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CHAPTER |

INTRODUCTION

1.1 Background of the Process

The electrochemical mechanical polishing (ECMP) process risva approach to
planarize substrates in the microelectronics manufacturingir8tgplanarization is the
key to achieve adequate depth of focus (DOF) which is patterndithbgraphy [1].
Damascene process is mainly used to make interconnects incasénctor device. In
this process a substrate is taken and an insulating film made-df inaterial is formed
on it. Interconnect recesses which are usually trenches and viaahel&smed on this

insulating film by dry etching [2].

A barrier film made of titanium, tungsten or tantalum is formedhenentire surface
by processes, such as physical vapor deposition (PVD) or chevajpar deposition
(CVD). Now interconnect metal film made of aluminum, coppewnesil or gold is
embedded on the recesses to fill them completely. This sonsetiaels to extra
interconnect metal film to spread over the low-k film so, thitrae metal layer is
subsequently removed by planarization processes, such as chenechhnmal
polishing, electrochemical polishing or electrochemical mechapadahing [2].
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In chemical mechanical polishing, the material removal isnipalue to the down
force of the pad on the film. In Damascene process, CMP usuallygdes the low-k film
because of the mechanical force. Thus there is a need for a pudeelssan remove the
excess conductive interconnect metal layer without damagingshtating film. Figure

1.1 shows a schematic of the Damascene process [2].

Insulating film Trenches  Via holes Cupper film Barrier film Seed film
.

f . W/// : 1
\ﬁt\\\ \\\\\\\\\

Conductive laver Semiconductor base

Interconnect

f//f//

k\\\\\\\ \\

Figure 1.1: Schematic of the damascene process, after Kablaht§2]

Electrochemical mechanical polishing is very suitable in such processassbehere
is very little or minimal down force as most of the mateirgalremoved by electro
dissolution. The mechanical pad just removes the passive film whifdrmed on the
surface. Thus, the surface is not damaged and efficient planamizmichieved. Defects
such as dishing, erosion and delamination are considerably reduced whecedecical
mechanical polishing is used. ECMP technology has been instrumentaetimgthe
technology node requirements of 45 nm and 32 nm technologies. It is capaitiea
low-k compatibility, lithography DOF budget and topography behavior [3].
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1.2 Electrochemical Mechanical Polishing Process

In ECMP, the surface layer on the substrate is polished by higation of three

factors:

1. Electrochemical reactions,
2. Chemical reactions, and

3. Mechanical forces.

The electrochemical reactions or dissolution occurs by applgimgelectrical bias
between a cathode and the substrate surface which is positivejgdhhrough external
means, which acts as an anode. The conductive material is remoredthé& substrate
surface into the electrolyte solution. The polishing composition can blered types,
namely, an electrolyte solution, polishing slurry, or a combination &f gijt Chemical

reactions occur on the surface of the substrate during the pfoomasg a passive film
which is subsequently removed by the mechanical component, namely henggtiad or

an abrasive disk. The schematic of an ECMP system is shown in Figure 1.1. [5].

Nozzle Carrier

fafer
{ Anode)

Electrolyte

, Platen
{Cathode)

Figure 1.2: Schematics of an ECMP Process, after Fuituadia[5]
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1.3  Advantages of Electrochemical Mechanical Polishing

The main advantage of ECMP is that it can planarize porous lowtériaia
which would be damaged in a CMP polishing system due to high load or dowe f
Excess copper which is left over from the formation of intercosnsaemoved from the
low-k film without ripping the insulating layer. This is possiblethins process because
very less pressure is applied to the wafer by the polishing pauied Materials built a

low-k polishing system which is able to achieve this in three separate polistsd &}t

Pad Slurry Copper Dielectric

1
Rotation

Figure 1.3: Cracks observed in the dielectric layer in chemical mechpolisling, after
Brown [6]



The polishing speed is one more advantage in ECMP. The standardySidins
cannot achieve a high polishing speed unless and until they incheagad pressure on
the wafer. But if they increase the pad pressure, it witkcend peel away the low-k
film [6]. So they will have to reduce the pad pressure whichtakle long time for the
CMP systems to achieve the planarization. ECMP, on the other harget#he same

planarization in minimal time.

S)

Figure 1.4: Indentations and hills remaining on the surface in electro-pglistiter
Brown [6]



The abrasive slurry and polishing pad are important parametefgdhpZocess.
Figure 1.2 shows how cracks are formed in the insulating llseause of the pressure of
the polishing pad. Another disadvantage is the slurry gets tragsedhe interconnects
and can remove more copper than required. This leads to an incréaseénterconnect’s

resistance which will slow its signal transmission capability.

Electro-polishing on the other hand does not use a pad (see Figure b&), e
does not damage the dielectric layer. But the surface doesattenhftompletely because
of the uneven distribution of the copper layer. So, further layeringeofMafer is not

possible [6].

Electrolyte  Copper-protecting film

|
Rotation

| 3

Figure 1.5: ECMP with a flattened wafer and no damage to the dielectric ter
Brown [6]



ECMP resolves the problems observed in the other two procass&sown in
Figure 1.4. Voltage is applied to remove copper by dissolution. Theiaiagnoval rate
is directly proportional to the charge applied. The wafer achipegect smoothness and
the dielectric layer does not undergo any delamination. The sigeg for ECMP is
inexpensive. For example, the cost for the slurry in CMP is $15 tda$20single wafer
while that of ECMP is about $4.5 to $6 less. Thus costs 30% lesstlihaabrasive
slurries used for the CMP process. This is mainly because efdtieolyte-based slurry
used in ECMP which costs less to make [6]. Fetrad. [7] studied the method to recycle

ECMP slurries and electrolytes to reduce the cost of consumables.

Economikoset. al. [8] compared CMP process with ECMP process and showed
that ECMP exhibits low dishing. Table 1.1 shows the dishing data for grotesses.
They also conducted some experiments to identify defects in E@ a “defect
inspection measurement system” which has the capability éztdé¢fects greater than
600A. The total defect density was found out to be 0.1 defects/cm2thdgaeported
that different failure modes, such as delamination, copper pull-oudialettric cracking

were not observed in ECMP.

Table 1.1: Dishing data for copper in ECMP and CMP [8]

Process Leftedge Leftmiddle Center Right middle Right edge
ECMP 300 300 270 250 280
Conventional CMP 730 460 440 590 830




Tiley et al. [9] reported higher material removal rates in ECMP than @MRe
case of titanium and nickel alloys. They observed the oxide @yé¢he surface of the

film to be twice the thickness when current was applied.

Various advantages of ECMP can be summarized as follows:

1. Ability to polish low-k materials

2. Low mechanical down force

3. Less polishing time

4. Good within wafer uniformity

5. Low dishing

6. Less surface defects such as delamination and erosion
7. Lower cost of consumables

8. Higher material removal rates

9. Efficient slurry handling and waste disposal systems

10.The extent of planarization can be controlled by the charge applied.

1.4 Parameters that affect Electrochemical Mechanical Polishing proces

ECMP is affected by mechanical parameters, such as pad, syafer carrier speed,
and electrochemical parameters, including electrolyte, sluang applied voltage.

Various input parameters of this process are:

1. Operating voltage
2. Current density
3. Polishing pad (material used)

4. Pad speed



5. Wafer carrier speed
6. Slurry composition (electrolyte, pH, abrasives and inhibitors)

7. Polishing time

Some of the output parameters, but not limited to, are:

1. Material Removal Rate (MRR)

2. Surface characteristics

1.5 Electrochemical Mechanical Polishing of different materials

ECMP has been developed to planarize different materials usediciochip

fabrication and tooling. The materials which ECMP can polish, but not limited to, are:

1. Silicon carbide,
2. Steel,

3. Copper,

4. Tantalum,

5. NiP substrates,
6. Titanium, and

7. Ni based superalloys.

Silicon carbide (SiC) substrate surfaces are polished using EClBidal silica
slurry is used to remove the oxide layer while hydrogen peroxidgpatassium nitrate
are used as electrolytes. The current density for the procegerated in the range of 10
nA/cm? to 20pA/cm2. ECMP process is performed in two steps in order to comieol t

oxidation of the anode and removal of the oxide layers [10].



ECMP is also used to polish different kinds of steels. A mixtfisodium nitrate and
sodium sulfate is used to prepare the slurry. Higher efficiendterbguality, and low
surface roughness are observed in steel polishing. An abrasive ao@ of sponge
rubber or PVA sponge was used instead of the regular polishinglfphdRecently
ECMP was performed on tooling steel (SKD11). The I-V curvedHerprocess shows
the electrochemical characteristics, such as active, passins;passive states for the
steel material. Scanning electron microscopy (SEM) and erksggrsive spectroscopy
(EDS) were conducted to investigate the surface profile asd metallurgical

compositions [12].

Stainless Steel which is used in some of the semiconductor and lgafriadustries
can also be polished by ECMP. Residual stress and microcracksravely observed
when stainless steel (AISI 316L) was polished. The formation sfyesim also helped
increase the corrosion resistance of the workpiece. Phosphoricaadichydrogen

peroxide were used to prepare the slurry compositions [13].

Copper has been widely used in metallization for device strudtusssmiconductor
processing since the late 1990’s. It is used instead of aluminuntuagsten as the
interconnect material in silicon-based semiconductor devices @edausas better
resistance to electromigration. Plasma etching proved to be beopjeer and this led to
the subtractive damascene and dual damascene methods for copp&zgtianaWhen
porous, low-k dielectric materials were introduced, chemical arecal polishing had to
face many challenges because of the mechanical fragilithesfe materials. Copper
electropolishing has many advantages but pattern sensitivityngj@ concern. ECMP

has proven to be less pattern dependant and has been applied to thkesedtesials
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without damaging them [14]. The electric potential applied is tiwendrforce to oxidize
copper to copper ions rather than the oxidizer present in the slurise idres later form
a passivation layer with other components of the electrolyte wisickulbsequently
removed by the pad [15]. Also, ECMP is excellent for bulk copper pkati@n as it has
high copper removal rates and excellent planarization efficieh6}; [n this thesis,

ECMP is performed on 4 inch copper wafers.

Tantalum is mostly used as a diffusion barrier for copper in inegraircuit
interconnects. Device structures which are less than 65 nrooaifinue to use tantalum
in the future as they contain porous mechanically fragile diedeuiterials. So, in order
to process these materials, low pressure of less than 1 psi basused. ECMP is the
best process for such applications. Alkaline K#0lutions have been used to make the
slurry for Ta ECMP. These slurry solutions are able to fornstiiesurface film which
can be easily removed by applying minimum mechanical pressuse, Alhydroxy
benzene sulfonic acid solutions maintained at various pH values werénua ECMP.
Recently, some examinations were made to analyze the anodicimorobgantalum.
This was done by the electro-oxidation of tantalum withs s so that weak surface
oxide films are formed. Voltammetry techniques, SEM, and sifmgtpiency impedance
spectroscopy are generally used to study the corrosion behavior amgahramoval

mechanisms in ECMP of tantalum [17-20].

Recently, ECMP has been used to polish NiP substrates which greetmamedia
substrates used in magnetic storage medium. ECMP provides alednstuoiface finish
to these substrates. In conventional CMP, the polishing is done in &pe gting

mechanically aggressive slurry in the first step and a medignsoft slurry in the

11



second step. Even though the second step gives an overall good finishratbkesc
produced in the first step of polishing remain due to the left ovéidal abrasives and
debris. In order to rectify such surface defects, ECMP has foead to be useful to
polish magnetic substrates. Electrolytes are uniquely designett whhances the effect
of electrical current in step height reduction efficiency and naperday reduction. Also
a shear sensitive supramolecular structure for the deliverglextrolytes has been
developed to give a better surface finish [21]. Micron Inc. useMEEGo prepare

titanium samples (Ti-6Al-4V) and nickel-based super alloy {8y for SEM imaging

[9].

1.6  Thesis organization

Chapter 1 gives an introduction to the ECMP process. The backgoduthe
process is elucidated showing the need for a process like EOoMpolishing. The
schematic of the process is given followed by its advantagesativer planarization
processes. The parameters affecting the process asswhbffeaent materials which can

be polished by ECMP are given.

Chapter 2 provides a detailed review of literature for the E@kteess. Five
different methods and apparatuses for ECMP are presented. Thanset of ECMP is
explained in which the electrochemical characteristics and geoltaduced material
removal is shown. The material removal in Cu ECMP is studiedslTing/ composition
for ECMP is presented describing the essential components to praceteer surface
finish. Acid based slurries, phosphate based electrolytes and KOH &las&olytes are

discussed in detail. The role of the polishing pad is also described.
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Chapter 3 presents the problem statement of the thesis. Varioosvalsjdor this
thesis are listed in this chapter. Chapter 4 provides a detailgldnaeiion of the
fabrication of the apparatus for ECMP. The apparatus without thetpfgmrmotion was
initially built which did not produce the desired results. So, ECMP apparwith
planetary motion was developed using Pro/E software. The manufigcpmocess and
the materials used for each individual part of the apparatus acebéels The final

experimental set up used to polish the copper wafers is illustrated.

Chapter 5 provides the methodology and experimental procedure used hodpolis
inch copper wafers. Five different slurry compositions for copper E@MRnvestigated
to produce a good surface finish. The process conditions and post potrslaitmyent
procedures are discussed. Multi-stage polishing of copper wafedssigibed. The
influence of process parameters, such as polishing time, opepati@gtial, pad speed,
and wafer speed are investigated. Surface characterizatibe obpper wafers is studied

using optical microscope and a laser optical interference microscope¥AM).

Chapter 6 presents the results and discussion of the thesis. &tieoéfElurry
composition and pH, polishing time, operating potential, pad speed, and caafier
speed are discussed. The material removal rates and surfgbeess are calculated for
each study. The optimal process condition to achieve a good sunfasie B also
discussed. Chapter 7 summarizes the findings of this experinstmtyl and scope for

future work is outlined.
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CHAPTER I

LITERATURE REVIEW

2.1 Apparatus for Electrochemical Mechanical Polishing

ECMP is a relatively new process which is still being exguom different areas.
Several new methods and systems are being developed for ECli¢hieve better
surface planarization, higher material removal rate, lesso€asinsumables etc. Some of
the researchers have built ECMP apparatuses which do not have rglanet@an i.e.
there is rotation of only the polishing pad or the rotating abrasive disk while ntosinof

have planetary motion i.e. the polishing pad and the wafer carrier rotate simultaneous

2.1.1 Apparatus with Planetary Motion

Sharan [1] designed an ECMP apparatus with a planetary motione Rdushows
an ECMP apparatus with a platen, polishing pad located over the pihieh is
connected to a cathode, and a wafer which is held by a wafesrcarfferent motions
can be achieved by the platen, such as lateral and veréinalation. The temperature of
the platen is maintained by circulating a fluid by means diiler or heater. Figure 2.1

shows the ECMP apparatus with planetary motion.

14



—

S{rry Dispenser .“.{; \\
Anode
Wy — Wafer
’_\J | Wafer\al
Cathode Slurry Carrier
-—._' /‘ﬁl'ﬁ' L \\
|

—_—

i i

Pnlishi“;;“d ,Jf "‘7” I'

Platen T]

1 Power
I ' @ | Supply
-\‘\\
+
Computer

Figure 2.1 Apparatus for Electrochemical Mechanical Polishingy, Sftiaran [1]

Polishing pad is fabricated keeping in mind certain properties, asichardness,
stiffness, porosity, abrasiveness, and absorbance. Channels araares$ethe pad and
the wafer to enable slurry movement. A cathode is directlyesiad to the polishing
pad. Small segments on the cathode are performed so that aisteibution will be
uniform across the pad. A slurry dispenser is used to dispose theisldifferent ways.
Abrasives, such as alumina or silica are used in the slurry. Aff#H3 was maintained

for the slurry composition [1].

Anode is connected to the wafer and is segmented to provide uniforiutistr of

current to the wafer. The wafer is enclosed in a waferezaifferent methods are used

15



to hold the wafer, such as vacuum, friction, surface tension andostetic forces. Mass
transfer of the slurry occurs when the platen is moved in conjunaiitbnthe wafer
carrier. When the power supply provides a voltage across the pad anfdre the
slurry completes the electrical circuit for the polishing a&et place. A computer is

connected to the whole system to study the electrochemical charastétist

2.1.2 Apparatus with Magnetic Slip Ring

Doyle et al. [22] used a magnetic slip ring in the platen assembly of thHdREC
apparatus. They did this to avoid the drawbacks conventional slip riagsnith respect
to moving surfaces. The apparatus essentially consists of a slystem which is
connected to a planarizing head which holds the wafer or the salistiae polished. A
controller is provided to the drive system so that the rotation and direction of theahead c
be controlled. A retaining ring made of plastic materialgsisd to position the substrate
so that it does not slip. Figure 2.2 shows an ECMP apparatusngtiizmagnetic slip

ring.

A platen assembly is connected to the base of the machins angdported by a
bearing so that it may have rotary motion. A rotary coupleh wiagnetic slip-ring
assembly is connected between the platen assembly and the bdss stedtrical,
mechanical, fluid, and pneumatic control can be achieved effectiVdlg. platen
assembly has two plates, the upper one is made of metal or rigid phakstieedower one

is made of aluminum.
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Figure 2.2: ECMP apparatus with platen assembly having a magnetimgli after
Doyleet al. [22]

A magnetic element is enclosed within the platen assemblytbatlthe pad is
attracted to the platen. Also, vacuum ports are coupled to a vacuure southat the pad
is retained against the platen assembly. An electrode is embedties pad assembly.
Additionally, the platen assembly has a sonic transducer to vibeaten assembly to
induce rotation of the ball of the contact assembly. A saclifingtal made of zinc is
also place in the platen in order to minimize the chemicalkattache ball by the slurry

[22].
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2.1.3 Apparatus with Linear Polishing Belt

Du et al. [23] built an apparatus for ECMP which gives better surfacshfiand

higher material removal rate. Here, they developed a netwochethere instead of the

regular polishing pad which has rotational motion, a polishing beltoxgided so that

there is a linear motion. The idea was that the linear mofidine polishing belt will be

much faster than the rotating polishing pad and it does not dry out thé-igere 2.3

shows an ECMP apparatus, after @al. [23] using a polishing belt with linear motion.

A

Electrode
Assembly Q
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Supply Pipe

Solution

Source
Upper Surface Support \{: Carrier / /
Portion MHead
T -\1 \ < - -
A
Polishing SOOI
Belt 1 (
Base )
Platen
Roller Polishing Solution
Drain
Power
Supply

Fluid
basin

Figure 2.3: ECMP apparatus using a polishing belt with linear motion, aftetrdby23]

A fluid basin is filled with the polishing slurry and two rollense disposed in this

basin. A polishing belt made of a conductive material is madeltover the rollers such
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that it has a constant linear motion. Small perforations acenadgle on the belt so that
the slurry flows through it. A platen is built between the roléerd acts as a rigid support
for the polishing belt. The electrode assembly is disposed in tkenpia provide the
negative charge. Polishing takes place when the power supply is atepiesen the

electrode assembly and the belt [23].

The substrate or the wafer is held firmly using a carriadhehich is positioned
above the belt. It can move in the vertical direction to positiosubstrate so that it is in
contact with the polishing belt. The slurry is filled in the basioh that the upper surface
of the belt is not soaked in the slurry solution. The supply pipepnalide the extra
polishing solution to the upper surface, if needed. Relative motion &etthe rotating

substrate and the polishing belt gives a uniform surface finish for the sub2&jate [

2.1.4 Multiple Polishing Station Apparatus

Sunet al. [24] stated that in automated semiconductor manufacturing, there i
need for an apparatus which is of the multi polishing statioe-tiymure 2.4 shows such
an ECMP apparatus which has three polishing stations and a trstadien located on
the lower machine base. Every polishing station has a platen andlnpipad. A pad

conditioner is also provided for each station in order to maintain the polishing pad.

A multi head carousel located on the upper table surface is poditdmowe the
lower machine base. It is supported by a center post and is rabatetithe carousel axis
by a power motor and drive shaft. Four carrier heads are moantéte carousel base
plate and they are used to retain the wafer and press it atjgimstespective polishing

pad for the automated ECMP polishing [24].
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Figure 2.4: Multi-station ECMP apparatus, after Sual. [24]

2.1.5 Face-up Polishing Apparatus

Duboust et al. [25] showed the method and an apparatus for face up
electrochemical mechanical polishing. Here, the substratelished face-up instead of
the usual face-down polishing. The polishing pad is positioned above tke veafier

and is smaller than the substrate which is to be polished. Thisesedhe cost of
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consumables as a smaller conductive pad would be much cheaper thagera la
conductive pad. The polishing head which holds the pad also is smatighéhdiameter

of the substrate.
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Figure 2.5: ECMP apparatus with face-up substrate polishing, after Dugbalug®5]
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The substrate is disposed in a basin assembly of the apparatisha$im
assembly has a basin with a wafer carrier in the middlet&ning ring is used to hold
the substrate in position. The polishing head initially polishes thieicef the substrate
and then is programmed to move towards the sides. Overall plamarizat be attained
by an end point detection system. Figure 2.5 shows an ECMP apgpangtiuface-up

substrate polishing. [25]

An inlet is provided in the housing of the polishing head in order for the
electrolyte to flow through the pad. The flow of the electmig designed in such a way
that it flows from the inlet first to a permeable electratien to a membrane, then to a
support disk, and finally flowing though the pad onto the surface of theratgbgfter
the polishing is done, the electrolyte is allowed to exit througlodtiet provided in the
basin assembly. A vent is provided on the polishing head which allowydhegen gas
to escape during polishing. A relief valve ensures that thetreige will not

inadvertently flow out through the vent [25].

Table A in Appendix A gives a list of patents that gives d#iférmethods and
apparatus for electrochemical mechanical polishing. Some okykEms provide
conditioning methods and some of them show some modifications to the fiur to
make it more effective. Some of the patents show process contrehdpdint detection

methods for better surface finish and uniformity of the substrate.
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2.2 Mechanism of ECMP

Chenet al. [11] points out that a very small gap should be provided between the
workpiece and the electrode and this gap should be filled witheliwrolyte. The
electrolyte or the slurry should be able to passivate the suofattee workpiece. The
passive film formed is an insulating film which is thin and compé@be surface of the
workpiece is protected by this film. When the mechanical ababiresh the surface, the
passive film is removed and the surface is protected. Again tfecsus passivated and
the mechanical abrasives remove the film. Thus the passivation-tyokeh continues

until a uniform polish is obtained.

Wanget al. [26] developed a polishing sequence for ECMP. Initially a subdteste
to be loaded into the apparatus and has to be retained properly Wéhpolishing head.
The polishing head should be positioned above the pad assembly and should be
mechanically stabilized. Now the head should be rotated relativeetsurface of the
polishing pad. An electrochemical removal process should be perfamibe substrate.
A first voltage should be applied to the substrate for a tim®gend then a second
voltage should be applied which is greater than the first voltagethmiilesired polish is

achieved.

Duboustet al. [27] also introduced a method to polish substrates at a high polishing
rate using ECMP. Initially the substrate is exposed to thetrelge solution. A
passivation layer is allowed to form on the metal substrate. Uibstrate is initially
applied with a voltage of 1.5 to 3 V for a period of time to in@ethe passivation

strength of the passivation layer. A second voltage of 4.5 to 5.@ppiged to polish the
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substrate for another time period. Finally, conductive materranmved from a portion

of the substrate by anodic dissolution.
2.2.1 Electrochemical Characteristics

Leeet al. [12] studied the electrochemical characteristics of toa@l SKD 11 such
as active, passive, and trans-passive dissolution states by nggeesicurrent density vs
voltage (I-V) curves. The effect of electrolyte concentrati@as also studied using these

curves. Figure 2.6 shows an |-V curve which clearly indicatesrdift electrochemical

states of the substrate.
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Figure 2.6: 1-V curve showing different electrochemical states iWE®Gf tool steel
(SKD11), after Leet al. [12]

The point ‘a’ depicts the start of the electrochemical readh the process. Nernst

equation [12] is used to obtain its value as follows:

Ea=E +nct+tna+tIR=(Ec—Egd +nctnatIR
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Where,Eq4 is the decomposition potentid; is the reversible potentidk. is the cathode
reversible potentialE, is the anode reversible potentigl,is the cathode overpotential,

nais the anode overpotential, and IR = potential drop.

Initially, as observed from Figure 2.6, normal electrochemicalotliton occurs
in the region a-b where the curve is linear. At point ‘b’, theatig®n limit starts owing
to the concentration of the slurry. The region c-d shows the passaieeast metallic
hydroxides are formed on the compound generating a passive filmheAsottage
increases from ‘c’ to'd’ the passive state did not changehrbecause the film has very
high electrical resistance. At point'd’ the voltage now is ableemove the metallic ion
through the passive film. The passive film thus begins to peel #lvdlye operating
potential reached the point ‘e’. The region d-e, where the paBkives removed, is
called the transient state. After this region, the electromdameactions became very

active where the trans-passive state of the substrate begins [12].

2.2.2 Voltage Induced Material Removal

Hanet al. [28] studied the voltage induced material removal mechanism ueng t
same electrochemical states described above for copper ECMMR-VTcurves employed
in this study were obtained from a linear sweep voltammetryW)L&nd cyclic
voltammetry (CV). The I-V curves were obtained as a functiomhefconcentration of
KNOszand HNQ electrolytes. Figure 2.7 shows the I-V curves for these tectrelytes.
These curves were observed to investigate if the concentratitve electrolyte would

affect the I-V curves. Concentrations of the electrolyte were taken asB%oand 20%.
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In the case of KN@electrolyte, when the concentration is increased, current
density increases and the trans-passive voltage is decredmsedbrination of passive
state is not clearly seen owing to the formation of a continoatallic hydroxide on the
surface of the copper wafer. In the case of HBl@ctrolyte, the transient voltage tends to
decrease. Thus electrolyte concentration does affect the |-V curve whiddctly affects

the material removal mechanism [28].

Yong-Jin Seo [29] investigated the voltage activated electrochéneiactions of
copper for ECMP using different slurry concentrations. He studiederelit
electrochemical states, such as active, passive, transientaasdpassive for copper
using the I-V curves. Cu discs of 99.99% purity were used in the ECMP erp&simlo
mechanical polishing was done to understand the electrochemical bebaljon-V
curves were plotted for different concentrations of nitric acettedlyte. When the
voltage starts to increase from -0.25 V to 0.25 V, a thin passimebfigins to form on
the surface. This passive film is generally made of imetaydroxides which are shown

in the following chemical reactions.

Cu + 2HO — CUOH.HO + H' + €

CuOH— CuO+H+¢€

Initially the concentration of the electrolyte was not much fafctor in the active region
but in the trans-passive region, as the concentration of the eleztwmohs increased,
higher current density was observed. Active, passive and trans-pstssegewere seen at

voltage values of -1.0, -0.25, and 0.7 V, respectively [29].
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Figure 2.8 shows the I-V curves with different electrolyte cemtrations. The
first part of the figure shows the voltage values between +1d0120 volts while the

second part shows a more detailed picture between -0.5 and 0.5 volts [29].

Region 1 is the active region where normal anodic dissolution ocouirgt ad.25
volts, a plateau region (region 2) is formed which is the pastte Jhe third region is
the transient stage and the fourth region is the trans-pasdeeTdta optimal conditions
of material removal in ECMP can be evaluated by observing theurves. The second
part of Figure 2.8, shows two boxes where voltage drop occurs. Valtagen an I-V
curve indicates the presence of oxides formed on the copper sutiateimcreases the
resistance to voltage applied. The first box indicates theveastite and the second box

shows the trans-passive state [29].

Figure 2.9 shows the SEM surface images of the electrochkstates observed
in Figure 2.8. The original surface is the initial condition of tlopper wafer (as
received) having numerous scratches. Active state at -1d\elwer scratches but some
pits due to corrosion and bubbles were still observed on the surfacpassive state at -
0.25 V had considerable oxidation and corrosion formed on the surface. The trans-passive
state showed a very different surface which was spongy and had a non-unif@ace sgrf
the copper ions were removed by electrochemical dissolution fientdpper surface
[29]. These experiments were performed without the mechanjgattasf ECMP. Thus,
when the mechanical pad is used it will brush away the pasg®edad give a smooth

surface finish to the copper wafer [29].

29



]
%
2
=

:.
:
%
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surface (b) Active state at -1.0 V (c) Passive state at -0.25 V (d3-passive state at 0.7
V, after Seo [29]

2.2.3 Material Removal in Copper ECMP

Ng et al. [30] explored the effects of pH and operating potential paramigters
study the friction and wear mechanisms in copper ECMP. Figure shd@s the
Pourbaix diagram of copper ECMP which has four different regioegioR 1 shows that
copper undergoes corrosion. This is because anodic dissolution of copper is very high and
no sacrificial surface layer is allowed to form on the coppevef& pitting occurs on the

surface giving a very bad surface finish.
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Figure 2.10: Pourbaix diagram of copper ECMP, afteeiNg). [30]

Copper dissolution stops at pH above 6. The solubility of the metafaicee
limits the mass transfer of the metal ions into the solutiothaspH is increased. A
passive surface layer is formed when the concentrated ions actumiuthe interface.
This layer now acts as a sacrificial layer which is oeed by the pad during ECMP.
Thus this region will give good surface roughness values as shovabla 2.1. As the
pH is increased to higher values, further oxidation of the coppeacgudccurs which

will form a thermodynamically unstable surface layer [30].

Region 3 shows the behavior of copper when cathodic potential is applied. No
oxidation occurs on the copper surface and the planarization dependsnoectianical
abrasion of the polishing pad. Region 4 shows the application of low anodiathodic
potentials to the copper wafer with neutral and alkaline pH conditRassivation layer

is not formed completely because of weak oxidation. Planarity ofufface is not the
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best because this layer is easily damaged by the mechaaimal of the polishing pad

[30].

Table 2.1: Surface roughness (Ra) and friction coefficient values of coppt? EC

different pH and potential conditions [30].

Region Polishing Condition Surface roughness Friction Coefficient
Ra (nm)

Region 1 pH2,1V 47.55 0.3091 £ 0.0077

Region 2 pH 14,1V 4.6 0.1387 £ 0.0095

Region 3 pH 6,0V 11 0.2412 + 0.0066

Region 4 pH 10,0V 20.12 0.3028 + 0.0098

Kunget al. [31] investigated the effect of copper ion concentration on the material
removal rate and surface planarization in copper ECMP. Varioumichlereactions

occurring in Cu ECMP are given in the following:
Cuys— CU +€

Cug— CU™" + 26

2Cu +H,0 — CwO + 2H

Cu"+ 20H — Cu(OH)

CwO + H,O — 2CuO + 2H + 2¢

Cu + HsPOy + H;0 — [CUOH]'TH.POY] + 2H" + 2e-
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From these equations, it is quite evident that there are lotsppfec ions which are
formed in ECMP. Figure 2.11 shows the material removal ratefascéion of Cu ion

concentration for electrochemical mechanical polishing, chemrmeahanical polishing
and electrochemical polishing. The removal rate is higher in E@MP in the other two
processes, as can be seen from Figure 2.11. In CMP, as no glet#ntal was added,
passive layer was not formed and the removal rate is very low, Teusffect of copper
ions in CMP was limited. In ECP, the passive layer begins to &r0.8 V potential and
the material removal is partial due to the copper ions which edoapethe passive

layer.
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Figure 2.11: Material removal rate of copper iPB)y electrolyte with respect to Cu ion
concentration in ECMP, CMP, and ECP processes, after &aig[31]
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In ECMP, the mechanical pad removes the passive film as sodn vess
generated thereby increasing the removal rate. The pdsisiveas a tendency to recover
fast due to the presence of the Cu ions. A diffusion layer is tbewentually as the Cu
ion concentration is increased which will significantly reducentiaerial removal rate.
The current density was decreased from 91 to 62 mAtran the Cu ion concentration
is increased. CuO is the main product formed when the Cu ion conmenisamore in
ECMP while Cu(OH)is formed when the concentration is less. Thus more amount of

copper ions in the electrolyte decreases the material removal rate im [Rijpe

Hardikar [32] introduced a method of multi-step polishing of coppest Rr
current density in the range of 5 to 25 mAfamas used to polish the substrate. In this
step, the first portion of the metal layer is removed to plan#nzeurface with high and
low topographies. In the second step, a current density in the ca2@eto 40 mA/crh
was applied to the substrate. The material was removed from thé&bpet till a desired

predetermined thickness remained on the substrate.
2.3 Slurry Composition for ECMP:

The slurry composition is very important as it should be able tavpssshe
metal surface in ECMP. The chemical concentration of the stlmoyld be appropriate
so that topographical defects are not formed on the surface. Some adidic slurries
which have very low pH tend to corrode the metal surface verye8silthere is a need
for a corrosion inhibitor in ECMP slurry. There are some compometit® slurry which

are essential to produce a smooth finish in electrochemical mechanicalngplishi
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2.3.1 Essential Components of the Slurry

Liu et al. [33] introduced a method and a polishing composition for low dishing in

copper ECMP. The essential components of the slurry are the following:

a. Acid based electrolyte
b. Chelating agent

c. Corrosion inhibitor

d. Inorganic/organic salt
e. pH adjusting agent

f. Oxidizer

g. Abrasive particulates

h. Solvent

Electrical conductivity is achieved by the acid based ele¢&oljhe slurry can contain
about 1 to 30% (vol.) depending upon the conductivity required for polishing. Phosphoric
acid, sulfuric acid, nitric acid, acetic acid, perchloric acid, eitiic acids are suitable

types of acid based electrolytes [33].

Chelating agents or complexing agents are used to generatgkexaompound
on the surface of the substrate to add to the anodic dissolution. Tuejokthe copper
ions and increase the material removal rate. Dissolution unifpimilso achieved by
these compounds. Some of them can be used as buffers to adjust theslpid tbe
slurry. The formation of passivation layer is also enhanced byrisence of these
chelating agents. Suitable examples of chelating agentshgferetdiamine (EDA) and

ammonium citrate. Acetic acid also can be a good chelating agentoncentration of
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these compounds can be anywhere between 0.1% to 15% by volume or atdight

total composition [33].

Corrosion inhibitors are very important for ECMP slurry. They farpassivation
layer on the surface of the metal substrate which reduces tmeicahanteraction
between the metal surface and the slurry. Thus the oxidatioorrmsmon of the surface
of the substrate is significantly reduced. The passivation laysimires the
electrochemical current from the surface which reduces thal rdetsolution. The
concentration of the corrosion inhibitors can be between 0.001% and 5% diyt.wei
Organic compounds such as benzotriazole (BTA) and benzimidazole casetieas
corrosion inhibitors. Polymeric inhibitors such as polyalkylaryl efiteosphate can also

be used [33].

Inorganic or organic salts are used in the slurry to enhdredotmation of
complex compounds. They are also used as chelating agents. The etioceofrthese
salts can be between 0.1% and 15% by volume or weight of thectotgdosition.

Potassium or ammonium salts are suitable examples for these salts [33].

A pH adjusting agent is used to maintain a desired pH value inutmg. A pH
range of 2 to 10 is used for ECMP. The concentration of the pH adjasferd can vary
depending upon the composition of the other chemicals used in the Elauglly 0.2%
to 25% by volume is used in the slurry. Common examples of pH adjusjggs are
potassium hydroxide, ammonium hydroxide, and sodium hydroxide. They caidbd

to acidic slurry until the desired pH is obtained [33].
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Oxidizers or oxidizing agents are used to enhance the matarialal rate of the
substrate. Oxidizers form oxides and hydroxides on the surfades ahétal. In copper
polishing, the copper surface undergoes oxidation to fortiiGus and further oxidation
will form Cu?* ions. Chemical etching of the surface is enhanced sometimesirgyan
oxidizing agent. Hydrogen peroxide is a common oxidizing agent used MPEurry

[33].

Abrasive patrticles are used in the slurry to produce a good suifash and
enhance the material removal rate of the metal substrate. Winasives are used,
ECMP can achieve a surface roughness equal to that of a comagi@MP process. The
concentration of the abrasives can be anywhere from 0.001% to 5%dbhy ofethe total
composition. Silica, alumina, zirconia, titania and ceria are sai@@mples for abrasive
particles. Finally, a solvent is used as the remainder of thehpwai composition.

Deionized water is generally used as a solvent for the slurry [33].

In addition to the above components some additive compounds are used to
increase the effectiveness of the polishing composition. Thegugaressors, leveling
agents, surfactants, brighteners, stabilizers, and striping agertding agents are used
to limit electrochemical reactions by forming depolarizengents. They suppress the
dissolution current by attaching themselves to the conductive sebs@ake such

example of a leveling agent is polyethylene glycol [33].
2.3.2 Corrosion Inhibitors

Klug et al. [34] used electrochemical techniques to test the efficiencgrobsion

inhibitors on the metal surface. In ECMP, the inhibitor is necessarfprm a thin
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passivating film on the surface. Benzotriazole (BTA) and ammoniumcglbdelfate
(ADS) were investigated as the corrosion inhibitors for Cu ECMie complexing agent
used in the slurry for ADS was [3-alanine (3-aminopropionic acid).ndmia surfactant
was used in the slurry for BTA. Effective inhibition of Cu dissiolutis achieved by
using 5 mM of BTA alone. The same results were obtained by tsm of BTA mixed
with 3 mM of ADS. Using 3mM of ADS alone also proved to be a gobditor for Cu

ECMP.

Lin et al. [35] investigated the adsorption-desorption performance of
benzotriazole (BTA) as a corrosion inhibitor for Cu ECMP. Phosphatedbelectrolyte
was used in the slurry. Effective inhibition was achieved by BTéabgse a continuous
passive layer was formed adsorbed on the Cu surface. Mass+eomdf®lled
adsorption was attained by BTA at lower operating potentialair&ig.12 shows the
atomic force microscopy images of phosphoric acid based slurrplamephate based

slurry.

Figure 2.12 (a) and (b) show phosphoric acid slurry and phosphoric aay slur
with 0.01M BTA. Very few spots were observed in the solution conBTA. This
indicated that BTA was not adsorbed on the surface adequatelye Rdidx (c) and (d)
show phosphate based slurry and phosphate based slurry with 0.01M BTA. Continuous
cotton-like structure was observed on the solution with the BTA indg#te adsorption
of BTA on the surface. Thus effective inhibition can be achieved mgUBTA as a
corrosion inhibitor. When the concentration of BTA was lowered, the thken to form
the passive layer increased. Desorption time of BTA increasedeoyeasing the

operating potential. It also increased with the BTA concentratigmally present in the
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film. Thus higher concentration of BTA was recommended at loweiabpg potentials

to observe a stable passivation film [35].

(a) 200.0 nm | (B} 400.0 nm

0o 1: Height 50 pm 0.0 17 Height 510 pm

() (dy 700.0 nm

e NN

0.0 1: Helght 50 um 0.0 1: Height 50 pm

Figure 2.12: Atomic Force Microscopy images of copper using (a) phosphbatic a
solution (b) phosphoric acid solution with 0.01 M BTA (c) phosphate based electrolyte
(d) phosphate based electrolyte with 0.01 M BTA, afteretial. [35]
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2.3.3 Acid Based Slurries

Wanget al. [36] provided a phosphoric acid based slurry for conductive material
removal in ECMP. REFLEXION system available from Applied Mats, Inc. was used
to polish a copper substrate of 300 mm diameter in two steps. Thieipplecdmposition
for the first step was 6 vol. %3A0,, 2 vol. % ethylenediamine, 2 wt. % ammonium
citrate, 0.3 wt. % BTA, 1.5 vol. % 4@,, 0.15 wt. % silica abrasives and de-ionized water
was used as the solvent. A contact pressure of about 0.3 psi wasl &ypliee pad and

the operating potential was about 3 volts.

The polishing composition for the second step was 5.1 vol.3POH2 wt. %
ammonium citrate, 0.3 wt. % BTA, 0.5 vol. % polymeric inhibitor XP-1296, 0.025 vol. %
polyethylenimine (PEI) and rest deionized water. KOH was adlii¢lket slurry had a pH
of about 5.75. After the second step, the excess copper layer on thateuhstface was

effectively removed [36].

Goonetillekeet al. [37] studied the effect of acetic acid as a complexing agent,
hydrogen peroxide as an oxidizer and BTA or ADS as a corrosion mhibit ECMP of
copper. Acetic acid provides good resistance against pH drifticAaetd has high
planarization efficiency and is used to remove the oxides and hgdsformed on the
surface. It is also cost effective and easy to handle. The aeedpH lowering additive

is eliminated when acetic acid is used.

Tripathi et al. [38] used hydroxyethylidenediphosphonic acid (HEDP) and oxalic
acid for Cu ECMP slurry. PTA (5-phenyl-1-H-tetrazole) wasduas the inhibitor in the

slurry. Silica abrasives were used to achieve high planarizaffaiency. The RMS
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surface roughness was about 7 to 10 nm and the within wafer non uniformity weagclos

10%.

2.3.4 Phosphate based electrolytes

Shattuck et al. [39] explored phosphate electrolytes for Cu electrochemical
mechanical polishing. The chemicals used to prepare the slurey aviéro-phosphoric
acid, potassium phosphate, BTA and de-ionized water. The ratio Sf#GHK.HPO, was
used to maintain the pH of the slurry. Phosphoric acid was added whémeyé! of the
solution had to be decreased. Tests were conducted with pH in theofdhtge10, BTA
concentration from 0 to 0.1 M and the potassium phosphate salt concerftoatidhl to
1.6 M. The optimal slurry composition was found at 1 M potassium phosphate

concentration. The material removal rates were observed to be from 750 to 2500 nm/min.

Lin et al. [40] investigated the synergetic effect of BTA and chlorideanrthe
passivation layer formed in Cu ECMP using phosphate electrolgfhescomposition of
the slurry was 1 M potassium phosphate, pure ortho-phosphoric acid, poteskitide,
BTA and de-ionized water. The thickness of the passive film wasased in the

presence of chloride ions.

Figure 2.13 shows the AFM images of the copper foils with Blohe and BTA
with chloride ion in the solution. The average thickness of the paBbkivavith BTA
alone was 52 + 7 nm while that of BTA with chloride ion was appnakely 104 + 18
nm, respectively. Thus the passivation capability of the slurmgased when chloride

ion was present [40].
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Figure 2.13: Atomic Force Microscopy 3D images of Cu foil in phosphate based
electrolytes: (a) solution with 0.01 M BTA (b) solution with 0.01 M BTA and 500 ppm
CI', after Linet al. [40]

2.3.5 Potassium hydroxide based Slurry

Kwon et al. [41] used KOHbased electrolytes for Cu ECMP. The electrolyte in
the slurry was KOH and 4, and citric acid were also added. In this study, it was
observed that the removal rate increased when 5% by weight 8%@Hby volume HO,
and 0.3 M citric acid was used. A conventional desktop polisher wasiewbdiid used
for ECMP of copper. The electrochemical removal rate of Cu rafel disk were
measured. For evaluation of the ECMP system and Cu etch and renates|
electroplated Cu wafers (1.5 um thickness) and Cu disk (99% pubfy imm diameter)
were used. To remove organic contaminations and oxides on the Cu Susdeet®ne,

isopropyl alcohol and dilute HF (DHF, 0.5%) were used.

42



Electrolytes at different concentrations from 1 to 20 wt% wespared using
potassium hydroxide (85% by weight). The etching and polishing bmlawere
evaluated by adding an oxidant, hydrogen peroxide. Citric acid wgasl as the
complexing agent. Cu samples were investigated as a functio@ldf K,O, and citric
acid concentrations. Surface planarity was achieved at a dowsupgeof 1 psi and 30

rpm head and platen speeds for a polishing time of 1 min [41].

The material removal rate of Cu during ECMP process was dtadi@ function
of KOH concentration and applied voltage as shown in Figure 2.14 (a). Ther coppe
removal rate was saturated at 60 nm/min when the concentodtiba KOH electrolyte
was 5 wt% in the slurry. Figure 2.14 (b) shows the removal rate of copper asiarfur
applied voltage from a removal rate of 60 nm/min. This curveasiy a constant and is

independent of the voltage as it is in passivation region [41].
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Figure 2.14: Material removal rate of copper with respect to (a) concentc@tK OH in
the slurry and (b) voltage applied, after Knatral. [41]

The effect of the additives B, and citric acid in the KOH electrolyte was also

studied. In 0.3 M citric acid concentration, the static etch rateabserved up to 90 nm/
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min and the maximum material removal rate was 240 nm/min. Whetioentration of
citric acid was lower than 0.2 M, a low removal rate of 50 nmiwas recorded. When
the citric acid concentration was increased from 0.2 M to 0.3 M, the ma&maval rate
was increased by 5 times at 250 nm/min. This was becausatrdtescenhance the
complexation of the dissolved copper from the copper surface. Figuréa2.dBows the
static etch rate and Figure 2.15 (b) shows the material rematteahs a function of citric

acid concentration [41].
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Figure 2.15 (a) Static etch rate and (b) Material removal rate as &fuattitric acid

concentration, after Kwoet al. [41]

The effect of HO, concentration on the material removal rate and the thickness of

copper oxide formed in the slurry was investigated. When the concemtoat,0O, was
5% by volume, copper removal rate was highest at 350 nm/min, as shdhe Figure

2.16 (a). Decrease in the removal rates was observed at conoasatrégher than 5% by

volume. With increase in 40, concentration, the Cu oxide thickness increased as shown

in the Figure 2.16 (b). At 10% by volume®} the removal rate decreased due to the
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formation of a thick and dense Cu oxide which may have preventedettteoehemical

reaction to occur [41].
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Figure 2.16: (a) Removal rate of Cu and (b) thickness of Cu oxide as a functig@.of H

concentration, after Kwoet al. [41]

2.3.6 Recycling and Foam removal of ECMP slurry

In ECMP, the cost of consumables is decreased because thecatulye recycled
and is cost effective. Goldest al. [42] devised a method for recycling of the ECMP
fluids. A recycling unit is developed where the selected portion of the used HGM f
delivered. Here the concentration of the slurry is carefullysonreal. Depending upon the
measurements, individual components of the slurry are added to ¢hauithe used
slurry has the same concentration as before. In some casesE@igiA slurry is also be
added to achieve the desired concentration. Then the fluid is delivenedhe recycling

unit to an ECMP system for further polishing.

Jiaet al. [43] provided a method to remove foam in an ECMP process. Foam

formation can increase the defects in an ECMP system. A feamovial assembly is
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positioned above the polishing pad using a shaft which is attached flaithdelivery
system. It is placed in such a way that a gap is provided hetivedfoam generated on
the metal surface and the bottom edge of the foam remowahbls It will skim the

foam off the surface of the electrolyte without generating any turbelienthe slurry.

Table B in Appendix B gives a list of patents on polishing compositions
ECMP. Most of the slurry compositions are given for electroch&micechanical
polishing of copper. The chemicals used in the slurry are for onecatm for each

patent mentioned in the table.

24 Polishing Pad for ECMP

The mechanical aspect of ECMP is the polishing pad. Very losspres of up to
0.3 psi are applied on the surface of the substrate by the polsdng he polishing pad
is used to remove the passivation layer formed in the process tolgtbe substrate a
clean smooth finish. The type of polishing pad used is important forFEEEGMrder pads
are used for bulk material removal and softer pads are used fondtezial removal of

the metal surface.

2.4.1 Role of the Polishing Pad

Jeonget al. [44] studied the effect of the mechanical aspect of ECMP. They
explained the importance of polishing pad for ECMP as it is botreehamical and
electrochemical process. Polymeric pad is used to polish in QUPEG/lechanical
integrity and resistance to the slurry chemicals are a siecdésr a polishing pad. The
pad should also have enough hardness and modulus and should not undergo mechanical
abrasion easily. The viscoelasticity of the pad should also be sthbirg the
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experiments. In ECMP, the slurry chemistries are very rigonebgh can be highly
acidic or highly alkaline. The polishing pad should be able to withstase ttonditions.

Figure 2.17 shows the schematic of a polishing pad used for Cu ECMP.

Polyurethane pad has stable viscoelastic behavior and ismesiskagh chemical
attacks in the slurry. It also has high hardness which will erraghle material removal
rates. Global uniformity is also achieved because it does nat wé easily. Silica
abrasives are important in the slurry as they are useful iowiagthe passivation film
formed due to the electrochemical reaction. When the concentratitve @brasives is
more than 10% by volume in the total composition of the slurry, effeeptanarization is

achieved. The surface roughness values are also improved [44].

Pressure

‘ Velocity
pad )
1T “
* Passivation film

Protrusion area
Potholeare

Copper

Figure 2.17: Schematic of the polishing pad for Cu ECMP, after Jta@hd44]
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2.4.2 Different types of Polishing Pads

Jeonget al. [45] used a polishing pad with holes for ECMP of copper. IC 1400 K-
groove pad, a conventional closed type pad with holes was used for igtengol The
slurry is supplied to the surface of the copper through these holepadita@so removes
the passivation layer formed due to electrochemical reactionss ldot made on the pad
so that conductivity is reserved. Wafer overhang distance (WO®&) important factor
as it influences the material removal rate (MRR) and thhinvivafer non uniformity

(WIWNU). Figure 2.18 shows a ECMP system which has a polishing pad with holes in it.

Probe to supply
-~ anodic potential

= Cu platen

. ~ Polishing pad
Nozzle for
electrolyte

Figure 2.18: Polishing pad with holes for a Cu ECMP system, after éeahd45]

Tominagaet al. [46] developed a hybrid ECMP process for copper with a
noncontact electrode pad in two steps. In the first step, the bulk coppgvolished by

applying a constant electric current. Here, ECMP mode was uketkwhe pad was
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applied at a low down force on the copper wafer. Bulk of themahteas removed at a
removal rate of 3.;um/min till the endpoint was detected. The power supply was turned
off and the copper was now polished using the same pad in CMP nfagldishing on

the surface of the copper was reduced by using this hybrid process.

Kondoet al. [47] designed a novel carbon polishing pad for ECMP. Its diameter
is 16 inches and it can be used in a 300 mm CMP machine. ItlagerS, the first layer
is made of a surface carbon layer, the second is a intetemédsalating layer and the
third is a cathode sheet. Several small electro cells wérecéted inside the tri-layered
polishing pad. It had a thickness of about 5 mm. The intermediate ingulayer is

made of soft carbon material so that it does not damage the copper surface.

The insulating layer behaves like a cushion layer and improvesithie wafer
non-uniformity (WIWNU). At the edge of the pad, power supply wasmglweth to that
cathode and anode. The carbon pad can be used to modify a CMP apipéoaturs
ECMP by sticking it to the CMP platen by an adhesive. It ¢smlae removed easily so
that it does not affect the CMP system [47]. Table C in Appendji€s a list of patents

on polishing pads for ECMP.

49



CHAPTER Il

PROBLEM STATEMENT

Electrochemical mechanical polishing is a relatively neacess employed for
planarization of low-k dielectric films. Copper is widely used rfuetallization in these
films. Electrochemical mechanical polishing is excellent fok brdpper planarization
because it has higher material removal rates and betteripkitan efficiency at low
down force. Surface defects, such as dishing, erosion, and delaminaticedaced in
this process. Different methods and systems are currently Heirgjoped for ECMP.
These systems have different ways of providing electric ehtoghe anode and the

cathode. The objectives of this study are as follows:

1. Fabricate and test a face-up electrochemical mechanical pgli$BCMP)
apparatus to polish a 4 inch copper wafer. To build the apparatus with a
planetary motion where both the polishing pad and the wafer cartae ro
relative to each other. To investigate a method to positively etiaggcopper

wafer while it is rotating inside the wafer carrier.
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. To identify the optimal conditions in the process that will achimairror-
like finish on the surface of the copper wafer without any defecish as
scratches, pits and marks left by oxidation.

. To investigate different slurry compositions for polishing copper rsafeat
will produce a good surface finish. To identify the necessary compoiments
the slurry that will form a passivation layer and prevent théaserfrom
damage due to corrosion from the electrochemical reactions.

. To study the effect of process parameters, such as slurry pshipglitime,
voltage applied, and pad and wafer carrier speeds on the maer@ial rate
and surface roughness.

. To study surface characterization of copper wafers using opticabscope

and MicroXAM, a laser interference surface mapping microscope.
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CHAPTER IV

FABRICATION OF THE ECMP APPARATUS

This chapter gives a description of the method and fabrication of @MPE
apparatus. Initially ECMP apparatus without planetary motion, whegetioalpolishing
pad rotates over the copper wafer, was used. This apparatus did nobegigesired
results. So, an ECMP apparatus with planetary motion (wherehmtotishing pad and
the wafer carrier rotate with respect to each other) was Bud/E CAD software was
used to develop this apparatus. The processing and the materiate us@nufacture the
apparatus are given in detail in this chapter. Finally, the empetal set-up used to

polish 4 inch copper wafers is also shown.

4.1 Initial Face-up ECMP Apparatus without the Planetary Motion:

An already existing face-up CMP apparatus was modified to lanl&ECMP
apparatus. The copper wafer placed in the wafer carrier rotsgse to the polishing
pad in the CMP process. But for ECMP, the wafer had to be positliahged using an
anode so that electrochemical reactions also take place. Sdemocarrier which has an

aluminum tank where the wafer is placed was given a positivgelwgran alligator clip
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as shown in the Figure 4.1. The aluminum tank thus was positivelyechangl the wafer

which was placed in it also becomes positively charged.

Power Supph

Figure 4.1: Face-up ECMP apparatus without planetary motion

Negative charge was given to a small copper piece whicd asta cathode and

was inserted in the slurry. It can be seen from the figure, tiiereht wires were used to
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give the positive and negative charge, so the wafer carried cal be rotated as the
wires will get entangled. Therefore, only the polishing peatéited above the wafer
carrier. Copper wafers of 4 inch diameter were polished inapparatus. During the
experiments, a reddish color appeared in the slurry because thawatutank which was

positively charged began to undergo electrochemical reactions. Vildss possibly

because of the acidic nature of the slurry which will be empthiin Chapter 5. So, a
plastic or a corrosion resistant wafer carrier was requwedace-up electrochemical

mechanical polishing.

Plastic Wafer Carrier

Copper Wiring to
Positively Charge
the Wafer

O-ring

Figure 4.2: A plastic wafer carrier with copper wiring to give positivegiéo the wafer

Since a metal wafer carrier proved to be disadvantageous, hig$ityde
polyethylene (HDPE) plastic was used to make the waferecam this apparatus, the

copper wafer was submerged in the slurry inside the wafercargot was made in the
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side of the wafer carrier through which copper wires were edead that they come out
of the center as shown in the Figure 4.2. These copper wires actieel anode. An O-
ring was used to tightly retain the copper wafer in the caievafer holder was made

such that the inner diameter exposed the copper wafer which wasptdidieed. This

arrangement is shown in Figure 4.3.

Plastic Wafer Carrier

Holder

Figure 4.3: Wafer holder to retain the copper wafer before polishing

A mini milling machine was used to give the rotation to the pwig pad.
Polishing pad was adhered to a plastic pad holder. A thin copper sqgdavaganserted
in the wafer carrier and was negatively charged, which actaccathode. The slurry was
filled up to two thirds of the carrier. Power supply was usedvi® the positive charge to

the wafer and the negative charge to the cathode. The apparatus is shown in Figure 4.4.
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Mini Milling Machine

————

.

Power Supply

Plastic Wafer Carrier

Figure 4.4: Submerged face-up ECMP without planetary motion

Experiments were conducted on copper wafers wiRQg-based slurry. The
copper wafer had some scratches and concentric rings formed surfdhee because of
the polishing pad. The entire copper surface was not being polishadskethe wafer
holder had to press the copper wafer on the edges so that it hag wetitahe copper
wiring. Some pits were also observed because the slurry flonnatasniform on the
copper surface. Thus there was a need to rotate the wafer earviell as the polishing

pad, so that there is a planetary motion.
4.2 Face-up ECMP Apparatus with Planetary Motion:

As discussed in the literature review, several methods have bettoys®vide
charge to the rotating pad or the rotating wafer. Some of themmsguetic slip rings
while others used vacuum based systems to hold the wafer inférecaaier which was
connected to the anode. In this investigation, we develop a new mettaithta face-up
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ECMP apparatus. In order to give planetary motion, a completelyapparatus was
designed and built where a ball bearing was used to transmitvposkiarge to the

rotating copper wafer.

4.2.1 Wafer Carrier Assembly:

The wafer carrier assembly of the apparatus was developsgl Rid/E Wildfire
4.0, parametric integrated 3D CAD software. Individual parts wesigded separately

and later were assembled to complete the design of the apparatus.

The base of the wafer carrier has a length of 11 inch, width oicl8, iand
thickness of 1 inch. A groove of 1 inch is made on the base forlihat@l clip to be
connected to the bearing holder in order to pass current to thedhdeoir holes are
made on the base so that it can be fastened to the bearing hoiddvalts and nuts. The
holes are of 0.25 inch in diameter. Each of the two holes isadedayy a distance of 3.5

inch. Figure 4.5 (a) shows a close up view of the base of the carrier with a groove.

The bearing holder also has four holes aligned to the holes oraskeedb the
apparatus. The diameter of the bearing holder is 7 inch arnickeéss is 1.1 inch. A 2.5
inch diameter hole is made in the center. This hole is fuiticeeased to a diameter of
3.5 inch from the top surface to a thickness of 0.4 inch within thénlgelaolder. This is
done so that there is a seat like arrangement for the ball bearing in timg nedder. The
specifications of a commercially available ball bearingewvased to design the ball

bearing. Figure 4.5 (b) and (c) show the bearing holder and the ball beaspgstively.
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Figure 4.5: CAD models of different individual parts (a) Base of theetrgy) Bearing
holder (c) Ball bearing (d) Anode shaft (e) V-belt pulley and (f) &a&rrier

A metallic shaft is designed such that it is fitted secumelthe bearing so that
current passes though it while it is still rotating. Thisftslaats as the anode of the
apparatus and it has three different segments. The middle segr2e3it5 incHong and
a 2.1 inch diameter. The wafer carrier and the pulley attachédare fitted to this
segment. The bottom segment of the shaft is 0.5 inch long and hasnihelismeter as
that of the inner diameter of the bearing. This is because tbHaes fixed firmly inside
the bearing. The top segment of the shaft is 0.125 inch thick and haseteli of 2.45
inch. It appears like a thin head and it is disposed in the bake ofafer carrier in the
middle so that it is in contact with the copper wafer. In this @ps, the current

carrying anode and the wafer carrier are separate etgezaise the wafer carrier should
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be made of plastic so that it does not corrode by the slurry ugse@dntP. Figure 4.5 (¢)

shows the ball bearing which acts as the anode.

A V-Belt pulley is used in the belt transmission for the rotatof the wafer
carrier. It has an outer diameter of 8.45 inch and has an X-dneo&3/4 inch The
bore size is made exactly the same size of the middle poftitne aluminum shaft. The
pitch diameter of this belt is 8.2 inch. Three equally spaced hatesade on the base of
the pulley so that it is attached to the wafer carrier using.béigure 4.5 (e) shows the

V-belt pulley.

The wafer carrier is used to hold the copper wafer during poliskiggre 4.5 (f)
shows the wafer carrier. It can be filled up to two thirdshwtiite slurry such that the
wafer is submerged in it. It has an outside diameter of 8andhan inside diameter of 7
inch. It has a height of 2 inch and the thickness of its isagkout 0.8 inch. Three holes
are made on the lower side of the base of the wafer carrier so that tladigraed exactly

with the holes on the pulley.

A hole is made in the center of the carrier such that the toppart the anode
shatft is fitted to its base. A circular groove of 4.2 inch diamand 0.2 inch thickness is
made on the base of the carrier for the copper wafer to be pactxp of this shaft.
Figure 4.6 shows the assembly of the individual parts to completadsembly of the

ECMP apparatus.
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Figure 4.6: Final assembly (CAD model) of the ECMP apparatus showingdte ahaft

disposed in the wafer carrier

4.2.2 Machining Process and Materials used:

Conventional lathe and milling machines were used to machine theaagpak
press fit machine was used to fit the parts of the machineckaiie interferences. Dial

indicators were used to locate the centers of the parts whenever necessary

High density polyethylene (HDPE) plastic was used to makeb#se of the
apparatus so that the apparatus is insulated from the rest ofpixeneental set up. A
milling machine was used to machine the base of the apparatubediieg holder was
made of aluminum and was machined using a conventional lathe. Four boltsgnauts
washers were used to fasten the bearing holder to the badbe ohpparatus.
Commercially available ball bearing (Model no. 3308) was usetisnapparatusThe
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ball bearing was press fitted to the hole made in the bearidgreith an allowance of
0.002 inch using a press fit machine. Figure 4.7 shows the ball béxaagto the

bearing holder attached to the base of the apparatus.

Base of the S Ll Lo

‘Wafer Carrier

Bearing Holder

Figure 4.7: Ball bearing arrangement for ECMP apparatus

Polyvinyl chloride (PVC) plastic was used to construct the mederier as it is
chemically resistant to the slurry used in ECMP. Conventionhk latas used to
machine the shape of the carrier and the vertical millinghma was used to drill the
necessary holes. A circular groove was made inside the wafer dar the copper wafer

to be place in it. A small chamfer was provided so that anretaring can be placed to

hold the wafer.

Ultra high molecular weight (UHMW) polyethylene was used tloe V-belt

pulley as it is a very tough material and has very high imgeatgth. It was machined
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using a lathe and a milling machine to drill holes. Dial indicateere used to locate the

centers for both the wafer carrier and the V-belt pulley.

An aluminum shaft was machined to the desired dimensions using a ¢onakent
lathe. The bottom portion of the shaft was machined first to fitrther diameter of the
ball bearing. Next, the top portion of the shaft was made with extreme poschatause
of its small thickness. Finally, the middle portion of the shaft prasisely machined to
fit both the wafer carrier and the pulley. An interferenc®.007 inch was given so that
the shaft would be very securely fixed within the wafer earand the pulley. The
rotation of the wafer carrier and the top segment of the diegitnded on this particular

press fit.

Wafer Carrier

Aluminum Shaft

Base of the
Wafer Carrier

Bearing Holder
—

Figure 4.8: ECMP apparatus showing the wafer carrier assembly aftemmg
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Emery sand paper was used to achieve a good finish on the sirfaeavy duty
press fit machine was used to push the aluminum shaft through teecaafer and the
pulley. Water was injected into the wafer carrier to ensureakage occurred. Now the
bottom portion of the shaft was press fitted to the ball beariocgrtplete the apparatus.

Figure 4.8 shows all the parts of the wafer carrier assembly aftérimray.

' Retaining Ring

Figure 4.9: Top view of the wafer carrier showing the anode and retaining rivadck

the wafer

A metallic ring was made to retain the copper wafer frafliny out during

polishing, as shown in Figure 4.9. Copper wafers were placed on thsnaghtpey were
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positively charged as they had contact with the anode i.e. the h#sdafiminum shaft.
Pad holders were manufactured to hold different types of pads in ithemmtling
machines used in the multi-stage polishing. As explained in #ratlire review, the size
of the pad is smaller than the size of the wafer being polishddce up substrate
polishing. Different types of plastic materials, such as HDR& RVC were used to
fabricate them so that they are insulated from the curreteimpparatus. Figure 4.10
shows four different pad holders of different pad sizes used forradkemical

mechanical polishing.

Figure 4.10: Pad holders for different polishing pad sizes used in the mgdtiESEMP
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4.2.3 Experimental Set-up:

A mini vertical milling/drilling machine (Model no. 44991) is usén give
rotation to the polishing pad which was positioned above the waferrcainie working
table was moved with the cross feed handle wheel and the longittekdahand wheel
to adjust the position of the wafer carrier with respect tgtiishing pad. The pad was

offset so that the complete wafer is polished as both of them rotate relativé tulesc

Mini Milling
Machine

Cathode

.

Copper Wafer

C-Clamp i

Figure 4.11: Cathode and polishing pad of the ECMP apparatus

The cathode for the apparatus is a thin aluminum bar (9 inch f@hg.& inch wide and
0.1 inch thick). The dust guard was removed and the clamp bolt was usgdthe f
cathode to the milling machine. Negative charge is given usindligata clip. The
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cathode was electrically insulated from the rest of the apmarC Clamps were used to
fix the wafer carrier to the working table. Figure 4.11 showsatihangement of the

cathode and the offsetting of the polishing pad for the planetary motion.

Figure 4.12: Drive pulley for the rotation of the wafer carrier

A second mini milling machine of the same type as the firsisonsed to provide
rotation to the wafer carrier by means of a drive pulley andbaly/ as shown in Figure
4.12. A V-belt (Model no. A-66) was used and a knob in the milling maaté@seused to

control the speed of the rotation of the carrier. Different weigldre used to secure the
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milling machine to the base. Shenzhen Mastech Power Supply wdibital LED
display was used to give the current to the wafer and the @atliecspecifications are
600 W Power, 30 V Voltage and 20 A Current. Figure 4.13 shows the power sugply uni

used for ECMP.

Figure 4.13: Digital power supply unit

Figure 4.14 shows the final set-up used for electrochemicdian&al polishing
of copper. The polishing pad, wafer carrier assembly, drive systerwdfer carrier,
cathode and the power supply are shown. Proper care was taken ®thastine whole
system was electrically insulated from the cathode and the aAodeoden base was
used to insulate the first mini milling machine form the pesiy charged anode in the
wafer carrier assembly. The apparatus was placed in a hood to exhaust any

chemicals formed during the process.
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T G

Mini Milling Machine
Wafer Carrier

Speed Control
Cathode

Power Supply Polishing Pad

Figure 4.14: ECMP experimental set up for polishing of copper wafers
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CHAPTER YV

EXPERIMENTAL PROCEDURE

This Chapter provides the methodology and experimental procedure of

electrochemical mechanical polishing of copper for semiconductor igdaygbfications.

The experimental set up described in the previous chapter is ugelistothese wafers.
Five slurry compositions were prepared for ECMP of copper. Expatdnwere
performed to observe which slurry composition produced the best surfeste Multi-

stage polishing of the wafers was conducted depending on the aatidition of the
wafer. Post polishing treatment is also presented in this chBpteess parameters were
identified and experiments were performed to investigate the aptiomditions which
produce the best surface finish. Optical microscope and MicroXAddewised to

characterize the surface of the copper wafers.

5.1  Wafer Preparation

Copper wafers of 4 inch (100 mm) diameter and 0.05 inch thick usse in this
study. They were initially cleaned with distilled water an@tane to remove coarse

particles from the surface. Some of the wafers undergo oxidatiam and bluish/green
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marks are left on the surface. These marks were removeddwlirasive paper of grit
size 15.3um. The abrasive paper was smoothly rubbed with very light presstinatst
does not scratch the surface. Again the wafers were cleuttedlistilled water before

they were used in the experiments.
5.2 Investigation of Slurry Composition for ECMP

As discussed in the literature, different compositions of slurnefoMP have been
used. The pH of the slurry is in the range of 2 to 10. The purpogesastudy was to
investigate the slurry composition and pH for Copper ECMP which agitlieve the

following results:

a. Nanometric surface finish

b. Fewer scratches on the surface

c. Corrosion-free surface

d. Uniform polishing of the complete wafer

e. The slurry should be less pungent and re-usable

Five different slurry compositions were prepared based on theicdenused
previously for Cu ECMP and reported in the literature. Edamyscomposition had
different chemicals. This was done to study how copper behavedeadth of these
chemicals. The pH was different for each of the slurry compasiti order to study the
effect of pH on the surface finish. The pH was tested usimgtar-proof Oakton 35634-
20 pH tester from EUTECH Instruments. Politex pad was used foshpadi all the
wafers. The wafer carrier speed was 15 rpm and the pad wpeeBl5 rpm were kept

constant for all the experiments.
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5.2.1 Sodium Nitrate-based slurry

Composition of this slurry:

1. 1 M Sodium Nitrate (NaNg)

no

2% (vol.) Sodium Sulfate (N8Qy)

w

2% (vol.) Ethylene Glycol (§4505)

B

1% (vol.) Glycerol (GHgO3)

o

Deionized Water

Sodium nitrate was the electrolyte used in the slurry [11]. Sodulfate is the
inorganic salt used to perform as a chelating agent. Ethylgoel ¢s the leveling agent
for the inhibition of electrochemical reactions to prevent corrosidyce®l| was the
stabilizing agent in the slurry. De-ionized water was the solvent. The pH siiiting was

6.19 before polishing.

The experiments were conducted at an operating voltage of 10-10.7 V. The
current obtained in the process was in the range of 1.7- 2.6 A. The potlishéngas 10
minutes. The pH after polishing was observed to be 10.25. The slurnd tioma
colorless to darkish green. Polish was obtained only in the certtre ofafer. The rest of

the wafer was corroded and a brown layer was observed on the surface.

5.2.2 Potassium Phosphate-based slurry:

Composition of this slurry:

1. 1 M Potassium PhosphatesfOy)

2. 0.01 M Benzotriazole (BTA) (§HsNs)
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w

0.01 M Potassium Chloride (KCI)

»

Ortho-phosphoric was added till the pH became 2

o

0.15% (wt.) Alumina abrasives (0.05 micron)

6. Deionized water

Potassium phosphate was the electrolyte used in the slurry [39]wBFAIised as
the corrosion inhibitor to prevent corrosion which occurred on the surfacg te
previous slurry. Potassium chloride was added to increase the passiager thickness
so that electrochemical dissolution will be low [40]. The surfadé not be greatly
affected as the pad will remove only the passive layer. Phospimdcwas added in
small quantities till the pH became 2.04. Fine alumina abraggeadded in the slurry to

get a good finish. Deionized water was used as the solvent.

Experiments were conducted with an operating voltage of 9.7- 10.5 V. The
current obtained in the process was 2- 2.5 A. The polishing timé&Qvasnutes. The pH
of the slurry did not change after the polishing process. Some amount sif pas

observed on the surface but there were still some areas which were not polished.

5.2.3 Acetic Acid-based Slurry

Composition of this slurry:

1. 1 M Acetic Acid (CHCOOH)

2. 1% (vol.) Hydrogen Peroxide ¢8,)

3. 1mM Benzotriazole (BTA) (6HsNs)

4. 2% Ethylene Glycol (gHsO»)
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5. 0.15% (wt) Alumina abrasives (0.05 micron)

6. Ammonium Hydroxide (NEHOH) was added until the pH was 4.

7. Deionized Water

Acetic acid was the electrolyte used in the slurry [37]. Hgdnoperoxide was the
oxidizer which forms the oxides and hydroxides on the copper suBdae.was the
corrosion inhibitor. Ethylene glycol is the leveling agent to sloewn the
electrochemical reactions. Alumina abrasives are presentpiwen the surface finish.
Ammonium hydroxide was the pH adjusting agent. De-ionized water lveasaivent.

The initial pH of the slurry was 4.18.

Experiments were conducted with an operating voltage of 9.9-10.6 V. Tieatcur
obtained in the process was 0.1 to 0.4 A. The polishing time was 10 snifibeepH in
the slurry did not change after polishing. Polishing occurred apfeees on the wafer

but good finish was not obtained.

5.2.4 Phosphoric Acid-based Slurry

Composition of this slurry:

1. 6% (vol.) Phosphoric Acid (POy)

2. 2% (vol.) Ethylene Glycol (84605)

3. 0.3% (wt.) Benzotriazole (BTA) (§EsN3)

4. 4% (vol.) Potassium Hydroxide (KOH)
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5. 0.45% (vol.) Hydrogen Peroxide £8,)

6. 0.15% (wt.) Alumina abrasives (0.05 micron)

7. Deionized Water

Phosphoric acid was the electrolyte used in the slurry [36]. Etbydécol is the
leveling agent used for the suppression of the dissolution current cutfaee of the
copper [33]. BTA is the corrosion inhibitor used in the slurry. Potaskydroxide is the
pH adjusting agent. Hydrogen peroxide is the oxidizer in the slutpymifa abrasives
are used to produce good surface finish. The solvent was de-ionized MateH of the

slurry before polishing was 6.50.

Experiments were conducted at an operating voltage of 10.1- 10.3 \¢uireat
obtained in the process was 1- 1.4 A. The polishing time was 10 suifdutere was no
change in the pH after polishing. Very good polish was obtained evergwin the
wafer. The surface planarization was uniform. The surfacehrmssg was obtained in the

range of 12 to 20 nm.

5.2.5 Buehler Alumina-based Slurry

MasterPrep alumina polishing suspension from Buehler was also agedigh
copper wafers. The slurry was diluted with de-ionized water inatie 1:5. The size of
the alumina abrasive in the slurry is 0.05 micron. The experimests conducted at an
operating voltage of 9.2- 9.9 V. The current obtained in the proce8sldsA. The

polishing time was 10 minutes. The pH of the slurry before polishiasy9.03 and it did
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not change after the polishing. As in the case of previous skery,good finish was

obtained on the surface of the copper wafer.

5.3 Multi-Stage Polishing

Since phosphoric acid based slurry and Buehler alumina based slveggod
results, these slurries were used to polish the copper wafers:skdgke polishing of

copper was done in two stages:

5.3.1 Bulk Material Removal Process

Harder pads such as TextMet from Buehler and Suba IV were mdbé bulk
material removal process. TextMet is a hard perforated nonrwole¢h. It is used to
remove bulk material and retain flatness and uniformity on the cgppiece. The slurry
composition was the same as the one used in the phosphoric acid{basedBsehler

alumina based slurry was also used sometimes.

The operating voltage was in the range of 10.5- 12.5 V. Higheagsltvas
applied so that the current obtained in the process was high. Thumatgrial removal
rates were achieved in this stage. The wafers were polishédtb 10 minutes in this
stage depending upon the initial condition of the copper wafer. Soe®ifi5 minutes of
polishing was required to remove the oxidation marks left on the wafee they were

exposed to air for a long time.

5.3.2 Fine Material Removal Process

In order to achieve a good surface finish, fine material remowaleps was

performed on the wafers after the bulk material removal psoc&sfter pads, such as
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Politex and ChemoMet were used. MicroCloth from Buehler wasused sometimes.
ChemoMet is a soft porous, chemically resistant synthetib éwtm Buehler. It is used
to remove smear material on the copper surface left forrbulkematerial process. The
slurry was diluted in the ratio 1:4 using deionized water sooasldw down the

electrochemical reactions formed in the process.

The operating voltage was in the range of 8.5- 9.5 V. It was loampared to
the previous step so that the material removal would be low and@rd&he wafers were
polished for 7 to 10 minutes. Good surface finish was obtained after this step. The surfa
roughness (Ra) was in the range of 12 to 25 nm. For some watfiers did not achieve a
mirror like finish, an additional precise material removal proogas performed for
additional 7 minutes. Here, the slurry was diluted further in thie daB. Table 5.1

summarizes the multi-stage polishing in ECMP of copper wafer.

Table 5.1: Multi-Stage Electrochemical Mechanical Polishing of Copper

Voltage Polishing | Material
S.No.| Stage | Pads Used| Applied Slurry Used Time Removal
(volts) (minutes) Rate

Phosphoric acid-

Bulk
. TextMet, 10.5- | based slurry or .
L material Suba IV 12.5 Buehler alumina- St 10 High
removal
based slurry
Fine ChemoMet, Same slurry
2. material | PoliTex, 8.5-9.5| diluted to 1:4 or 7to 10 Low
removal | MicroCloth 1:8 with DIW
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5.4 Post Polishing Treatment

The copper wafers were cleaned immediately using de-ioniaéer a&fter polishing
to remove the slurry contents from the surface. Then they werénpar ultrasonic

cleaner (Figure 5.1) for 2 to 5 minutes.

Figure 5.1: Ultrasonic cleaner to clean the copper wafers

Then the wafers were washed with acetone followed by metharerhtwve some
of the abrasive particles and the slurry sticking on the surfduen They were again

rinsed with deionized water and a dryer was used to dry the surface.
5.5  Process Parameters

Different process parameters of the ECMP process were igatest in order to
investigate how they can affect the material removal radesarface finish of the copper

wafer. The process parameters, such as polishing time, va@ayed, pad speed and
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wafer carrier speed were identified for the ECMP processodarexperiments were

performed to study the role of each of these parameters while keeping tisecotistant.

5.5.1 Polishing Time

Polishing time is an important factor that governs the ECMP psocEhe
passivation-brush cycles [11] in the process are very importanbdoige a good surface
finish. Experiments were conducted to examine the surface ofateesaafter 2, 5, 7, and
10 minutes. ChemoMet pad and phosphoric acid based slurry was used in the
experiments. The pad speed was 325 rpm and the wafer careerwpe 15 rpm. The
voltage applied was between 10- 10.5 V and the current obtained wasamgleeof 0.5
to 1.9 A. Optical micrographs were taken to observe the changble surface of the

wafer after each polishing time.

To investigate the material removal rate in the ECMP prosgksespect to the
polishing time, different wafers were polished for 5, 10, and 15 minstds IV pad and
Buehler alumina-based slurry was used for these experimentsoltage applied was in
the range of 8.5 -11.9 V. The pad speed was 250 rpm and the wafear sja@ad was 20
rpm. The initial and final weights of the wafers were meakaral material removal rate
was calculated in each case. From the qualitative measuietaken after polishing, the
polishing time of 10 minutes formed to be optimum. Scratches wessv@oswhen the

polishing time was increased to 15 minutes.

5.5.2 Applied Voltage

The operating voltage is crucial to the ECMP process as tlexiataemoval rate
is directly proportional to the voltage applied. Sharan [1] found trefibal finish of
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surface of the copper wafer is affected by the voltage iIMEGJnder static conditions,
the ‘cutoff’ voltage was found to be ~3.2 V for the phosphoric acid-bdsey.sBased
on the cutoff and the maximum voltage that can be applied, threeediffenges for

voltages were considered:

a. Lowrange (3.5Vto4.5V)
b. Medium range (6.5 V to 7.5 V)

c. Highrange (9.5Vto 10.5V)

Experiments were conducted for each voltage range to determinendteial

removal rate and surface finish. The constant parameters were:

1) Pad used: ChemoMet Pad

2) Polishing time: 10 min

3) Slurry used: Phosphoric acid-based slurry
4) Wafer Carrier Speed: 15 rpm

5) Pad speed: 325 rpm

From post polishing analysis, the voltage applied in the high range podugood

surface finish for the copper wafer.
5.5.3 Pad Speed and Wafer Carrier Speed

Experiments were performed to investigate how the pad speed aedoaaier
speed influences the material removal rate and surface finiste @lopper wafers. Here

the constant parameters used are:

1. Applied Voltage: 9.5- 10.7 V
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2. Polishing Pad: PoliTex Pad
3. Slurry used: Buehler Alumina based-slurry

4. Polishing Time: 10 min

For the wafer carrier and for the polishing pad three differemdspef 15, 20 and
25 rpm and three different speeds of 275, 300 and 325 rpm were chosen. Bluehiesa
based-slurry was used in these experiments. This is becassmagier to handle as the

slurry may spill out when the wafer carrier speed is high.
5.6 Material Removal Rate

Material removal rate is a crucial output parameter for ECMi@ material removal
rate was calculated based on the initial and final weightiseo€opper wafer for various
sets of experiments. The weights were measured in graméorfilngla used to calculate
the material removal rate (MRR) is:

Weight ; .y —Weight ;..
Polishing Time

MRR =

Figure 5.2 shows the Sartorius digital weighing machine (Model 1712 MP8) used to
measure the weights of the copper wafer. It has a resolution fd.lt is a Dual Range
SemiMicro Electronic Analytical Balance with weighing ceipaof 160 grams. It was
also used to weigh the chemicals used to prepare different sbmpositions for polish

of copper wafers in this study.
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Figure 5.2: Sartorius digital weighing machine

5.7 Surface Characterization

The surface characterization of the copper wafers was achigvexdamining their
surface profiles using an optical microscope and MicroXAM, an alpt@ser

interference microscope.

5.7.1 Optical Microscope

A Nikon Epiphot 200 Inverted Optical Microscope was used to studgutiace
morphology of the copper wafers before and after ECMP. The copderswaere
examined at a 100 x magnification eye-piece to examine the stiarcture properties.
Different surface irregularities, such as scratches, pitskan&ft by incomplete
passivation removal, oxidation of the surface were observed under theal opti
microscope. The images obtained were crucial in identifyingutface characteristics of
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the polished copper wafer. Figure 5.3 shows the Nikon Epiphot 200 InvertechlOpti

Microscope used in this study.

Figure 5.3: Nikon inverted optical microscope

5.7.2 MicroXAM

The surface roughness of the copper wafers was obtained usingXiir an
Optical Laser Interference Microscope from ADE Phase Sleihnologies. It is a non
contact surface mapping microscope used to measure the finishe textdroughness of
different surfaces. Resolution of the equipment is 0.1 nm. It is capbbbeasuring the
surface in three different modes, namely, quantitative, visual, and ebnfuades.
MapVue mapping and analysis software is used to obtain the surfageation. In this
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study it was used to plot 3-D images of the copper wafer tanothta surface roughness

value (Ra). Figure 5.4 shows the MicroXAM used in this study.

"M_mrjm_HM e

=~ JEEE"| .

Figure 5.4: MicroXAM, optical laser interference Microscope (frBDE Phase Shift

Technologies)
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CHAPTER VI

RESULTS AND DISCUSSION

This chapter presents the results obtained in the experimentsvedlldy
discussions of the same. The effect of slurry composition on #teriad removal rate
and the surface roughness is presented. The effect of sluriy @lslo discussed. Other
parameters which govern the ECMP process, namely, polishing viitage applied,
pad speed and wafer carrier speed are studied as a function oamateoval rate and
surface roughness. Optical micrographs and 3-D surface plotshaken for each
parametric study. Optimal values for each process parametgiv@n so as to improve

the final surface condition of copper wafers.

6.1 Effect of Slurry Composition and pH

Table 6.1 summarizes the different slurry compositions investighie Cu
ECMP as presented in chapter 5. The first composition was nsatte sodium nitrate as
the electrolyte. Sodium nitrate is an excellent electrotytani electrochemical cell. High

values of current can be obtained using this slurry.
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Table 6.1: Slurry compositions for Copper ECMP

—>

~—+

A\1”4

S. No. Composition of the Slurry Remarks
e pH value was increased (6 to 10
* 1M Sodium nitrate e Current was between 1.7 to 2.6 A
1 * 2% (vol.) Sodium sulfate o Abrasive less slurry
' * 2% Ethylene glycol e Corrosion occurred on the surfac
e 1% Glycerol since there was no corrosion
e DIW inhibitor such as BTA
e pH of the slurry 2
e High currentupto 2.5 A
e 1 M Potassium phosphatg e Passivation layer formed very fag
e 0.01 MBTA e There was no leveling agent in th
e 0.01 M Potassium chloridg slurry
2. e Ortho-phosphoric acid e Some amount of polish was
e 0.15% (wt) Alumina observed on the surface but therg
abrasives (0.05 micron) were still some areas which were
e DIW not polished.
e 1 M Acetic acid
e 1% Hydrogen peroxide * PpHofthe slurry 4
e 1mM BTA e Current was low up to 0.4 A
3. e 2% Ethylene glycol * Very pungent smell _
e 0.15% (wt) Alumina e Polish was achieved but mirror

abrasive (0.05 micron)
Ammonium hydroxide
DIW

like finish was not observed on tH
surface

e
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S. No. Composition of the Slurry Remarks

e 6% (vol) Phosphoric acid e pH of the slurry 6.5
* 2% (vol) Ethylene glycol e Current was up to 1.4 A which is
* 4% (vol) Potassium e Very good polish was obtained.
4. hydroxide (Glossy)
* 0.45% (vol) Hydrogen e Mirror-like surface was achieved
peroxide e Surface Planarization was uniforin

e 0.15% (wt) Alumina
abrasives (0.05 micron)

e DIW
5 e Buehler MasterPrep e pH of the slurry 9
' alumina polishing e Very good polish was obtained

suspension (0.0bm)

Glycerol was expected to stabilize the reaction but it wasblet to inhibit the
electrochemical reactions in the process. The copper surfgae be peel away as there
was no corrosion inhibitor in the slurry. The passivation layer édrmas very weak so
the surface beneath the layer was not protected. The copper wakeichaoded surface
and the polish was observed only in the center. Thus, corrosion inhibitoras&amniA

are very important in ECMP slurry.

There were no abrasives in the slurry which are important to prcalgmod
finish. The slurry initially did not have any color but after puilig it turned into dark
green color. This is due to the formation of copper oxide. The pH wasbéfbge
polishing, but after the polishing it was 10.25. This indicates tleagltirry changed from
slightly acidic to highly basic. So, the change could be at&ibtd the basic salts/oxides

that were formed in the slurry.
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The next composition had a phosphate-based electrolyte which masdseefor
Cu ECMP by previous researchers [39]. BTA was used in this starrgvoid the
electrochemical corrosion which had occurred using the previous.sRotassium
chloride was added to enhance the thickness of the passivatiorAlyaima abrasive in
small quantities is added to produce good finish. The slurry was hagidic with a pH
of 2. The passivation layer formed very fast with this slurry. @imeent in the process
was very high. The slurry pH did not change much and the slurry turtgetight green
color. The polish was observed on some parts of the wafer but the wéiglewas not
polished, especially at the edges. Even though BTA was predetjvef passivation of
the wafer did not occur. This could also be due to absence of antpaent, like
ethylene glycol. Also there was no oxidizer in the slurry whivels necessary to enhance
the passive layer by forming the required oxides. The pH of thisyslvas very acidic
which might be the reason why the surface was not so smooth. Fexthaurry, the pH

was reduced to 4 to see if the copper wafer was getting better polished.

Acetic acid is a very good complexing agent and has high ptatian efficiency
[37]. So, it was used as the electrolyte for the next composition. For this slurridbdth
and ethylene glycol were added to enhance the passivation layetirmAbrasives
were also added to get the desired smooth finish. The pH of the wasrmaintained at
4 using ammonium hydroxide. The pH did not change after the polishinghiRglisas
achieved on the surface, but mirror-like finish was not obtained.stiface was not

uniformly polished. Thus slurry at pH 4 also did not give a good polish.

Phosphoric acid was used next as the electrolyte. BTA, ethgwel and

abrasives were added to obtain a good surface finish. Potassiuoxigdwas used to

87



maintainthe slurry at pH 6 and hydrogen peroxide was thdiper usec The pH did not
change after pahing. Very good polish was obtaingiving a glossy finish. The surfac
had a mirror like finish and was almost scr-free. Experiments were repeated
confirm if the slurry was able to produce the same resultss, ECMP slurry shoul
have a corrosin inhibitor, leveling agent, abrasives, oxidizand pH adjusting age

apart from the acitbased electrolyte

(a) (b)

Figure 6.1: Microstructure cthe copper wafer (a) before polishing (Keapolishing

with phosphoric acid-dsecslurry

Figure 6.1 (a) shows the initial condition of thepper wafer before polishin
Several scratch marks and deep pits are clearlyleigigure 6.1 (b) shows theafer
after polishing usingphosphoric aci-based slurry for 10 minutes. Most of the scr:
marks wereeliminated witl hardly any pits on the surfaceniform polishing of the
surface was achieved’he surface was smooiwith a glossy finish. The material
removal rate was the lowest (namely, 0.0018 gram$/mhen compared to all oth
compositions of slurries. The passivation layenfed was able to protect the surface

the wafer from electrochemical reactions. The anddisolution of th surface was low
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(a) Start of polishing, Ra = 364.53 nm

(b) After polishing with phosphoric acid-based slurry, Ra = 12.05 nm

Figure 6.2: MicroXAM images of the 3-D surface plot of the Copper wafer before

polishing and after polishing with phosphoric acid-based slurry
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When the polishing pad came in contact with théasay; it removed the passi
layer. There were many passivat-brush cycles with the pad which ultimately g:
good finish. Figure 6.2 shows the-D surface plot of the copper obtaindrom
MicroXAM before and after polishing. The surfaceugbness (Ra) athe start of
polishing was 364.58m and after 10 minutes of polishing with phosph@tid base:

slurry it was 12.05 nm.

MasterPrep alumina polishinuspension fromBuehler was ao used to polish
copper wafers. The slurry w diluted in the ratio 1:5 with denized water. Very goo
polish was obtaed using this slurry. lis basicslurry with a pH of 9. The slurry did n

change after polishing and the alumina abrasivéisaslurry produced a smooth finis

(@) (b)

Figure 6.3: Microstructure @ copper wafer (a) before polishirty @fter polishing witt

Buehler’'s alumina-baseslurry
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13498 _ Atinn

(b) After Polishing with Buehler alumina-based slurry, Ra = 16 nm

Figure 6.4: MicroXAM images of the 3-D surface plot of the copper wafer before

polishing and after polishing with Buehler alumina-based slurry
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Figure 6.3 (a) and (b) show the initial and final condition of the copper wafer afte
it was polished for 10 minutes. The surface looks clean except fprsu@all pits. The
overall wafer was uniformly polished. Here again the mategiabval rate was very low
(0.0021 grams/min). This means that the anodic dissolution of the capfereswas
very low and the material removed was mostly the passivatiom faymed on the
surface with the slurry components. Figure 6.4 (a) and (b) sho8vBhsurface plots of
the wafer obtained from MicroXAM before and after polishing. Théaserroughness
was 328.34 nm at the start of polishing and after 10 minutes of poligitimguehler

alumina-based slurry it was 16 nm.

The material removal rates for each slurry composition are swized in the
Table 6.2. Sodium nitrate-based slurry gave the highest matenialaé rate because of
the absence of corrosion inhibitor. The slurry had vigorous electrochkereactions
which peeled away considerable material from the copper sufifbeephosphate-based
slurry also gave a high material removal rate because wWaseno leveling agent or
oxidizer in the slurry. Thin passivation layer was formed whiels easily removed by
the pad. As more voltage was supplied, the electrochemical aesag&moved more
material from the surface of the copper. Hence, the passive dhgeld have enough

thickness and stability to inhibit the electrochemical reactions.

The material removal rate in acetic acid-based slurrylevasr than the previous
two slurries as all the necessary components were there shuting But good surface
roughness was not achieved because the slurry was acidic in watueepH of 4. The
phosphoric acid-based slurry and Buehler alumina-based slurry haddtesal removal

rates when compared to the other slurries as the passivatwmlayected the surface of
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the copper. Figure 6.5 shows the material removal rate as aofunttdifferent slurry

compositions prepared for copper ECMP.

Table 6.2: Material Removal Rates for Different Slurry Compositions

Initial wt. | Finalwt. | Material Material
Removed |Removal Rat
(grams) | (grams) (grams) | (grams/min)

Composition of the
Slurry

Sodium nitrate,
1, [sodium sulfate, 90.1848 | 895762 | 0.6086 0.0608
ethylene glycol,

glycerol

Potassium phosphat
BTA, potassium
2. [chloride, phosphorici 88.5164 88.0970 0.4194 0.0419
acid, alumina
abrasives

Acetic acid, hydrogg
peroxide BTA,
ethylene glycol,
ammonium
hydroxide, alumina
abrasives

89.5920 89.4490 0.1430 0.0143

Phosphoric acid,
ethylene glycaol,
BTA,potassium
hydroxide, hydrogen
peroxide, alumina
abrasives

89.0248 89.0061 0.0187 0.0018

g, [Buehler alumina- | o, o100 | 956887 | 0.0218 0.0021
based slurry
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Sodium nitrate-based slurry
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g Potassium phosphate-based slurry
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0.01 \/Buehleralumina-based slufry

Different slurries for ECMP

Figure 6.5: Material removal rates (MRR) for different slurry contjmoss in copper
ECMP

Table 6.3 shows the surface roughness analysis of the copper aféerthey
were polished. MicroXAM was used to measure the surface rougands®e different
locations on the surface. The average value of the surface resgiited was calculated
for each wafer. Phosphoric acid-based slurry and Buehler alumina-$lasey produced

good surface roughness values.

Sodium nitrate based slurry produced a bad surface roughnessveaféhevas
had a corrosion layer on the surface. Potassium phosphate based slurrglwdsiadue
to the presence of BTA, the surface roughness was lower thaodhen nitrate based
slurry. Acetic acid based slurry had a high surface roughiadiss because it was acidic

and copper corrodes at a low pH value.
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Table 6.3: Surface Roughness Analysis of Copper Wafers with Diffdtent S

Compositions

Average Ra

S. No. [Composition of the Slurq Ra 1 (hm)| Ra 2 (hnm)| Ra 3 (nm) (nm)

Sodium nitrate, sodium
1 sulfate, ethylene glycol, | 104.61 102.65 100.68 102.65
glycerol

Potassium phosphate,
BTA, potassium chloride
phosphoric acid, alumin
abrasives

49.45 41.30 76.47 55.74

Acetic acid, hydrogen
peroxide BTA, ethylene
3 glycol, ammonium 93.85 78.25 91.11 87.74
hydroxide, alumina
abrasives

Phosphoric acid, ethylen
glycol, BTA,potassium
4 hydroxide, hydrogen 20.53 14.83 12.05 15.80
peroxide, alumina
abrasives

5 :Efrr;er alumina-based | o4 45 | 1600 | 17.20 21.07

Figure 6.6 shows the surface roughness as a function of differemy sl

compositions obtained in Copper ECMP.
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Sodium nitrate-based slurry

/

Potassium phosphate-based slurry

Acetic acid-based slurry

v

Phosphoric acid-based slurry

40 -

Buehler alumina-based slufry

/

20 -

Different slurries for ECMP

Figure 6.6: Surface roughness (Ra) with respect to different slurry ciiopss$or

copper ECMP

The pH of the slurry is a very important consideration while phegdhe slurry
for ECMP. Generally chemicals like potassium phosphate ancdbamam hydroxide are
used as pH adjusting agents. In this study, to understand the effgdt tfe slurries
were prepared with different compositions. Some of them wedicdike potassium
phosphate-based slurry and acidic acid-based slurry while othersslightly acidic like

phosphoric acid-based slurry. Buehler alumina-based slurry was bdsiz pt of 9.

The pourbaix diagram of copper as discussed in the literaturevreli@vs that

corrosion occurs in the pH range of 1 to 4 [30]. The passivation igyermed on the
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copper surface at a pH of 6 or above. The results obtained fouthessinvestigated in

this study were used to verify this behavior of copper in ECMP.

0.045
0.04 -
0.035
0.03 -

pH =2

MRR (grams/min)
o
o
N
(6]

0.02 -

0.015

0.01 -
0.005 - PH=6  PH=9
- - =

pH of different slurries

Figure 6.7: MRR as a function of slurry pH

Figure 6.7 shows the material removal rate as a function aff pht slurry. The
potassium phosphate based slurry with a pH of 2 gave the highestaleste. From the
experiments it was observed that the surface was not uniformghpdlas the slurry was
not able to effectively inhibit the electrochemical reactions. d¢etic acid-based slurry
was also acidic and it had a pH of 4. The material remowalwas also more in this
case. At pH of 6, phosphoric acid-based slurry yielded lowestrialatemoval rate. At

pH of 9, Buehler alumina-based slurry also yielded the lowest maemahal rate.

Figure 6.8 shows the surface roughness (Ra) as a function of gtrryf It can

be seen that the slurries which had a pH of 6 or above gave goadesiirish. The
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slurries which had pH 2 and pH 4 gave high roughness value whictateslithat
corrosion had occurred on the surface. Thus slurry of pH 6 or aboveggedssurface

finish for copper in electrochemical mechanical polishing.

pH =4

pH of different slurries

Figure 6.8: Surface roughness (Ra) as a function of slurry pH

6.2 Effect of Polishing Time

As mentioned in Chapter 5, four copper wafers were used to studhdnges
that can occur on the surface with polishing time. Figure 6.9 Hays the optical
micrograph of the surface of the wafer after polishing for 2 msutke scratches on the
surface are still prominent. Some pits are also observed whictbendye to the active

dissolution of the copper wafer in the electrochemical slurry.
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Figure 6.9: Microstructure of the copper wafers after (a) 2 minutes shpuaji (b) 5

minutes of polishing (c) 7 minutes of polishing and (d) 10 minutes of polishing

Figure 6.9 (b) shows the wafer after polishing for 5 minutes. Sofnthe
scratches were eliminated in this wafer. Layers of dffe colors appear on the surface.
This can be attributed to the incomplete removal of the pdssiviayer formed on the
surface. Figure 6.9 (c) shows the wafer after polishing for 7 esnét matte finish was
observed in this wafer. There were some oxidation marks at some places wigickeryer
minute. Figure 6.9 (d) shows the copper wafer after polishing foriaOtes. A mirror

finish surface was obtained in this wafer. Pits, scratches addtim marks were almost
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eliminated in this wafer. So the optimal time for polishing tladewby ECMP was found

out to be 10 minutes.

0.0035
0.003 T

0.0025 4
0.002 1

3

MRR (grams/min)

0.0015 ]
0.001 r
0.0005
0 . .

) 10 15
Polishing Time (mins)

Figure 6.10: MRR as a function of polishing time

In order to study the effect of polishing time on MRR, three diffewafers were
polished at 5, 10, and 15 minutes. Figure 6.10 shows the material reratevals a
function of polishing time. They show that the MRR increases witlsipaly time. The
surface finish of the wafer was not very uniform when it was petigor 5 minutes. The
surface finish was good for a polishing time of 10 minutes. Figurehaws the 3 D
surface profile of the wafer. The surface roughness was 13.74 hen We polishing
time was increased to 15 minutes, scratches were observed wafére This might be
due to a weak passivation layer that is formed after 10 minutébe $@d removes more

material from the surface.
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Figure 6.11: 3-D surface profile of the copper wafer after 10 min. of polishing
6.3 Effect of Voltage Applied

The operating voltage is a crucial parameter for ECMP. Thentexié
planarization can be controlled by changing the voltage. In ¢odstudy the effect of
voltage applied on MRR and surface roughness, copper wafers wetegalsing three
different voltage ranges. Figure 6.12 shows the variation of MRRwelthge. The high
range voltage has the maximum material removal rate andotherdnge has the
minimum material removal rate. This shows that the MRR ineseagth increase in the

applied voltage.
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Figure 6.12: MRR as a function of applied voltage

Figure 6.13 shows the surface roughness (Ra) as a function ajevelipplied.
The surface roughness (Ra) was relatively high with an avexad@ce roughness of
35.18 nm when low range voltage of 4.5 volts was applied. This could possiiyelie
the fact that the current generated in the process is low. Omrereason could be that at

a low voltage, weak passivation layer might have been formed.

When medium range voltage of 7.5 volts was applied, the averageesurfa
roughness was 30.85 nm. So, there was a slight improvement in theedumfsh. All
these experiments were conducted for the same polishing time ininites, so time
was not a factor here. The surface finish was superior whematiee was polished using
a high range voltage of 10.5 volts. The average surface roughngss/v@anm. So the
optimal voltage range for face-up electrochemical mechapiclghing was 9.5- 10.5

volts.
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Figure 6.13: Surface Roughness (Ra) as a function of applied voltage
6.4  Effect of Pad Speed and Wafer Carrier Speed

Pad speed and wafer carrier speed are the kinematic vanialf€MP. Hocheng
et al. [48] pointed out wafer speed and the pad speed determine the non-uniforrhay of t
wafer for chemical mechanical polishing. This study was donebserve if these
kinematic variables affect the electrochemical mechaniobsipng process. Different
speeds for the polishing pad and the wafer carrier were spetfisee if it affects the

uniformity of the surface.

In ECMP the pad has a very low mechanical down-force anchatisompletely
responsible for the material removal as in the case of conven@dfial But the pad still
has to remove the passivation layer formed on the surface in orégrstre that the
wafer has good finish. Experiments were performed with pad spgetts500 rpm. But
it was observed that when the pad speed was more than 325 rpmicglmnfatches

were observed on the copper surface. Thus the pad rpm was nosedchkesond 350
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rpm for further experiments. Wafer carrier has slurry in @, & maximum speed of 25

rpm was used so that the slurry does not spill out.

In order to identify the effect of pad speed and wafer campieed on the material
removal rate and surface finish of the copper wafer, experimarts performed with 9
different variations. First the wafer carrier speed wasdfiat 15 rpm and experiments
were performed with the pad speeds of 275, 300 and 325 rpm. Then thecarair
speed was changed to 20 rpm and experiments were repeated veidmhgad speeds.
Finally the wafer carrier speed was set to 25 rpm and abainexperiments were
repeated. Table 6.4 shows the material removal rate valuesesjtbct to variation in
pad speed and wafer carrier speed.

Table 6.4: Material removal rate analysis as a function of pad speecfanctarrier

speed
Wafer No| Wafer Polishing Initial  |Final weigh{ Material MRR
Carrier | Pad Speedveight of thq of the wafe Removed (gms/min)
Speed (rpm) (rpm) |wafer (gms) (gms) (in gms)
1. 15 275 89.2663 89.2564 0.0099 0.000P9
2. 15 300 90.4411 90.432] 0.009 0.00090
3. 15 325 89.0086 88.9974 0.0114 0.00114
4. 20 275 89.7596 89.7404 0.0192 0.001p2
5. 20 300 92.1512 92.13871 0.012% 0.001p5
6. 20 325 87.6997 87.6864 0.013% 0.001B5
7. 25 275 88.0181 88.0013 0.0168 0.001p8
8. 25 300 89.3106 89.2964 0.014 0.00140
9. 25 325 86.3368 86.3213 0.015% 0.001b5
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Figure 6.14 shows the material removal rate as a function cfpeseti and wafer
carrier speed. When the wafer carrier speed was 15 rpm, the aohooaterial removal
was low and the finish obtained in the wafers was uniform. When tfex waxrier rpm
was 20 and 25, the material removal rates increased. This isskebe wafer had more
contact with the polishing pad while rotating in the wafer carfldus the material

removal rates increased when the wafer carrier speed was increased.

0.0025
20 Wafer Carrier Speed
S 0.002 ’
0
€ 0.0015 Vv -
nd
a4 0.001-—0\/
=
0.0005
0 . .
27% 30C 32¢%
Polishing Pad Speed

Figure 6.14: MRR as a function of polishing pad speed for various wafer careeisspe

When the polishing pad speed was 275 rpm, the material removalwate
uneven. Spiral demarcations were observed on the surface. This couldlypbssi
because the pad speed was not high enough to remove the passif@haybe surface.
The material removal rates increased evenly with the inergmasvafer carrier speed

when the polishing pad speed was 325 rpm.
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Table 6.5 shows the surface roughness values obtained with respacation in

pad speed and wafer speed. When the wafer carrier speed was iBergorface finish

was higher compared to other wafer carrier speeds. The whdéx was polished

uniformly. At pad speed of 275 rpm the wafer had some scratchasp#d speed of 300

rom, a matte finish was obtained. The pad speed at 325 rpm gavefingtteto the

wafer surface. It had a more glossy finish than the other twersvalt had the least

surface roughness value Ra of 32.69.

Table 6.5: Surface roughness values with different pad speeds and wafer cadgr spe

Wafer No. | Wafer Carrier RPM PolishingPad RPM Surface Roughness (H
1. 15 275 40.97
2. 15 300 37.08
3. 15 325 32.69
4. 20 275 42.17
5. 20 300 41.04
6. 20 325 37.54
7. 25 275 46.88
8. 25 300 51.93
9. 25 325 45.19

Ra)

When the wafer carrier speed was 20 rpm, the entire surfabe ocopper wafer

was not getting polished. The pad speed of 325 rpm again gave amebdAi 25 rpm

speed, the wafer carrier had a very slight wobble. This resutachbn-uniform polish

106



on the surface. Spiral demarcations were observed on the sutfigcsuiface roughness

values were increased in this case.

Figure 6.15 shows the surface roughness (Ra) as a function of padti ame
wafer speed. It can be clearly observed that the surfack fifithe copper wafers was
better when the wafer carrier speed was 15 rpm and the polishingppad was 325
rpm. The optimal conditions for the kinematic variables in this stuehe determined for

electrochemical mechanical polishing.

60 1
50
40 +
30
20
10+

"~ 25

. - 20 \afer carrier
15 speed (rpm)

Ra (nm)

275 300 325
Pad speed (rpm)

Figure 6.15: Surface roughness (Ra) as a function of pad speed and weder spe
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK

In this thesis, the primary focus was to build an ECMP apparapdish 4 inch
copper wafers and achieve a good surface finish. Initially, an apgawas built by
modifying an existing CMP apparatus. But since the waferectamas made of metal, it
was not able to withstand the electrochemical reactions. A neupseas made with
polyethylene plastic, but planetary motion was not provided. Spirah@atons and
scratches were observed on the surface after polishing witagb&atus. So, an ECMP

apparatus with planetary motion was developed using Pro/E software.

A ball bearing arrangement was used to provide the positive cleatbe wafer
in the wafer carrier. The wafer carrier assembly corsigtea base, bearing holder, ball
bearing, anode shaft, V-belt pulley, and wafer carrier. Diffengaierials such as high
density polyethylene, polyvinyl chloride, ultra high molecular weigHMW)
polyethylene and aluminum were used to fabricate the ECMRatppaPad holders for
various polishing pad sizes were machined. Two mini milling mashamel a digital

power supply unit were used to complete the experimental set up.
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The other important aspect of this work was to study the stanmyposition to
achieve a nanometric surface finish on the copper wafer with feurdsice defects.
Slurry for ECMP should be able to form a passivation layer on ttiacsuof the wafer
which will be subsequently removed by the polishing pad. Sodium nitraeetsurry,
potassium phosphate-based slurry, acetic acid-based slurry, phosplibbeassd slurry
and Buehler alumina-based slurry were the five different stumiged to polish the
wafers. The effect of each slurry composition and its pH wadiest as a function of
material removal rate and surface roughness. The necessappments in the slurry to
produce a good surface finish were an acid based electrolyterosicorinhibitor, an

oxidizer, a leveling agent, a pH adjusting agent and appropriate abrasive.

When the pH of the slurry was below 6, the surface of the coppfer wa
underwent corrosion while the wafer had a smooth uniform finishpét af 6 or above.
This was validated using the Pourbaix diagram for copper. Goodcsufinish was
obtained with phosphoric acid-based slurry and Buehler alumina-basgdvshich had
a pH of 6 and 9, respectively. The surface roughness obtained in thehphosacid-

based slurry was 12.05 nm.

The effect of process parameters, such as polishing time, vdgged and
kinematic variables, including pad speed and wafer speed weredstudh respect to
material removal rate and surface finish. Good surface finish absained when the
wafers were polished for 10 minutes with the applied voltage imaihge of 9.5 V to
10.5 V. The wafer carrier had a speed of 15 rpm and the polishing padpeedaof 325

rpm.
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In the future, conductive pads can be used in the apparatus. Diffierentirdets
can be provided to allow a uniform flow of the slurry on the serfat the wafer.
Corrosion inhibitors such as ammonium dodecyl sulfate (ADS) and 5-phéty
tetrazole (PTA) can be used in the slurry instead of BTA. @dvased monitoring of the
ECMP process can be performed by using multiple sensors waiciprovide a better

understanding of the process variables.
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APPENDIX A

Table A: List of patents on methods and apparatus for electrochemicalneatipalishing

A4

S. No. [US Patent No|  Issue Inllllzrr:g Assignee Title Summary Remarks
The apparatus
consists of The
International [Method of workpiece carrier, | . .
Sept. 15 Business |electrochemical |platen with a microelectronic
1. 5807165 _ " |Uzohet al. [49] : ) . components on
1998 Machines  |mechanical polishing pad and .
. . . the workpiece ars
Corporation |planarization electrodes which anot damaaed
attached to the g
carrier
: The apparatus.hasgectrodes canb
International |Apparatus for workpiece carrier,
June 15 Business  |electrochemical laten, pad dispos made of copper,
2. 5911619 " [Uzohet al. [50] . . P P P aluminum, silver
1999 Machines  |mechanical on the platen and old. tin. nickel
Corporation [planarization electrodes dispose o
and rhodium

on the carrier
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Electrochemical

Apparatus has a

The platen
electrode has a

mechanical rotatable platen angircular
April 9, Easteretal. | Agere Systems . L P circumference fo
6368190 . planarization a polishing pad : .
2002 [51] Guardian Corp. . discharging
apparatus and disposed on the .
method laten electrons into the
P electrolyte
solution
Method and The authors repo
. . lapparatus for Multistage ECMP [that dishing
May 2 Appl Mat Ig : . L
6739951 ; g 0 45’ Sunet al. [24] PP Ie(ljnc ateria electrochemical- |apparatus with an |characteristic of
' mechanical oxidizer-free slurryjconventional
planarization CMP is reduced
The apparatus hag a
Method and polishing head Lower cost of
Aug. 17, | Duboustet al. [Applied Materialqapparatus for face{diameter smaller
6776693 consumables suq
2004 [25] Inc. up substrate than the substrate s polishing pad
polishing supported by the P gp
carrier
The apparatus A membrane is
goatosy | 20111 | Watknsvetet oo arena OSSR - [omoes vanediepese o o
2005 et al. [52] Inc. PP g

substrate polishing

electrolyte flowing
towards the pad

removes the
entrained gas
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Electrochemical

Slurry
components are

6858531 Feb. 22, Zhuet al. [53] LSI Logi_c mechanical S_Iurry _wit.h a high prO\_/ided to
2005 Corporation N viscosity is used [achieve low
polishing method
defects on the
wafer surface
Electro chemical
mechanical Slurry having a higlComponents of
Oct. 23 polishing method |viscosity and a  [the slurry such a$
7285145 2007 " | Zhuetal.[54] | LSI Corporationfand device for polishing agent is |BTA, abrasives,
planarizing used in the and surfactants g
semiconductor apparatus mentioned
surfaces
An ECMP
apparatus with
Oct. 21 Cabot Electrochemical- [improved flow and|The polishing paq
7438795 2008 " [Wylie et al. [4] | Microelectronicsjmechanical distribution of the |is made with
Corp. polishing system [slurry between the|plurality of pores

pad and the
substrate
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Electrochemical

An apparatus to
remove a surface
layer from the

substrate using pafECMP apparatus

10. 7527722 | May 5, 2009S. Sharan [1]| Intel Corporatigmechanical disposed over a |with planetary
planarization platen, slurry, motion
segmented cathodp
and an electrical
current
Electrochemical |Apparatus has a
Mechanical wafer holder and alElectrical contact]
Jan. 27, o . .
11. | 2005001686 Basolet al. [55]|JASM NuTool, Inc|Planarization belt pad to polish |are embedded in
2005
Process and the surface of the [the belt pad
Apparatus substrate
Multiple sensors
Endpoint system chUCh as optical or The planarizatiory
. . . . eddy current sensq, .
Aug. 11, [ Mavliev et al. [Applied Materialgelectro-chemical is performed unti
12. | 2005017325 . are placed on the . .
2005 [56] Inc. mechanical . the dielectric laye
- platen to provide ap
polishing is exposed

end point detectior
system
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The polishing pad

System for has openings to . .
Aug. 11 electrochemical |allow the solution tLlnear motion of
13. | 20050173260 "9~ |Basolet al. [57] ) the conductive
2005 mechanical wet the wafer
- surface
polishing surface and the
electrode surface
System and methoihe electrodes in The conductive
Jan. 12 for electrochemica € apparatus are surface has a
14. | 20060006078 ' |Basolet al. [58] . separated from ong. . .
2006 mechanical linear motion witk
N another by an
polishing ) . . small electrodes
isolation region
Method to transfer
Platen assembly electrical power
July 13, Doyleet al. o . between the base |Magnetic Slip
15. | 20060154569 2006 [22] ut.|I|Z|'ng magnetic and the rotating  [rings were used
slip ring .
platen without any
mechanical contact
A t d
pparatus and a The apparatus hag a
method for . .
. plurality of fluid I .
Applied MaterialseIeCthhemIcal flow assist elemen Polishing pad wit
16. | 2007015186fJuly 5, 2007 Hu et al. [59] PP mechanical elements to assis

Inc.

processing with
fluid flow assist
elements

disposed between
the pad assembly
and the platen

slurry flow
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Method for
electrochemically

Multiple polishing

The authors
reported that
arcing is

17 | 20070161250 July 12, Wanget al. |Applied Matenals.mephgmcally steps arfe prowdedrninimizeol and
2007 [60] Inc. polishing a where different .
. . . lcopper residual
conductive materigVoltages are applig o
cleaning is
on a substrate
enhanced
ies(izzzgo“Sh The system has a Combined effect
18. | 20070221498 Sept. 27, M_anens, Applied Materials Electrochemical ECP station and of ECP and
2007 |Antoine P. [61 Inc. . three ECMP
Mechanical stations ECMP
Polishing Apparatys
In this apparatus t
speed of the plater
. and head is The smoothness
Process for high . .
copper removal ratlBrowded ina of the wafer
Oct. 11, . Applied Materialg . controlled manner |surface is same i
19. | 20070235344 2007 Jiaetal. [62] Inc. with good and the current  the center, middl

planarization and
surface finish

applied to the pad
also controlled by
changing the
\voltage

and edge of the
wafer.

11”%
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Method and
apparatus for
electrochemical
mechanical

Applied Materialgpolishing of cu withpolishing belt

Apparatus has a

Linear polishing

Y
20. | 2007025183iNov. 1, 200y Duetal. [23] Inc. higherliner velocitylinstead of the usudstation for ECMP
for better surface [polishing pad
finish and higher
removal rate during
clearance
Apparatus has a
Electroc_hemlcal p_ol_lshlng table Wlthrhe authors
mechanical divided electrodes, .
polishing apparatugn electrolyte provided a
21. | 2008018816Aug. 7, 2008 Kobataet &l conditioning supply section, a condlltlonlng
[63] . . solution for
method, and detecting section,
e . . electrode and
conditioning \variable resistanc -
. : polishing pad
solution unit and a control

section
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Electrochemical
mechanical

ECMP method of
polishing in which
the conductive film

The waveform of
the voltage
applied between
the first and

Mar. 26, | Kobataet al. olishing method |is polished so that
22. | 20090078583 poTshing - |SP second electrode
2009 [2] and electrochemic{its average e
. . is either a
mechanical thickness should nrectan ular. sine
polishing apparatugpe more than 300 guiar,
or a ramp
nm
waveform
In this apparatus, :
Methods of .pp Metal recess is
o ECMP is performe
Sept. 24. | Huanaet al Planarization and With at least one decreased
23. | 20000239379 P4 <H g Electro-Chemical significantly and
2009 [64] . \voltage change o
Mechanical . wafer planarity is
L during the overall |
Polishing Processegs improved
process
Methods and . [The authors
The substrate is
May 13 Micron Apparatuses for laced in electrical reported that
24. | 20100116685 Y > | W. Lee [65] Electrochemical- |- . ECMP has
2010 Technology, Inc contact with two

Mechanical
Polishing

electrodes

smoother surfacq
finish than ECP
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APPENDIX B

Table B: List of patents on slurry compositions for ECMP

S. No. US Patent Issue Inventor Assignee Title Composition of the Slurry
No. Name
Cabot Electrochemical- Potassium Sulfate,
1. |20050263407 Dec. 01, 2005 | BMSIC® & \icroelectronic|echanical polishing | Benzotriazole (BTA), Poly-
[66] . composition and methqgdacrylic acid, lactic acid and
Corporation .
for using the same propanol
_ 1-hydroxyethane-1,1-
Andricacoset Method and compositid diphosphonic acid (HEDP),
2. (20100051474 Mar. 04, 2010 al. for electro-chemical- Ammonium hydroxide (or
[67] mechanical polishing | Potassium hydroxide) and
BTA
Phosphoric acid,
Method and compositiq Ethylenediamine, Ammoniun
3. 120040248412 Dec. 12,2009 | Liwetal.[33] for fine copper slurry foy citrate, BTA, KOH, HO,,

low dishing in ECMP

Silica abrasives, Ethylene
glycol, De-ionized water

129



Process and compositi
for passivating a

)r)Acid based electrolyte,

20070144915 June 28, 2007 Tiaet al. [68] Applled substrate during Corrosion |nh|b|t9r, Chelating
Materials, Inc. . agent, pH adjusting agent,
electrochemical .
. . Abrasives and Solvent
mechanical polishing
Phosphoric acid,
Method and compositig Ethylenediamine, Ammoniuni
. Applied for electrochemical citrate, BTA,
7390429 June 24,2008 Lstial. [69] Materials, Inc.mechanical polishing | Benzoylimidazol (BIA),
processing KOH, H,O,, Silica abrasives,
De-ionized water
Solution for Citric acid, Ammonium
20070017818 Jan. 25, 2007 Emeshet al. electrochemical oquate, BTA,.TrlmethyI
[70] mechanical polishin amine hydroxide, Urea,
POISAING 1 o ioidal silica
...| Phosphoric acid,
Process and compositip . .
tor conductive material thylenediamine, Ammoniunj
7589564 Seot. 01. 2009 Wanget al. Applied removal b citrate, BTA, KOH, HO,,
P54, [36] Materials, Inc. y Silica abrasives, XP-1296,

electrochemical
mechanical polishing

Polyethylenimine (PEI), De-
ionized water

130



20060249394 Nov. 09, 2006

Jiat al. [71]

Applied
Materials, Inc.

Process and compositi
for electrochemical
mechanical polishing

©
—

Phosphoric acid, Ammonium
citrate, BTA, L-2001
heterocyclic polymer/amine
solution), Polyethylenimine
(PEI), KOH and De-ionized
water

20070254485 Nov. 01, 2007

Maet al. [72]

Abrasive composition
for electrochemical
mechanical polishing

Phosphoric acid, Ammonium
hydrogen citrate, BTA, L-
2001, Polyethyleneimine
(PEI), XECP-7 polymeric
abrasive, Ammonium
hydroxide and De-ionized
water

10.

20080142375 June 19, 2008

Doniatet al.
[73]

Electrolyte formulation
for electrochemical
mechanical planarizatiq

HEDP (1-hydroxyethane
diphosphonic acid),
Ammonium Citrate Tribasic,
Oxalic acid, Ethylenediaming
5 Phenyl 1H-tetrazole,

nPropanol, Triton X-100,

Colloidal silica KOH and
Water
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APPENDIX C

Table C: List of Patents on Polishing Pad for ECMP

S. | US Patent | Publication | Inventor . .
No. No. Date Name Assignee Title Summary Remarks
Polishing pad has twg
Polishing pad for s_et of groqves W.Ith Different channels are
Sevillaet Cabot electrochemical- different dimensions roduced for the flow g
1. 12004025947 ®ec. 23, 2004 Microelectronic . and are interconnectg .
al. [74] . mechanical . Slurry by the grooves ir
Corporation L such that there is no
polishing . the pad
alignment between
them
. Polishing pad has a ([The conductive
Electro-chemical ] L L. .
mechanical conductive polishing |polishing element is
. . . lement, [ latem f polymer or
2. 7815778 | Oct. 19, 201MBajaj [75] | Semiquest Inc|planarization pad element, a guide platgmade of polymer o

with uniform polish
performance

a cathodic element, a
a slurry distribution
layer

graphite and the
conductive pattern in th
pad is made of copper
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Polishing article for

Polishing pad has an

The pad has stable
physical and electrical

7141155 | Nov. 28, 20()gunyanet ParkerHan_nlfln electro-ghemlcal electrically CondUCt.lveProperties with high
al. [76] Corporation [mechanical compound formed intq . .
L durability and improved
polishing a layer .
service life
aiove| ol Doty [ Pt s ot o
2006007087 2pr. 06, 2004 ppied . y supplying the electrolyt
al. [77] | materials, inc.mechanical controlled valve .
- flow at a desired rpm
polishing assembly
Pad assembly for Eollshlng pad assemt .
Chanaet Aoplied electrochemical includes acompressiblThe processing rate arj
20070111638/ay 17, 2007 g pp . ) layer disposed below ghe surface uniformity ¢
al. [78] | materials, inc.mechanical : .
i processing layer and {the substrate is improv
polishing
electrode
Method for The polishing pad hag
i Ameenet electrochemical [cellular polymeric laygThe polymeric layer ha
2010000087 dan. 07, 2010 : : :
al. [79] mechanical of thickness less thanja plurality of pores
polishing 1.5 mm

(%)
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Rohm and Hasg

Soet al Electronic Conductive Polishing pad consist$A wiring network is
7. 6893328 | May 17, 2005 ' . polishing pad with |of one or more anodegised to connect the
[80] Materials CMP
) anode and cathoddand cathodes anodes and cathodes
Holdings, Inc.
Rohm and HagPolishing pad for [The polishing pad hag
ooketal.| Electronic |electrochemical [grooves to facilitate |Better flow of slurry in
. 48977 | Feb. 01, 2 ) .
8 68489 eb. 01, O)g [81] Materials CMPmechanical flow of the slurry overjthe apparatus
Holdings, Inc. |polishing the pad
Conductive The apparatus has
. polishing article for|perforations and The authors reported
9. 7311592 | Dec. 25, 20 )(;henet a. Applled electrochemical [grooves in the pad [improved surface finish
[82] Materials, Inc. ) L .
mechanical which intersect with |of the substrate
polishing each other
Conductive A 90ndyctwe 'pO|IShI.ng .
L : article is provided withThe ion exchange
Hsuet al polishing article fora olishing pad, a membrane is used to
10. |2009008808@\pr. 02, 2009 ' electrochemical [P g pad,
[83] . cathode, an anode, afutevent oxygen gas
mechanical .
— an ion exchange generated at the anodsd
polishing

membrane

S
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based slurry with a pH of 6 and Buehler alumina-based slurry wighl af 9
produced a good surface finish. The surface roughness obtained with the
phosphoric acid-based slurry was 12.05 nm. Process parameters, such as polishing
time, voltage applied, pad and wafer carrier speed were studeeduastion of
material removal rate and surface roughness. Material remated increased
with increase in polishing time and the voltage applied. Good surfaisé fivas
obtained with a polishing time of 10 minutes at a voltage ran@ebato 10.5 V
with a wafer carrier speed of 15 rpm and a polishing pad speed of 325 rpm.
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