such as halide and carbon residuesldhmel less than 2.0 %.
Impurities that often result from precursors usedhie barrier deposition are equally
unfavorable when they degrade electrical propeniesviring or they are mobile

causing impurities to spread out to metal wiring.

Naturally, it was a great challenge to find a matewith the best diffusion barrier
properties against copper diffusion. One of thellehges in the diffusion barrier
evaluation has been non-standardized measuremehiniqees. Since barrier
properties are measured using various techniquesrit@al consideration and
comparison of different materials and the same nadgein different studies have
been very challenging. The following techniques evenostly used: 1) Barrier
followed by copper film is deposited on silicon strate after native oxide is
removed. The film stack is heated at the elevatetberature in vacuum. If copper
diffuses through the barrier film, it reacts withicon and forms copper silicide
(CuSi). The formation can be observed by microséypéRD**, AES®, and SEM®
37_2) Copper silicide formation can also be veriflsd“Secco” eth test 3) Barrier
followed by copper film is deposited on thermallpwgn silicon oxide. Metal-Oxide-
Semiconductor (MOS) structure without barrier isdedor the reference. Structure is
exposed to bias temperature stress (BTS) ageingpetodrifting is observed in
capacitance voltage (C-V) curv&s*Barrier performance was also studied with etch
resistance experiments where barrier on via strecttas exposed to HF solution. If
the barrier failed in sidewalls of via, underlyisgicon was etched. It was often
discussed by Process Engineers of IC manufactureve well this experiment

represents the diffusion barrier properties inena device.
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The process rate must meet the expectation of ptioducapacity. If the process is
slow, more deposition equipments are needed tdl finé capacity requirements and
the cost of ownership is higher. The process rae @xpected to be higher than 3
nm/min that corresponds a throughput of 10 wafersg/tin single wafer reactor (the
target thickness 10 nm). This is very minimum throughput in theif@ustry where
20 wafers/hour is not abnormal. Expectation of steperage requirements changed
with the copper metallization since the dual dareascprocess flow was used. The
increase of AR in dual damascene structure has iveglerate in new design nodes.
Step coverage > 90% was needed as soon as AR glaar than three. Thickness
uniformity cross the wafer was becoming more andenimportant factor of process
performance when the wafer size was increasing. ufti@rmity of the barrier film
was expected to be below 2 % (standard deviatiosjgina) with 4 mm edge-

exclusion.

Various transition metals, their binary and terneaoynpounds have been suggested
for the copper barrier application. The compountis\g Ta and Ti are the most
studied comprising desirable physical, chemical,d aelectrical properties.
Particularly, polycrystalline and amorphous phasiemetal nitrides, carbidéd,and
borides have been a subject of interest. Amorpheusry compounds (MiyN.x.y)
have proved to be promising candidates as a cdmgeier. Material compatibility
with copper has been widely studied improving thendarstanding of
thermodynamical stability of these compounds ad aghn influence of their crystal

structure to diffusioR°

Tantalum nitride (Tal) deposited by PVD technique has been mainly tluecehof
industry. The PVD technique comprises relativelyodjonethods to control N/Ta
ratio. Good methods are needed since tantalundaitnas more than 11 different
known phases and one of the most desirable of tipdmses (N/Ta= 1) is
metastablé” ** However, as is the case with tantalum, tantalutridei is stable
thermodynamically with copper being an effectiveriea against copper diffusion.
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3.2.4. Compatibility Requirements of the Diffusion Barrier

In addition to previous film property requirementbe copper diffusion barrier
process must fulfill several compatibility requiremts in the process integration.
Although film properties are promising, processegration may fail due to lack of
compatibility of one or several subjects. Sinceottller process steps around diffusion
barrier process are the result of extensive R&Dkvaord financial investments, the IC
manufacturers are not usually so eager to changérexprocesses or materials made
in the processes although new diffusion barrierematwould require it. There is also
a risk that the changes of existing processes aermals would generate new
compatibility issues in other processes, and tlacalating the problems. In other
words, even one compatibility issue can be the -@eadof new interesting barrier
material due to reliability/yield factors, procedsvelopment time, production/sales

objectives, and eventually the cost.

When diffusion barrier is deposited on patternedl-diamascene features, the film
must adhere and grow at least on three differerfiasel materials. Because the
starting surface is known to be a critical factor the film growth, the process
integration is challenging. The film must grow asulators in sidewall, etch stopper
(e.g. SiN and SiC) between via and trench, and eopprface on the bottom of via.
To obtain the same thickness of film everywheres growth rate cannot differ

significantly on different materials.

When the deposition on insulator is studied, variowaterials must be considered
including conventional silicon oxide. In additiom ¢opper metal, the switching speed
can be improved with reducing parasitic capacitameer wiring. This can be done
with insulators that have lower dielectric constdran silicon dioxide= 3.9), thus
called as low-k materials. There are commerciallgilable various low-k materials
such as fluorine and carbon doped silicon diox@aous silicon dioxide, porous
carbon doped silicon dioxide, organic polymers magespin-on coating, and porous
organic polymers. Fluorinated silicate glass (F8@3} the choice of Intel Corp. for
130 nm process technology node decreasing thecttiel€onstant to 3.8" In the

following nodes (65nm and 45 nm) their process wésgrated to low-k material
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called Aurord" which is a carbon doped silicon oxide by ASM Ingional. Carbon
doping that is also carried out in Applied MatesiaBlack Diamond and Novellus
Systems’ Coral, decreases the dielectric constawhdo 3.0. Spin-on coated organic
polymers, for instance, polyimide, benzocyclobuteavel PTFE have not achieved as
much attention as previous materials primarily lnseaof their weak thermal stability
and mechanical strength. Nevertheless, there igym@fisant interest for organic
polymers, which, however, limits the deposition pemature of the diffusion barrier
below 400°C.

Porous low-k materials are known to bring new irdéign challenges: 1) the
patterning of porous materials is difficuft! 2) the materials suffer from a low
mechanical strength, 3) the depositions of theusiifin barrier and the copper seed
layer on porous low-k can be problematic. If cortigaral diffusion barrier deposited
by PVD technique is used, porous sidewalls of \daad trenches make diffusion
barrier discontinuous. In other words, the CVD teghe with a good surface
controlled process, and particularly ALD, can offeclear advantage when porous
insulators are considered. The integration feagibdlepends on shape and size of
pores. Good step coverage properties of ALD tealmigan be a concern. The
diffusion barrier film can penetrate deep into teewall degrading the insulator or
inductively generate current to the next wire oerewa short (Figure 4). Since the
horizontal distance between wires is only few heddnanometers, even minor
penetration can degrade the device performances iBsue has been tried to be
addressed in many different ways. One such apprbashbeen to concentrate on
engineering of pores in a way that pore size ha® loecreased and pores are closed
forming discontinuous holes for hindering CVD presars to penetrate into the
insulator. Donohuet al. introduced a technique wheire situ dry stripping is made
on insulator after the plasma etchffigstripping removes the photo resist and makes
the sidewall of trench smoother and denser, thasiging the diffusion barrier film
with no penetration. Raaijmakees al. developed a method where the pores are lined
in vertical direction. The pore opening on the imglosed for example by meltiffd.
Another alternative method comprises the combinatiothe PVD and ALD methods
where the PVD film is used to cover the holes piaothe ALD deposition.
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Figure 4. Schematic picture of barrier penetraiitia the porous low-k dielectrfé.

In the bottom of via the barrier is deposited ordenying copper metal. Copper
surface is covered by etching residues due to idn@pening step. Furthermore, the
surface has oxidized when it is exposed to air.9equently, the copper surface must
be cleaned prior to the barrier deposition. Thaiatgresidues are often cleaned with
the Ar plasma in addition to the hydrogen plasmat 8 known as an effective
method to remove oxidized surfateAfter appropriate cleaning the diffusion barrier
is deposited on copper. If CVD technique is use, must ensure that the precursors
used in the deposition are chemically compatiblénvgopper as well as the by-
products of the surface reaction. The adhesionopper must be very good to make
sure that the interface does not open when highecudensity is driven over the
interface. Evidently, it would be more preferalfi¢hiere is no barrier at all between
copper interface, which increases switching speed makes the circuit more
vulnerable. The concept of having selective ALD ai@fion on the dual damascene
structure where the barrier growth does not takegbn the copper surface has been
considered? In addition to previous compatibility requirementise diffusion barrier
must be compatible with the CMP process. When gargiowth of copper on the top
of trench is removed with CMP, the diffusion barmeust tolerate the process.
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3.2.5. Copper Seed and Copper Metal

Electrochemical deposition (ECD) was universallypsdgn as a method to deposit
copper. It is low temperature, acid-based, relativample and a cost-effective
deposition method that can offer bottom-up coveragee it is well optimized.

However, the ECD process requires a highly condecstarting surface to obtain
uniform copper film cross the wafer. The conductsteface, called seed layer, is
usually physical vapor deposited-copper (PVD-Cuhwai thickness of approximately
100 nm. Whereas ECD-Cu was seen as a method okcdii;mg in next design

nodes, the seed layer was a subject of concerrmder to deposit 10 nm copper on
the sidewall of via, one must deposit 100 nm thilck on the top surface. Because of
a non-conformal growth of PVD-Cu, there is overhgngwth of the top edge of via.
Thicker film on the edge causes locally higher entrdensity in the ECD process
resulting in a higher growth rate at this spot, @avéntually leaving a void in the
middle of the via. This subject of concern was #&idg force in search for an

alternative seed layer process with better stepreme properties.

Only copper metal was considered as a seed mdiaridde ECD-Cu deposition. Low
resistivity of copper offered good current disttibn across the wafer minimizing
“terminal effect” that is the result of lower cuntedensity in the middle wafer making
the film thicker in the edge and thinner in the diéf® Consequently, excess copper
was deposited on the edge of wafer making the aajypek enough at the middle of
the wafer. The following CMP step became more engling because more copper
removal was required on the edge than the middibeivafer. Because the cathode
contacts were in the edge of wafer in the ECD mecé was clear that increasing
wafer size brought more challenges for the termiefiéct. In addition to low
resistivity, it was obvious that copper seed laykered the best adhesion for ECD-
Cu. One additional reason why no other seed laydemals were considered was the
copper interface reliability. There was a concdrat tthe interface was not stable
enough thus allowing two materials the possibiiityeact/diffuse with each other and
cause void formation in a high current density. sThoncern was relevant since

copper is known to react with many materials.
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3.3. Atomic Layer Deposition

Atomic Layer Deposition is one of the Chemical Vaeposition techniques that
was developed in Finland in the mid 1970s by Diorfio Suntola and his co-workers.
One of the objectives in this work was to find gal&tion technique which could be
used to manufacture thin film electroluminescerfE&IL) flat panel displays. After
extensive development work with ALD, called Atontiayer Epitaxy (ALE) at the
beginning, the technique was used in high volumeaufaturing (HVM) of TFEL
displays at Finlux Display Electronics, which lateecame Planar Systems, Inc
(Figure 5). Although one of the earliest paperst tthascribe an ALD type of a
technique was published in 1985the development work that resulted in the first
patent of an ALD technique was granted in the n9iddk>* The early phases of ALD

development in Finland and Russia has been reviéwéluruneri?
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Figure 5. Electroluminescent flat panel display®@nar Systems, Inc.

Over two decades ALD technique was hardly used doy other industrial
applications. However, it obtained significant amat interest resulting in
publications and Ph.D. dissertations. At the enhthe 1990s the IC industry became
interested in ALD as a result of shrinking featsizes. In 2006, Intel launched HVM

of the first commercial microprocessor (Ifft€bre microarchitecture for a 45 nm
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design node) that used high-k material depositedlldy for the gate oxide of CMOS
transistor (Figure 6). Recently, the high visiiliaf ALD has exponentially added
interest towards the method, continuously bringipgmore applications where the
ALD technique could be considered for use. Accaydim some views, the growth of
interest towards ALD could even be considered "Hygece quite often production
worthy techniques are still conventional depositiechniques in many applications.

Increasing interest has also been seen in R&D wheve ALD type of techniques

have materialized as a deposition system, e.gmalanhanced (PE) ALD, radical-
assisted (RA) ALD.

Low Resistance Layer

Work Function Metal
Different for NMOS and PMOS

Hiah-k Dielectric

Silicon Substrate

Source: Intel

Figure 6. Intel's Core microarchitecture MPU witstailed structure of the

transistor>

3.3.1. Principleof ALD

ALD is based on sequential self-saturated surfaeetions, leading to the controlled
layer-by-layer growth of thin film at the moleculdevel®® > The ALD cycle
comprises at least two material pulses with a pgrgiulse or evacuation step after
each material pulse. Effective purging step is heolute requirement of ALD to
separate the highly reactive precursors in thepbase. Figure 7 is often presented as
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proof of ALD growth where the growth rate saturaéssa function of the precursor

pulse length.
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Figure 7. Characteristic curve of ALD where thevgifoper cycle saturates as a
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function of pulse length of precursor [VII].

3.3.2. ALD Deposition Equipments

Because the influence of the reactor design tofitire uniformity of the diffusion

barrier was studied in great detail, some backgtoointhe ALD reactor design is
discussed here [VII]. Ten years ago there were t@yALD tool suppliers available
whereas today there are dozens of tool supplietscantinuously more are entering
to share the rapidly increasing market. Conseqyefitis topic has become very

broad and thus it is touched here only briefly.

Since the principle of ALD supports scalability fowltiple substrates, ALD reactors

were based on batch processing at the beginnimgdmve their throughput and thus
making the production of TFEL displays cost-effeetiHowever, there were research
reactors made to handle some small substratesed toeintegrate the ALD process
with other process steps by the cluster systemghtotorth single-wafer reactors.

Single wafer processing was also preferred in @hprbduction. The batch systems in
the middle of the process flow would have increased intermediate storage and

decreased the overall yield. The batch system, wemyeare coming to the IC
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manufacturing as a result of never-ending cost aieolit Evidently, the future of

ALD processing in production use relies on the ttgsaent of ALD batch reactors.

Most of ALD reactors are flow-type reactors whefee tcarrier/purging gas is
introduced over the substrate as a continuous fiven the reactor design is good,
the flow-type reactor offers an effective purgingtioe reactor volume making the
cycle time short and throughput reasonable. Thegealso non-flow-type reactors
available. In these reactors the substrate is expbts the precursors while pumping
and purging are stopped. The purging step in thresetors takes longer, even minutes
in the worst case, and evidently the throughputessif Furthermore, the surface

chemistry can differ between these reactor types.
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Figure 8. A schematic of the single wafer crossvfl@actor that comprises four gas

inlets and a lift mechanism for the wafer tran$¥ét].

When the flow is introduced to one end of the salbstand it ends up at the opposite
end of substrate, the reactor is called a cross-fleactor (Figure 8). Nearly all
reactors made in the first two decades were oftyipis. Again, the principle of ALD
offers a good explanation why the use of the cflosg-reactor in ALD should be

straight forward whereas perpendicular flow is erefd in CVD. The perpendicular
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flow that is often carried out with the showerheathe top of the substrate was also
implemented with ALD reactors during the 1990s.c8imany traditional CVD tool

suppliers began manufacturing ALD reactors, thevelnbead was the obvious choice.
This particular design, however, faced multiple gbeons. Small showerhead holes
were restricting the flow such that it took verydptime to purge the volume inside
showerhead. If the purging was not efficient, hygtdactive ALD precursors reacted
in the gas phase generating particles and clogtjiadholes. Secondly, since CVD
reactors were also traditionally cold-wall reactothe showerhead were at
significantly lower temperature than the substratéonsequently, precursor

condensation and the particle formation inside #mowerhead followed. The

differences of perpendicular and cross-flow aréheer discussed in the chapter “Film

Uniformity of the Diffusion Barriers”.

3.3.3. Copper Diffusion Barrier Deposition by ALD
3.3.3.1 Titanium Nitride

The background of the ALD-TiN processes has be¢éenswely reviewed in Juppo’s
dissertatio”® and Kim’s review articl¥. In nearly all studies ammonia was used as a
nitrogen source excluding few exceptions. Titanipracursors were the following:
TiCl,,*® %% 9 Ti1,, %% Ti[N(C2HsCHs)2)4 (TEMAT),®? Ti[N(CH3)-]. (TDMAT).®® Since

it is known that tetrakis(dialkylamino)titanium cpounds suffer from weak thermal
stability>* it leaves only few options which can be seriousigsidered for the ALD-
TiN process. Consequently, there have been mordiesturecently where the
fundamental growth mechani&n® ° and the process integratf8nfor some
applications have been explored. Since the grovabhanism studies often require
situ characterization, most of the studies have beerdem@ customized
characterization system in which the precursorlmamtroduced in ALD manner. In
other words, the films are not deposited in weligeed ALD reactors. Consequently,
it can be seen that the analysis of the charaeteiz results can become quite
complicated when there are for instance thermalomiposition of precursor,
overlapping pulses, and impurity sources from tiérenment preserft. Fortunately,

there are well designed systems available nowaddysre the characterization
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equipment can be integrated into the ALD reactois &lso possible to have a cluster
system where the samples are transferred under uwacbetween various

characterization equipment and the ALD reactor.

When the TiN process from metal halides and ammsnensidered, the following
overview can be made: 1) depositions are made kat860°C and 500°C, 2) the
films are polycrystalline having columnar grainustiure, 3) halide impurity level stay
below 4 at.-% when the deposition temperature a/al850°C, 4) resistivity of the
film is below 500 |[2cm and, 5) growth rate is 0.05-0.37 A/cycle.

3.3.3.2. Tungsten Nitride

The ALD-W,N processes were studied significantly less thanTilN processes prior
to our studies. Tungsten hexafluoride NFised for the WN deposition widely in
CVD, was a challenging tungsten precursor for thé Aeactors made from quartz
parts. The reaction by-product, hydrogen fluoridas an effective etching agent of
quartz and caused devastating damage to the re@ciesequently, these experiments

were made in reactors with metal body.

Klaus et al have published two papers about ALDMVstudies® © The film was
deposited from tungsten hexafluoride and ammonikigin surface area silica powder
comprisingin situ FTIR spectroscopy studies. According to their paged our
knowledge, films were deposited in the non-flowaygactor where the substrate is
exposed to each material pulse for tens of minlBased on the results it has been
suggested that the surface chemistry can be giffezaht in the flow-type and the
non-flow-type reactor. However, this claim is vemeakly studied and not well
understood. Starting surface was very carefullgte® to make Si—-NHterminated
surface that resulted in tungsten nitride growtii®6 A/cycle at 327-527C. The
growth rate matches that of the,M/monolayer. Since metal nitrides deposited in
flow-type-reactors usually have the growth ratetfalow monolayer, a high growth
rate has been considered to be caused by the rdgpwm The film was smooth,
polycrystalline (with strong cubic YW peaks) with the estimated grain size of 11 nm.
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The film had a low content of impurities, and iesistivity was 4500 x £ouQcm.
The resistivity of WN was observed to increase drastically when thregen content
exceeded 32 %.

The FTIR studies revealed that the WWHalf-reaction left —-WE terminated surface,
and the ammonia half-reaction left —plkerminated surface. Furthermore, it was
observed that the surface reaction was limitechénhalf-reaction of ammonia when
the deposition temperature was 227 Only 60 % of the ~\W{Fspecies were removed
in the ammonia pulse. Consequently, the nitrogemerd decreased. The nitrogen
content played an important role with the diffustmarrier property where the failure
of barrier occurred due to the release of nitrogeen the film was heated up to 850
°C."t In other words, the film was deposited above 3270 obtain the best diffusion

barrier properties.

3.3.4. Seed Layer for ECD-Cu

Copper film was found to be very challenging to as@pin any Chemical Vapor
Deposition methods and its good adhesion on dierdint surface materials in dual-

damascene structure was found to be even moreengaib.

The ALD-Cu deposition was extensively reviewed lbppb>® All studies show a
high sensitivity to the substrate material where #urface can have a catalytic
influence to the film growth. The material sensitiof the copper deposition raises a
concern how the deposition can be done on sevarédce materials of the dual-
damascene structure. Furthermore, process repigtaleiems weak because some
processes did not work so well in other type ottess. Depending on whether the
reactor is of flow-type or non-flow-type, differemcan be seen. When metal film is
deposited through the reduction of the metal psamirthe results suggest that it
might be easier to deposit metals in the non-flgpet reactor. So far, ALD-Cu
processes have not been proved to be producticimyvor
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4. Experimental
4.1. Film Growth

Most of film depositions were carried out with Rarts2000 (for 200-mm-wafer) and
Pulsal’ 3000 (for 300-mm-wafer) reactors designed and remtured by ASM
Microchemistry Ltd. [I-IV,VI,VII] (Figure 9). Bothreactors were designed for single-
wafer ALD processing and they are flow-type reatoith a flow rate of 6-10 m/s.
The flow is introduced cross the wafer. The oparppressure was maintained below
10 mbar with a dry pump and continuous nitroge ffoom each source lingJ(400
sccm). After reactive filtering, the impurity conteof nitrogen was at the ppb level.
The reaction chamber was not exposed to air betwlepositions. The wafer was
introduced to the reactor through the load lock.

Figure 9. Pulsar 2000 with stand-alone loader (left) and Puisa®00 with Polygoh
8300 cluster platform (right).

Depositions were also made in a perpendicular fleactor where the flow was
introduced on the wafer through the showerhead][Mlhese single-wafer reactors
for 300-mm-wafer were prototype reactors that wkreeloped for both ALD and the
PEALD processing. One reactor was manufactured 81 AGenitech Ltd. (Korea)

and one by ASM Japan Ltd. The reactor of ASM Gehitwas never commercialized
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but a reactor type from ASM Japan, called Emeradd sommercialized. The reactors
were flow-type reactors where the pressurél@f torr was controlled with a throttle

valve and continuous inert gas flow.

Previously mentioned reactors designed for both Adrld PEALD processing were
used in the PEALD studies [VI]. 300-mm-wafer wagpesed to direct plasma by
exciting the plasma field between the showerhealtl@e wafer. The radical and ion
formation were carried out using a 1 kW 13.56 Migenerator. Typical rf power
was 100-400 W.

Copper oxide reduction experiments were made lovatype ALD reactor (model F-
120) manufactured by ASM Microchemistry, Ltd [V].h& reducing agent was
introduced with nitrogen gas over substrate asnéirmaous flow opening an isolation
valve between the substrate and the source. Threegsdemperature was controlled

within an accuracy of £2C and the pressure of the reaction chamber wasrBkHD.

4.2. Film Characterization

In publications I-VI different characterization rhetls were employed and therefore

the methods are described separately for eachgatiboin:

[1]: 1) Sheet resistance was measured by a fourtgobbe, 2) transmission electron
microscopy (TEM), 3) x-ray photoelectron spectrgscdXPS), and 4) Rutherford
backscattering spectroscopy (RBS).

[I1]: 1) Wide angle XRD patterns were obtained gsi Siemens D500 instrument
equipped with a Ni-filtered Cu tube anode, and iat#lation detector, 2) Jandel's

four-point probe was used for resistivity measunetsie3) film thickness, impurity

content and pitting pictures were obtained usirgné ISIS energy dispersive X-ray
spectrometer connected to a Zeiss DMS 962 scamb@agron microscope (SEM), 4)
high aspect ratio SEM images were taken by a RhXip30 SEM.
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[I1]: Following characterizations were made: 1)esh resistance uniformity, 2) film
stress, 3) adhesion, 4) roughness, 5) compositialyzed by EELS, 6) step coverage
was seen in the TEM images, and 7) cross-sectaianrps were made with FIB-SEM.

[IV]: 1) Jandel’'s four-point probe was used foriséigity measurements, 2) film
thickness, impurity content and pitting picturesrev@btained using a Link ISIS
energy dispersive X-ray spectrometer connected tdeids DMS 962 scanning
electron microscope (SEM), 3) SEM images of thepeosurface were taken by a
Philips XL30 SEM, 4) TEM pictures were taken with BEI Tecnai 12 working at
120 kV acceleration voltages, 5) TEM cross-sectpatures of TiN film and
WN,C,/TIN film stack were obtained with a Philips CM3@eayating at 200 kV
acceleration voltages, and 6) Auger analysis ofridn@olaminate structure was done

with a Scanning Auger Microprobe PHI-4300.

[V]: Time-of-flight elastic recoil detection anaigs(TOF-ERDA) was used in copper
oxide reduction studies to measure the reductificiedicy. TOF-ERDA is an ion

127|

beam method in which the high-energy heavy ions N&8/ *21'°") are used as

projectiles which hit the sample and generate fodwacoil sample atons.

Resistance measurements were made with a simplg sehere only major
differences were measured. Resistance was measitted Hewlett-Packard 34401

A multimeter.

[VI]: 1) Sheet resistance of 300 mm wafers wassuesd with a CDE Resmap using
49 points circular map with 4 mm edge exclusionijl&) composition, thickness, and
impurities were characterized by X-ray reflectometf&XRR), RBS, X-ray
photoelectron spectroscopy (XPS), and energy disgespectroscopy (EDS), 3) film
thickness, density and roughness of PEALD-TIN sasplere analyzed with
Panalytical X’pert PRO MRD model PW/3040, 4) RBSaswements were made
with 2-MeV “He" ions, and 5) SEM images of PEALD-TIN were madehviield-
emission-(FE)SEM, JEOL 890, operating at 10 keV.

In all studies thermodynamic calculations were masiag various software versions
of the HSC Chemistry for Windows (Outotec Oy).
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5. Results

In the following chapters the results of this waake reviewed. Comprehensive
understanding of experiments and the results caobb@ined from corresponding

papers [I-VI].

5.1. Copper Diffusion Barrier Deposition

5.1.1. Deposition of TiN Film

Titanium nitride films were deposited with a wehdwn process where TiChand
ammonia are used as precurs8rs’ Titanium tetrachloride is an attractive precursor
because it is thermally very stable, it is liquadd it has relatively high vapor pressure
at room temperature. The surface saturation ofs108Ithe substrate can be obtained
even with 50 ms pulse time that is close to maxinoperation speed of commercial
pulsing valve. However, the vapor pressure is ndtigh as to require cooling of the
source. In other words, the precursor is ideal AuD in many point of view.
Nevertheless, TiGlrequires careful handling because it reacts agiyedyg with the
moisture of air forming hydrogen chloride gas tisatlangerous and highly corrosive

for the reactor hardware.

Titanium nitride films were deposited at 300-4TD using nitrogen as a carrier and
purging gas with an overall flow df400 sccm. The growth rate was as low as
previously reported (0.17 Alcycle) at 40€, which was a concern to obtain a
reasonable throughput in the TiN process. When diygosition temperature was
lowered to 300C, the growth rate decreased linearly down to &/t¥cle. The film
was close to stoichiometric, its composition beshghtly nitrogen rich (N:Ti = 1.16).
Oxygen and carbon residues were found only on tineace. The chlorine residue
content was 1.2 at.-% when deposition temperata® 400°C and increased when

temperature was lowered being already 7.0 at.-30@tC.
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Figure 10. ALD-TIN
deposited into ultra
high aspect ratio
trench (AR=85).
Picture shows the
bottom of trench.

Films were polycrystalline and continuous in thepaition temperature
range. Even though the grains were very closelkgmicthere was a clear
columnar grain structure. The grain size was 1580 Film density was
high, (10.8x16” at./cn?) close to the bulk density, which was suggesting
very narrow boundarie$.When the film was deposited in ultra high aspect
ratio trench where the aspect ratio was as hig@5aghe film growth took
place with nearly 100 % step coverage (Figure W@)ch is a characteristic
for the ALD growth.

Film resistivity was below 200cm when the deposition temperature was
400 °C. However, resistivity was drastically increasimgen film thickness
was less than 20 nm. The sample with 5 nm thick hibd resistivity already
as high as 790 @cm [lll]. Rapid change in electrical properties wiae
result of the mean free path of conductive eledrafthen film thickness

became less than the distance of grain boundaneshange was rapid.

Films deposited at 350-40C were very smooth (RMS: 3-5 A) but exhibited
slightly high intrinsic stress. Tensile stress[0f,4 GPa was measured as a
wafer bowing fortd15 nm thick film. Adhesion on silicon dioxide wasuhd

to be good with a simple Scotch tape test. Adhesvas also tested on

silicon dioxide and copper with a 4-point bend teghe that showed 60-25
JInf (to SiG — to Cu) [II1].

Generally, it can be concluded that the ALD-TIN q@ss is a quite simple
when TiCl, and NH are used as precursors. Since the process strfiens
relatively low growth per cycle, the deposition ltowust be well designed to
ensure the shortest possible cycle length. Furtbexnwhen the tool is well
designed, there are no contamination problems & TN film. The

challenges of the process integration are discusst following chapters.
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5.1.1.1. In situ Reduction of TiCl4

A deposition technique that doubled the growth gale of the ALD-TIN film was
developed* The technique was based on situ reduction of TiCl when it was
introduced to the reaction chamber. Titanium téti@ridde became reduced before
being chemisorbed on the substrate when it was sexjpdo titanium metal at
moderate temperature. Figure 11 shows a schenwateept of the ALD-TIN process
with anin situreduction of TiCl.

Heated fnes Ti -{netal I Heated reactor ‘v}fafer l
R R S R ———
. —— TR
“| a'.o'-'.::-:-T.-L>//'
I ¥ ] I |
Fast /

valves Vaporpulse Pump

NH3
TiCl4

Figure 11. Schematic picture iof situ reduction process of ALD-TiN in cross-flow

reactor.

The growth rate of TiN wal 0.35 A/cycle when the deposition temperature Wi 4
°C. Growth rate decreased linearly with temperasuieh that it wag0.30 A/cycle at
350°C andJ0.15 A/cycle at 300C. In other words, the difference in growth rate
between standard and situ processes became smaller at lower temperature. No
differences were found in the chlorine residue ennhbetween standard amdsitu
processes. The content was approximately the san®d( - 400°C. When the
deposition temperature was lowered the change mteab was more linear in the

situ than in the standard process (Figure 12). No rdiffees were found in electrical

properties.
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Figure 12. Chlorine content in TiN film versus dspion temperature.

No further studies were made to understand thedimethts of the mechanism of
increased growth rate. However, the mechanism wasutated with thermodynamic
calculations. Change in the growth rate was betldeeoccur via titanium trichloride

(TiCl3) [1] and/or dimeric, dititanium hexachloride £{Tig) [2] formation on the hot

titanium metal surface. Additional calculationsoalsuggested that both TiCand

Ti,Clg could be more reactive with ammonia than TiCl

TiCl4 (g) + 1/3 Ti (s)= 4/3 TiCk (g) ,AG (400°C)= 6 kJ/mol [1]

TiCl, (g) + 1/3 Ti (s)= 2/3 TiCls (g) ,AG (400°C)= - 40 kd/mol 2]

There was no commercial interest for this technigud consequently no further

development or studies were done. However, thentguk was easy and the

depositions were repeatable. Hopefully, there Wwél further studies made in the

future.

5.1.1.2. Comparison of ALD- and PEALD-TIN

The PEALD studies are out of scope of this the$tse topic of PEALD or RE

(radical enhanced) ALD is extensive and compriselipte dissertations itself. If the
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reader is interested in this topic, following refieces can be recommendéd’®
However, the results of TiN film deposited fromedit plasma with the results of TiN

films deposited from a conventional ALD are compianere [VI].

PEALD-TIN films were deposited at 270-37C using N (10 sccm) and (100
scem) radicals and Tig¢lThe growth rate of PEALD-TIN was 0.30 A/cycle3@0°C
that is nearly three times higher than that of emwnal ALD-TIN at the same
temperature (Figure 13). It was also observed ghawth per cycle was very linear
from at the very beginning in the PEALD processiohtsuggests that reactive N*/H*

species could modify the reactive sites of the sates
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¥} .
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Figure 13. Growth rate in three different TiN preses between 300 and 41

Generally, the composition of ALD film (N:Ti = 1.1& 400°C) cannot be adjusted
with the pulsing parameters, but in the PEALD psscéhe film composition was
possible to be adjusted with the plasma power. Whermplasma power was 100 W,
the N:Ti ratio wad0.92 and it went up toll.1 if the power was increased to 400 W.
Slight saturation in the film composition was olvset if the power was increased
more. Plasma pulsing parameters were also possihlse for controlling chlorine
content in the film. Both the rf power and the dlge length changed the Cl content.
When the film was deposited at 320, rf power was 200 W, and rf pulse length was
6 s, the CI content was as low@s5 at.-%. If the rf pulse length was 1 s, Cl cohte
went up to[b.8 at.-%. Results suggest that the reaction kisési slow at 320C, and

long plasma exposures are required to completsutiace reaction.
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The surface roughness of PEALD-TIN film was meaduvdth XRR and AFM.
PEALD-TIN seemed to be rougher than ALD-TiN. Whée tALD-TIN film was 5
nm thick, RMS roughness wast A. Correspondingly, RMS for PEALD-TIN film
was (113 A. The roughness of the PEALD-TIN film increasétearly, and RMS
roughness was alread5 A for 80 nm thick film. PEALD process was assdne
be more aggressive to the surface than a convehtidhD process promoting
rougher surface of the PEALD film.

The resistivity of the PEALD-TIN film was below 15@cm when film thickness
was above 30 nm and the film was deposited at°8®Resistance of PEALD-TIN
film saturated already with rf pulse of 2 s whempaoiver was 200 W. In other words,
the conductivity of the film was not limited by tlehlorine residues when the content
was below 3 at.-%. Grain boundary scattering waseeted to limit conductivity for
both PEALD- and ALD-TiN films.

5.1.2. Deposition of W4N Film

Tungsten nitride film was deposited from tungstemdiluoride (Wk) and ammonia
at 350°C [ll, IV]. Growth rate was high (0.42 A/cycle) c@ared to TiN. The film
was polycrystalline comprising WN and ;W phases exhibiting columnar grain
structure. W:N ratio was found to be 1.62, whiclpmurts the previous observation
about the mixture of phases. Although fluorine dass from WE were only 2.4 at.-
%, resistivity was as high as 450Q¢m, which is far above the acceptable value of
500 pQcm. Evidently, the resistivity of W is not limited by halide residues but
rather by the high oxidation state of tungsten.

5.1.3. Deposition of WN,Cy Film

High resistivity of WIN and its suggested source was a driving forcattoduce the
third precursor for the reduction of tungsten. hwyboron (B(GHs)s), TEB, was
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used as a reducing agent. It is a liquid and Hasively high vapor pressure such that
no extra heating is needed. TEB was pulsed afee\ks; pulse at the beginning but it

was soon noticed that the process was more coppgpatible when TEB was pulsed

after the ammonia pulse. Thus, the pulsing sequehdé~/NH3/TEB was chosen.

Depositions were made at 300-3%Dwhere TEB did not decompose yet. Although it
was expected that no atoms of TEB would incorpotatéhe deposited films, a
significant amount of carbon was found. The XPS$lisirevealed the composition of
W:N:C to be 55:15:30. The XRD studies suggestetldaebon is bound in the form
of metal carbidé’! The W:N:C ratio was almost constant when the sition
temperature was varied between 2Z5and 35C°C. The growth rate of the film was
approximately 0.8 A/cycle when deposition tempaeatwas 300-350C. Fluorine
content was below 1 at.-%, no boron was found efitin, and the oxygen residues in
the film bulk were less than 1 at.-% indicating ddmarrier properties against oxygen
diffusion. Figure 14 depicts the content of oxygemd fluorine when deposition

temperature is varied between 2Z5and 400C.
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Figure 14. Fluorine and oxygen content in MZNfilms.

The N:C ratio was possible to adjust slightly witkB and ammonia pulses, which
also changed electrical properties of the MNilm. It was noticed that elongation of
the TEB pulse decreased resistivity whereas th&galion of ammonia pulse

increased resistivity. Using optimal pulsing pargene resistivity was as low as 210
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pQem, which offered further proof that carbon was paasent as an impurity in the
film. When film thickness was reduced to 7 nm, segity went up to 600-900Qcm.
A similar observation was made with the TiN film @vhfilm thickness was below 20

nm [III].

5.2. Process Integration

5.2.1. Barrier Compatibility with Copper and SiO;

No compatibility issues were found in the depositaf TiN on the Si@ surface.
When TiN was deposited on ECD-Cu, extensive pittivess found on the copper
surface. The holes on the copper surface had #meader of Il um and their density
was quite high[{ 1 hole/17 urf). The pitting took place in a wide temperaturegen
from 250°C to 400°C. Regardless of pitting, flm growth on copper wted with
normal growth rate. Since the source of pitting waknown, the copper surface was
exposed separately to both precursors ([f&id NH) to see whether the precursors
themselves caused the damage. No pitting was aasemd it was speculated that
pitting must be caused by the reaction by-prodattee TiN growth, namely HCI gas
that is known to be highly corrosive.

The deposition of WN was found to be problematic on both Si@hd the copper
surface. In the ALD process, the substrate is eeghds the precursor for a relatively
long period of time until the surface is fully coed by deposited film. Consequently,
surface materials must be compatible with the psEes. When WEis introduced on

a native SiQ, it is possible that volatile WQFHs formed. As soon as the native oxide
layer is consumed, WFeacts with the silicon surface giving rise toatdé SiF,
which results in so called “worm holes” on thecaih surface. The copper pitting was
also observed in the W process although it was not as aggressive abkenTiN
process. It was observed again that the pitting wais caused directly by the

precursors. The HF by-product was suggested thdedurce of pitting.
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WN,C, process exhibited a good compatibility on both ;S#0d copper surfaces.
Since the same tungsten precursor was used in thd Wéposition, two of
explanations can be considered so as to find wlaywlorm holes” were not observed
on the SiQ surface: 1) The growth rate of the W3 film is twice as high than that
of the WN film. Consequently, the WICT, film covers the substrate faster and
shortens the time when the substrate is expose®Rge 2) The worm holes are
created by the HF by-product that is formed withower content in the WJC,
process than in the W process. The copper compatibility was also exgladiwith
the HF formation, which was believed to be minimizghen TEB was used as a

reducing agent [3]:

-WFex (s) + B(GHs)s (9) = -WFy (CaHs), (S) + BR(C2Hs)32 (9) + BR () [3]

5.2.3. Deposition of W,N/TiN and WN,C,/TiN Nanolaminates

A method of using WREC, film as a protective layer of copper for TiN depios was
tested. When the WJE, film was approximately 40-A-thick, no copper piti
occurred after TiN deposition. The pitting cameduyialy back if the thickness of
WN,C, film was reduced.

Dual layer structure was extended to the multilagteucture. One reason for this
approach was a concern of columnar grain struciié@N and WN films. Since the
grain boundaries are the most probable diffusiahgaf copper, neither TiN or WM
films looked promising diffusion barriers. The ideamultilayer structure was based
on discontinuous grain boundaries that might berélsalt of interrupted film growth
by chancing deposited materials. If the grain bauied were not continuous, they
would generate more complicating diffusion pathsdopper and thus become better

diffusion barriers. Two different types of nanolaate film stacks were deposited:

(1) TiN (20 nm) + 8 x (WxN (2 nm) + TiN (2 nm)) 4N (10 nm)
(2) 9 x (WNLCy (2 nm) + TiN (2 nm))
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Figure 15 shows stack number one which was dejpbaite860°C. Film resistivity
was approximately 600(pcm and the fluorine and chlorine residues werea?.8%
and 2.4 at.-%. The resistivity of stack number tmas 1420 cm when the film was
deposited at 350C. Correspondingly, fluorine and chlorine residuwese 2.5 at.-%
and 0.1 at.-%. Continuity of grain boundaries wé8cdlt to conclude from TEM

cross-section images.

Figure 15. Nanolaminate film stack of TiN (10 nm@« (WxN (2 nm) + TiN (2 nm))
+ TiN (10 nm).

5.2.4. Compaitibility of TiN with L ow-k and an Etch Stopper

TiN barrier was deposited on low-k insulator whighs a carbon doped silicon oxide
called Auroral (ASM International) and trimethylsilane (3MS) bdskw-k [I].
Integration was done on a single damascene schBEmeebarrier was also deposited
on SiC that can be used as an etch stopper inajyeec metallization. When TiN
film was deposited on low-k insulator at 40Q, continuous film growth did not
occur. Some individual islands were possible toeolss reminding more or less
particle formation. The low-k material (Auraid was known to have a carbon
content of 20% making material more hydrophobic #esk favorable of having
hydroxyl groups on the surface. Since the surfagedt have any alternative reactive
sites for the chemisorption, the ALD-TIN growth didt take place. Observed particle
formation can be a result of locally oxidized sites
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The surface of Aurofa was made more favorable for having hydroxyl growi
oxidizing the surface. Oxidation was carried outhwtiwo different types of plasma
treatments. The first treatment consisted of highcentration of oxygen in AN,
plasma. The second treatment consisted of A&JO, followed by a low
concentration of oxygen in thexMD, plasma. The first treatment (30 s and 120 s) was
made at high temperature and high pressure, andettend one was made at low

temperature and low pressure.

The treatments were successful in the formationydfoxyl groups. The TiN growth
was very similar on the low-k material as it was 80, exhibiting equivalent
resistivity values. However, differences were sieeiilm density. Whereas density of
the TiN film on SiQ (PECVD) was 10.8 x fBat./cnt it was only(7.3 x 1G° at./cn?
on plasma treated low-k material. The difference waplained with the low density
of the low-k material, which was a result of carlsemoval in the plasma treatment.

Although the hydroxyl group formation was succeksind the TiN growth took
place, a significant disadvantage was seen in theeps integration using the oxygen
plasma treatment for oxidation of the low-k surfaltehas been observed in many
occasions that the plasma species have a tendempanetrate deeper into the lattice.
Consequently, the oxidation occurs also below tiréase. In these experiments the
oxidized layer was 100-350 nm thick even thoughsthertest treatment was only 30
s. In the oxidized layer carbon content was belovat1% and the composition
corresponded SKX33 at.-% Si and 67 at.-% O). In addition to chesm@ the film
composition, film thickness of low-k material wagrsficantly reduced and the film
density increased due to the plasma treatment. rAposition change causes the
increase of k-value, and the shrinking changestnface feature dimensions. Neither
one of these issues cannot be accepted in thegsracegration. When the plasma
treatment was made with a low oxygen concentratarly few nanometer thick
oxidized layer and no shrinking of the low-k maakvere observed. In other words,
when the process is well optimized, plasma treatroemd be an acceptable option.
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The TiN growth on SiC was good even without plagmeatment. This was most
probably caused by the oxidation of SiC surfacerabient air. However, plasma
treatment of SIiC slightly improved film resistivityFilm density of TiN was
approximately as high as on the low-k material raftee plasma treatment.
Nevertheless, based on this study there was nacylart advantage to introduce
plasma treatment for SiC. Integration on single a@setene scheme was successful.
TiN film was deposited on the SiC, Si-O-C, and Sge walls of the dielectric
stack.

5.25. TiN and WN,C, Filmsin Dual-Damascene Structure

Barrier integration was tested with the dual-daremscstructure and Kelvin via
resistance, via chain resistance, leakage cumadt]ine resistance was also measured
[IN]. Since the barrier thickness was only 5-7 nrasistivity was relatively high.
However, with regard the device, the vertical carlity over barrier is playing
more important role than the resistivity. The vgistance on the actual device was
much lower than that of PVD-Ta. The W®} film (C50 A) exhibited about half of
the via resistance of PVD-Ta (>250 A) being bela®@ in 0.25 um via. The vyield

of 9000 vias in chain was excellent.

When the TiN film was deposited on the dual-damascstructure followed by
copper metallization, a void formation took planghe copper via and the underlying
copper layer. It was suggested that the void faonmabccurred due to the copper
pitting observed in the TiN process. Whether these phenomena are connected to
each other, cannot be concluded with certainty. él@r, a similar issue was not
observed with the W{C, process where nearly 100 % step coverage washp@®$si
observe by TEM.

The Biased Temperature Stress (BTS) studies of shiblved good leakage current
properties after the test structure was stresse?l MV/cm at 200°C for various
periods of times. Failure analysis showed that kitean eventually occurred at the

interface between the SjQlielectric and the passivation layer. In other dgprthe
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breakdown was not the result of copper-contaminatietectric and thus, it was
concluded that TIN was an effective barrier agaiogpper diffusion in stressed

conditions and the BTS performance was comparaltleat of PVD-Ta.

5.2.6. Film Uniformity of the Diffusion Barrier

Although film uniformity is less of a concern in R& it is often one of the most
employing factors of Process Engineers in the prbo, and consequently, a major
concern of the scalability of a reactor [VII]. Tipeinciple of ALD offers a good
explanation why good uniformity of the ALD film sbldl be characteristic property
and relatively easy to scale up for larger substsate. In practice, it has been often
proved to be so. For example, ALD processes haea beed to manufacture thin
film electroluminescent (TFEL) flat panel displaykich can reach the size of about
2000 cm.”® When glass substrates are processed in batchs mieces, the overall
surface area to be coated in one run is &4Silicon wafers can also be coated in
batch reactors that are commercially availablettierIC industry. These reactors can
be used for 300 mm wafers and more than 100 wafansbe processed in one run
coating about 20 fnof the flat surface. When the wafer surface hasepdtrenches,
the area to be coated can easily become hundrestgiafe meters. The most extreme
examples can be found from catalytic applicatiohene the ALD films are coated on
porous high surface area silica powder. In thedstsates the surface area easily
reaches the size of football field in few grams pmwder. However, the film
uniformity in the flat surface and powder cannotcbenpared so easily. Nevertheless,
the ALD method is evidently easier to scale up leoger substrates and the batch

processing than the PVD or CVD methods.

Most ALD studies are based on small research resaatbere the substrate size is less
than 100 crh Even if small reactors and small substrates aggluan ALD reactor
must fulfill certain design rules to produce acedybt ALD growth. Although film
uniformity might be difficult to analyze from a sthaubstrate, the non-functionality
of the reactor can often be seen in other film progs which are the result of partial
CVD growth. When the reactor and substrate sizesmareased, the influence of the

reactor design becomes more detectable as a n@orrarfilm.
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The most usual sources of non-uniformity are: Irtapping material pulses, 2) non-
uniform gas distribution, and 3) thermal self-depogition of the precursor.
Overlapping material pulses is a result of sim@tars presence of more than one
precursors in the gas phase near the substrate.céhi cause CVD-type of growth
locally in some areas of the substrate making filioker there than true ALD growth.
There are several hardware-related possible redsonserlapping pulses such as: a)
dead gas pockets, b) bad location of pulsing valegtoo low temperature in the
reaction chamber and the source delivery linespwirsized reaction chamber, €)

insufficient pumping, and f) degassing from therseuwdelivery line.

Non-uniform gas distribution becomes a problem ahgome areas of substrate are
not exposed to all different precursors. Becauseysors are often introduced to the
reaction chamber from individual source delivenye, and the lines are brought
together to a common in-feed line prior to the suabs, the flows can set up a
diffusion barrier for the precursor flowing fromdifferent precursor delivery line.
Without appropriate gas mixing in common in-feetkliprior to the substrate, film

uniformity can degrade and be non-characteristitife gas flow pattern (Figure 16).

/ K\TZ/HZ/AI
hick spot Thin spot

Pumping channel l

Figure 16. A schematic of the showerhead reactoerevhnadequate gas mixing
causes non-uniform precursor distribution in theAPB-TIiN film (left), which

results in an abnormal sheet resistance uniforamtg 300 mm wafer (right).
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Thermal self-decomposition is a subject of congaarticularly when organometallic

and metal-organic compounds are used. Generabgetikompounds often begin to
decompose at 200-400 °C which is also the desigdpesition temperature. Despite
the fact that these precursors are often thermailbtable, they have very attractive
properties such as high vapor pressure, non-cggosature including their by-

products of the surface reaction, and high redgtilevertheless, most of earlier
ALD studies were made with transition metal halibesause of their good thermal
stability.

Earlier studies of ALD-TiN were based on small stéiss (<100 cf). According to
our knowledge, one of the first experiments to ¢&pALD-TIN on a 200 mm and
300 mm silicon wafers were made as a part of tlmekwTlhese studies were made in
flow-type cross-flow reactor where the carrier/pogggas is introduced over the
substrate as a continuous flow. Uniform gas distrdn in the cross-flow reactor was
made with a hole plate that acts like a two-dimemsi showerhead. Thus, the gas
distribution is based on an increased pressuremagpstream from the plate.

The TiN films exhibited a non-uniformity of the natude of (110 % (standard
deviation, 1 sigma) on a 200 mm wafer, ddd-13 % on a 300 wafer at the very
beginning of the studies. Non-uniformity took plasdlow direction in a manner that
the leading edge was thicker and the back-end efwtafer was thinner, however,
being symmetrical in perpendicular to the flow diren. Although the magnitude of
non-uniformity was not excessive, it was signifitarfabout 2-3 times) higher than
any transition metal oxide films deposited on wafefthese sizes at the same reactor.
Extensive R&D work was made to isolate possibledvare related reasons for the
film non-uniformity. Like transition metal oxidewties at the same reactor already
suggested, no reasons were found which could cagsélm non-uniformity. The

chemistry of TiN process was suggested to be thecemf non-uniformity.

A concept was considered where the by-producthestrface reaction may interact
with the surfacé? and thus the role of by-products could become rimop®rtant with
increasing substrate size. The concentration giroguct increases in the direction of

flow in the cross-flow reactor, which could explaine form of non-uniformity.
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However, it was not understood why the chemistryTl4/NH; was so different
resulting in significantly worse uniformity thanhar processes. The HCI gas forms
during both precursor pulses when the depositionpezature is below 300 €.
Figure 17 shows a series of possible surface mraatiechanisms that depict so called
poisoning phenomenon in the cross-flow reactor. A formed during the TIGl
pulse can react with reactive sites in downstreanection of the substrate.
Chlorinated sites remain inactive towards subseiqli€?i, molecules, and will not be
activated until the next NHpulse. In addition to poisoning phenomenon [4jvas
also considered whether HCI could etch the TiN filmnich seemed to be possible

based on thermodynamic calculations [5].
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Figure 17. Non-uniformity caused by HCI formatiaa): HCI formation during the
TiCl, pulse occurs via surface reaction between J88id —NH sites. b) Partial
pressure of HCI increases in the flow direction &@ reacts with active —N}Hsites.

c¢) Chlorinated surface remains inactive to Fi€) Chlorine is replaced by active site

during the next Nhlpulse.
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~Ti(NHo)x (S) + XHCI (g)= —TiClx (s) + XNH (q) [4]
TiN (s) + 4HCI (g)= TiCl, (g) + NHs (g) + % H (), AG(300°C) = -7 kJ/mol  [5]

Assuming that TiCl and HCI are competing molecules to react with ~Nkes, it
would be important that the HCI concentration was $ame cross the wafer to obtain
uniform film. Furthermore, it would be importantathas many TiGl molecules as
possible reach the —NHbite prior to the HCI molecules to decrease theber of
poisoned sites and thus improve the growth ratéhefTiN film. This theory was
possible to study by the showerhead reactor (Fij8yevhere the perpendicular flow
to the wafer was introduced from the sources thnaihg showerhead holes making
the HCI concentration even cross the wafer. In shewerhead reactor, the film
uniformity of TiN was repeatedly below 2 % (stardiaeviation, 1 sigma) on 300-
mm-wafer. Furthermore, the growth rate was as hf)0.30 A/cycle whereas it was
only 0.17 Alcycle in the cross-flow reactor. Thisutd be explained with the
temperature of the showerhead which was signifigamiver (at 100-150 °C) than the
flow channels in the cross-flow reactor (800 °C) resulting in less HCI prior to

substrate.
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Figure 18. The schematic picture of a showerheactoe for a 300 mm wafer.

Whereas the TiN film suffered from non-uniformitthe WN.C, film exhibited

excellent uniformity (1-2 %) on 300-mm-wafer in batross-flow and showerhead
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reactors [IV]. Consequently, it can be assumed ith&/N,C, process interaction of

the film surface and the by-products is very weak.

5.3. Reduction of Copper Oxide Film to Elemental Copper

The basis for this ALD-Cu process was an assumpti@de in 1999. In this
assumption it was speculated that ALD-Cu deposithmst probably cannot become a
production worthy process. Although some ALD-Culss were made, scalability to
other systems was suffering and the process paeasngike minutes of cycle time)
were far from the expectations for production Usarlier experience of production
worthy processes had shown that the process mgseg® high robustness from the

very beginning.

Although the industry was not ready to considereptihan copper metal as a seed
layer that time, alternative materials were alreadgsidered in year 2004. Feasible
ALD processes were developed for noble métaRarticularly, ruthenium metal was

found to improve the adhesion of copfef® Ruthenium was considered as a seed

layer and even as a copper diffusion barrier.

Alternative methods were looked for to deposit @pmetal. Based on the fact that
there were several metal oxides made successfulAD including copper oxid&"

8 we were considering an option to deposit coppetahtirough the reduction of
CuO.

However, it was clear that the method can only becassful if there was a good
reduction process available. It was also speculdtatithe oxidation of barrier may
occur in the copper oxide deposition. Four speaifbns were set for the reducing
agent: 1) it must be capable of reducing thick esmxide film without etching it, 2)

it must be capable of reducing @u below 400°C to meet the compatibility

requirements of the low-k process, 3) it shouldehtaxvorable vapor pressure, and 4)
it should be safe and easy to handle. In additbooutr primary object, we identified a

possibility to develop new, non-plasma process &ieQuO reduction [V].
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Studies were very simple; at first the ECD-Cu sawmplvere oxidized in the
convection oven, and then these samples were expos@rious reducing agents in a
vacuum chamber at elevated temperature. The suotesduction was characterized
with time-of-flight elastic recoil detection analys(TOF-ERDA) and electrical

resistance measurements.

Reducing agents such as methanol, ethanol, isopogp@rt-butanol, butylaldehyde,
acetone, formic acid, and acetic acid were testétl whanging duration of the
reduction and the process temperature. The diffusfcoxygen in copper lattice was
found very intense. The film oxidized in less tlmare minute in the depth of 300-400
nm forming a CpO film.
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Figure 19. Oxidized copper sample depicts the ftionaf CypO phase.

The reduction experiments were made between°@l@8nd 385 C varying exposure
time from 5 to 60 minutes. In alcohols, the reduttpower decreased the more

complex the molecule became (primaty secondary= tertiary) to an extent that
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tert-butanol did not reduce copper oxide at 385even after 60 min exposure. A
weak reduction power of tertiary alcohols can bpla&red by the carbon atom, to
which the hydroxyl group bonds, does not have ydrdgen atom to be eliminated.
Aldehydes and ketones showed better reduction ptveer tertiary alcohol but they
were also found to be weak reducing agents. Catlamgls, formic acid, and acetic
acid, showed the same pattern than alcohols amdhydes. The smaller the molecule
was the more effective reduction took place. Thducdon process was successful

and our approach seemed a promising method to pecaleopper seed layer.

ALD-TIN film was tested as a seed layer for the ECD deposition in year 2000.
The concept was attractive because TiN film coulttfion as a seed and barrier layer
resulting in significant cost savings in the produt Depositions were carried out
with an innovative anode structure where severaldas were possible to be
controlled individually improving the current detysin the middle of wafer. Copper
metal was grown on TIN and its adhesion was goodweév¥er, regardless of
innovative anodes, the film suffered from the terahieffect. Very soon after these
studies first conference paper was published wheeset plating was tested on the
PVD barriers® Similar types of challenges were observed as wltB-TiN. Since
this concept has not made its breakthrough yegtrabably was not successful after

all.

Next two chapters introduce the results of otherkwan the subject matter, made

after our studies. The introduction includes trsxdssion of the author.

6. New Discoveries of the TiN Process

Sattaet al studied a very early phase of the ALD-TIiN growtgposited from TiG|
and ammonia on thermal Si@sing RBS and low-energy ion scattering (LE¥Syhe
LEIS measurements were made with 3 KéM" beam and an ion dose of 0.2 X210
ions/cnf. The information depth of LEIS is limited to on®mic layer due to low-
energy noble gas ions that scatter from the outtagst. lon which penetrate deeper

have a high neutralization probability and are seen in the scattered ion spectrum.
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Three different phases were recognized in the TidNvth: 1) growth takes place on
SiO, utilizing hydroxyl groups on the surface, Il) griiwoccurs on Si@surface but
more preferably on predeposited TiN, 1ll) limitedtdral growth. The first phase,
where the coverage increases linearly, lasts aght eycles at 400C and 25 cycles
at 350°C corresponding with a layer coveragel68 %. The growth occurs two-
dimensionally forming Si-O-TiGlterminated surface. Three-dimensional growth is
characteristic for the second phase. For some umknmeason growth takes place
more likely on —TiC| and —NH terminated surface than on the substrate. Transit
to the third phase occurs through the island coalese that causes a slow-down of
the lateral in favor of the vertical growth of des. The change of the growth rate
from phase Il to Ill is small. Minimum number ofalgs to reach the closure of the
surface is 100 at 400 and 150 cycles at 35C corresponding to the film thickness
of 24+3 A and 34+3 A. In later studies a differeneas found depending on whether
TiN was deposited on chemically deposited SitBermally deposited Sitor SiC*°
The closure of the starting surface was the fastesthemically deposited Sg329+3

A 1100 cycles) and the slowest for SiC (45+9 D 2ycles). Choet al studied TiN
growth on SiQ, HfSiCy, and HfQ. They suggested that an initial growth of TiN on
SiO, surface is more three-dimensional than two-dineraf® The growth on HfQ
was found to be more two-dimensional and betterleation was explained by
catalytic dissociation of the precursors. Estimatadknesses of the surface closure
were 24 A on Si@ 12 A on HfSIiQ, and 6 A on HfQ.

Snyderet al investigated early phase of the TiN growth fron€IT and ammonia
using in situ Fourier transform infrared spectroscopy (FTIR)htque®® The film
was deposited on silica powder at 4@ In the first half cycle of TiGlthe reaction

was found to be rapid and complete suggestingdlt@afing overall reaction:

nSi—OH + TiCl,(g) = (Si—O),—TiCls.n+ nHCI (g) (n=1 or 2)

In the second half of cycle, the powder was expdeeammonia for three minutes
and then the chamber was evacuated. Results sagdestations of M—NKH bonds

and the removal of the Ti—-Cbonds. In addition to the TiN formation in the fhal

cycle of ammonia a decrease of Si—-O-Ti bonds amdeanerge of Si—-OH bonds was
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observed, being 28 % from original intensity ofasbl group. The formation of
Si—OH bonds in the following cycles were observediécrease rapidly, and in the
third to sixth cycles, no Si—-OH regeneration waseslsed anymore. It was concluded
that the formation of Si—OH bonds was a resultleaage of (SIQJiClsn(n= 1 or

2) leaving Si—-O bond to the surface that is thedrbgenated by ammonia.The
cleavage was assumed to be caused by ammonia. uthersa have not further
discussed how the cleavage could occur. It is fgbassumed that some
Ti(NH,)Cls., molecule with a reasonable high vapor pressure dviarim and leave
the surface. One other suggestion could be thatldavage of (SiQYiCls.n(n=1 or
2) is caused by HCI by-products making reversattrea for the TiC} pulse:

(Si-O)-TiClan+ NHCI (g) (n=1,2)= nSi-OH + TiCk (g)

Evidently, the reformation of Si—-OH could explaimetlow growth rate at the very
beginning on the SiOwafer. It could also be speculated that the reédion of
Si—OH could have something to do with the 3D-growthTiN on SiQ wafers.
However, according to previous papers the clostitkeoSiQ surface does not occur
until film thickness isf24 A that is more than 3-6 growth cycles. Nevegbs) it
could be possible that Si—-OH formation could lastder than six cycles, but the

formation occurs below the detection limit.

It was speculated in paper VII that the film nonformity of TiN could be a result of
HCI by-products reacting with —N+kites during the TiGlpulse. Based on previous
results it could also be speculated that the fibn-aniformity is formed prior to the
film closure. During the ammonia pulse increasingl Honcentration in the flow
direction enhances the formation of Si—OH bondsthen surface and consequently
decreases the growth rate of TiN.

Early phase of the ALD-TIN growth was simulated twijuantum chemical

calculations by Liwet al®®

The calculations were based on hybrid density tfanal
theory. The (SiHO);Si—OH cluster was considered as a starting surbaue the
reaction pathways were constructed by a potentiatgy surface (PES) scan. The

calculations were made with the Gaussian 03 quartisemistry program. Results
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demonstrated the formation of SKD-TICl; terminated surface in the TiCbulse.
The chemisorption of TiGloccurs between an empty d-orbital of a Ti atom toed
oxygen lone-pair electrons. The electron donatremfoxygen to titanium weakens
the Ti-Cl bonds. Correspondingly, the $iO-Ti(NH)3«-Clx terminated surface is
formed during the ammonia pulse. Eventually, albche is removed but it becomes
more difficult for the second and third one. Thaateon is endothermic and required
energy to remove chlorine is increasing (1. CI8&Y¥, 2. Cl: 0.79 eV, 3. Cl: 0.94 eV)
suggesting that the reaction is not thermodynatyiaal kinetically favorable. The
results show that the adsorption of both Ti@hd ammonia are more probable than
dissociation as a result of reaction. Consequendgger pulses are needed to
maintain high gaseous pressure on the surface hwiileminimize desorption of the
adsorbed molecules from the surface and offer fone complete surface reaction.
Both precursors formed relatively stable chemisdrsiates with formation energies
of 0.46 eV and 0.70 eV. The stable states were ge&inder the surface reactions
being also a source of chlorine residues in tha.flConsequently, higher deposition
temperature was required to reduce the stabilitthef chemisorbed molecules and
make the dissociation more compl&téu et al. did not discuss the source of 3D
growth or possible secondary reactions of by-prtelu¢iowever, the results
supported well the experimental results of the AL studies and adequately
explained, for instance, why excess ammonia witty lexposure is often needed to

get the best material properties of TiN.

Tiznadoet al studied the ALD-TiN growth with XPS transferritite sample between
deposition chamber and XPS system under vacdiuthDepositions were carried out
with a high volume (b L) cold-wall reaction chamber that is not recomded for
the ALD studies [VIl]. Consequently, the chambeussad overlapping pulses and
significant amount of impurities. Results suggedteat the reduction of ¥{'Cl, to
Ti®"3Cl3 could occur via dissociative adsorption in the xMftes instead of ammonia

exposure.
Six-step-cycle was used by Cheng and Lee to géerbim properties of TiN? In

addition to purging, the reaction chamber was eatclibetween the material pulse

and the purge step. The resistivity, the Cl resdaad the surface roughness were
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measured. The improvements in the film propertiesewexplained with increasing
partial pressure of by-products in the evacuatiep,svhich decreases the CI content
((2 at.-% at 300C).”* Because only one data point was presented, thégese not
explicit. The evacuation step between precursorsqaulis known to reduce
overlapping pulses when there are some dead gd®tgon the deposition system
[ViI].

Li et al studied the grain boundary formation of the ALINTiIm with a high-
resolution transmission microscopy (HRTER )t was interesting to notice that their
observations were slightly different from previgustviewed results and they did not
discuss any results or used any references pudligiiter year 2000. Film was
deposited on PECVD-SO(300 nm) at 390°C from TiCl, and ammonia. They
suggested, based on HRTEM images, that the filnwgrepitaxially in the first ten
monoatomic layers stacking on (200) planes and #pdit into two crystals with a
small angle of 3 Small angle disorientation is believed to ocaue tb stacking error
and geometric feature. Geometrically, very sma#larientation can occur due to two-
dimensional convex surface with a small curvatufd. the beginning, the
misorientation is expected to be negligible andfitlme growth has pseudo-epitaxial
characteristic. The gap is increasing until it lsse to atomic size. In the 91
monoatomic layer the gap was still smaller thandi@neter of the atom forming a
discontinuous layer. The studies reveal that trédthwof boundaries is an atomic scale
regardless of what structures the grain boundaaese. Consequently, the boundaries
are not believed to be an effective diffusion clenfor copper. Small angle
boundaries were often observed in (200) epitaxyvrcareas while the large angle
boundaries appeared in the areas with (111) claskea stacking configuration. The
tit and twist grain boundaries with the width ofomic scale are two main
characteristics of large grain boundarte.would have been very interesting too see
the discussion about earlier studigs®” ® For example, whether the small angle
disorientation could generate a channel for ionnmbed LEIS implying uncovered
SiO, surface or could the closure of Si€urface be a result of an atom filling the gap

of small angle boundary when the film thicknesalisut 25 A?
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The ALD-TIN growth on low-k material was also foutrdublesome when TDMAT
was used as a titanium souP€®epositions were made on SILK (Dow Chemical)
that is an aromatic polyphenylene polymer compgisprimarily phenyl groups.
Because of poor nucleation of the TiN growth fro@MAT and ammonia, ALD-
Al,O3 nucleation layer was used as a starting surfac8lbK. Since SILK does not
contain hydroxyl groups that could react with TMAore favorable growth of AD;
than TiN on SILK was not fully understood. It wasggested that the nucleation of
Al,0O3; on SILK may result from the reaction of TMA andtesathat is diffused in
SILK from atmosphere because SILK is known to beops. Furthermore, it was
suggested that water molecules near the surfacglldf could react with TMA
generating small AD; clusters embedded in the polymer netwdrkit is
acknowledged that this integration scheme comprisgmssible issue. The &)
layer would decrease the effective area of metdibn, it would increase the k-value
of insulator if penetrating to porous SILK, andvibuld increase the contact resistivity
in the bottom of via. However, it is suggested thagative effects of AD; would
remain minimal because the film thickness was aoh13 A.

7. New Discoveries of WyN and WN,Cy Processes
7.1. WxN Process

As an alternative tungsten source bis(tert-butympbis(dimethylamido)tungsten
(‘BuN)(Me;N),W was used for the \W depositior?® Film growth took place via
decomposition of the precursor that was activagedrbmonia or pyridine. Suggested
3-hydrogen elimination occurred in the range of -350 °C where the carbon
residues remained below detection limit. The filmmposition of WN 1:01 was
believed be a result of strong imido bonds, andithreshowed good diffusion barrier
properties up to 608C.°** Film growth was 0.5 A/cycle at 30 and resistivity was
[BOOO f2cm prior to annealing. Film deposition was also enath porous low-k

material where the pores were sealed prior to dépos®
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Bystrovaet al. studied very complex Y process? where silane and ethane were
used as reducing agents. Kigh al from Hynix Semiconductor and authors from
Novellus Systems developed the process where dibo(B:Hs) was used as an
additional reducing agent in the,W depositior®’ The process resembled the Y@l
process of ASM where boron-based reducing agentused’® The depositions were
made at 300C in commercial ALD reactor (Concept2 Alflf§ of Novellus Systems,
Inc. The ALD characteristics were presented with $hturation curves that indicate
the required pulse length for diborane. The grovete saturates in three seconds.
Another interesting feature of the saturation cangeseen with ammonia. The growth
rate of the process where only WB,Hs were pulsed, seems slightly higher than in
the WF/B,Hg/NH3 process. Surprisingly, there is no discussion athos observation

in the paper. It could be possible that diborana atrong reducing agent is forcing
tungsten into a nearly metallic phase like disilaloes for tungsten hexafluoriffe.
Ammonia could function as a weak oxidizer. The ratof ammonia is further
discussed in the following paragraph. High groveterof the WN film (2.8 A/cycle)
suggests that the deposition system is eitherahatnon-flow-type or that of a low-
flow-type reactor but it cannot be confirmed frolne experimental description. Film
resistivity saturated to the level bB35 acm and the slope of resistivity versus the
film thickness suggests very small grains for theNVillm. XRD results support this

suggestion.

7.2. WN,C, Process

The N:C ratio was found to vary in the W) film depending on the pulsing
parameters and temperature. It was also noticedfitha properties were slightly
better if the pulsing sequence was TEBAMWH; instead of NH/WF/TEB when the

deposition temperature was 300. The N:C ratio clearly increased in the second

sequence.
Pulsing Order W (at.-%) C (at.-%) N (at.-%)
(1) NHs/WFs/TEB 47-55 30-45 2-10
(2) TEB/WFs/NH3 52-58 20-30 10-20
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Li et al. explained possible reaction mechanisms ofB{Nrowth when the pulsing
sequence was B#Hs)sWF¢ NHs.”® They suggested that during the triethyl boron
pulse bonding takes place with —Nt$) and ~WNF (s) sites where -B-N- bonding is
formed (Egs. 12, 13). In the following Wpulse the partial reduction of tungsten is
expected as well as the formation of tungsten darfigs. 14, 15). When ammonia is
introduced in the last step, fluorine is partialgmoved and WRC, film is formed
(EQ. 16). Furthermore, ammonia has an importamt irothe forming of reactive sites

for the next triethylboron pulse.

-NHz (s) + B(GHs)s (9) = -NHB(CzHs)2 (s) + GHe (9) [12]
-WNF (s) + B(GHs)s (9) = -WNB(CzHs)2 (s) + GHsF (9) [13]
-B(CzHs)2 (s) + W(VI)Fs (9) = -W(IV)F2(CoHs) (s) + BR (9) + GHsF (9)[14]
-B(CzHs)2 (s) + W(VI)Fs (9) = -W(IV)F3 () + BR(CzHs) (9) + GHsF (9)[19]
-WF (s) + NH; (9) = -WHNH; (s) + HF () [16]

Previous results have revealed that as a redu@egtaTEB is significantly more
effective than ammonia. However, the changes in fdi® are difficult to explain if
both ammonia and TEB are purely reducing tungdtemhe combined PEALD and
ALD studies it was possible to observe that ammaaia function as an oxidizer in
the right environment. Tantalum precursor was redutm metallic tantalum in the
PEALD process using radicals. At the end of eaabcgss cycle, ammonia was
introduced to tantalum metal surface forming Tabhat is metastable ph48end
challenging to obtain by ALD. Based on this expemtit was concluded that if the
metal or its compound has become very eager tazexidmmonia can function as a
weak oxidizer, which explains the formation of Tahstead of TgNs. The oxidation
tendency of tungsten after the TEB reduction was abserved when the ammonia
pulse was left out and the X film was deposited. As a result of oxidation fie
contained 10 at.-% oxygen after it was exposedirtoReflecting this idea against
WN,C, studies it can be suggested that ammonia can weaktlize a WG.q
compound to form WREC, with low nitrogen content when the deposition sewe is
NH3/WF¢/TEB. Correspondingly, ammonia is functioning adugng agent in the

pulsing sequence of TEB/WINHj3 introducing higher nitrogen content at the expense

62



of carbon. In paper IV, we suggested that ethyicedd are formed from TEB, but

how the ethyl molecule degrades and forms carlsideknown.

Chenet al studied the diffusion barrier performance of AMIN,C, films and
compared it to PVD-Ta on 0.25-um-dual damascenetstre:® WN,C, film of 25 A
thickness exhibited highest yield and lowest avendg resistance in the 0.25 um via
chain (with 1080 vias). Ultra-thin 15 A WR, film was also tested but the yield
dropped suggesting the minimum thickness for theidra In the EM performance
test, the T lifetime of a WNC, barrier (25 A) was an order of magnitude highanth
that of the PVD-Ta. Process integration to poroethyl silsesquioxane (MSQ) based
low-k material was studied. Although barrier peattm into MSQ was 500 A, it was
found to block copper diffusion. Penetration of YWOMfilm to MSQ (pore diameter:
4-5 nm) was also observed by Beslietgal'®* Correspondingly, WRC, penetration
into porous SICOH was confirmed as wW8&f. The studies comprised WaQ,
depositions on plasma sealed SiCOH surface.

The use of WKC, film (30 cycles) was seen to improve the RC délag % when it
was compared to I-PVD deposited film stack (TaMif®)/Ta (20 nm)}*® The size of
RC delay of 90 cycles WIC, film was 377 ps and 30 cycles was 300 ps per 1 mm
conductor length. Travalyet al. studied electronic density of interfaces of
WN,C,/SiO, WN.C,/plasma treated porous low-k, and VOYSIC. The studies show
the increase in electronic density of plasma treated low-k surface in the dept of 20-
30 nm, which is comparable to the one of SiO. WiéN,C,/SiO and WNC,/SiC
interfaces were studied, a decrease was observaddtronic density of WRC,/SiO
interface. This was believed to be caused by thaseireaction that made the surface
porous. No decrease was seen in the,@yI$iC interface. Liet al reported 18
surface materials that were studied concerning t&,C, compatibility’®* LEIS
studies suggested that a full coverage of substoate place between 10-20 cycles
corresponding with a 9-18 A thick film. The film migity of 14 g/cri was reported for
(1.0 nm thick film.

Schuhmacheret al studied the process integration of W) barrier to dual

damascene oxide moduf&.Instead of low-k dielectrics, PECVD silicon diogigvas
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used as an insulator. The studies comprised fdiis b underlying copper cleanings
and I-PVD deposited TaN/Ta was used as a refertrec@&N.C, barrier. Removal of
WN,C, barrier by CMP was studied on blanket wafer wittmeercial barrier and
copper slurry. The erosion appeared at differecdtions on the wafers depending on
the presence of patterns at the metal level unddrneHowever, the electrical
characteristics were comparable to @&n situ I-PVD barrier (TaN/Ta)/Cu seed
metallization approach. The argon plasma cleaniage ghe lowest via resistance
values. The yield of via chain (1 million) was gofaa both Ar plasma cleaning and
the split of no cleaning at all. Thea situ ethanol cleaning in the same reaction
chamber where the WR, barrier was deposited, resulted in a higher vsstance,
and barrier thickness was reduced on the trenchwsil Schuhmacheet al
suggested that the problems with ethanol coulddi&ted to the use of the same
reactor for both process steps and some interacfiethanol and the precursors used
in the WN.C, deposition. The resistivity of the W, barrier on the bottom of via

was about 375Qcm.

Galvanic corrosion, which is one of the corrosioachmnisms in the CMP process,
was studied for the WICT, barrier'® Slurry, as an electrolyte, was playing important
role in the corrosion. Maleic and nitric acid wasdsed as an etcher and® was
used as the oxidizing agent in the solutions. Tliiferent electrode setups (Cu/Ta,
Cu/W, Cu/ WNCy) were investigated. Cu/Ta system exhibited theskiveurrent. Cu/
WN,Cy system was significantly better than Cu/W but a®tgood as Cu/Ta system.
The presence of carbon and nitrogen in the filmeapgd to strengthen it against

galvanic coupling with copper.

Kim et al reported that coalescence of the MgNnanocrystals occurs beyond ten
ALD cycles!®’ The nucleation and growth was suggested to odourlsneously at

the early stages of Wi, deposition. The ammonia plasma treatment was faand
improve the film nucleation on PECVD SiOThe C-V measurements after BTS
showed that barrier thickness of 5.2 nm (50 ALDIegtwas enough to hinder copper
diffusion. When WNC, film was heated up to 70U for one hour in vacuum, no

changes in crystal structure were observed with X&Blowever, several new peaks

were formed as soon as the sample was heated td@0Comparative failure
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temperature study shows excellent barrier propertie the WNC, film against
copper diffusion. The grain structure was considee improve barrier properties
compared to ALD-TIiN. The HRTEM images revealed rapstalline structure with
the grain size of 3-7 nm. Nanocrystals with the ©iz only few nanometers were also
observed. When the diffusion barrier property wested with etch-pit test, the failure
of Cu/ALD-WNC,/Si structure was observed at 6@

Hoyaset al studied the WRC, deposition on SiC surfacé’ Since SiC film was
known to oxidize in atmosphere, different ageing® samples (fresh, two days old,
two months old) were investigated. No significaiftetlences were observed between
samples. However, it was noticed that a long ex@oge 1 s) of TEB prior to the
deposition enhanced the film growth, and it wasangnt to have TEB as the first
precursor pulsed on the surface. It was also stggdbat TEB reacts with S3O
surface leaving it carbon terminated and thus ine growth on SiQ and SiC are
similar. Hoyaset al studied also the WJE, growth on methyl terminated surfacé.
Volders et al compared the WY, WN, and WG films.*** They found that the
WN,C, film is more prone to galvanic corrosion than lpjneompounds. It was also
observed that the Wi, film grows better on PECVD oxide than thermal @xid

which is opposite of what is seen for WN

8. Conclusions

The ALD-TIN film showed encouraging properties aspper diffusion barrier
meeting some material and process integration reqpents. However, several
requirements were not met: 1) the content of hakdedues remained acceptable only
when deposition temperature was 4@, 2) the film uniformity was far from an
acceptable limit in the cross-flow reactor, andfiBp growth rate was too low.
Generally, low film growth per deposition cycle dam acceptable if the growth rate
can be compensated by fast pulsing and purging;hwhias possible with this reactor
design. However, the process chemistry requiredy lammonia exposures to
accomplish the surface reaction and minimize th&due content in the film.

Consequently, the length of deposition cycle cawdtibe shortened. Since the growth
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rate has direct influence to the process throughgmd the costs, it is not a

requirement which can be easily compromised.

Although amorphous structure was not a requirenfentthe barrier film, the
polycrystalline structure of ALD-TIN with columnarain boundaries was seen as a
possible source of copper diffusion. Even high fdensity and good BTS results of

the TiN film were not able to diminish the concern.

The issues related to ALD-TiN deposition on matsri@.g. Aurord) which lack
active sites, were well-predicted before they weraved in our studies. However,
these issues were seen more or less as enginebalignges which can eventually be
solved. However, in our studies, aggressive pitbhgopper surface was seen as a
fundamental issue that would be nearly impossildeavoid without changing
precursors. Based on our results, ALD-TIN film deiped from TiC}j and ammonia

was not seen as a good candidate for copper diffusarrier applications.

ALD-WN,C, film exhibited excellent properties as a coppeffudion barrier
exceeding the properties of TiN film in most cadearticularly, good compatibility
with copper metal and excellent results in dual-dsetene integration made ALD-

WN,C, film an excellent candidate for copper diffusiaarier applications.

Although nanolaminate structures were demonstraseal good method to protect the
substrate from incompatible process, it was seehet@ slightly too complicated
method compared to the single layer depositiorhefdiffusion barrier. Furthermore,
since the thickness of the barrier film was noteztpd to be more than tens of atomic
layers in the future, nanolaminate structures waadlifficult to make.

Film uniformity studies demonstrated some most coammon-uniformity sources in
the ALD process including less known secondarytieas of the by-products. Since
non-uniformity have often very characteristic patsein the cross-flow reactor, the
uniformity studies are easier to carry out in assrflow than a showerhead reactor.
Cross-flow reactor can be considered to be moreahe, particularly when non-

uniformity is caused by reactor hardware. Howewdnen the reactor hardware is
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well-optimized, most uniform films can be obtain@da showerhead reactor that is
more forgiving for thermally sensitive precursorglghe secondary reactions of the

by-products.

Although the copper oxide reduction process wascessful, the copper seed
deposition via copper oxide reduction has not beenccessful method so far. Like
copper deposition by ALD, copper oxide depositioaswiound very challenging.

Copper oxide reduction prior to barrier depositiofith only alcohol was not

successful because the removal of lithography wesicilso requires other cleaning
methods like the plasma cleaning. However, the ggof copper oxide reduction
was seen as a valuable process in the applicatidrese only the copper oxide

removal was an objective.

Today, year 2008, when advanced MPU devices are mét the design node of 45
nm, the ALD diffusion barriers have not establistieeir position in the IC industry.
The PVD-TaN batrrier is still the choice of industgnd the process has held its
position longer than it was expected in the maggetlysis five years ago. The cost
driven factors discussed in the introduction te tsiudy must be taken into account.
Although there is a feasible barrier process alikglathe IC industry is not eager to
move towards new technology as long as there isseay to extend the life cycle of
existing technologies. The more design nodes candoe with the same equipments
the more profitable the business is for the IC nfacturer who is often forced to buy

new equipments and build new factories when thegde®de is shrunk.

Indeed, ALD diffusion barriers came closer to I@guction when Intel began HVM
of ALD deposited high-k transistors in year 2006idently, the ALD technique has
now established its position in the IC productioaking it easier for new processes to
establish themselves.

Favorable design rules of metallization have madsossible to continue using the
PVD diffusion barrier. Surface feature requiremefas copper dual-damascene
structure have remained very moderate because ARigher than 2 is expected in
the near futuré® Evidently, this raises the question whether néffusion barrier

processes are needed for conventional MPU dewictteifuture. Equipment/process
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suppliers are optimistic that new diffusion basiare eventually required to improve
the reliability of the diffusion barrier film. Furérmore, it is possible that ALD
barriers for the copper metallization are needech@mory devices and MEMS prior
to MPUs.
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