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(57) Abstract: The present disclosure provides a new corrosion control chem-
istry for use in ruthenium (Ru) chemical -mechanical polishing (CMP) process-
es. More specifically, the present disclosure provides an improved CMP slurry
chemistry and CMP process for planarizing a ruthenium surface. In the CMP
process disclosed herein, a ruthenium surface a post-etch ruthenium surface) is
exposed to a CMP slurry containing a halogenation reagent, which reacts with the
ruthenium surface to create a. halogenated ruthenium surface, and a. ligand for
ligand-assisted reactive dissolution of the halogenated ruthenium surface. Rela-
tive amounts of the halogenation agent and the ligand can be controlled in the
CMP slurry, so as to provide a diffusion-limited etch process that improves pos-
etch surface morphology, while providing high material removal rates.
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RUTHENIUM CMP CHEMISTRY BASED ON HALOGENATION

{3001] This application clamms priornty to U.S. Provisional Patent Application Seral Number
63/257 214, filed October 19, 2021, entitled “RUTHENIUM CMP CHEMISTRY BASED ON
HALOGENATION™, and claims prionty to U5, Patent Application Serial Number
17/674,593, fied February 17, 2022, eotitled "RUTHENIUM CMP CHEMISTRY BASED
ON HALOGENATION”; and clamms priorty to US. Patent Application Serial Number
17/674,5379, filed February 17, 2022, entitled "METHOD FOR WET ATOMIC LAYER
ETCHING OF RUTHENIUM?; the disclosures of which are expressly incorporated herein by

reference.

BACKGROUND

10602] This disclosure relates to semiconductor device manufacturing, and, in particular, to
the removal and ctching of polyervstalline matenals, such as metals.  During routine
semiconducior fabrication, various metals formed on a substrate may be removed by patterned
ctching, chemical-mechanical polishing (CMP), as well as other techniques. A variety of
techniques are known for etching layers on a substrate, including plasma-based or vapor phase
ciching {otherwise referred to as dry ciching) and hiquid based ctching {otherwise referred to

as wet etching).

{8003} Chemical-mechanical polishing (CMP)} has become an mndispensable tool for
planarization in scmiconductor mamsfacturing. CMP uses a shury containing a solvent, an
abrasive grit, and reactive chemicals designed to corrode the surface being polished. The
corabination of surface reaction and action of the abrasive grit leads to enhanced material

removal at elevated ponts on the surface, thus plananzing the surface.

{8604} One challenge with chemical-mechanical pohishing is surface corrosion. Surface
corrosion must be well controlled to prevent pitting, buildup of corrosion products on the
surface of the substrate, and surface damage from mechanical removal of msoluble products.
Surface corrosion control, however, must not come at the expense of throughput. That 1s, the
corrosion rate must be high encugh to support matenal removal rates compatible with high

volume manufacturing.
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{8603} Ruthenium {Ru) 13 a noble metal currently being considered as a replacement for
copper i back end of line (BEOL) metallization, as well as front end of line (FEQOL) features
such as buried power rails {power rails positioned below active devices). Ruthenium’s nobility,

however, makes Ru difficult to etch and planarize.

10006]  For example, co-pending U.S. Patent Application Serial No. 17/580,936, filed January
215, 2022, entitled “Dynamically Adjusted Purge Timing in Wet Atomic Laver Eiching”
describes a wet ALE process for etching various transition metals, incloding ruthenium. In the
co-pending application, a modified surface layer is formed by exposing surfaces of the Ru
metal to an oxidizing agent, which forms a metal-oxide on the exposed sarfaces. Although a
ruthennim dioxide (RuBh) sorface layer is easy to form using a chemical solution containing
dissolved oxygen or another oxidizing agent, the stability and insolubility of this surface oxide
makes 1t ditficult to deal with in the etch process. As such, strong oxidizers are typically used

i conventional etch processes to create soluble or volatle nuthenmium-oxide compounds.

{3807} Some commercially available ruthenium etchants contain strong oxidizers, such as
sodium hypochlorite, ceric ammomum nitrate and periodic acid, which oxidize the ruthenium
surface to create nuthenium tetroxide (Ru(4). Of these chemicals, the most effective etchants,
ceric ammonium oirate and sodivn hyvpochlorite, are problematic because they pose a metal
contamination hazard in the subsequently formed device. For example, incorporation of trace
amouwnts of sodium or certum in the front end of hine can significantly degrade transistor
performance. Periodic acid, on the other hand. is expensive and cannot be used to provide a

cost-ctfective etch process for rutheoium.

{0608}  Another problem with conventional etch processes used for ciching ruthersum 1s that
they tend to produce a rough post-eich surface. This 1s because ruthenium grain boundaries
tend to be much more reactive compared to the grain surface, which leads to preferential
ctching at the grain boundaries compared to the gram surfaces. As such, chemical mechanical

polishing is ofien used i conventional processes to smooth the post-ctch ruthenium surface.

10009 Like ntheruum eich chernisines, conventional ruthenune CMP shuries generally rely
on strong oxidizers to corrode the ruthenium surface. As with etching, these oxadizers tend to
react preferentially at the gram boundaries, which leads to pitting of the Ru surface during
CMP. Although less aggressive oxidizers may be used to reduce pitting, the use of such

oxidizers in the CMP slurry leads to much lower matenial removal rates. The matenial removal
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rate decreases substantially because the corrosion products are no longer soluble, so mechanical

polishing becomes the only process for material removal.

{8610} A need, therefore, exists for a new ruthemium CMP slurry chemistry, which improves

smoothing of the post-ctch surface, while providing high material removal rates.

SUMMARY

{8611} The present disclosure provides a new corrosion control chemistry for use n
ruthemmum (Ru} CMP processes. More specifically, the present disclosure provides anew
ruthenium CMP shlurry chenustry that uses halogenation of the ruthenim surface to form
ruthenium halide or ruthenium oxyhalide surface mtermediates, and reactive dissolution to
chemically remove the rathenium habide or ruthemiwm oxvhalide surface intermediates.
Halogenation of the ruthenium sarface can be accomplished using radical halogenation of
chemaical halogenating agents. Oun tts own, halogeonation 15 self-limtting, and the kinetics of
reactive dissolution are temperature dependent. The self-limiting nature of halogenation hinuts
pitting of the rathenium sorface. The temperature dependent kinetics of dissolution further aid
i planarization of the ruthenium surface as the mechanical polishing process raises the local

temperature around bigh points on the surface.

10612} According to one embodiment, an tmproved chemical-mechanical polishing (CMP)
process is provided herein for plananzing a ruthenium surface. In the CMP process disclosed
herein, a rothenium surface {¢.2., a post-etch ruthenium surface) may be exposed to a CMP
slurry containing a halogenation reagent, which reacts with the nuthenium surface to creaie a
ruthenium hahde or oxyhalide surface, and a ligand for higand-assisted reactive dissclution of
the ruthenmium halide or oxvhalide surface. Relative amounts of the halogenation agent and the
ligand can be controlied in the UMP slarry, 50 as to provide a diffusion-limited ctch process

that improves post-ctch surface morphology, while providing bigh matenial removal rates.

{8613} A wide variety of halogenation reagents (such as, e.g.. trichlorsisocyanuric acid
{TCCA)) in a non-agueous solvent (such as, e.g., cthyl acetate (EA)) can be used for thus
process. dince the ruthenium halide or oxvhalide surface is insoluble m non-agueous solvent,
higand-assisted reactive dissolution is used to facilitate chemical removal of the ratheninm

halide or oxvhalide surface. A wide variety of higands {such as, e.g., acetyl acetone (ACAC) or

2



10

15

20

25

30

WO 2023/069198 PCT/US2022/041873

aminopolycarboxyvlic acids) can be used for reactive dissolution of the ruthenium halide or

oxyhahide surface.

8614} According to another embodiment, a composition is provided herein comprising a new
CMP slurry. The new UMP shurry may generally include a solvent, a halogenation ageut that
halogenates a ruthenium surface to form a halogenated ruthenium surface, a higand that reacts
with the halogenated ruthenivm surface to dissolve the halogenated muthenium surface, and a
catalyst that increases the rate of a ligand exchange reaction with the halogenated ruthenium
surface. In some emboduments, relative amounts of the halogenation agent and the ligand
the CMP slarry may be selected to provide a rate of halogenation of the ruthenium surface that

ts greater than a rate of dissolution of the halogenated ruthenium surface.

{8615} In some embodiments, the CMP slurry described herein includes a halogenating agent,
but does not inchude an oxide-forming oxidizing agent. As used herein, an oxide-forming
oxidizing agent is an oxidizing agent that reacts with the ruthenum surface to form nitherum-
oxide layer on the rutheoium surface. Although a halogenating agent may halogenate and
chemically oxadize the ruthenium surface, it does not react with the ruthenium surface to form

a ruthenium-oxide layer on the rutheniwm surface.

{8016} In other embodiments, the CMP shurry described herein may mnclade a halogenating
agent and an oxide-forming oxidizing agent. For example, the CMP shurry may further contain
a predetermined amount of water or dissolved oxvgen. Wien halogenation is performed in the
presence of an oxide-formung oxidizing agent, such as water or dissolved oxvgen, a
halogenated ruthenium surface containing a ruthentum-oxide-halogen species is created on the
ruthenmum surface. Since the ruthenium-oxide-halogen species s generally more soluble than
the halogenated ruthenium surface layver, the presence of ruthenium-oxide-halogen species

mereases the material removal rate i the CMP process.

{8817} In some embodiments, the halogenation agent included within the CMP slurry may be
achlorination agent. In such embodiments, the chlorination agent may react with the ruthenium
surface to form a chlornated mathenium surface, and the ligand may be reactive with the

chlorinated ruthenium surface.

{3618} In some embodiments, the halogenation agent may inchide a chlornation agent
dissolved 1n a solvent. For example, the chlonnation agent may be trichloroisocyvanuric acid
(TCCA), oxalyl chlonide, thionyl chionide or N-chlorosuceinimide, and the solvent may be

4



10

15

20

25

30

WO 2023/069198 PCT/US2022/041873

cthyl acetate, acetone, acetonitrile, or a chlorocarbon. In such embodiments, the halogenation

agent may react with the ruthenium surface to form a self-limiting RuCls passivation layer.

[6619] It 15 noted that the halogenation agent disclosed herein is not strictly limited to
chlorination agents. In some embodiments, for example, the halogenation agent may be a
fluormating agent. In such ernbodiments, the fluorinating agent may react with the ruthenium
surface to form a tluonnated ruthenmum surface, and the higand may be reactive with the
fluornated ruthentum surface. In other embodiments, the halogenation agent may be a
brominating agent. In such embodiments, the brominating agent may react with the nutheruom
surface (o form a bromunated ruthenmium surface, and the higand may be reactive with the

brominated ruthemum surface.

{8628} In some embodiments, the hgand included within the CMP slurry may include
cthyvlenediaminetetraacetic acid (EDTA), acetvlacetone (ACAL), mincdiacetic acid (DAY or
diethvienctriaminepentaacetic acid (DTPA), and the catalyst may be a base. Examples of bases
that may be included within the CMP sharry to increase the rate of the ligand exchange reaction
with the halogenated ruthentum surface include, but are not limited to, potassium hydroxade
(KOH),  sodium hydroxide  (NaOH), ammonmiom  hydroxide  (NHaOH)  and

tetramethylammonium hydroxide ((CH3)eNOH).

{8621} In some embodiments, the CMP shurry may be non-aqueous and may include abrasive
particles. In one example mmplementation, the CMP slurry disclosed herein may use EA as a
solvent and may further contain a nanoparticle abrasive (such as siheon dioxade (5i0r)), a
halogenation reagent (such as TCCA), a ligand (such as an aminopolycarboxylic acid) and a

base to catalyze the higand-assisted reactive dissolution.

18622} Accordingly, the techniques disclosed herein provide a ruthenium CMP process and a
ruthenium CMP shurry that pamarily use halogenation to create ruthenium-halogen compounds
on the ruthenium surface, and use higand-assisted reactive dissolution for chemical removal of
the ruthenivm-halogen compounds. Since different igands react with the halogenated surface
at different rates, a variety of different ligands can be used to tune the chemical etch rate
achicved during a given CMP process. Ooe advantage of the CMP process and CMP slurry
described herein is that chemical and mechanical properties of nithentum-halogen compounds

are more amenable to the CMP process. As such, the CMP process and CMP slurry described

(4]
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herein improve smoothing of the post-etch ruthenium surface, while providing high material

removal rates.

8623} As described further herein, the present disclosure provides various embodiments of
methods that uttlize the new UMP chemistries disclosed herein for planarizing a ruthenium
surface. Of course, the order of discussion of the different steps as described herein has been
presented for clarity sake. In general, these steps can be performed in any suitable order.
Additionally, although each of the different features, techmques, configurations, efc. hercin
may be discussed n differont places of this disclosure, it is intended that cach of the concepts
can be executed mdependently of cach other or in combination with each other. Accordingly,

the present invention can be embodied and viewed 1n many different ways.

{8624} According to one embodiment, a method is provided herein for removing ruthenium.
The method may generally begin by positioning a substrate in 3 chemical-mechanical polishing
{CMP) system, wherein the CMP system inchudes a polishing pad mounted on a rotatable platen
such that the polishing pad can be rotated and moved across a surface of the substrate, and
wheremn the substrate includes a ruthenium surface. Next, the method may mcelude dispensing
a slarry over the polishing pad. The slurry may generally mnclude a sclvent, a halogenation
agend that balogenates the ruthenium surface to form a halogenated ruthenium surface, a Higand
that reacts with the halogenated ruthenium surface fo dissolve the halogenated ruthenium
surface, and a catalyst that mercases a rate of a ligand exchange reaction with the halogenated
ruthenium surface. Next, the method may inclade polishing the ruthenium surface using the

sturry until a predeternained amount of ruthenium has been removed.

160258}  In some embodiments, the method may further include controlling relative amounts of
the halogenation agent and the ligand in the shury, such that a rate of halogenation of the

ruthemuom surface is greater than a rate of dissolotion of the halogenated ruthenmum sarface.

[B0626] In some embodiments, said dispensing a shurry over the polishing pad may comprise
dispensing a slurry that does wot include an oxide-forming oxidizing agent. In other
embodiments, said dispensing a slurry over the polishing pad may comprise dispeunsing a slurry

that includes the halogenating agent and an oxide-forming oxidizing agent.

{3027] In some embodiments, the halogenation agent roay include a chiornination agent, which
reacts with the ruthemum surface o form a chlormated ruthenium surface. In such
embodiments, the ligand may react with the chlorinated rothenium surface to dissolve the

)
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chlornated ruthemium surface. In some embodiments, the catalvst that increases the rate of the

hgand exchange reaction with the chlorinated nithentum sarface may be a base.

[3628] Note that this summary section does not specify every embodiment and/or
merementaliy novel aspect of the present disclosure or claimed invention. instcad, this
summary only provides a preliminary discussion of different erabodiments and corresponding
points of novelly over conventional technigues. For additional details and/or posmible
perspectives of the invention and embodiments, the reader 13 directed to the Detaled
Description section and corresponding figures of the present disclosure as further discussed

below.

BRIEF DESCRIPTION OF THE DRAWINGS

16029 A more complete understanding of the present inventions and advantages thercof may
be acquired by referning to the following description taken n conjunction with the
accompanyimg drawings, in which like reference numbers ndicate like featurgs, I is to be
noted, however, that the accompanying drawings itlustrate only exemplary embodiments of the
disclosed concepts and are therefore not to be considered limiting of the scope, for the disclosed

concepts may admit to other equally effective embodiments.
{8638} FIG. 119 a block diagram of a chenucal mechanical polishing (CMP) system.

{3831} FIG. 2 s a flowchart diagram illustrating one embodiment of a method utidizing the

tochniques described herein.

DETAILED DESCRIPTION

18632} FEiching ruthenium with a hiquid {wet) chemistry conventionally uses strong oxidizers
to create soluble nithemium species. Currently available Ru etchants wse ¢enc ammonium
nitrate. periodic acid, and hypochlorite ions to oxidize metallic Ru® to Ru®” as RaQy or related

bvdrated specics. These oxidations, however, leave a rough post-cich surface because of the
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mereased reactivity of ruthenium at grain boundaries. Another disadvantage of conventional
ruthemum wet etch processes is that the reaction products are highly soluble. This solubility
leads to oxidation-imited etehing, which only exacerbates roughness formation duning eiching.
These disadvantages are amplified when these same oxidizers are used as part of Ru CMP
slurries. As such, new etch chemusiries for use in Ru UMP are needed for better ruthenium

removal.

{8633} The present disclosure provides new CMP slurry chemistrics for planarizing a
ruthenium (Ru) surface. As described in more detail below, the Ru CMP slurry described herein
meludes a halogenating agent to chemically modify the ruthenium surface and form a
ruthenium halide or oxyvhalide passivation layer on the ruthenium surface, a ligand {or ligands)
for reactive dissolution of the nuthenium halide or oxyhalide passivation layer, a strong base or
other catalyst to increase the rate of the ligand reaction, and abrasive grinding media i a non-
agueous solvent. Surfactants or other stabilizers can also be used to help keep all of these

components dissolved or suspended in the CMP slarry .

[8834] Unbike conventional CMP slurry chemistries used for planarizing ruthenium, the CMP
sturry chemistry disclosed herein focuses on oxidizing Ru’ to Ru™ rather than the higher
oxidation states achicved with conventional Ru CMP slurnies. Using a lower oxidation state
has the advantage of providing options for creating both soluble and insoluble ruthenium
products. The CMP slurry chemistrigs disclosed herein achicve lower oxadation states by
primarily using halogenation, rather than oxidization, of the ruthemivm surface to form a
ruthenium halide or oxvhalide passivation laver. Direct halogenation of metallic Ru” leads to
the formation of Ry’ X5 (where X is a halogen). In some embodiments, halogenation may be
achieved by exposing the rothenium surface to a CMP slurry comprising a chlorination agent,

a fluorinating agent or a brominating agent.

18035] Chlorination of the ruthenivm surface can be accomplished using a wide variety of
chlorination reagents, such as trichloroisocyvanuric acid (TCCA), oxalyvl chlonde, thionyl
chloride, and N-chlorosuccimmuide. Exposing the ruthemium surface to these chlonnation
agents chemically modifies the rethentum surface o form a ruthennum chlonde passivation
faver, such as but not himited to ruthentum irichloride {RuCls}. It is noted that this is not an
exhaustive list of all possible chiorination agents that may be used to form a ruthentum chlonde
passivation laver. It 13 further noted that the nithemiom surface may be exposed to other

halogenation agents to form other ruthenium halide or oxvhalide passivation lavers. For
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example, thiorination or bromination of the ruthenium surface can be accomplished using
fluormating  or brommating  agents, such as  -Fluors-2,4 6-trimethyvlpyridinium
tetrafluoroborate, N-fluorobenzenesulfonimide, N-bromosuccinimide, or dibromoisocyanuric
actd. When exposed to these halogenating agents, a ruthenium fluornide or ruthenivm bromide
passivation layer is formed on the ruthemam surface. Halogenating agents are generally
hydrolyzed by water. Thus, regardless of the halogenating agent used, the halogenation must

take place n a solvent or solvent blend where hydrolysis does not occur,

{30836} In one example embodiment, a CMP slurry in accordance with the present disclosure
may include TCCA dissolved in a non-agueous solvent, such as ethyl acetate (EA), acetone,
acetonitrile, or a chlorocarbon. Ru® reacts guickly to form a self-limiting ruthenium chloride
{RuCls) passivation layver when exposed to TCCA in a non-aqueous solvent, such as ethyl
acctate. The self-limiting ruthenium chlonide passivation layer may also contain RuG:Cly
species 1f oxide-forming oxidizing agents, such as water or dissolved oxygen, are present
during the chlorimation reaction. “Self-limiting™ means that only a limited thickness of the
ruthenium surface is modified or removed, regardless of how long a given eich solution is in
cortact with the ruthenium surface. The selt-himuting reaction can be limited by one or more
monolayers of reaction or a partial monolayer of reaction. Once created, the ruthenium chlonde
passivation laver can be solubiized through ligand exchange reactions. The addition of reactive
ligands to the non-agqueous TCCA selution transforms the CMP slurry chenustry descubed

herein from a self-himiting surface passivation to a continuous elch process.

{3837 A wide varicty of ligands may be used in the CMP slurry to chemically remove the
ruthenium chloride passivation layer through ligand-assisted reactive dissolation. For example,
ligands such as acetyl acetone {ACAC) or anuncpolycarboxylic acids work well for ligand-
assisted dissolution of insoluble Rull;. Ethviencdianunetetracetic acid (EDTA) 15 an example
aminopolycarboxvlic acid that reacts with RuCls to form a ruthenium aminopolycarboxylate.
Alternative ligands for reactive dissolution of insoluble RuCls inchude, but are not limited to,
mngdiacetic acid (1DA}Y and dicthyvlenctriaminepentaacetic acid (DTPA). EDTA, DA, and
DTPA can be used mn agucous solution, while ACAC can be used in aqueous solution, ethanol,
dimethyl sulfoxade (DMSO) or other organic solvents. In some embodiments, the higand or
hgands included within the CMP shurry can be used to tone the chemical etch rate achieved
during a given CMP process. For example, different ligands react with the rutheniom chloride

passivation layer {or other halogenated rutheruum surface laver) at different rates. Because the
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kinetics of the reaction is highly dependent on the reactivity of the ligand used, different igands

may be selected and used to tune the chemical etch rate achigved during a given CMP process.

16038] The higand exchange reaction {e.g., substituting EDTA for Cl ligands} 1s base catalyzed.
Therefore, a base is needed in the CMP shury to deprotonate EDTA (or ACAC) to form the
reactive amonic form of the ligand. A wide varicty of bases, such as potassium hydroxide
{KOH), sodium hydroxide {(Na(OH), ammmonium hvdroxide (NH«OH), tetramethvlammonium
hydroxide ((CH3)NOH), and other strong bases ¢an be used 1n the CMP slurry to deprotonate
the higand. Non-agueous bases {such as quaternary ammonium hydroxides, trialkylamines) or

basic solvents (such as anuno alcohols) can also be used.

{6639} Thus, in one embodiment, the CMP slurry described herein may contamm TCCA to
facilitate a chlonnation reaction with the ruthenium surface and form a ruthenium chlonide {e. g,
RuCls} passivation layer on the ruthenium surface, a igand such as ACAC or EDTA for ligand-
assisted reactive dissolution of the rothenium chlornide passivation layer, and a base or other
catalyst to increase the rate of the ligand reaction and contimuously cteh the ruthenium surface.
The relative kinetic rates of the chlormation reaction and the ligand-assisted dissolution
reaction can be adjusted by changing the concentrations of TCCA and the higand in the slurry

solution.

{0648] As noted above, conventional ruthenium wet ctch chemistries and CMP slurrigs rely
on oxidation-limited eciching, which ncreases surface roughuess during ciching and
planarization. In contrast, the techniques described heremm improve post-etch surface
morphology by ensuring that the overall etch reaction is dissolution-limited (7.e. by enswring
the halogenation rate is much faster than the higand-assisted dissolution rate}. This can be
achieved with the techmigues described herein because the halogenation kinetics and
dissolution kinetics can be independently controlied by adjusting the relative amounts of the
halogenation agent and the hgand included within the CMP slurry, so that the rate of
halogenation of the rutheniarn surface is greater than the rate of dissolution of the halogenated
ruthenium surface. Currently available oxadizer-based etch chenustry lacks this mdependent

control.

{8641} In some embodiments, the CMP slurry described heremn includes halogenating agents,
but is free from oxide-forming oxidizing agents, such as water or dissolved oxvegen. In other

crobodiments, the CMP slurry may contain both halogenating agents and oxide-forming

10
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oxidizing agents. In one example embodiment, the CMP slurry descnbed above may further
mehude a predetermined amount of water or dissolved oxygen. When chlorination is performed
m the presence of oxide-fooming oxidizing agents, such as water or dissolved oxvgen, a
ruthenium chloride (e.g., RuCls} passivation laver contaming RuGhCly species 1s created on the
ruthennim surface. Since the Ru(:Cly species are generally more soluble than the ruthenium
chlornide passivation layer, the presence of the Rulk&{ly species on the ruthemium surface

mcreases the material removal rate achieved 1n the CMP process.

{0042} In addition to the liquid components mentioned above, the CMP slurry described
herein may also contain abrasive media, such as sihica, alununa, cena, or other nanoparticles
to mechanically grind the ruthennun sorface. This mechanical grinding raises the local
temperature at high points on the wafer surface. This local heating serves to increase the etch
kinetics, which helps to plananize the wafer. Since the ligand exchange reactions used to
solubihize RuCls are very temperature sengitive, the local heating created at the high points is

very effective at increasing the local etch rate tn those areas.

[8043] In addition to a new CMP slurry, the present disclosure provides an improved CMP
process, which utifizes the CMP slurry chemistries disclosed herein to planarize a ruthenium
surface. The CMP process disclosed hercin can be used on a wide varnety of CMP tools and
sysiems. FIG. 1 iHlustrates one example of a CMP system 100 that includes a polishing pad 105
mounted on top of a rotating platen 110 and a shurry dispenser 115 for dispensing a shury 120
over the top of the polishing pad 105 As the platen 110 rotates, the motion of the platen 110
distribuies the sturry 120 over the surface of the polishing pad 105, A wafer carrier 125 holds
and positions a wafer 130 {e.z., a semiconductor substrate}, and apphies downward force
between the wafer surface and the polishing pad 105, The wafer carrier 125 can rotate and
move radially along the platen 110, A pad conditioner 135 is used to maintain pad flatness and
surface quality. The techmigues described herein include an mmproved slurry chemistry as part
of the chemical, reactive portion of chemical-mechanical material removal. As mentioned, FIG.
1 illustrates one exampic CMP system. It wili be recognized by those skilled in the art that the
technigues, methods, processes and sharry chemistries described herein may be used with a

wide variety of CMP tools and svstems and are not limited to that shown m FIG. 1

{6044} Fumally, the present disclosure provides a variety of methods that utilize the new CMP
shurry chemisines and CMP processes disclosed herein. FIG. 2 illustrates one embodiment of

a method that utilizes the techniques described hercin for planarizing or removing ruthenium

i1
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from a surface of a substrate. It will be recognized that the embodiment of FIG. 2 15 merely
exemplary and additiopal methods may utilize the technigues descrnibed herein. Farther,
additional processimg steps may be added to the method shown in the FIG. 2 as the stops
described are not intended to be exclusive. Moreover, the order of the steps 1s not hnuted to
the order shown n the figures as different orders may occur and/or various steps may be

performed in combination or at the same time.

{8645} FIG. 2 dlustrates one embodiment of a method 200 of removing ruthenium. The
method 200 may generally begin by positioning a substrate in a chemical-mechanical polishing
{CMP) system (o step 210y, FIG. 1 illustrates one embodiment of a CMP system {or CMP
tool} in which the substrate may be posittoned in step 218, As noted above and shown in FIG.
1, the CMP system 100 may generally include a polishing pad 103 mounted on a rotatable
platen 1140, such that the polishing pad 105 can be rotated and moved across a surface of the

substrate. In some embodiments, the substrate may mclude a ruthenium surface.

[8046] Noxt, the method 200 may include dispensing a slurry over the polishing pad {in step
220}, As noted above, the sturry may generally include a solvent, a halogenation agent that
halogenates the nuthenion surface to form a halogenated ruthenium surface, 3 ligand that reacts
with the halogenated ruthenium surface to dissolve the halogenated ruthenm surface, and a
catalyst that increases a rate of a higand exchange reaction with the halogenated ruthenium
surface. In some embodiments, the method 200 may inclade controlling relative amounts of
the halogenation agent and the higand inchided within the shurry, such that a rate of halogenation
of the ruthenium surface is greater than a rate of dissolution of the halogenated ruthenium

surface.

180471 Next, method 200 may meclude polishing the ruthenium surface using the shurry until

a predetermined amount of rathenium bas been removed {in step 230}

[8048] It 15 noted that reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure, material, or characteristic deseribed in
connection with the embodiment 15 meluded i at least one embodiment of the invention, but
do not denote that they are present in every embodiment. Thus, the appearances of the phrases
“in one embodiment” or “in an embodiment” 1n various places throughout this specification
are nol necessarily referring to the same embodiment of the invention. Furthermore, the

particular features, structures, matenals, or characteristics may be combined i any suitable
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manner m one or more embodiments. Various additional lavers and/or structures may be

mehuded and/or described features may be omitted m other embodiments,

[8349] 'The term “substrate” as used herein means and mmcludes a base matenal or construction
upon which materials are formed. B will be appreciated that the substrate may include a single
matenal, a plurahty of layers of different matenals, a layer or tayers baving regions of different
materials or different structures in them, efe. These matenals may mclude semiconductors,
msulators, conductors, or combinations thereof. For example, the substrate may be a
semiconducior substrate, a base scmiconducior laver or a supporting structure, a metal
electrode or a semuconductor subsirate having one or more lavers, structures or regions forme

thereon. The substrate may be a conventional silicon substrate or other bulk substrate
comprising a laver of semi-conductive material. As used herein, the term “bulk substrate”
means and includes not only silicon wafers, but also silicon-on~-insulator (“SOI™} subsirates,
such as silicon-on-gsapphire ("SOS87) substrates and sthicon-on-glass ("SOG”) substrates,
epitaxial layers of sihicon on a base semuconductor foundation, and other semiconductor or
optocicctronic materials, such as silicon-germanium, germanium, galliun arsenide, gallium

nitride, and indium phosphide. The substrate may be doped or undoped.

10688} Systems and methods for plananzing a surface of a substrate are described 1 varous
embodiments. The substrate may nclude any material portion or structure of a3 device,
particolarly a semiconductor or other electronies device, and may, for example, be a base
substrate structure, such as a semiconductor substrate or a laver on or overlying a base substrate
structure such as a thin film. Thus, substrate is not intended to be imited to any particular base
structure, wnderlying layer or overlving layer, patiemed or unpatterned, but rather, 1s
contemplated to inclade any such layer or bage structure, and any combination of layers and/or

base structures.

{8651} One skilled in the relevant art will recognize that the various embodiments may be
practiced without one or more of the specific detals, or with other replacement and/or
additional methods, materials, or components. In other mstances, well-known structures,
matenals, or operations are not shown or described 1n detail to avoid obscuring aspects of
varicus embodiments of the invention. Sunilarly, for purposes of explanation, specific numbers,
matenals, and configurations are set forth in order to provide a thorough understanding of the

mvention. Nevertheless, the mvention may be practiced without specific detals. Furthermore,

i3
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it 13 undersiood that the varnous embodiments shown in the figures are illustrative

representations and are not necessarily drawn to scale.

{8652} Forther modifications and alternative embodiments of the described systems and
methods will be apparent to those skilied in the art in view of this description. It will be
recognized, therefore, that the described svstems and methods are not limited by these example
arrangements. It is to be understood that the forms of the systemss and methods herein shown
and described are to be taken as example embodiments. Vanous changes may be made in the
mnplementations. Thus, although the rutheniume CMP techmigues are described herein with
reference to specific embodiments, various modifications and changes can be made without
departing from the scope of the present disclosure. Accordingly, the specification and figures
are to be regarded in an ihustrative rather than a restrictive sense, and such modifications arc
mtended to be included within the scope of the present disclosure. Further, any benefits,
advantages, or solutions to problems that are deseribed herein with regard to specific
embodiments are not mtended to be construed as a cntical, required, or gssential feature or

clement of any or all the clauus.

10653] Those skilled in the art will also understand that there can be many variations made to
the operations of the techmiques explained above while still achieving the same objectives of
the mvention. Such vanations are intended to be covered by the scope of thus disclosure. As
such, the foregomg descnptions of embodiments of the mvention are not mtended to be houting.

Rather, any limitations to embodiments of the mvention are presenied in the following claims.

14
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What is claimed is:

1. A composition comprising:

a chemical-mechanical polishing (CMP} shurry including a solvent, a halogenation
agent that halogenates a ruthenwm surface to form a halogenated ruthenivm
surface, a igand that reacts with the halogenated rutheruum surface to dissolve
the halogenated ruthenium surface, and a catalyst that increases a rate of a ligand

exchange reaction with the halogenated ruthenium sarface.

2. The composition of claim I, wherein the CMP slurry 18 non-aqueous.
3. The composition of claim 1, wherein the CMP slurry includes abrasive particies.
4, The composition of claim 1, wherein relative amounts of the halogenation agent and

the ligand i the CMP slurry provide a rate of halogenation of the ruthemum surface that is

greater than a rate of dissolation of the halogenated ruthemum surface.

3. The composttion of clamm 1, wherein the CMP starry does not include an oxide~-forming

oxidizing agent.

6. The composition of claim 1, wherein the CMP slurry contains a predetermined amount

of water or dissolved oxygen.

7. The composition of claim 1, wheremn the halogenation agent reacts with the ruthenium
2 o (=)

surface to form a self-hmiting rthenium trichlonide (RuCls} passivation layer.

8. The composition of claim 1, wherein the halogenation agent inchides

trichloroisocvanuric acid { TCCA), oxalyl chioride, thionvl chioride or N-chlorosuccinuaide.

9. The composition of claim 1, wherein the halogenation agent is dissolved in ethvi acetate,

acetone, acetonitrile, or a chlorocarbon.

10 The composition of claim 1, wherein the halogenation agent is a chlornation agent,
wherein the chiormation agent reacts with the ruthemium surface to form a chlonnated

ruthennim surface, and wheretn the ligand 1s reactive with the chlorinated ruthennum surface.
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11, The composition of claim 1, wherein the halogenation agent is a fluorinating agent,
wherein the floorinating agent reacts with the nsthenium surface to form a fluormated

ruthenium surface, and wherein the ligand is reactive with the fluorinated ruthenium surface.

12. The composition of claum 1, wheretn the halogenation agent is a brominating agent,
wherein the brominating agond reacts with the ruthenium surface to form a brominated

ruthenmum surface, and wherein the ligand 1s reactive with the bromunated ruthenium surface.

i

(5]

The composition of claim 1, wherein the ligand comprises ethvlenediaminetetraacetic
acid {(EDTA), acetylacetone {ACA(C), iminodiacetic acid {(IDA) or

dicthylenctriaminepentaacetic acid (DTPA).
14, The composition of claim 1, wherein the catalyst i1s a base.

i

W

The composition of claim 14, whercin the base comprises potassium hyvdroxide (KOH),
sodium hydroxide (NaOH), ammomum  hydroxide (NHiaOH) or tetramethylanumonium

hvdroxide ({CH3)NGH]}.
16. A method of removing ruthenium, the method comprising:

positioning a sebstrate in a chemical-mechanical polishing {CMP) system, the TMP
system including a polishing pad mounted on a rotatable platen such that the
polishing pad can be rotated and moved across a surface of the substrate, the

substrate mchiding a ruthemum surface;

dispensing a slurry over the polishing pad, the slurry comprising a solvent, a
halogenation agent that halogenates the ruthenium surface to form a
halogenated rutheniwm surface, a ligand that rcacts with the halogenated
ruthenium surface to dissolve the halogenated ruthemium surface, and a catalyst
that increases a rate of a ligand exchange reaction with the halogenated

ruthentum surface; and

polishing the rothentum surface using the slurry antil a predeternined amount of

nithenium has been removed.
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17. The method of claim 16, further comprising controlling relative amounts of the
halogenation agent and the ligand in the slurry, such that a rate of halogenation of the ruthenivm

surface is greater than a rate of dissolution of the halogenated ruthenium surface.

1% The method of claim 16, wherein said dispensing a slurry over the polishing pad

comprises dispensiong a slurry that does not include an oxide-fornung oxidizing ageot.

19, The method of claim 16, wherein the halogenation agent comprises a chlornation agent,
which reacts with the ruthenium surface to form a chlornated ruthemium surface, and wherein
the ligand that reacts with the chlonnated rathentom surface to dissolve the chlorinated

ruthennum surface.

20 The method of clatm 16, wherem the catalyst is a base.
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Pasitioning a substrate in a chemical-mechanical polishing
{CMP) system, the CMP system including a polishing pad

| olishing 210
mounisd on a rotatable platen such that the polishing pad can be
rotated and moved across a surface of the substrats, the

subsirate including a ruthenium surfacs;

'

Dispensing a slurry over the polishing pad, the slurry comprising
a sclvent, a haiogenation agent that helogenates the ruthenium
surfece to form a halogenated ruthenium surfacs, aligand that 770
reacts with the halogenated ruthenium surface to dissolve the

halogenated ruthenium surfacs, and a catalyst that increases a

rate of a ligand exchange reaction with the haloganaled

ruthenium surface; and

'

Palishing the ruthenium surface using the slurry untit & Y 230
predetermined amount of rutheniurm has been removed.

FIG. 2
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