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The adoption of low dielectric constant materials as inter-level dielectrics in microelectronics
fabrication will ultimately depend on process integration. Porous, SIED is one candidate
material. Cleaning of residual polymer from trenches following etching using fluorocarbon plasmas
and the deposition of a continuous barrier layer are critical processes for integration of PS as
inter-level dielectrics. To investigate these issues, reactions mechanisms for plasma stripping of
fluorocarbon polymer using oxygen containing plasmas and deposition of metal barrier coatings into
PS trenches were developed, and incorporated into a feature profile model. The reaction mechanism
was validated by comparison to experiments for blanket plasma etching of polytetrafluoroethylene
using Ar—GQ, chemistries. Plasma stripping of fluorocarbon polymers from soli¢ 889 trenches

was found to be less efficient at higher aspect ratios. Stripping was also less efficient from PS
trenches having large average pore radius and high interconnectivity. Cu ionized metal physical
vapor deposition was investigated as a surrogate for barrier coating in SS and PS trenches.
Compared to SS, thin film deposition was less conformal for PS having closed pore networks.
Thicker films were required for interconnected PS to avoid pin-hole formation20@ American
Vacuum Society[DOI: 10.1116/1.1764822

[. INTRODUCTION the formation of steady state fluorocarbon polymer layer on
the top of the dielectric surfaeThis polymer layer deter-
Copper interconnect wiring and low dielectric constantmines the etch rates, selectivity and the morphology of the
(low-k) materials as inter-level dielectrics are being imple-profile® If the polymer is not totally removed prior to the
mented to reduce the resistance-capacitance propagatigibsequent metal deposition for a barrier coating or seed
delay in microelectronic devicésThe successful integration layer, the sputtered metal atoms could mix with the polymer
and rellablllty of lowk dielectrics as inter-level dielectrics to form a h|gh resistance material and thus increase the con-
depends in part on their compatibility with current process+act resistance. The formation of this high resistance material
ing techniques.The main process steps of interest are phoso raises reliability concerd®.The residual polymer re-
toresist exposure and development, plasma etching to defingits in defects at metal—Si interfaces leading to a high leak-
vias and trenches, cleaning of the feature, and the depositiogge current. As a result, the removal of these residues is
of barrier coating and seed layers for subsequent electrQsitical for device integration.
chemical deposition. For example, post etch cleaning of geveral wet and dry methods for cleaning fluorocarbon
trenches and vias reduces the contact resistance between fagiques, which typically involve oxidizing chemistries, have
plasma-exposed surfaces and the subsequent deposited mejgbn previously investigatéd®-*wet cleaning methods in-
layers® With organic lowk dielectric materials, which are clude RCA cleans, HF dips, 4$0,—H,0, and amine based
etched using oxygen containing plasmas, there is often a reg|yents? However with decreases in feature sizes, wet strip
sidual oxidized layer on the surface which is typically processes have been found to be less effedtive. an alter-
cleaned by argon sputterlr‘lglnqrganlc lowk dielectrics,  native to wet stripping, plasma cleaning methods have been
such as porous SKJPS), are typically etched using fluoro- extensively investigatetf:!® Oxygen plasmas are typically
carbon plasma chemistries. The residual fluorocarbon poly;seq and are efficient in stripping residual polymer from
mer remainipg after etching a|_1d t.he photoresist z%re7 typicallyjig SiO, (SS. Remote oxygen plasmas are often preferred
removed using @based chemistriemong others™ with the goal of minimizing plasma damagé&he removal
Plasma_ etching of silicon baS(_ed Q|electr|cs is usually peryy organic polymer using oxygen plasmas has other wide-
formed using fluorocarbon chemistries and proceeds througgbread applications in semiconductor processing as well. For
example, Ar—Q chemistries are widely used for lithography
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using G chemistries® O, based chemistries also find appli- and applied to the stripping of residual fluorocarbon from
cations in the etching of organic and hybrid Idvdielectrics,  €tched PS films. The surface reaction mechanism was vali-
which are patterned using Si®@r SiN, hardmaskg®?! dated for etching of polytetrafluoroethylen®TFB in
There are potential drawbacks to using flasmas for Ar—0, chemistries by comparison to experimefitdJsing
cleaning of lowk PS materials such methyl silsesquioxane@lgorithms developed earlier for trench filling in nonporous
and hydrogen silsesquioxah@ypically O, plasmas oxidize ~films, copper IMPVD was then investigated as a surrogate
these materials into a Sidike material which increases for deposition of barrier coatings or seed layers into PS

L 1
their dielectric constantsAs a result other stripping tech- trenches’ . o
niques which use Hcontaining or N§—Ar chemistries are Based on experimental trends, we found that there is little
being considered?15:22 fluorocarbon polymer etching in the absence of simultaneous

Post etch processing of inter-level dielectrics also in-O &tom and energetic ion bombardment and our reaction
volves deposition of thin metal barrier and seed layers folMechanism reflects that. Stripping was found to be less ef-

lowing the residual polymer cleaning and preceding the finaf€Ctive for interconnected PS films with larger average pore
metallizatior?*24The deposition of thin films on porous ma- radii and larger porosities due to there being unfavorable

terials is challenging as the pore morphology may have Sig\_/iew angles to the incid(_ant energetic fluxes. T_his effect was
nificant effects on the functionality, conformality and reli- more pronounced for vias and trenches having high large

ability of the capping barrier and metal seed lay&rs aspect ratios. Unfavorable view angles also resulted in non-

" ; : : ; formal metal deposition in closed pore networks and cre-
Deposition of such thin barrier and seed films are typically®°" . T .
P ypicaly tion of pinholes in interconnected networks during Cu IM-

achieved by means of physical vapor deposition, chemic VD

i ; 1425 06

vapor fjep05|t|0n or gltomlc Iayer _deposnﬁf‘r?. The HPEM and the MCFPM are briefly discussed in Sec.
During the deposition of thin films onto meso-connected . : :

Il. The surface reaction mechanism for oxygen etching of

(interconnectedporous networks, the deposition of reactantsOrganic polymer is discussed in Sec. lll followed by valida-

into the entry of pore chains is inefficient, which could result_. : o . .
in an exposed pore being unabridged, a phenomenon referrggn of the _mechanlsm, which is pre_sented n Seg. IV. Strip-
to as creation of pin hole?sMeso-connéctivities have dimen- ping of residual fluorocarbon from high aspect ratio trenches

. : [ is di in Sec. V. Cop-
sions(2—20 nm which are comparable to the average poreOf PS and SS using £plasmas is discussed in Sec op

dius. Mi tvitvclosed ists of atomi per IMPVD as a surrogate to deposition of barrier coating
racius. Micro-connectivi Yclose pore)scongs s oralomic  5nd seed layer onto the cleaned trenches is presented in Sec.
level connectivities inherent to the material and whose di

. . . . VI, followed by concluding remarks in Sec. VII.

mensionga few A) are typically small in comparison to the
average pore radius. As such, pinholes due to atomic levg| HEgcRIPTION OF THE MODELS
connectivities are typically not a problem. For example
deposition of TaN barrier coating using physical vapor depoA. Reactor scale models
sition onto a methyl silsesquioxane based film with meso- The HPEM has been previously described and so is only
connectivities and average pore radius 3—5 nm was found Briefy summarized her&3® The HPEM is a two-
have pinholes, which were detected by an increase in thgimensional simulator which iteratively achieves a quasi-
sheet resistance. A partially porous diffusion barrier can steady state solution. The main modules are the Electromag-
also lead to contamination during the subsequent metallizahetic Module, the Electron Energy Transport Module and the
tion process! During thin film deposition onto intercon- Fluid Kinetics Module. Electromagnetic and magneto-static
nected porous substrates using chemical vapor depositicields are calculated in the Electromagnetics Module. These
and atomic layer deposition, the precursors can penetrate afidids are then used in the Electron Energy Transport Module
deposit material through the entire porous network, whicho obtain electron impact source functions and transport co-
also affects the integrity of the filff.As a result, sealing of efficients by either solving the electron energy equation or by
interconnected pore networks and conformal barrier layes Monte Carlo simulation. These results are then passed to
deposition onto closed pore networks are important to theéhe Fluid Kinetics Module, in which separate continuity, mo-
implementation of PS as inter-level dielectrics. mentum and energy equations are solved for ions and neutral

In this article, we present results from a computationalspecies. Poisson’s equation is solved for the time varying
investigation of post etch processirigesidual fluorocarbon electrostatic potential throughout the reactor. Output from
stripping and ionized metal physical vapor deposititM-  Fluid Kinetics Module(densities and electrostatic fie)ds
PVD)] of SS and PS films etched in fluorocarbon plasmasthen transferred to the other modules and the process is iter-
The study was performed using the Monte Carlo Featurated until a converged solution is obtained.
Profile Model (MCFPM), which has been modified to ad-  The Plasma Chemistry Monte Carlo Modul@CMCM)
dress two-phase porous materi&é€? This model is de- in the HPEM produces the energy and angular distributions
scribed in detail in the companion publication, Part |, cited afor neutrals and ions striking the wafer surfa¢elhe PC-
Ref. 30. The MCFPM uses energy and angular distribution$/CM is typically executed at the end of the HPEM after
of reactants obtained from the Hybrid Plasma Equipmenspecies densities, fluxes and electric properties have con-
Model (HPEM).3132 A surface reaction mechanism for etch- verged. The PCMCM launches pseudoparticles representing
ing of fluorocarbon polymers in Oplasma was developed ions and neutrals based on the electron impact source func-
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tions and the time dependent electric fields obtained from theoughness on spatial scales not resolved by our model, we
HPEM. Using a Monte Carlo simulation, the PCMCM tracks specified that a fractioriy=0.25 was diffusively scattered.
the trajectories of the ions and neutrals and captures its gashe energy of specularly reflected particle was scaled such
phase collisions and interactions with the surface. The gaghat forward scattered particles retain the majority of their
phase collisions are based on the chemistry used in thenergy. The specularly reflected particle energy for incident
HPEM and surface interactions are represented by reactivenergyE, is
sticking coefficients. Statistics are collected over multiple
launchings of the pseudoparticles. The PCMCM produces E(0)=E ( E|—Ec)( 60— 0. ) @
energy and angular distributions of neutrals and ions at —° "\ Es—E¢/\ 90°— 6,
specified locations on all surfaces. The MCFPM uses these
distributions at the wafer to predict etch profiles. for 6> 6., Ec<E <E. Particles havingg< 6. or E,<E;
are said to diffusively scatter. Particles haviBg>E,g are
said to retain all of their energy subject to the angular cor-
) ) _rection. We usedt;;=100 eV,E.=0 eV, andf.=60°. The
The MCFPM has been previously described and so isjng| reflected energy of the particle is a weighted sum of the
briefly summarized her€&*°The fluxes of reactant species specularly reflected energy and diffusively reflected energy.
and their energy and angular distributions from the PCMCM  The MCFEPM is also capable of addressing surface diffu-
are inputs to the MCFPM. The MCFPM resolves the surfacgion during deposition of materials. We used this option only
(mask, photoresists, semiconduciod$ the wafer using a for diffusion of metal atoms on metal underlayers. The dif-
two-dimensional rectilinear mesh. Each cell in the mesh igsion algorithm for Cu IMPVD has been described earlier
assigned a material identity. Gas phase species are reprgnd is summarized hefé.All depositing metal atoms are
sented by pseudoparticles and surface species are represeryeg physisorbed and are treated differently from the under-
by computational mesh cells. Pseudo-particles are Iaunchqging material even if they have the same composition. The
towards the surface from random locations above the tre”CBhysisorbed atoms diffuse on the surface before they are
with energies and angles sampled from the energy and angghemisorbed onto the underlying material. An adsorbed cell
lar distributions obtained from the PCMCM. The trajectoriesqan diffuse into any unoccupied adjacent cell in the mesh.
of the pseudoparticles are tracked until they hit a surfacerne probability that an adsorbed celinoves to another cell
where a generalized surface reaction mechanism controls trj'nedepends on their relative potential energies, which are
interaction. The reaction mechanism is ultimately expressegased on effective Morse potentials:
as a probability array for the reaction between the pseudopar-
ticle plasma species and the surface species. When a rj—ro rj—ro
pseudoparticle hits the surface, a reaction is chosen based on i :q’O{ ex;{ —2 ) -2 exp( -
these probability arrays using Monte Carlo techniques.
Based on the selected reactions, the identities of the meshhererij is the distance between the center of the cdlls.
cells change representing reaction products. Material isvas set to 0.3 eV based on the predictions byeltlal.3l ro
added or removed constituting a reaction product. Gas-phasgda, were set to 1.6 and 5 nm based on mesh scale lengths
species evolving from these reactions are tracked as new gas opposed to atomic lengths. The probability of diffusion to
phase pseudopatrticles. all possible locations is summed and normalized. The final
The interaction of energetic particles with surface speciesliffusion path is then randomly chosen. Based on the chosen
determined by the angular and energy dependence is digalue of the activation energy for diffusion froio j (E;;),
cussed in detail in Part | and is summarized H8réons  the adsorbed cell either chemisorbs or diffuses. The fre-
neutralize upon interaction with the surface and are not disgquency of such trials is governed by the jump frequengcy
tinguished from energetic neutrals. The generalized reaction

B. Feature scale model

] €

ag =N

probability for a particle of energi incident onto a surface v=—w;;In(r), (4)
at an angled from the vertical i8*3°
where
n__ E?
p(ﬁ’):po[m f(8), (N E.
rot vi=vgexp — — (5)
. 0 kas

where E; is the threshold energy of the process, is a
reference energy, angy is the probability for normal inci-
dence ak,, f(#6) is the relative probability at angle of inci-
denced. We have modeleéi(#) as a semiempirical function, vo=2kpT</h, (6)
typical of chemically enhanced sputtering with a maximum
value neard=60°.% The dependence of etch yield on angle whereh is Planck’s constank, is Boltzmann’s constant, and
in fluorocarbon plasmas is discussed in P&ft I. T, is the substrate temperature. At 393 Ky=1.6
Reflection of energetic particles from surfaces can be eix 10'? s~ 1. Based on the specified threshold jump frequency
ther specular or diffusive. The energy loss is large for diffu-(v;), the cell chemisorbs ifv<v,. v, was chosen to be
sive scattering and small for specular. To account for surfacé0® s~ based on earlier studiés.

and
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PS is modeled as stoichiometric Si@ith vacuum pores. reaction of oxygen with the carbon in the polymer. This re-
The pore radii and locations are randomly chosen and dissults in the breaking of the C—F and C—H bonds in the poly-
tributed in the numerical mesh used by the MCFPM with amer and in the formation of volatile byproducts such a©H
Gaussian distribution of radii having probability and CQ for hydrocarboné%olymers and CQFCQ,, and K,

2 for fluorocarbon polymers’

P(r)~exp(—((r=ro)/Ar)%), ™ In high-pressur€0.5—5 Torj oxygen discharges, O atoms
wherer is the radius of the incorporated porg,is the av-  are the primary etchant spec¢'! Etching by O radicals
erage pore radius, andir is the standard deviation. Algo- was found to be thermally activated with an activation en-
rithms were developed to include the capability of creatingergy of 0.25-0.5 eV for a variety of organic materials such
both closed and interconnected pore netwdfkshe inter-  as poly-methyl-metha-acrylat®MMA) and a phenol form-
connectivity of the network is the fraction of pores that arealdehyde based photoresisZ 1350J, Shipley C9.**1The
connected to another pore. PS having an interconnectivity afubstrates are typically heated to 100s °C. Similar trends are
0% consists of isolated pores. In PS having an interconnedound in low-pressure reactive ion etching of polyimide in
tivity of 100% every pore is connected to at least one otheAr—0, plasma, where, for example, Selwyn reported that the

pore in a low fractal dimension manner. O radicals are the main etchant speiélarperet al. inves-
tigated etching of polyimide by Arand G beams' They
1. SURFACE REACTION MECHANISMS found that the etching was six times slower using thé Ar
_ ) _ _ ion beam, differences attributed to increased activation by
A. Etching of Si and SiO , in fluorocarbon plasmas the neutral O radicals on the surface sites. Similarly low etch

The reaction mechanism for etching Si and Sid rates were observed in pure, Plasmas with low ion activa-
CHF;, C,Fs, or C,Fg plasmas is extensively discussed in tion. For example, Egittet al. observed little etching of
Ref. 30. Briefly, fluorocarbon radicals produced by electronpolyimide in pure @ plasmas when they shielded the poly-
impact of the feedstock gases deposit a {@r5 nm poly- mer from ion bombardment allowing only diffusion of radi-
mer layer on the Si or Sipsurface. The deposition process cals and thermal ions to the polymer surfd¢svhen poly-
is enabled by low energy ion activation of surface sites. Théner films are exposed to such oxygen discharges without ion
fluorocarbon thickness regulates the delivery of activatiorPombardment, their top surfaces are oxidized, creating a pas-
energy and reactants to the interface between the polyméivation layer, which stops further etching.
and substrate. When activated by ion bombardment, the oxy- These observations suggest an ion-assisted mechanism for
gen in the SiQ reacts with carbon groups in the polymer to the etching of organic materials. Greetral. observed that
release COFetch products; while the Si in the Si®eacts the etching of photoresist by an oxygen ion beam is limited
with F in the polymer to release SiF This process con- by the availability of O radicals at low pressures and by ions
sumes both the substrate and the polymer. Si, having no oxt higher pressuréS.in modeling of this etch mechanism
gen, reacts less rapidly with the polymer, resuling in aBaggermaret al. proposed a similar proce$§Steinbruchel
thicker polymer layer which reduces the rate of activation teet al. suggested a surface-damage promoted etching mecha-
the polymer—Si interface. The end result is a lower etch rat@ism, where the ion impact creates a damaged surface with
for Si. Energetic ion bombardment can also sputter the polyhigher reactivity, which on subsequent attack by neutrals re-
mer. The important scalings for this study are that polymef€ase the etch product®.Joubertet al. suggested an alter-
deposition relies on isotropic neutral fluxes and low energynate reaction pathway where oxygen radicals first adsorb on
activation (<10s eV}, either by ions or reflected neutrals, the polymer surface. The etch reaction is then completed by
which may also have broad angular distributions. Directactivation by energetic iorfs.
sputtering of polymer relies on energetic fluxes of ions and Based on these observations and the suggested reaction

reflected neutral§>10s e\ which tend to be more aniso- Pathway by Jouberet al,”> we modeled the fluorocarbon
tropic. polymer etch mechanism as a two-step ion-assisted process.

Oxygen atoms first react with the polymer to produce an

activated polymer site. Upon delivery of activation energy by

ions, the activated polymer complex evolves volatile etch
The removal of organic polymer using plasmas has wideproducts.

spread applications and has been extensively characterized. .

Early applications include reactive ion etching of organic P+ Og— Py, ®)

material in multilevel resist systems in an oxygen +

plasma®®3’ Recent applications are the removal of organic Ps +13—(COPgt 1y, ©

contaminants and residual polymers following fluorocarborwhere R is the polymer, B is the activated polymer com-

etching®’ O, plasmas are also being investigated for patternplex, I; is the ion, |, is a hot neutral, O is the etchant, and

ing organic lowk dielectrics. Investigations on the mecha- COF, is the volatile gas product. The subscrigsand g

nisms concentrate on the contribution of the major reactivelenote surfaces and gas-phase species. The polymer surface

species @A), O(*S), O(*D), O, and G .*®% The ef-  can also be directly sputtered by ions to release nonoxygen

fectiveness of removal of organic material in both fluorocar-containing volatile etch products such as,@#th an energy

bon and hydrocarbon polymers by, @lasmas is due to the dependence governed by E4). The threshold energy and

B. Etching of organic polymer
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TaBLE |. Surface reaction mechanism for oxygen plasma etching of fluorocarbon polymer and photoresists.

Species Symbol

Fluorocarbon polymer P

Photoresist R

Activated species *

lon I*

Gas phase species g

Hot neutral b

Surface specie S
Reactiort? Po En(eV) E,(eV) n Ref.
Ps+Oy— P 0.50
Pz + Ig*HCOFxg+ Ih 0.03 45 100 0.4 Eq)
P+ IJHCFXg-r Ih 0.15 70 140 0.97 Eql)
Rs+Oy— RS 0.01
RY + |§—»COFxg+ In 0.30 100 500 0.8 Eql)
Rs+ IJHCFXg-s- In 0.20 100 500 0.8 Eql)

®Reactions forJ are generic for all ions. All ions return to the plasma as hot neutrals. Hot neutrals have the
same mechanism as ions.

bIn reactions with no chemical change, the gas species are reflected from the surface. These reactions are not
shown in the table.

probability for this reaction are based on the reaction mechaand Cui [Cu(®Ds,) ] deposit on Si@ and Cu surfaces. The
nism developed for ion sputtering of the fluorocarbon poly-sticking probability of Cu and Cuwas estimated to be 0.70
mer formed during etching of SS. Photoresist was modeledn SiO, and 0.95 on Cu.

similar to the fluorocarbon polymer. The reaction mecha-

nisms for oxygen etching of fluorocarbon polymer and a ge{V. VALIDATION OF THE REACTION MECHANISM

neric photoresist are in Table I. A Basic mechanism

C. Cu ionized metal PYD The validation of the surface reaction mechanism for

The surface reaction mechanism used for Cu IMPVD hagtching of SS and PS in fluorocarbon plasmas is discussed in
been discussed earlier and is listed in Tabf& The primary  Ref. 30. The validation for the reaction mechanism for IM-
ions, Ar* and Cu’, sputter Cu and SiQsurfaces with an PVD of Cu is discussed in Ref. 31. The reaction mechanism
energy dependence given by Ed). The angular depen- for Ar—0O, plasma etching of organic polymer was calibrated
dence of sputtering has an energy dependence similar @nd validated by comparison to experiments by Standaert
chemically enhanced sputtering reaction with a maximunet al. for etching of PTFE! The inductively coupled plasma
near~60°. Specular reflection, as given by H®) hasgE.  (ICP) reactor used for this study, shown in Fig. 1, is pat-
=0eV and #,=70°. In addition to sputtering, deposition terned after that used by Standaetrial*® ICP power is sup-
also occurs with Cti bombardment. All ions not deposited plied through a 3-turn coil sitting on a 1.9 cm thick, 23 cm
are converted to hot neutrals at the surface and are treatellameter quartz window at the top of the reactor and the
similarly to ions in the reaction mechanism. Cu ground statelasma is generated below this window. The process gases

TaBLE Il. Surface reactions for Cu IMPVD with an Ar buffer gas.

Reactioft Po En(eV) E,(eV) n Ref.
Art +Cu—Arg+Cu, 0.35 45 100 1.0 Eqd)
Ar* +SiO,— Arg+ SiOy 0.10 45 100 05 Eq(d)
Cu* +Cu— Cyy+ Cy, 0.35 45 100 1.0 Eqd)
Cu"+Cu—Cu+Cu, 0.55

Cu® + Cu— Cuy+ Cug 0.10

CU" + SiOy— Cuy+ SiOy 0.10 45 100 05 Eql)
CU* + SiO,— C+ SiOs 0.80

CU" + SiOy— Cl+ SiOy 0.10

Cuy+ Cus— Cus+ Cug 0.95

Cuy+ SiO— Cus+ SOy 0.70

arefers to surface species agdefers to gas species. All ions return as a hot neutral. lons and hot neutrals have
the same mechanism.

PIn reactions with no chemical change, the gas species are reflected from the surface. These reactions are not
shown in the table.
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are injected into the reactor by a nozzle under the quartz
window. The gas flow rat€é40 sccm, pressurg(4 mTorn,

and ICP power(600 W at 13.56 MHx were held constant.
The 125 mm wafer is on a substrate 7 cm below the quartz
window and was maintained at 10 °C for all simulations. The
substrate is independently biased at 3.4 MHz to produce di-
rectional ions to the wafer.

Typical densities of Af and O radicals are shown in Fig.

1. The feed gas is Ar—53-94/6 and the rf bias is 40 V at 3.4
MHz. The power deposition and dominant ionization are
confined to 2 to 3 cm below the coils and the transport of
electrons and ions are primarily governed by ambipolar dif-
fusion. Hence the Ar density peaks at the center of the
reactor. The O radical density is also high near the nozzle as
O radicals are the product of electron impact dissociation of
the O, feed gas.

Fluxes of Ar", O; , O", and O to the wafer as a function
of radius for the same conditions are shown in Fi@).ZThe
dominant ion for these conditions is Ar Fluxes of Af" and
O atoms, which are the key precursors in the etch kinetics,
decrease moderately with radius resulting in less activation
and lower sputtering at the edge of the wafer. For these con-
ditions etch rates for blanket etching of PTFE at the edge of
the wafer were=20% lower than at the center. The energy
and angular distribution of the Arflux, shown in Fig. 2b),
has an average energy ef75 eV and angular spread of
<10°.

Total ion and O fluxes to the center of the wafer for dif-
ferent Ar—Q ratios as a function of the applied rf bias are
shown in Fig. 3. Increasing the,®nole fraction results in a
corresponding increase in the flux of O atoms and decrease
in the ion fluxes. O radical fluxes are not sensitive to changes
in the applied rf bias. However, ion fluxes increas&0%
when the rf bias is increased to 80 V. Bias power as a func

Fluxes (cm'23'1)
= N
(6] o

-
o

o
(&)

100

~ o] ©
(@] o o

lon Energy (eV)

D
o

50
(b)

Fig. 3(c). With increasing Ar fraction, there is an increase in over the wafer.
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0 1 2 3 4 5 6

Fic. 1. Plasma properties of an Ar»894/6 plasma
for the base cas@00 W ICP power, 4 mTorr, 40 scom
and 40 V rf bias at 3.4 MHz(a) Ar™ and(b) O atom
density. As diffusive transport dominates at low pres-
sures, the ion densities peak near the center.

o* (1019)

At (1017 02" (1019)

_— ]
o (1017

Radius (cm)

-10 0 10
Angle (degrees)

Fic. 2. Properties of the fluxes to the wafer for the base case conditions for
. . . A - . “Ar—0,=94/6 and 40 V biaga) Ar*, O; , O*, and O fluxes as a function of
tion of applied rf bias voltage and gas mixture is shown iNagiys. (b) Ar* angular and energy distributions incident on and averaged
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1.3 . . . 5000 . . . .
< Arf02=99/1 Ar/O,=T75/25
q."’ 12 = 4000 -
i< 14 £ 3000
1 [0
= o
< @ 2000
% 10t - g
=2 75125 w
' 1000 —— Model
2 09F ] ) - —— Experiment
- - 0 . . ) )
(a) 0_0T . . ' i 0 20 40 60 80 100
. . . Bias Power (W)
- 30r Ar/Qo=75/25 T Fic. 4. A comparison of predicted and experimental results for PTFE etch
'n rates as a function of bias power for Ary©Ghemistries. Etch rates increase
C\'IE 25 1 with bias power. Experimental results are from Ref. 21.
= 20t 1
N
‘_'o 15 87113
> I | power, increasing the LOfrom 6% to 25% increases etch
* 10l i rates from 3500 to 4500 nm/min. At these bias powers oxi-
= 94/6 dation of the polymer surface to form activated sites is the
O 05t - rate-limiting step. These results are also consistent with ear-
991 lier observations that oxygen plasma etching of organic poly-
(b) 00 ' ' ' mer has distinct oxygen-neutral limited and ion-limited
. . . regimes:®
125}
100} ] e .
s Ar/05=99/1 B. Sensitivity of the mechanism
}; 751 94/6 i The sensitivity of polymer etch rates on coefficients de-
Z scribing formation Eq. (8)] and sputtering of activated sites
’f,; 5ol ) [Eq. (9)] was investigated. For example, etch rates as a func-
2 87/13 tion of O atom sticking probability to form activated sites for
5| 75125 | the base case conditions and ArL=675/25 are shown in
Fig. 5. Without a bias, etching is limited by the sputtering
rates. As a result increasimg has little effect on etching. As
00 20 40 80 30 the substrate bias increases, ion energies increase sufficiently
(o) rf Bias (V) to sputter activated sites thereby exposing more polymer sur-

Fic. 3. Plasma properties as a function of gas composition and bias on thface tq further O-XIdatl-on' As a result, etch rates-‘ |ncrea§e with
Waf.er.for the base case conditiorig) lon flux and(b) O atom flux to the BP at_ intermediate biases. However’ further mcreasm.g the
center of the wafer; an¢c) bias power. Increasing Arflux at higher Ar  bias increases the rate of direct sputtering of non-activated
fractions produce larger currents and bias powers. sites by ions which then becomes the dominant polymer re-

moval process. Hence the variation of etch rate as a function

of pg is small at large biases. Based on these observations,
the total ion flux to the wafer, which increases current andsimilar parameterizations for other gas mixtures and com-
power deposition for a given rf bias. parisons to experiments, we chgsg=0.50.

Etch rates as a function of bias power for blanket etching The sensitivity of sputtering of activated polymer sites
of PTFE in Ar—GQ mixtures are shown and compared towas also investigated for the same process conditions. The
experiments in Fig. 4! For a given gas mixture, the O atom resulting etch rates are also shown in Fig. 5. Since at low rf
flux is nearly independent of bias power, and so the rate obias, the ion sputtering is rate limiting, decreaskgsignifi-
formation of activated polymer sites is constant. The increaseantly increases the fraction of ions that are able to sputter
in etch rates with increasing bias power is attributed to aractivated sites. Without an applied bigsns arriving at the
increase in the sputtering of activated polymer sites whiclsubstrate with energies corresponding to the floating poten-
releases volatile etch products such as COOF,, and k. tial) etch rates increased to 2000 nm/min whenis de-

At low biases increases in the etch rates with increasing Ocreased from 15 eV. High biases produce etching in the
are small which indicate that the sputtering of activatedneutral-limited regime and as a result change€jnhave
sites is the rate-limiting step. In contrast, at 100 W biaglittle effect on the etch rates. Increasipg increases etch
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. . AI’/OZI =75/25 100 nm Ar/02=99/1
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Fic. 6. Polymer stripping from SS trenches) Profiles of the SS trench
before and after the cleaning process using Ar=09/1, 20 V rf bias and

the base case conditions. The aspect ratio is 5 and the trench opening is 100
nm. The black material is polymer. Expanded views of selected outlined
portions of the profile are shown in the adjacent boxbs.Stripping effi-
ciency as a function of rf bias. As in blanket etching of PTFE, stripping is
more efficient at higher biases due to higher rates of sputtering of activated
polymer sites.

Etch Rate (nm/min)
N [o5] B
o Q (o]
Q [e] Q
o (&) o

1000} 4~

(c) rf Bias (V)
for this purpose, although common practice for SS films, has
Fic. 5. Consequences of varying parameters in the reaction mechanism fcg;et to be optimized for PS films due to their complex pore

the base case conditions and Ar=675/25 as a function of rf biaga) . . . . .
Probability of formation of activated polymer sitég) threshold energy of morph0|0gles and their more complex interactions with the

the sputtering of an activated polymer site; anfisputtering probability of ~ Plasma species.
the activated polymer site. At low biases, the dominant polymer removal
process is sputtering of activated sites. At high biases, polymer is removeé"
by direct sputtering.

Stripping polymer from solid SiO  , trenches

The ICP reactor that was used for the etching of the SS
and PS trenches is the same as that used for the stripping

rates for all substrate biases. Based on these parameteriZ2plications. Profiles of high aspect ratio SS trenches before
tions and comparison to experiments we ch&se 45 eV and after stripping are shown in Fig. 6. The etching process
and py=0.03. conditions were 1400 W ICP power at 13.56 MHz, 6 mTorr

pressure, 40 sccm CHFlow rate and a self generated dc
bias of —65 V. These process conditions were optimized to
V. STRIPPING OF RESIDUAL FLUOROCARBON obtain a profile with nearly vertical sidewalls. The aspect
POLYMER ratio of the profile is 5 with a trench opening of 100 nm.
Stripping of residual polymer from vias and trenches of(These are the dimensions for all trenches discussed)here.
SiO, etched in fluorocarbon plasmas has become increas-he taper of the profile calculated as the ratio of the width of
ingly challenging with the reduction in feature sizes and in-the trench at 400 nm from the bottom to the width at the top
crease in the aspect ratio of the features. Use ppl@smas of the trench is 0.98. The stripping process conditions are the
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base case with Ar—£=99/1 and rf bias=20 V. The post 1.0 ; . . .
etch residual polymer thickness on the sidewalls for this case
is ~5 nm and on the bottom of the trench is a few monolay-
ers. This difference is a result of there being less ion sputter-
ing of the passivation layer on the sidewalls of the profiles
during etching due to the high degree of anisotropy of ions.
In contrast the directional ions are more efficient in deliver-
ing activation energy to the bottom of the trench and hence
reduce the thickness of the polymer there. These proces
conditions nearly completely remove polymer from the SS
trench. Note that there is surface roughness on the sidewall
of the trenches. The implications of this roughness will be 0.00
discussed below. )
Stripping efficiency(the fraction of polymer remaining

for the same conditions using Ar-© 99/1 while varying Begin End
the substrate bias is shown in Figbpas a function of time. ’
As in blanket etching, at low biases there are low rates of
sputtering of activated polymer sites and the ion activated
process removal process is the rate limiting step resulting ir
poor stripping. As the bias increases there is increased re
moval of polymer due to both chemically enhanced and di-
rect sputtering. Note that the cleaning times are short as onl
5-10 nm of material need to be removed from the sidewalls.
These times are short compared to those required to remov
the much thicker photoresist.

08| |
06k ]
04} 3 ]

02} U ]

Fraction of Residual Polymer
>

2 4 6 8 10

B. Stripping polymer from porous SiO , trenches

The stripping of residual fluorocarbon from trenches in PS B

having closed pores and 50% porosity and different average
pore radii is shown in Fig. 7. The process conditions are the
base case, Ar—£-99/1 and a rf bias of 20 V at 3.4 MHz.
Results are shown for a time corresponding to removing 99%
of the polymer for the 4 nm pore case. Profiles are also
shown before and after stripping. Note the filling of pores by
polymer, particularly with the larger pores. The pore filling
results from initial activation by low energy ions or reflected
neutrals, species which can arrive at the surface with a broa
angular spread.

Stripping efficiencies generally decrease with increasing
average pore radius. The nonmonotonic change in efficienc
(at a given timg between, for example, 10 and 13 nm pore
cases results from the stochastic nature of the pore morphol
ogy and resulting random nature of view angles to the
plasma. When PS with 4 nm pores is 99% cleaned of pon—(C)
mer nearly 24% of the residual poymer remains or the LG, 1 ot 1o o e
nm case. The cleaning is more effective at the top of théage pore radii. The process congitioné areo Fhe ba);e case with ,Ar-O
trench than the bottom of the trench due to the lack of favor—gg/1 and a 20 v rf bias. Profiles of the trenches are shown before and after
able view angles for the incident ions at the lower location.the stripping for PS with(b) ro=4 nm and(c) r,=16 nm. The black mate-
This is particularly so for the inner surfaces of pores whergial is ponn_]er. Expa_nded views of selected outIir_]ed portions of thg profile
significant polymer remains. These locations at best rec_eiv%:)eresshlc;";g;rloﬂ;rfe?f?é;crinétgg;?nz_Unfavorable view angles due with larger
hot neutrals from ion reflection which have lower energies
than the incident ions. This results in poor ion sputtering and
removal of the polymer. On the other hand, the formation ofisotropic in nature are less sensitive to the pore morphology
polymer at these sites during fluorocarbon etching resultand so polymer is able to be deposited on all surfaces of the
from neutral flux and low ion energy activation. The neutralpores.
and low energy ior(or reflected neutralfluxes being more The inefficiencies in stripping due to the complex pore
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rf Bias=20\( IC = Interconnectivity . : ' " IAr/02=‘75/25
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3 o8| 100% .
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5 04} 60% J
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8 02} J
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o
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B 06 j
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]
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2 100%
8 02 ]
- 60%
00 [ 1 1 IC =IO% 1
0 1 2 3 4 5
(b) Time (s)
(b) Begin IC=60% End Fic. 9. Effect of interconnectivity and bias on the fraction of residual poly-

mer remaining on PS using an Ar»©75/25 plasma for the base case with
(a) 20 V rf bias and(b) 80 V rf bias. The PS hagy=16 nm.

with sufficient energies to remove material. The end result is
that residual polymer remains deep within the interconnected
pores. With interconnected structures there is also the likeli-
hood for O radicals to penetrate into the porous network
which could change the dielectric properties of the film by
reacting with organic groups.
. The stripping efficiencies of residual fluorocarbon from
© Begin  IC =100% End PS with a pore size of 16 ni50% porosity as a function of
time for different interconnectivities are shown in Fig. 9. The
Fic. 8. Profiles before and after stripping using an Az=05/25 plasma  process conditions are Ar—8& 75/25 and substrate rf biases
for th(_e base case with a 20 V _rf bias. The_P_S has 16 nm pores and 50%]: 20 and 80 V. With a closed pore network, increasing the
porosity. Results are shown for interconnectivitiegaf0%, isolated pores, . .
(b) 60% and(c) 100%. The black material is polymer. Expanded views of substrate bias compensates for unfavorable view angles by
selected outlined portions of the profile are shown in the adjacent boxedncreasing the energy of reflected neutrals into open pores
Stripping becomes less efficient with large interconnectivities. and produces nearly complete polymer removal. In contrast,
a 20 V bias leaves 0.63 and 0.35 of the polymer in the 60%
and 100% interconnected samples as energetic particles are
morphology which occur in a closed pore network are magunable to penetrate sufficiently deep into the network to ac-
nified by interconnected networks. For example, profiles otivate removal. Increasing the bias to 80 V reduces the re-
high aspect ratio trenches in interconnected PS films beforsidual polymer fraction to 0.2 for a 100% interconnected
and after cleaning using an Ar-,© 75/25 plasma for the structure as particles even after a few reflections still have
base case conditions and rf bias of 20 V are shown in Fig. 8ufficient energy to sputter the activated polymer. Even
The cleaning time is 10 ésame scale as for Fig.) Which  higher substrate biases would be required to deliver the re-
removes 99% of the polymer fno a 4 nmclosed pore net- quired energy inside the pore chains for complete cleaning of
work in an Ar—-Q=99/1 plasma. View angles for ions or the residues, though there may be locations from which the
reflected neutrals inside the interconnected chains beconmolymer cannot be removed due to statistically poor view
even more unfavorable and so the activated polymer surfacangles. The downside to this increase in bias is sputtering
sites inside the chains are less likely to receive particle fluxedamage to the PS film.
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Ar/05=99/1
rfBias=20V AR = Aspect Ratio

-
o

o
)

o
[22]

©
'S

0.2

Fraction of Residual Polmyer

(c) Time (s)

Ar/05=99/1 AR =
rfBias=20V AR=1 AspectRatio

(c) Begin 16 nm, 50% End

Fic. 11. Profiles of PS trenches witlh=16 nm and 50% porosity cleaned
using an Ar—Q=99/1 plasma for the base case with 20 V rf bias for dif-
ferent aspect ratio&) AR=1, (b) 3, and(c) AR=5. The black material is
polymer. Expanded views of selected outlined portions of the profile are
shown in the adjacent boxes. Better view angles to the ion flux at the top and
reflected ions the bottom of the trench improve stripping for low and inter-
mediate aspect ratios.

ratio is in part due to being in a reactant limited regime. The
magnitude of the reactant current into the trench is deter-
mined by the width of the trench. As the aspect ratio in-
creases a larger surface area must be cleaned by a constant

Fie. 10. Effect of aspect ratio on stripping efficiencies for trenches cleanectyrrent of reactants. The exposed surface area increases as

using an Ar—Q=99/1 plasma for the base case with 20 V rf bi@ SS, (b)
PS withry=4 nm and 50% porosity an@) r,=10 nm, 50% porosity.

C. Consequences of aspect ratio

the porosity increases. On this basis alone the cleaning time
should increase in proportion to the fractional increase in
surface area. Additional increases in cleaning time beyond
the ratio of surface area are due to nonlinear processes.
For low aspect ratio trenches the pore morphology has

Stripping was investigated for SS and PS trenches havinlittle effect on the cleaning times. The views angle to the
different aspect ratios. These stripping efficiencies are showplasma from all surfaces is sufficiently large, or the shadow-

in Fig. 10 for an Ar—@=99/1 and rf bias 20 V. Profiles

ing sufficiently small, that energetic particlégirect or re-

for the 16 nm case for aspect ratios of 1, 3, and 5 are showflected can reach into pores to sputter polymer. Having said
in Fig. 11. The time for cleaning was chosen so that 99% othat, polymer stripping also depends on the location in the
the polymer was removed for SS trenches with an aspedtench. For example, for trenches with an aspect ratio of 3,
ratio of 4. The general trend is more rapid polymer removalpores near the top of the trench have large view angles to
for lower AR features. For a given aspect ratio, cleaning isons and so are left with little residual fluorocarbon. Pores at
less rapid as pore sizes increases. The scaling with aspetie bottom of the trench also have little residual fluorocarbon
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as they receive energetic particles resulting from ions reflect-  22.0 : | ; : : ; ;

ing from the bottom of the trench. Pores located in the

middle of the trench see fewer ions impacting directly or Magnet mmn Core
following reflection and so considerable residual polymer is 1651 (Typical)

left. For example, the overall cleaning efficiency for the fea- \

ture having an aspect ratio of 34610% and which is mostly Gas Inlet
attributable to this middle region. For an aspect ratio of 5, the
cleaning efficiencies for top 100 nm, middle 300 nm, and
bottom 100 nm of the trench are 3%, 30%, and 40%, respec
tively. The overall cleaning efficiency in this case is 33%. As
the aspect ratio increases, the view angles at the bottom ¢
the trench decrease and the ions reflected from the bottomc ._,,l“ , : , , i m.,_.

the trench contribute less towards the stripping process. 16 12 8 4 0 4 8 12 16
(a) Radius (cm)
8

Cu Target
1.0 o -

Ij“CoiIs

& -
551 i
Gas Outlet (Substrate

Height (cm)

VI. BARRIER COATINGS BY IMPVD

[e2)

A. Reactor scale properties and coating solid SiO

Barrier coatings and seed layers of metals are typically
deposited by PVD or IMPVD. Although Cu is not used for
barrier coatings, we are using Cu IMPVD as a surrogate for
these studies as the knowledge base for that system is we
established. The IMPVD reactor used for this study, sche-
matically shown in Fig. 12, has been extensively discussec Cu
earlier and so is briefly described héfeThe reactor has a 0 i &
conventional dc magnetron copper target augmented by in (b) Radius (cm)
ternal inductively coupled coils which provide auxiliary ion-
ization. The diameters of the target and of the substrate ar I, F ﬂ
20 cm. The distance between the target and the substrate
13 cm. The process conditions are 1000 W ICP power, 30C
W magnetron power, 40 mTorr Ar gas buffer and 150 sccm ]
gas flow rate. The magnetic field is 250 G at the surface of }
the target. The rf voltage on the inductive coil is 100 V and 4
the self generated dc bias 890 V. The rf and dc bias
combination results in about 20 V of rf oscillation in the

N

Cu Flux (x 10719 (cm2s~1)
N

Nk

plasma potential. } 4
Fluxes of selected radicals and neutrals incident onto the {

wafer are shown in Fig. 1B). Due to a high pressure of 40 {

mTorr which slows sputtered Cu and so allows them to be é

ionized, the majority of the incident Cu flux is Cu The
majority of the neutral Cu flux to the wafer consistq ofeta- {

stable Cu*. Cu" has an ion energy distribution between 40

and 80 eV, which is primarily due to the oscillation in the *
plasma potential from the immersed coil. Cllux is domi-
nantly anisotropic and has an angular spread-@6° from
the normal. In contrast the Cthas energies between 0.1 and g 12 cy IMPVD as a surrogate for barrier coatings.Schematic of the
0.7 eV and an isotropic angular distribution. IMPVD reactor,(b) Fluxes of Cu, Cu*, and Cu to the wafer for the base

Barrier layers for an initially smooth ideal SS trench, andcase. Profiles of SS trenches coated using Cu IMPVDOdpa smooth ideal

a SS trench etched in a fluorocarbon plasma and strippethnCh andd) a trench obtained after etching and stripping. The black ma-
terial is copper. Expanded views of selected outlined portions of the profile

using an oxygen plasma are shown in Fig. 12 as well. WheRre spown in the adjacent boxes. Sputtering during prior processing steps
the SS surface is initially smooth, the resulting film is con-results in sidewall roughness, which by micro shadowing produces uneven-
formal with similar sidewall and bottom coverage, as showmess in the deposited film.

in Fig. 12c). Even in this case there is some small amount of

roughness in the final Cu barrier layer due to sputtering of

the SiQ sidewalls and Si bottom layer during the IMPVD 12(d), the resulting film has significant thickness variation.
process. This surface roughness is then magnified by shadhe initial roughness here results from sputtering during the
owing during the deposition process which has a directionaktch and cleaning processes and is magnified by the finite
component. When the initial surface has roughness, as in Figize of our numerical mesh. Nevertheless it is illustrative of

(c) Ideal (d) Non Ideal
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i

il

(@ 4nm,50% (b) 10 nm, 50%

3

ey

() 13nm,50% (d) 16 nm, 50%

Fic. 13. Cu IMPVD onto PS trenches with 50% porosity for different aver-
age pore radii(@ 4 nm, (b) 10 nm,(c) 13 nm, and(d) 16 nm. The black
material is copper. Expanded views of selected outlined portions of the
profile are shown in the adjacent boxes. The film is less conformal for larger ) o ) )
pores and voids are created or initiated due to the presence of pores. ~ F6. 14. Effect of interconnectivity on Cu IMPVD into PS trenches with

ro=12nm and 50% porosity for different interconnectivitiéa) 0%, (b)

30%, (c) 60%, and(d) 100%. The black material is copper. Expanded views

of selected outlined portions of the profile are shown in the adjacent boxes.
the consequences of sidewall roughness, which by micr@hicker coatings are required for pore sealing and to avoid pin-hole forma-

shadowing produces unevenness in the film. The direct resu‘lP” Thicker coating also leads to narrowing of the trench opening and
is that thicker films are required to ensure that no pinholes P
critically thin regions occur.

(C) 60% (d) 100%
12 nm, 50%

tive would be to bridge the gap at the pore openings, which
would require barrier coating thickness of at least the pore
This need for thicker average films to mask roughnesgliameter.
extends to PS. Barrier layers for closed @S10, 13, and 16 Similar challenges are faced when depositing barrier lay-
nm at 50% porosityare shown in Fig. 13. The process con- ers into PS trenches having interconnected networks. In these
ditions were optimized to achieve a conformal coating forcases, the goal is to seal the opening to the interconnected
SS, which is shown in Fig. 18). The depositions times are chains with the diffusion barrier. Conformal coating of the
different for each pore size to achieve similar sidewall thick-barrier layer onto the surface of isolated pores produces an
ness of~3-5 nm. For 4 nm PS, the ratio of the film thick- adequate diffusion barrier. However for interconnected pores
ness on the top of the feature to the sidew@Rsrequired to it is likely not possible for the depositing species to map onto
obtain conformal coverage R~ 3, while that for SS iR the contours of the chains deep into the PS to produce a
~2. This value increases ®~6 for the 10 nm PS. For 13 conformal coating. As a result, sealing of the opening of the
and 16 nm PS conformal coverage could not be achievedore chain is required.
even wherR>6. In this case the pores are large enough that To investigate the efficiency of depositing barrier coatings
the species fluxes are inefficient in tracing the complex por@nto interconnected pores, Cu IMPVD onto PS trendldes
morphology and producing conformal coverage. The alternaand 12 nm with 50% porosijyfor varying degrees of inter-

B. Scaling of coating porous SiO ,
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with similar film thicknesses, an artifact of the pore size
distribution and orientation of the networks. Statistically
larger pores with vertically oriented chains present a larger
opening at the surface of the trench which must then be
sealed. In this regard, it was at best problematic to seal 4 nm
chains with 60% interconnectivity. Sealing the 12 nm PS was
at best problematic for even small interconnectivities as ex-
posed chains can statically present 15-20 nm openings. In
some cases, conformal deposition in the larger pores at low
interconnectivities effectively seals the network. This oppor-
tunity is statistically lost for larger interconnectivities.

VII. CONCLUDING REMARKS

Plasma etching of trenches in PS and SS using fluorocar-
bon plasmas leaves a residual polymer film. Stripping of the
fluorocarbon polymer was investigated using a surface reac-
tion mechanism developed for organic polymers etched in
Ar—0O, chemistries. This mechanism was incorporated into a
feature scale model coupled to a reactor scale model. Etching
of fluorocarbon polymer was modeled as being activated by
O atoms and chemically sputtered by energetic ions. Strip-
ping efficiencies were higher in SS than PS and decreased for
higher aspect ratio features. Stripping was less efficient in PS
having large pores due to unfavorable view angles into pores

for the incoming ion fluxes. These unfavorable view angles
resulted in cleaning being less effective for interconnected
PS in which polymer may be deposited deep into the net-
work. Since deposition of polymer is activated by low energy
ions (or reflected neutralsout removal requires high energy
particles, polymer can be deposited in recesses from which it
is difficult to clean. Cu IMPVD was investigated as a surro-
©) 60% (d) 100% gate to barrier (_:(_)ating and seed layer depositior_1 into PS
4 nm, 40% trenches Deposition can be C(_)n_formal for PS W|t_h small
pores but for pores-10 nm, obtaining conformal coatings is
Fie. 15. Effect of interconnectivity on Cu IMPVD into PS trenches with Problematic. With interconnected PS the goal is to seal open-
ro=4nm and 40% porosity for different interconnectivitigs) 0%, (b) ings to the network and so thicker films are required for

30%, (c) 60%, and(d) 100%. The black material is copper. Expanded views |arqer pores and higher connectivities. These thicker films
of selected outlined portions of the profile are shown in the adjacent boxes.

Sealing of the chains by the barrier layer is more efficient for small pores.may lead to meh'Oﬁ durlng the deposmon process.
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