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(54) Title: ETCH PROCESS FOR REDUCING DIRECTED SELF ASSEMBLY PATTERN DEFECTIVITY USING DIRECT
CURRENT SUPERPOSITIONING

Providing a substrate having a block copolymer layer on a
surface thereof, said blosk copolymer layer comprising a
first phase-separaled polymer defining a first pattern in
said block copolymer layar and g second phase-separated
pobymer defining a sscond pattern in said block copolymer
layer.

Performing an atching process to selectively remove said
second phase-separated polymer whils Isaving behind
said first pattem of sald first phase-separated polymer on
said surfacs of sald substrate, said stohing process being
performed at a substrate temperature {ess thar or equal to
about 20 degraes .

FIG. 3

(57) Abstract: A method for prepares a pat-
terned directed self-assembly layer for reducing
directed self-assembly pattern selectivity using
direct current super-positioning. A substrate hav-
ing a block copolymer layer overlying a first in-
termediate layer, said block copolymer layer
comprising a first phase-separated polymer de-
fining a first pattern and a second phase-separ-
ated polymer defining a second pattern in said
block copolymer layer is provided. A first
plasma etching process using plasma formed of a
first process composition to remove said second
phase-separated polymer while leaving behind
said first pattern of said first phase-separated
polymer is performed. A second plasma etching
process to transfer said first pattern into said first
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L intermediate layer using plasma formed of a

second process composition is performed.
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TITLE: BTOH PROCESSE FOR REDUCING DIRECTED SELF ASSEMBLY PATTERN
DEFECTIVITY USING DIRECT CURRENT SUPERPOSITIONING

Attomey Docket No TTCA-4Z28W3SH
INVENTORS: V. CHAKRAPANL A KO & K KUMAR

FHIELD OF THE INVENTION

{30011 This disclosure is refated to methods for forming patferns in layered articles, and
the layerad arlicles formed therefrom; and more specifically, to reducing pattern
collapse and other pattern defectivity in dirsctad self-assembly applications using

direct current superpositioning.

BACKGROUND OF THE INVENTION

{002] The need o remain competiive in cost and performance in the production of
semiconductor devices has caused a continuous increass in device density of
integrated circuits. To accomplish higher integration and miniaturizationina
semiconducior integrated ciroull, miniaturization of a diroull patlerm formed an a
semiconductor wafer must also be accomplished.

{0003} Phaicsiithagra;}hy i a standard techniqus usad to manufacture semiconductor
intagrated clrouitry by transferring geomeatric shapes and patlerns on a mask o the
strface of a semiconductor wafer. Mowsever, current state-of-the-an photolithography
toods allow minhmuny feature sizes dowr to about 28 nim. Accordingly, new mathods
are needed to provide amallar features,

{00041 Self-assambly of block copolymers (BCPs) has beaen considered a potential tool
or improving the resolution to balter values than thosa obtainable by prior art
lithography mathods glons. Blook copolymars are compounds useiul in
nanofabrication because they may undergo an order-disordar transition on cooling
below a certain temperature {order-disorder transition temperaiurs TOD) resulling in
phase separation of copolymer blocks of different chemical nature to form ordersd,
chamically distinet domains with dimensions of tens of nanometers or even less than
1 nm. The size and shape of the domaing may be controlled by manipulating the
molecuiar weight and composition of the different block types of the copolymer. The
interfaces between the domains may have widths of the order of 1 nm o § nm and

may be manipulated by maodification of the chemical compositions of the blocks of the
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{0081 A block copolymer may form many different phases upon setbassembly,
depeandant upon the volume fractions of the blocks, degree of polymerization within
gsach biock type dle., number of monomers of sach respective type within gach
respeactive block), the optional use of 8 sobvent and surface interactions. Whan
appliad in a thin film, the geomaetiic confinement may pose additional boundary
conditions that may Hmit the numbers of phasss. In generml, spherical {e.g., cubig),
oylindrical {8.¢g., tetragonal or hexagonal) and lamellar phases (e, self-assembled
phases with cubic, haxagonal or lamellar space-filling symmaetry} are practically
ahserved in thin films of self-assembled block copolymers, and the phase type

ahserved may depand upon the refative vaolume fractions of the different polymer

Hocks, The self-assembisd polymer phases may orlent with symmetry axes paralial
of parpendicular to the subsirate and lamellar and cylindrical phases are intersating
for fithography applications, as they may form ling and spacer palterns and hole
arrays, raspectively, and may provide good contrast when one of the domain types is
subsagquently etched

{00081 Two methods usad to guide or divect seif-assembly of a block copolymer onto a
suface are graphospiaxy and chamical pre-pattaming, also called chembapitaxy. In
the graphoepitaxy msthod, self-organization of a block copolymer is guided by
topological pre-patterning of the substrate. A seff-aligned block copolymer can form a
parafiel insar paltern with adjscent lines of the different polymer block domaing in ths

enches defined by the patterned subsirate. For instancs, if the block copolymeris a

di-block copolymer with & and B blocks within ths polymer chain, where A s
hydrophilic and B is hydrophobic in nature, the A blocks may assamble o domains
ormad adiacent to a side-wall of a tranch i the sideswall is also hydrophilic in nature.
Resolution may be mproved over the resolution of the patterned substrate by the
block copolymer paltern subdividing the spacing of a pre-paitern on the subslrate.

{007 in chembepliaxy, the seff-assembly of block copolymer domains s guided by &
chemical pattem {.e., a chemical template} on the substrate. Chemical affinity
betwesan the chemical patterm and atl least one of the types of copolymar blocks within
tha hiock copobymer chaln may result in the precise placement {also refarred to herain
as "pinning ™} of one of the domain types onto 8 corrssponding region of the chemical
pattern on the substrale. For instance, if the block copolymaer is a di-biock copolymaer
with A and B blocks, whers A ls hydrophilic and B is hydrophabic in nature, and the
chemical paltern comypwises of a surface having hydrophobic regions adiacent fo

regions that are neutral to both A and B, the B domain may preforentially assembile
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onto the hydrophobic region and conssquently force subsequent alignment of both ¢
and B blocks on the noulral arsas. As with the graphospitaxy method of alignment
the resolution may be improved over the resolution of the patterned substrate by the
block copolymer pattern suhdividing the spacing of pre-patterned features on the
subsirate (so-called density or frequency muliiplication). However, chami-epitaxy is
not limited to a inear pre-pattern; for instance, the pre-pattermn may be inthe form of a
2-03 array of dotls suitable as a pattern for use with a cylindrical phase-forming bilock

copolymer. Graphoapitaxy and chemib-apilaxy may be used, for instancs, o guide the

147)

eff-arganization of lameilar or eylindrical phases, where the differant domain types

i

re arranged side-by-side on a surface of a substrate.
{00081 Accordingly, to utilize the advantages provided by graphoepitexy and chemi-
apitaxy of block copolymars, new lithographic patierning and directed selif-assemibly
technigques are ulilized, Howsver, when removing & polystyrena-b-poly{meathyl
methacrylate) (PMMA) from a phase-saparated laver PMMA o lsave behind a
polystyrans (PE) paltern, conventional etehing technigues have produced patlerm
defectivity, such as line adges roughness/iine widih roughness (LERLWR], thal are
unaccepiable. In exiremes cases, the defectivity of the P8 can be calastrophic dus o
pattern collapse as will be discussed in more detail below. There is a nead for

controlied etohing techniques and procasses that produce acesplable resulls.

SUMMARY OF THE INVENTION

{00041 A method for preparing a patlermned directed self-assembly layer for reducing

directed self-assembly paltemn defectivity using direct currant suparpositioning is
provided. A substrate having 8 block copolymer layer overlying an intermediate layer,

said block capolymer laver comprising a first phass-separaled polymer defining a first
patiern and a second phase-saparated polyimer defining a sacond patlern in sad
block copolymer laver is provided, A first plasma etching procass using plasms
formead of a firs! progess composition o remove said second phase-saparated
polymar while lsaving behind said first pattemn of said first phase-separated polymer is
parformed and a sacond plasma stching process to transfer said first pattern at least
partially into said intermadiale laver using plasma formed of a second process
composition containing & halogen-containing gas is performed. Iy an embodiment,
the first phas&nsep&rated polymer is exposed o an slectron beam. The exposing of

the first phass-separated polymer to an electron beam is performed precading,
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during, or following the fiest plasma elching process, or precading or during the

second elching process,

BRIEF DESCRIPTION OF THE DRAWINGS
{00101 The accompanying drawings, which are incorporatad in and constitite a part of
this specification, illustrate embodiments of the Invention and, fogether with the
general desoription of the invention given above, and the detalled description given

balow, serve 1o describe the invention:

D011} FIG. 1 Hustrate a substrate having a block copolymer layer pattarned using a
directad self assambly {DEA) technique;
[B012] FIG. 24 and 2B are simplifiac

wi of an etching process for the palterned copolymar layver

hematic representations of the resull of a

gonvantional prior art metho
resulting in structuras with defechivities;

0013] FIG. 3 is a fow chart Hustrating an exemplary method for reducing DSA pattam
defactivity of the block copolymer layer, in accordance with an ambodiment of the

present invention;

kel

{0014] FiG. 4 is a flow chart Hlustrating further exemplary method operations for reducing
DSA pattern defactivity of the block copolymer laver, in accordancs with an
ambodimant of the present invention;

10015

..;
....j

1 FiG. §is a simpiified schematic diagram of a substrate holder in accordance with
an embodiment of the present invention;

{0018} FiG. 6 is an examplary architectural diagram of the Tabricalion procasses involved
in manufacturing sequences in an embodimeant of the prasent invention;

{00

malts

v d
§

-

Fia, 7 is an exemplary simplified schematic of a substrate after the etohing
process utilizing techniguss 1o reduce defectivity of the block copolymer layer in an
embodiment of the prasent invantion;

{0018] FiG. 8 iz an exemplary simplified schematic of a controt system used in process
sequances to raduce defactivity of the blook copolymer laver and controlling ons o
mors oparating parametars in one or More process segusnces in an embodiment of
the present invention,

{00181 FIG. 9 s an exemplary flow chart ustrating further exemplary method operations
for reducing DSA paltern defectivity of the block copolymer laver using direct current

superpasitioning;
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{0201 PG 10 s ancther exemplary flow chard fllustrating further exemplary method
operations for reducing DB8A patiern defectivity of the blook copolymar layer using
diract current superpositioning;

{O021] FiG, 11 s an exemplary architectural diagram of the fabrication processes

nvolvad in manufachuring sequences in embodiments for reducing pattern defectivity
including dirsct

g current superpositioning; and
[B022] FIG. 12 is another sxemplary simplified schamatic of & control system used in

process sequences to reduce defectivity of the block copolymaer layer and controling

OFE OF MoTe opera iiﬂg paramelers in one or mora Pracess saquences i an

smbodiment of the presarnt

rivention.

DETALED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

{00241 Malerials and methods for forming a layered substrate comprising a seif-

assambiled malerial are disclosed in various embodiments, Mowsever, one skilled in
the relevant art will recognizs that the various embodiments may be practived withowt
one of more of the specific detalls, or with othar replacement and/or additional
mathods, materials, or components, In other instances, welbknown structuras,
materials, or operations are not shaown or describad in dedall o avoid obsour
aspacts of various embodiments of the invention.

10025

I Similarly, for purposeas of wpia ration, specific numbers, materials, and

configurations are set forth in order o provide a thorough understanding of the

mvantion. Mevertheless, the invention may be practiced without specific details.
Furthermore, it is understood that the vari

wous embodimants shown in the figures ams

e nol necessarily drawn to scale. In referencing the

fHiustrative rapresentations and
figures, ke numerals refer o file pants throughout.

a throughout this specification o "one ambodiment” or "an embodiment”

or variation thersof means that a particular fealure, structurs, matenal, or
characteristic desaribed in connaction with the embaodimeant is includad in al [east ons
ambodiment of the invention, but does not denote that they are present in avery

gmbodiment. Thus, the appearances of the phrasas such as "in ong embodimeant

tor
"in an embodiment” in various places throughout this g

ghout spacification are not necassartly

referring fo the same embnodiment of the invention. Furthermore, the particular
features, structures, malerials, or characteristics may be combined in any suilable

mAanner n one of more embodiments.

$ n

Various additional layvers andior structure
be included and/or desor

ctures may
bed featuras may be omittad in other embodiments
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{00271 Additionally, ¥ is 1o be understood that "a" or "an” may msan "one or more” unless
explicitly stated otherwisea,

{O028] Varinus operations will be described as multiple discrels operations intum, ina
manner that is most helpful i understanding the ivvention. However, the order of
dascription should not be construad as to imply that these operations are necessarily

rdar dependent. in particuiar, thess operations need not ba performed in the order
of pressntation. Opsrations dssoribsd may be parformsd in a different order than the
desoribed embodiment. Various additional operations may be parformed andior
described operations may be omittad in additional embuodiments.

[0020] As used hereln, the term "radiation sensitive malerial” means and includes
photosensitive matenals such as pholorasists,

{00301 As used herein, the term "polymer block” means and includes a grouping of
muitiple monomar units of a8 single type {Le., a homopolymer block) or muitiple types
{i.e., a copolymer block) of constitutional unils inlo a continuous polymer chaln of
some length that forms part of & larger polymer of an even graeater length and exhibils

-

a N value, with other polymer blocks of unlike monomer types, that iz sufficient for
rhase separation o occur. ¢ s the Flon-Huggins interaction paramster and N s the
totat degree of polymerization for the biock copolymer. Accarding fo embodiments of
the present invention, the yN valus of one polymer block with &t lsast one other
podvimar block in the larger copolymer may he gqual o or grealer than aboul 10,8,
{0311 As used herein, the term "hlook copolymer™ means and includes & polymer
composad of chaing where each chain containg two or more polymer blooks as
dafined above and atl least bwo of the blocks are of sufficient segragation strangth

{g.G., vN >10.5) for those blocks to phase separate. A wide variely of blook polymers

are contamplated herein ncluding di-ock copolvmers (e, polymers including two
polymar blockes (ABY), tri-block copolymears {La, polvmaers including thres polymaer
Hocks (ABA or ABCY), multi-block copolymers {(Le., polymers including more than
thras polymer blocks (ABCD, sle ), and combinations thereof,

{00321 As used herein, the term "substrate” means and includes a base material or
construction upon which maderials are formed. 1wl be appraciatad that the
substrate may inchuds a single material, a plurality of layvers of differant maderialg, a
laver or lavers having regions of different materials or different struciures in them, sle.
These materials may inciude semiconductors, insulators, conductors, or combinations
tharaof. For axample, the subsirale may be & semiconducior substrate, a2 base

samiconductor laver on a supporting structure, 8 metal electrods or & semiconductor

6
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B

stibatrals having ons or more lavers, sbructures or regions formed therson., The
subsatrate may be a conventional silicon substrate or other bull substrate comprising a
layer of sami-conductive maleriall As used herain, the term "hulk subsirate” means
and ncludes not only silicon wafers, but also siicon-on-insulator { SQE"} substrates,
such as sificon-on-sapphire ("S8O8T) substrates and silicon-on-glass "8G
subsivates, spilaxial lavers of silicon on a base semiconductor foundation, and other
semiconducior or optasisctronic materials, such as silicon-germanium, germanium,
T

gaiium arsenide, gallium nitride, and indium phosphide. Ths substrats may be doped

-~

of undaped,

w 5

{0331 The terms "microphase segregation” and "microphass saparation,” as used hersin

N

mean and include the pmpﬁsrﬁes by which homogenaous blocks of a block copolymaer

&)

aggregate mutually, and hetarogeneous blocks saparate into distinet domains. In the

bulk, block copolymers can self assaembie inlo orderad morphologies, having
spherical, ovlindrical, lamesliar, blcontinuous gyroid, or mildoarm star microdomains,
where the molacuiar weight of the block copolymear dictates the sizes of the
microdomains formed.

{0034] The domain size ar pilch period (L) of the self-assembled black copolvmer
marphology may be used as a basis for designing oritical dimensions of the pﬂﬂ’ﬁ“i" 2]
structurs. Similarly, the structure period (L), which is the dimension of the feature
remaining after selectively etching away one of the polymer blocks of the block
copalymaear, may be used as a basis for designing oritical dimensions of ths patterned

structurs. The lengths of sach of the polymer blocks making up the block copolymer

147)

nay be an intrinsic imit {o the sizes of domains formed by the polymer blocks of thoss
block copolymiers. For example, each of the polymer blocks may be chosany with a
length that faciliiates self-assembly into a desired pattern of domaing, and shorter
andfor longer copolymers may not seff-assemble as desired.

{00351 The term "annealing” or "anneal” as used herein means and includes treatment of
the block copobymer s as o anable sufficient microphase segragstion belwean the
wo of more different polymerio dock components of the block copolymar fo form an
orderad pattern defined by repeating structural unils formead from the polymer blocks.
Annealing of the block copolymer in the present invention may be achisvad by various
methods known in the ar, including, but not imited to! thermal annsaling (elther ina
Vasuum of in an inert almosphers, such as nitrogen or argon), solvent vapor-assisted
annesling (asither at or above room temperature), supercritical fuid-assisted
annealing, or absorption-based annealing {e.g., optical baking). As a spacific

5
!
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N

example, thammal annealing of the block copolymer may be conductad by exposing
the block copolymer to an elevated lemperature thatl s above the glass transition
temperature (Tg), bul below the degradation temperature (T4} of the block copolymer,
as describad in greater delall hereinafter. Qther conventional annsaling methods not
dascribad herein may also be utilized,

{00361 The ability of block copolymers to self-organize may be usad to form mask
patterns. Blook copolymers are formed of two or more chemically distinet blocks. For
sxampie, each block may be formed of & different monomer. Thea blocks ars
immtiscible or thermodynamically incompatible, e.g., one block may be polar and the
gther may be non-polar. Due o thermaoadynamic effects, the copolymers will self-
grganize iy solution o mindmize the ensrgy of the system as a whole; typically, this
causas the copolymers 1o move refative to one another, 8.4, so that likes blocks
aggregate together, theraby forming altemaling regions conlaining each block type or
species. For example, if the copolymers are formed of polar {e.g., organomelaliic-
containing polymers) and non-polar blocks {e.g., hvdrocarbon polymears), the biocks
will segregale so thal non-polar hlocks aggregate with other non-polar blocks and
polar blocks aggregate with other polar blocks. Hwill be appreciated that the block
copalymers may be descoribed a3 2 self-assembiing malerial since the blocks can
mave o form a pattern without active application of an external foree to divect the
mavement of particular individual molscules, although heat may be applied o
increase the rate of movemeant of the popuiation of molecules as a whols,

{00371 In addition to intaractions bebween the polymer Bock spacies, the selfassambly of
block copolymiers can be influsnced by topographical features, such as steps or
guides exiending perpandicularty from the horizontal surface on which the block
copolyiners are deposited. For exampls, a disblock copolymer, a copolymer formed of

two different polymer block species, may form alternating domains, or regions, which

are each formead of @ substantially different polyimer block specles. When self-
assembly of pobymer Block species oocurs in the area helween the perpendicuiar
walls of a step or guildes, the steps or guides may interact with the polsmer blooks
such that, e.¢., each of the allernating regions formed by the blocks s mads o form a
regulary spaced apart pattern with features orisnted generally paralls! to the walls
and the horizontal surface.

{00381 Such self-assembly can be useful in forming masks for patlerning features during
semiconductor fabrication processes. For example, one of the alternating domains

may be removed, theraby lnaving the material forming the other region o function as

8
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a mask. The mask may be used (o patlern fealures such as slectrical devices inan

W

underiving semiconductor substrale. Mathods for forming a ook copolymer mask
are disclosed in U5, Palent N, 7,570,278, UG, Palent No, 7,723,009, and o U.S.
330,850, CHEMIERPITAXY IN DIRECTED SELF-ASSEMBLY
APPLICATIONS USING PHOTO-DECOMPOZABLE AGENTS, by Sommaervell, sl al

-

Application Nao. 13/

o~
'/3

filed on March 14, 2013, ths entive disclosure of sach of which is incorporated by
reference hersin,

{00381 FIG. 1 ustrate a substrale having & block copolymer layer patterned using a
diractad self assambly (DEA) technigue. With reference o FIG. 1, a layar of the block

copolymer 180 was applied and allowed to selfassembie {o fonm a mask paltern over

e

he exposed first layer of material 120 and the cross-linkad portion of radiation

sensitive material 188, The block copolymer comprises at least bwo polymer blocks,
which may be selectively stchad relative o one ancther, La | the block copolymer has
an eteh selectivity greater than £ under a first set of etching conditions. Furthermare,
the block copolyimar can self-organize in a desired and pradictable manner, g, the

polymer blocks are immiscible and will segregate under appropriats conditions o form
domains pradominantly containing @ single block species,

{00447 The block copolymers may be deposited by various methods, including, .., spin-
on coating, spin casting, brush coating of vapor deposition. For example, the black
copolymer may be provided as a solution in a carrier solvent such as an organic
solvent, 8.g., foluens, The solution of the Mock copolymer can be applied to the
laysrad structure and the carrier salvent subsequently removed to provide the laver of
biock copolymer 180, While the invention is not bound by theory, it will be
appraciatad that the different block species are understood to selffaggregate dua to
tharmodynamic considerations in a process similar to the phase separation of

matarials. The selforganization is quided by the physical interfaces of mask feature,

as wall as the chemical alfinily between the chamical spacies of the underlying first
layer of material 120 and al least one of the polymer blocks within the block
copalymer chain. Accordingly, the constituent biocks of the block copolymers can
orient themsebies along the length of the cross-linked portion of radiation sensitive
material 1680 due o interfacial nteractions and chemical affinities.

{00411 With continued reference to FHG. 1, the laver of the block copolymer 180 is
axposad o annealing conditions o facilitate the seif-assembly of the block copolymer
inte a plurality of alternating domains 180, 195 sligned side-by-side between the

spacad cross-inked portions of radiation sensitive material 160, In this exemplary

o
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embodimearnt, shown in FIG. 1, the laver of selfassembled block polymer 180 has
domains 100, 195 that are arrangsd whare the firsU layer of matarial 120 has a
chamical affinily for the polymer block comprising domain 195, Accordingly, the
chamical affinily betweaern one of the polymer blocks of the block copalymar and the
firal laver of material 120 acts o pin the domain 185 info the feature 170, Conversely,
if the chemical affinily is neutral batween the cross-linked portion of the radiation
sensitive material 180 and the polymer blocks of the block copolymer, both domains
190, 195 may self-organize across this nsulral surface, which advantageously
provides frequency mudtiplication. I the ambuodiment shown in FIG. 1, 8 3X
frequancy mulliplication is shown, it should be appraciated that other frequency

multiplications may be abiained ranging from 1X10XL In the case of TX frequancy
nuttiplication, the neutral layer can also be made chemically atractive to the block
that comptises domain 180 and so furthar increass the chemical driving foree for
assambiy.

{0421 i should be appreciated that the dimension of the pinning region {a.g., the
dimension of feature 170 in the instant ambaodiment) can be desigﬁed to correlate o
tha L, of the self-azsembilad block copolymer morphalogy. i the pinning region is
about Lof2, i will effectively malch the size of one of the blocks of the biock
Ci..g?.-QEj,im&i‘. Finning regions of about 3L,/2 will also effectively serve to pihone of the
blocks of the block copolymer. Accordingly, according 10 one aspect of the prasent
invention, the method also includes preparing a fealure having a dimension thatisin a
rangs from about 0,30 Ly o about 1.8 Ly or fram about 1.25 Lpto about 1.6 L.

{00431 The self.organization may be facilitated and accalaratad by annealing the layered
structurs 1035 shown in FIG. 1. The temperature of the annsaling process may be

o be sufficiently low to prevent adversely affecting the blook copolymers or
the layvered structure. The anneal may be performed at a temperature of less than
about 150°C) less than about 300°C, less than about 280°C, less than about 200°C or
ab

about 180°C In some embodiments. According 1o ancther smbodiment, the annealing

process may include a solvant anneal, which generally reduces the annaaling
temperature, Traditional solvent annealing methods can be used, as well as newer
tachnigues such as that disciosad In U8, Patant Application Serial No. 13/843 122,
filed on 03115/2013 entitled SOLVENT ANNEAL PROCESSING FOR DIRECTED-
SELF ASSEMBLY APPLICATIONS (Attorney Reference CT-107), which is

R
incorporated herein by referance in its antivety.

10
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{0044] According to one aspeck, in order fo faciiitate faster annealing times without
oxidizing or burning the organic polymer block of the block copolymaer, the annealing
may be performead in & low oxvgen atmosphere at annealing femperaturs greater than
about 250°C in less than ahoul 1 hour of anneal ime. As used herein, the low
axygen atmosphere comprises less than about 50 ppm oxygen. For example, the low
oxygan atmosphers may include isss than about 45 ppm, less than about 440 ppm,

lass than about 35 ppm, less than about 30 ppm, less than about 25 ppm, less than

about 20 ppm, or rangses in betwesn thereof, Additionally, the low oxygen

atmosphare annealing methods may be accompaniad by thermal quanching methods.

Exammplary low oxygen atmosphere and thermal quanching anneaiing methods ars
disclosad in U8, Fatent Application Serial No. 81/7383,204, filed ¢ FB2013
antitied MULTLETEP BAKE APPARATUS AND METHOD FOR DIRECTED SELF-
ASEEMBLY LITHOGRAPHY CONTROL (Altorney Reference 07108, which i

incorporated herain by reference in s entivety,

00451 The anneal ime may range from about several hours to aboul 1 minute, For
example, annealing times for lemperatures above 250°C may range from about 1
hour to aboul 2 minutes, from about 30 minutes 1o about 2 minules, or from about §
minutes o aboul 2 minwtes, According to one embodiment, the am‘eeaimg
tsmpearaturs may be within ths range from about 266°C o abowt 350°C, wherein the

low oxygen atmosphere comprises less than about 40 ppm oxygen. For exampls, the

layer of the Mook copolymer 180 may be axposad to annsaling conditions of 310°C in
less than about 40 ppm oxygen for about a 2 minutes to about § minutes,
{00487 Accordingly, the annealing stap of the layer of block copolymer forms a laver of

aif-assemblad block polymer 180 having a first domain 180 that is formad of ons

poiymer block, and sandwiched by domains 195 thal are formed of ancther block

?J
poiymer. Further, based on the intrinsic eteh selechivity provided by the choice of the

appropriate polymer blocks, it will ba appraciated that one of the domaing may be
sedectively removed in 2 single sten using a single etch chamistry of may be removad
using multiple siches with different sich chemisiries

{00471 For example, whers the domains 190 are formed of polystyrens {(PSand the
domain 195 s formed of polymethyl methacrviate {(FMBMA), the PMMA domain 185
may be removed by performing a ssisctive oxygen plasma sfch, which also partially
oxidizes the PS domain festures 180, which ramain. It will be appreciated that the
dimensions of the resulling features may vary, d@pv ncding on the size of the

copolymer used and process conditions. 1 should be further appraciatad that domain

i1
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phases othar than the famaliar phases shown in FiG 1 are also contemplated, and
tharefore the present invention is not limited therelo,
{00481 As mentioned above, conventional stohing techniques have produced pattern
defectivity, such as ling edge roughness/iine width (LER/LWRY, that are unaccapiahle
and i extreme cases, the defeciivity of the PS is catastrophic dus o pattem collapse.
Fila. 2A depicls simpiified schematic representations, 200 and 220, of the resuli of a
prior art conventional methad of an eiching process for a patterned DSA lays
resulting in defectivity of structures, FIG, 24 includes a side-view 200 and a top-view
220 aftar a conventional etch process of a P DEA patlern. The side view 200
dapicts a substrate 208 whers some features 218 show substantial line adge
oughness and where adjacent features 212 are uching sach other and showing
mora damage o the sikdewalls of the fealures 212, The topaview 220 of the patter
depicts the two adiacant features 212 that are touching at a8 poind 214 in the doltad

circle 224; the touching of two or more adjacent fealurss s alsa known as bridging.

i

{00481 FIG. 28 depicts simplified schemalic representations, 240 and 260, of the result of
a prior art conventinnal method of an elching process for a pattermned DSA layer
rasulting in pattern collapse of the structures. The side view 240 depicts a substrate

248 whers two or mors adjscent features 242 are damaged and the fealures are not
ndividually distinguishable, &, 3 pattern collapss. The lop-view 260 depict the
faatures are mixad up in a manner thal would cause the pattern {o e unusable for |
intended purposs
{00801 FiG. 3 is a flow chart 300 #lustraling an exemplary mathod for reducing DSA

pattern defectivity of the block copolymer laver, in accardance with an embodimant of
the prasent invention. In oparation 310, a substrate having a Block copolymar layer

on a surface thereof is providad, the block copolymer laver comprising 8 first phase

separated polymer defining a first pattern in the block copolymer laver and a second
phase-saparated polymer defining & second pattern in the block copolvimar laver,
subssirale can be manufachired with the process desoribad in relation o FIG. 1. The
block copolymer can comprisa a di-block copolymer, a trisbiock copolymer, or a telra-
block copolymer. As mentioned above, it an embodiment, the block copolymer layer
comprises polystyrene--poly{methyl methacryiate). Gther block copolymer lavers
can also be used.

[B051] SHl referring to FIG. 3, in operation 310, the first phase-separated polymer can be
polysiyvrens (P8} and the second phase-saparated polymer can be poly(methyl

methaceylate) (PMMA), Other polymers can also be used. The glass transition

12
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tampearalure of the first phass-separated polymer and the substrats temperalire are

procass. inan embodiment, the

kay variables for controfling the resulls of the etching
firal phase-separated polymer includes pobrstyrane and the second phass-separaled
mathacrylate). The glass ransition tamperature can be

adjusted by a controfling one or more operating parameters for fabricating the

polymar includes poly {methyd

copolymer resulling in a glass transition temperature within a targst glass transition

temperature range, where the one of more aperating paramsters is selsated
g rate of the substrals, degree of crosslinking,

from a
group including cooling rate or heatin

degree of copolvmarization, copolymer molecular size, percant of plasticizars in

copolymer, annealing temparature, or pressurs used in the copolymaer fabrication.

Ons o move of the glass transition temperature parameters ars confrolled o fabwicate

a substrats with an acceptable value or range of values of the glass ransition
temperatures for the copolymer application. In an embodiment, the first phase-

separated polymer has a glass ransition greater tamperabure than 50 degrees ) a

range from about 50 degreas © to aboul 100 degress C, or about 80 degress Clo
about IO degrees C.

{00521 In aperation, 320, an slching process ik performed o selactively remove the

sacond phase-separated polymer while leaving bahind the first pattern of the first
phase-separatsd polymer on the swface of the substrate, the etching process heing

performead at a subsirate lemperature less than or equal o about 20 degrees C. Inan

ambodiment, the subsirate lemperature can be less than or equal i about 14

degraas G In anothar embodiment, performing the stehing process includes forming

lasma from a PIOcess oom DQQEN‘ e --§§u§"¥§"¥‘.: an Gxygen-con tainin g gas and a noble

¢
gas. In st ancther embodiment, the plasma is formad frony a process composilion

coriainng an oxygsi-oontaining ges and argon. The process compasition containing

02 and Ar can be provided at a flow rate ratio of 02 16 Ar of about .08 to abowt .10

{00531 St referring o aperation 320, elching process msthod further comprises

first phase-separated polymer 1o an slechron beam, In ancthe

axposing the §i
ambodiment, the slching process method is performad wherein the exposurs to the

slectron beam is performead during the performing the siching process, or following

the performing the stching process, or both. In an allernalive embodiment, the

parforming the eiching process comprises forming plasma betwsen a lower elecirods,

upon which the substrate is placed, and an upper elecirode, disposed opposite the

lower slectrode, and coupling & negative RO vollage o the upper slectrode.
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{0054] Defeciivity is measured in terms of patlern collapse metrics and patlern roughness
melrics. Measurament of the paltem collapse melrics and paltern roughness melrics
can be performed after or during the elching procass using oplical mem,.ﬁq\f inols
andior process metrology tool,. The paltern collapss metrios can be a percaniage of
faatures in a measuremeant area that collapsed. Paltern defectivity can also include
line edge roughnass of one or more edges of a feature in a patlern. For example, a
line edge roughnass for a first edge such as line edge roughness-right {LERR)} and
line edge roughnsss-left (LERL) can be measurad using optical metrology tact such

reflectometars, sllipsometers, scanning slectron microscopes (SEM), and the like.
Oparation 320 can include a process stap wherein the pﬁn‘ar ning the afching process

includes controliing pattern defectivity, the pattern defactivity including pattem

roughness matrics of the first pattern. The measurements can be paltarn roughness

metrics which can include & mean value of ling width roughness, 8 ling width

M

FOuUg hness for

A3

g first edge of the first pattarn, and a line adge roughness for a second
adge of the firsl pattern.  For sxample, the mean value of the fine width roughness
can be 3.0 nm or less, ine width roughness-laft can be 3.5 nm or less, and line width
roughness-right can be 3.5 nm or less.

[0055] FiG. 4 is a flow chart iustrating additional exemplary method steps for reducing
DSA patlern defectivity of the Block copolymer layer, In accordancs with an
ambodiment of the prasent invention. After oparations 310 and 320 n FIG. 3, in
cperalion 430 of FIG. 4, a substrate holder for supporting the substrate is provided
whaere the substrate holder has a first temperature control alement for controliing a
first tamperatire al & candrad region of the subsirate and sacond temperaiure controd
elemeant at an adge region of tha substrats. in operation 440, inan ﬁsmbﬁsciiment, tha

first temperalire can be at or below about 20 degrees € and the second temperature

be set at or balow aboul 10 degrees O, In another embodiment, the first temperature
cortrol elemeard for controliing a first temperature al a central region and second
temperature control slemeant at an edge region of the substrate; setling a target valus
for the first temparature at or below about 10 degrees € and selting a target value for
the second lemperature at or helow about § degrees G,

{00561 FiIG. 5 is & simpiified schematic diagram 500 of a substrate holder in accordancs
with an embodiment of the present invention. Refarring now to FIG. 5, a temperature
controfied subsirate holder B for use in an etching system configured 1o be used in

operation 430 referrsd fo in FIG. 4 abovs. The subsirate holder 500 comprises a

147)

ubstrate support 530 having a fivst temparature and configurad 1o support a

14
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substrate 510, a temperature-conirolied support base 520 positioned below substrate
support 530 and configured o be al a second temparature less than the first
temperature (2., lass than a desired temperature of substrate 518), and a thermal
insulator 540 disposed batween the subsirate support 530 and the famperalure-
controfied support bage 520, Additionally, the substrate support 530 comprises a
centar haaling element 833 {ocated al a substantially center region below substrate
510) and an edge heating element 531 {localed at a subsiantially adge, or peripheral,
region below subsirate 510) coupled theralo, and configured o slevats the
temperature of the substrate support 530 Furthermore, the support base 52

comprises one or more cooling slements 521 coupled theraelo, and configurad to
reducs the tempearature of the substrate support 530 via the removal of heat from the
substrate support 530 through thermal insulator 540,

05871 As shown in FiG. §, the cenler heating slement 533 and the edge heating slement

]
24
@
o

1 are coupled to a healing element control unit 532, Healing element control unit
532 s configurad to provide efther dependent or independent control of sach heating
element, and exchange information with & controlier 550, The cenler heating slement
533 and the edge heating element 531 may comprise at least one of a heating Tid
channel, a reasistive heating element, or a thermo-elecinic elemeant blased o transfer
heat towards the wafer,
{0058} For example, the center heating elemeant 833 and the edge heatling element 831
may comprise ong or mors healing channels that can permit flow of & Suld, such as
water, FLUORINERT, GALDEN HT-135, alc,, there through in onder to provide

N

conductive-convectives heating, wherein the fluld temperature has been alavated via a

heat exchangar. The fluid flow rale and fluid temperature can, for example, be set,
monitorad, adjustetﬁi and controlied by the heating slement control unit 532

{0551 Allemalively, for example, the canler heating slement 533 and the edye heating
element 531 may comprise one or more resistive healing slements such as &
tungsten, nickebchromium alloy, aluminum-iron atloy, sluminum nilvide, sto., filament
Examples of commercially available materials {o fabricate resistive healing slements
inchude Kanthal, Nikrothal, Akrothal, which are registered trademark namaes for metal
ailoys produced by Kanthal Corporation of Bethel, ©T. The Kanthal family includes
ferritic alioys (FeCrAl) and the Nikrothal family includes austenitic alioys (NiCr,
NiCrFe). For sxample, the heating slements can comprise a cashin heater
commercialy available from Watlow (1310 Kingsland Dy, Batavia, 1L, 60510} capable

of & maximum operating emperature of 400 to 4580 degreas C, or a filim heater

[,
(o]
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comprising aluminum nittide materials that s also commercially available from Watlow

1t

and capabls of oparating temperalires as high as 300 © and power densities of up fo

.

23.25 Wiom®. Addiionally, for example, the heating slement can comprise a sificone

rubber haater (1.8 mim thick) capable of 1400 W {or power density of 5 W/in™h When
an shactrical current flows through the filament, power i dissipatad as heat, and,
therafors, the hesating slement control unit 532 can, for example, comprise a
controliabde DO powear supply. A further haatler option, sultable for lower temperatures
and powear densities, are Kaplon heaters, consisted of a fllamant embeddad ina
Kapton {&.q. polyimide) sheet, marketsd by Minco, inc., of Minneapolis, MN.

{GG@G} Alternately, for encample, the canter heating slament 533 and the edge heating
slement 531 can comprise an array of thermo-electric elemeants capable of §'§eai§ng; of
cooling a substrate depending upon the direction of electrical current flow through the
respective elements. Thus, while the center heating elerment 533 and the edge
healing element 531 are refarred o a8 “healing elements,” these slements may
inciude the capability of codling in order to provide rapid ransition between
temperaturas. Further, haating and conling funclions may be provided by sepamls
slemants within the substrale support 530, An evemplary thermo-alactric slement is
cong commarcially avaliable from Advanced Thermoelectric, Model §T-127-1.4-8 5M
{2 40 mm by 48 mm by 3.4 mm thermaor-electric device capable of a maximum heat
transfer power of 72 W) Thervefore, the heating elemesnt control unit 832 can, for
axample, comprise a controllable current sourcs,

{00611 The one or more cooling elements 521 can comprise at least one of a cooling

channel, or a thermo-slectric element. Furthermore, the one or more cooling
elemeants 521 are couplad to a cooling element controt unit 822, Cooling slement
condrol unit B22 is configured to provide depandent or independent control of sach
cooling element 821, and exchange information with controfier 550,

{00621 For example, the one or more cooling elements 321 can comprise one or more
cocling channsls that can permit flow of 8 fuid, such as waler, FLUOGRINERT,
GALDEN HT-138, ete.| there through in order {0 provide conductive-convactive
cooling, wherain the fluid temperaturs has heen lowered via a heat exchanger. The
fluid flow rate and fluld temperature can, for exampls, be sat, monitured, adjusted,

and controlled by the cooling element contral unit 522, Allernately, during heating for
sxampe, the fluid temperature of the fluid flow through the one or more onaling

slemeants 521 may be incrsased o complemeant ths healing by the center heating

siament 533 and the adgs heating slement 531, Allernately yal, during cooling for
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example, the fuid temperature of the fuld flow through the ons or more cooling

bs

glameants 521 may be deorsased,

{0631 Alternatively, for example, the one of morg cooling slements 821 can comprise an

»

rray of thermo-electric slements capable of healing or conling a subsirate depeanding

upon the direction of electrical current flow through the respective slements. Thus,

while the slements 521 are referred 10 a8 “cocling slements;” these elemants may
include the capability of heating in order o provide rapid transition bedween
femperatures. Further, heating and cooling function may be provided by separale
siaments within the temperature controlied support base 5§20, An exemplary thermo-
slectric slement is one commearcially avallable from Advanced Thermoelectric, Mode

ST-127-1.4-85M {a mim by 40 mm by 3.4 mm thermo-alectric davice capabls of a

maximum heat transfer power of 72 W), Therefore, the cooling element control unit
8522 can, for example, comprise 8 controllable current scurce.

{04l Additionally, as shown in FIG. 5, the substrale holder 500 may further comprise an
slgctrostatic clamp (ESC) comprizing ong or mave clamping slectrodes 535
embeaddad within substrate support 834, The ESC further comprises a high-vollage
{HV} DO voltage supply 534 coupled to the olamping electrodes 535 via an electrical
connection. The design and implementation of such a clamp s weall known o thoss
skillad! i1 the art of slectrostatic clamping systems. Furthermaorg, the MV DO voltage
supply 534 s couplad o controlisr BB and is configurad to exchange information with
comrofier 550,

{00657 Furthermors, the substrate holder 500 can further comprise & back-side ga
at

:;;

&

supply systeny 538 for supplving a heal ransfer gas, such as an inart gas including

helium, argon, xenon, Krypton, a procass gas, o other gas including oxygen, nitrogen,
of hydragen, to the center region and the sdge region of the backside of subsirale
510 through two gas supply lines, and al lsast two of a plurality of orifices and
channels {not shown}, The backsids gas supply system 536, as shown, comprises a
iwo-zone {center/adge) system, wharein the backside pressure can be varied in g
radial divection from the center 1o edge. Furthermors, the backside gas supply
systam 538 is coupled o controller 550 and is configurad to exchange information

with controfler 886,
{B068] Further vetl, as shown in FIG. §, the subsirate holder B further comprises a
center lemperalure sensor 562 for measwring a temperature st a substantially centsy

region below subsirate 510 and an adge lemperature sensor 564 for measuwring a
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tampearalure at a substantially edge region below asubstrate 510, The cenler and edge
tampearalure sensors 582, 584 are coupled to a lemperature moniioring system 560

{OG67T The tomparature sensor can includs an optical fiber tharmomelsr, an opisv f
pyrometer, & band-edge temperature maasuramant systam as desaribad in UG
Patant No. 6,881,124, the contents of which are incorporatad herein by reference in
their entirsty, or a thermocouple {as indicated by ths dashed line} such as a K-type
thermocouplie, Examples of optical thermometars include: an optical fiber
thermometlsr commercially avallable from Advanced Energies, Inc., Mods! No.
ORZB00F; an optical fibar thermomeater commercially availabls from Luxiron
Corporation, Model Na. MBOG; or an oplical fiber thermomater commercially available
from Takaoka Elsctric Mg, Model No. FT-1420.

{0068} The temperature monitoring systam 580 may provide sensor information to

controfier 550 in order to adjust al least ane of a heating slement, a cooling slement, a
backside gas supply syslem, or an MYV DO vollage supply for an ESC before, during,
o after processing,

{00681 Controller 550 includes a micropracessor, memary, and a digital ¥O port
{potentially including VA andfor A/D converters) capable of generating control
voltages sufficient o communicate and activale Inputs 1o subsirate holder BI0 as well
as monitor cuiputs from subsirate holder 500, As shown in FiG. §, controller 558 can
be coupled o and exchangs information with heating element control unit 532, cooling
elemeant control unit 522, MY DO voltage supply B34, backside gas supply system
536, and temperatire monitoring system 580, A program stored in the mamary is

gilizad o interact with the aforementioned components of substrate holder 500
according o a stored procsss recips.

{0701 The controller 550 may also be implemented as a general purposs computer,
processor, digital signal processar, ele., which causes a substrats holder to perform a
portion or alb of the processing steps of the invention in response to the controfier 550

axeculing one or more seqguences of one or mare instructions contained in &
computer readable meadium. The computar readable medium or mamory is
configured 10 hold instructions programmed according o the teachings of the
invention and can contain data structures, tables, records, or other data describad
herein. Examples of compuler readabis media are compact disos, hard disks, floppy
disks, tape, magnsio-optical disks, PROMs (EFROM, EEPROM, flash EPROM),
DRAM, SRAM, SDRAM, or any other magnetic medium, compact discs {e.g., Ch-

N

ROM), o any other optical medium, punch cards, paper tape, or ather physical
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meadium with patterns of holes, a carrier wave, or any other medium from which z
computer can read.

{0711 Controller 550 may be locally lncated relative to the substrale holder 506, or it
may be remotely located relative 10 the substrate holder 500 via an infernet o
infranel. Thus, confroller 550 can exchange data with the substrale holder 500 using
at isast one of a diredt connection, an intranet, or the infernel. Controller 580 may be
coupled to an intranet at & customsy sife (.8, a devics maker, elc.), or couplad o an
intranset af a vendor site (Le., an squipment manufacturer). Furthermors, another
computer {Le., controller, server, afe} can access controliar 55{ to exchangs data vie
at lsast one of a divect connection, an intranet, or the infernat.

{00721 Optionally, subsirale holder 880 can include an slectrode through which RF powst

s coupled to plasma in g processing region above substrate 510, Foy

rexample,

support base 820 can be sleclrically blased al an RF voliage via the transmission of
RE powsr from an KE generator through an impedancs match nelworl (o subsirals
CS00. The RF bias can serve to heat electrong to form ard maintain plasma, or
bias substrate 510 in order (o control fon enargy incident on substrate 5106, or both. In
this configuration, the system can operale as a reactive ion steh (RIE) reactor, whare
the chamber and uppsr gas injection electrode serve as ground surfacss. A typinal

frequency for the RF bias can range from 1 MMz to 100 MMz and is preferably 13 .56

CLY

{00731 Altlernatsly, RF power can be applied {o the subsirale holder sisctrode at multipls
frequencias. Furthermore, an impedance match network can serve o maximize the
transter of HF power 1o plasma in the processing chamber by minimizing the refiactad
powar. Various matoh natwork opologies (e, Livpe, pidype, T-iype, ete) and
automatic control methods can be uliized.

{0074] Additional details for the design of & tamperabure conbrolled substrats holder
configurad for rapid and uniform controf of substrate temparature are provided in US.
Patant Application Publication No., 2008/0083723; ULE. Patent Application Publication

)

20T/0078424; U8, Patent Application Publication No. 2008/0083724, UGS,
Patant Application Publication No., 2008/0073335; U3, Patent No, 7,287,804, U5
Fatant No. 7,657 328, and U.S. Patent .e'-\ppié::ati(m Fublication No. 2009/0288808.
[BO75] In one embodiment, the first, second, andfor third elch process may comprise a
process parametsy space that ncludes: a chamber pressure ranging up to about 1000
mTorr {mili-Tom} {e it about 100 mTory, ar up to about 18 1o 30 mTorr), &

srocess gas flow rate s‘anging up to about 2000 scom (standard cubic centimaters par
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minuie) {s.g., up to aboul 1000 scom, or aboul 1 scom o aboul 100 scom, or about 1

seom o about 4

20 scom, or about 15 scom), an addiive gas process gas Hlow rats

ranging up o about 2000 scom {e.g., up 1o about 1000 scom, or about 1 scom o

)

bout 20 scom, or about 10 scom), an uppar slectrode RF bias ranging up o about
2000 W lwaltls) {e.q., up o about 1000 W, or up to about 500 WY, and a lower
slsctrode RF bias ranging up o about HHI0 W {e.g., up to about GO0 W), Also, the
upper slsctrode Bas frequency can range from about 0.1 MMz to about 200 MMz,
2.4, about 64 MMz, In addition, the lower electrode bias frequency can range from
about 0.1 MHz to about 100 MMz, e, about Z MHz

{0078} I another altemats embodimant, RF powsry is supplied to the upper slsctrode and
nat the lower electrode. I ancther alternate embodiment, RF powey is suppliad to the
lower slectrode and not the upper electrode. Tha time duration to perform a specific
sich process may be delsrmined using design of experiment (DOE} ischniques or
nrior experisnce; however, § may also be delermined using endpoint delection. One

passible method of endpoint deleclion is o monitor & portion of the ematted light

bs

spactrum from the plasma region that indicates when a changs in plasma chamislry
sootirs due o change or substantially near complation of the removal of a particular

material layver from the subsirate and contact with the underlving thin film. Afler
emission levels corresponding o the monitored wavelsngths oross a specified
threshold {e.g., drop 1o substantially zero, drop below a particular level, or increass
abave a parlicular level), an endpoint can be considered to b reached. Various
wavalangths, spacific to the stch chamistry being usaed and the material layer bailn
efched, may be used. Furthermore, the sich time can be eadended o include a pﬁsriasd
of over-aich, wherein the over-etoh period constitides a fraction {La., T o 100%) of the
time belwsen initiation of the eloh procass and the time associatsd with sndpoint
detection.
{0771 One or more of the etoh procassas may be perfarmead utilizing & plasma eliching
systam, Furthermore, ong or more of the stch processes may be parformead wtilizing &
temperature controlled substrate holder in a plasma olching sysiem such as the one
dasoribad in FiG. 5. Howsver, the methods discussed are not io be imiled in scons
by this exemplary prasentation.
{00781 FiIG. 6 is an exemplary simplified architectural diagram 600 of the fabrication
processas involved in manufactiring sequencss in an embadiment of the present
invention. As discussed above and in reference to FIG. §, the procsss of providing

the substrate having a biock copolymaer layer can ba performed i two distinet process
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sequances, namsaly, a first procass sequsnee 804 where the substrate is coated with

s

hlook copolymer and 8 second prooess sequence B8 whare the subsirale is

N

RIS, The first process

..u

i

nnealad, as discussed i connection with operations 310 o
sequance 804 comprises applving a first phase-separated polymer defining a first
patiern in the block copolymer laver and a second phase-separated polvmer defining
a sscond patlern in the block copolymer layver. The second process sequence 5{8
includes exposing the block copolymer o annealing conditions to Tacilitate the self-
assembiy of the block copolymer into a plurality of allernating domains 180, 1886
alignad sids-by-side badwaan the spacazsci cross-firked portions of radiation sensitive
material as expleined in relation to FIG.T. Athird process sequence 812 includes
performing an elehing process o selectively ramove the second phase-saparated
polymar whils leaving behind the first patterny of the first phase-separatad polymer on

the surface of the subsirate, the stching process being performed al g selected range

{0741 FiG. 7 is an exemplary simplified schematic view 700 of a subsirate afler the
aiching proosss uilizing techniques o reduce defectivity of the block copalymer layer
in an embodiment of the present invention. FIG. 7 includes a simplified side view 700
and a simplified top viesww 720 of a substrats whereln the lechnigues of reducing
defectivity of a block copolymer laver are usad during the stching process. Based on
{ssis done using thess techniques of controlling the substrate 734 temperature during
the etching process, the inventors found that the block copolymaer laver structures 708
did not experisnce pattern collapse. As noted above, pattern collapse is a condition
that typically has catastrophic impact to the slched subsirates and hasically makes
the substrates unusable.

D056 Measuremenis performed during the tests using oplical melrology tools, such as
elfipsomelars, reflectomedars, inferfaromslers, or scanning slsclron microscopas
{SEM) and the like, indicated soms increases in line edge roughness on the left and
right top edges of the features. However, with further cooling of the substrate o very
ow temperatures and tighier control on the subsirate temperature range using the
subsirate holder depicted in FIG. § and/or the control system depintad in FIG. 8, the
increases in Hns edge roughness was within the accaptable target ranges of less 3.6
i or sss. In addition, the inventors further found a correlation of the glass transition
temperature, T, to the pattern defectivity. Within a rangs of T, from 50 1o 100

degrees G, and praferably within 80 to 100 degrees €, there wera no patier
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collapsas and the lins edge roughness was within the acceptable larget ranges of less
3.5 v or bess, The glass transilion smperaturs can be adjusted by a controfling one
of more operating parameters for fabricating the copolymer resulting in a glass
transition temparature within a target glass ransition lamperature range, where the
ong of more operating parameterss is selecled from a group including cooling rate or
heating rate of the substrate, degree of crosslinking, dsgree of copolymerizatio
copolymer molecular size, parcent of pasticizers in the copolymar, annealing

tfemperaturg, or the pressure used in the copolymer fabrication.

{00811 FIG. 8 is an exemplary simplified schamatic of & control system usad in procass
sequences o reduce dafectivity of tha block copolymaer layer and controliing one or
mors operating parametars in ons Or more ocess sequsnces in an embodiment of

the presant invention. An eleh processing sysiem 800 msxf"sgurad to parform the
above identified process conditions is depicled In FIG. & comprising a plasma
proceasing shamber 8180, substrate holder 820, upon which a subsirate 825 o be

processaed is affixed, and vacuum pumping system 850, Substrate 825 canbe a

-

semiconductor substrale, & wafer, & flat panel display, or a liguid orystal display.
Plasma processing chambaer 810 can be configured to faciiitale the generalion of
plasma in plasma procassing region 845 in the vicinity of a surface of substrate 828
Arionizable gas or mixture of process gases is introducad via a gas distribution
system 840, For a given flow of process gas, the process pressure is adjusted using

ot
]

the vacuum pumping system 858, Plasma can be uliiized & creats materials specH

i

process, andior (o aid the removal of material from the

'/:

to a pre-determined materials
exposed surfaces of substrate 825, The plasma procassing system 800 can be

configurad o process substrates of any desired size, such as 200 mm substrates, 300
mim subsiraies, or muer

{00821 Substrate 825 can be affixed 1o the subslrale holder 820 via a clamping system
328, such as a machanical clamping system or an slectrical clamping system {a.g., an
slectrosiatio clamping system). Furthermore, subsirate holder 826 can include a
heating systermn (not shown) o & cooling system (not shown) that is configured o
adjust andfor control the tamperaturs of subsirate holder 820 and substrate 825, The
heating system or cooling system may comprise a re-circuiating flow of heat transfer
fluid that receives heat from substrale holder 820 and transfers heat to a heat
sxchanger system {(no! shown) when cooling, or transfers heat from the heat

axchanger sysiom 1o subsirale holder 820 when healing. In other embuadiments
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heating/cooling slements, such as resislive heating slements, or thermo-electiic
heaters/coclsrs can be included in the substrate holder 820, as well as the chamber
wal of the plasma processing chambaer 510 and any other component within the
plasma processing system 864G,

D083 Additionally, a heat transfer gas can be delivered o the backside of substrate 825
via & backside gas supply Q&y\?@:"”& BZ28 in order to improve the gas-gap thermal
conductancs belwesn substrate 8§25 and substrate holder 820, Such a system can be
utilized when temperature controd of the substrate is required af slavatad or reduced

temperatures. For example, the backside gas supply systaim can compriss a bwo-

zone gas distribution system, wherein the hellum gas-gap pressure can be
indapendently varied betwaen the center and the edge of substrale 825,

[084] In the smbodiment shown In FiG. 8, substrate hol

dar 820 can comprise an
slgclrode 822 through which RF power is couplaed to the procsssing plasma in plasma
procsssing region 845, For example, subslrate holder 820 can be eleclrically biaged
at a RF voltage via the transmission of RF power from a RF generalor 830 through an
optional impedancs match network 532 o subsiratle holder 820, The RF slsotrical
bias can serve o haat electrons o form and maintain plasma. In this configuration,

& system can operals as a reactive ion sich (RIE) reacior, whesrein the chamber and
an ypper gas injection slectrods serve as ground surfaces. A typical fraquengy for the
RF bias can range from about .1 MMz to about 100 MMz, RF systems for plasma
processing ars well known to those skilled in the art.

{00851 Furthermors, the electrical bias of electrode 822 at 8 RF voltage may be pulsad
using pulsad bias siunal controller 8371, The RF power output from the RF generator
830 may ba pulsad batweesn an off-state and an on-state, for example. Allernately,
HF power is applisd to the substrate holder slsctrode al multiple frequsncies.
Furthermore, impedancs match network 832 can improve the ransfer of BF powear o
plasma in plasma processing chamber 510 by reducing the reflecied power. Match

natwork fopologies (a.g. Ldvpe,  -tvpe, T-lype, afe)) and automalic contrel methods

"

are wall known o those skillad in the arl.

{0861 Gas distribution system 840 may comprise & showerhead design for introducing &
mixture of process gases. Allermnatively, gas distribution system 840 may comprise a

multi-zone showerhead design for introducing a mixture of process gases and
adjusting the distribution of the mixture of process gases above subsirate 828, For
sxample, the muli-zone showerhsad dasign may be configured o adiust the process

gas fiow or composition 1o a substantially peripheral region above substrate 825
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rafative fo the amount of process gas flow or composition to a substantially central
region above substrate 825

{0871 Vacuum pumding system 850 can include a urbo-molecuiar vacuum pump (TM)
capable of a pumping spesed up to about 3000 Hers per second (and greatent and a
gate valve for throtlling the chamber pressure. In conventional plasma processing
davices utliized for dry plasma etching, & 1000 to 3600 liter per second TMP can be
amployed. TMPs ars useful for low pressure processing, typically less than about 50

:

mTorr. For high pressure procassing (e, graater than about 100 mTon), a
mechanical booster pump and dry roughing pump can be used. Furthermore, 8
device for monitoring chanibar pressure (not shown) can be coupled o the plasma

processing chamber 810,

]

{00881 As mentioned above, the controller B85 can comprise & micraprocsssor, mamaory,

‘..

and a digitad VO port capables of genarating control voltages sufficiant o communicate
and aclivale inpuls o plasma processing systerm 800 as well as monitor outpuls from
plaama processing system 800, Moreover, confroller 855 can be coupled to and can
aexchange information with RF genserator 838, pulsed hias signal controller 831,
impedance mateh natwork 832, the gas distribution system 840, vacuum pumping

systam 850, as wall as the substrats heating/coocling systent {(not shown), the

backside gas supply system 828, andior the slectrostatic clamping system 828, For

ample, a program storad in the memory can be wilized to activats the inpuls o the
aforementioned CGF:’E;SGH&FE‘Q‘S of plasma processing system 800 acoording to a
process racipe in o parform a plasma assisted process, such as a plasma etch
process, on substrate 828,

{00841 Cther etch processing systems may include stationary, or machanically or
elactrically rotating magnetic field systems, in order to potentially increase plasma
density andfor improve plasma processing unfformity, comprise an upper electrods to
which RE power can be couplad from RE geanerator through oplional impedance
match nehwvork, divect current {2C) power supply coupled 1o the upper sledtrade
opposing the substrate, an inductive coll to which RF power is coupled via RF
ganerator through optional impedance malch networl, inductive coll that s a “spiral’
ool or “pancaks” coll in communication with the plasma processing region from above
as in a ransformer coupled plasma (TGR) reactor, surface wave plasma {SWE)
source, and the like. For a more detalled explanation of plasma processing and sich
sysiems, refer to Application Seral No. 13/58%,088, filed August 18, 2012, the entire

contant of which is herain ihcorporated by referance.
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{00801 FiG. 9 iz an exemplary flow chart 00 Hlustrating an exemplary method for
reducing DBA pattem defectivity of a block copolymer layer using direct current
superpasitioning.  In operation 810, a substrate is provided having a block copabymer
layer overlying a first intermediate laver on a surface thersof, said block copolymey
layer comprising a first phase-separated polymer defining a first paltern in said block
copolymer laver and a second phase-separated polymer defining a second pattern in
said block copolymaer layer. As mentioned above, the block capolymer can compriss
a di-block copolymer, a tri-block copolymer, or a tetra-block copolymer. The block
copolymer laver can comptises polysiyrene-b-poly{methyl methacryiate). Gther block
copolymer layers can also be used. The first phase-separated polymer can be
podystyrena (PO} and the second phase-saparated polymer can be poly{imeathyl
methaceylate) (PMMA), Other polymers can also be used. The glass transition
temperature of the first phase-separated polymer and the subsirate temperature are
key variabies for controliing the resulls of the elching process. In an embodiment, the
first phase-separated polymer includes polystyrens and the second phase-separaled

polymer inchudes poly {meatinl methacrvlate ) Also as mentioned above, one or maore
of the glass transition temperature paramsters of the copolymer are oontroliad o
fabricale a substrate with an acceptabls value or ranges of values of the glass
transition tamperaturas for the application

{0091} In an embodiment, the first phase-separated polymer has a glass transition
temperaturs greater than 50 degrees C, a range from about 54 degr > o about

100 degreas C, or aboul 80 degreas C to about 100 degrees €. The block copolymer

layar can comprise a di-block copolymer, a tri-block copolymer, or & telra-d

sodyivier. Sakd block copolymer laver can comprise polystyrens-b-poly{mathyl

COR
meathacrylate) The first inlermediate layver can include an anti-reflective coaling and
said first intarmediale laver includes a silicon-containing anti-raflective coating. The
substrate can further include & second inlermediate layer undertying said first
intermeadiate layer whersin sald second intermeadiate laver can includse an organic
planarization layer. The first phase-separatad polymer can include polystyrens and
othar polymaears,

{00927 In operation 828, a first plasma efching process is performed using plasma formed
of & first process composition o selectively remove sald second phase-separated
polymesr while leaving behind said first patlern of said first phase-separated polymar

on said surface of said subsirate. In operalion 930, 8 second plasma efching process

s parformed to transfer sald fiest patiern at least partially into said first intermediate

2
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laysr using plasma formed of a sscond process composition containing a halogen-
cordainmng gas. inan embodiment, the first plasma etohing process is performed at a
subsirate temperatire less than or egual to about 20 degrees O, In anothey
arnbodiment, said halogen-containing gas includes SFG. In stilf ancther embodiment,
said sacond procaess compasition further contains a “xwaz comainmng gas, 8 OxFy-
containing gas, or a second process composition further containing C4F8, or 5F8, o

C4F8 and an optional noble gas. In yel still another embodiment, saild performing

said second plasma etohing process compwises forming plasma from a procsss
composition containing an oaxygar-containing gas and a noble gas. I a furthet

ambodiment, said performing said sscond plasma stching process comprises forming
plaama fromt a procass composition containing OZ and Ar The process of
parforming the second plasma afching process will be describad in detall in the
discussion related to FIG 12

{00031 FIG. 10 is another sxemplary flow chart 1000 Hustrating Turther axemplary mathod

9]
s
&
2
i
)
@

for raducing DSA pattarn defectivity of the block copolymer fayer using
direct current supsrpositioning.  Operations for the method of providing & substrate
1014, performing a first plasma olching process 1026, and performing a first plasma
etching process 1020 of FIG 10 are similar i corresponding operations of FIG. 8
method of providing a substrate 914, performing a first plasme stching process 920,
and performing a first plasma etching process 820 of FIG. 8. In operations 10440, said
first phase-saparated polymer is exposed 0 an slsctron beam. The slsctron beam
At be a ballistic electron beam generated by the DO power supply in the presance of

plasma generated in provious sequances of the first or second plasma etching

”G

rocess. The exposure o sald electron beam can ba performed during said
performning said first plasma stching procass, or performed following said first plasma
etohing mrocess and preceding sald second plasma siching process, or performed
during said second plasma stching process. As mentionad above, pwsium ing said

second plasma etching process includes forming plasma bebwaean a lower slacirads,
upon which sald subsirate is placed, and an upper slectrods, disposed opposiie said
lowar slectrade, and coupling & nagative BC vollage to said upper slectrads.

{3094] The inventors found that by using the opsrations of the abovs methods and
process sequances desaoribad below, the directed self assembly defectivity of the
subsirate was controlled and weare within the tolerances sought: For examplg, a ling
width roughness {(LWR) of the first pattern following the first plasma elching process

o

that is less than 2.60 was achisved, a line adgs roughness (LERL) on a Tirst edge
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N

{£.G., 8 lefl edge) of the first paltern that s less than 3.00 was achieved, and a line
edge roughness {(LERR)Y on a second edge {e.g., a right adge) of the first pattarmn that
is foss than 3,10 was achisved
{0S81 FiG, 11 s an sxemplary archifactural diagram 1100 of the fabrication processes
invohved in manufacturing sequences for reducing pattemn defectivity including divect
currant superpositioning. The firs! prong of process sequsnces includes the procass
of providing the substrate having a blook copolymer laver can be performead i bwn

distine! process sequances, namsly, & first process sequence 1104 where the

w

ubsirate

o
(9

s coatad with a block copolymer and a second procass sequance 1108
where the substrate s annhealed, as discussed in connection with operations 310 of

Fia3. A third process sequence 1112 includes performing an etohing procsss

147)

electively remove the sscond phass-separated polymer white lsaving behind the first
pattern of the first phase-separated polyimer on the surface of the substrals, the
siching process being performed at a selected range of low lemperatures using, for
axample, the substrate holder desoribed in relalion o FIG. 5. Frocess sequences

1104, 1108, and 1112 are similar (o the process ssquences described in relation o

T

G 6.
{00981 The second prong of process sequences inciudes providing 8 substrale having &

blook copolymer laver overiying an intermediate layver on a surface thereof, said block

copaiymaer layer comprising a first phase-separated polymer defining & Tirst pattern in
said block copolymer layer and a second pha~~9 separatad polymer defining a seoond

patlern in said Block copolymer layer 1120, performing & first plasma etching process

using plasma formed of a first procass composition (o selectively ramove said second

phass-separatad polvmer white leaving behind said first pattern of sald first phase-
separated polymaer on sald surface of said substrate 1124, parforming a second
plasma alching process o ransfer said first pattern at least partially into said
infsrmadiate layer using plasma formed of a8 second process composition conlaining a

halogen-containing gas 1128, and exposing said first phase-separated polymer o an

vl

glectron beam 1132, As nolad above, exposurs 10 sald sfectron beam 1132 can be

A

parformed during saxd performing said first plasma etching process, or performed
OWing 58 of plasma e 4 process and preceding said second plasma elching
follo aid first plasma stching cess and ceding said second plasma efching
process, or performed during said second plasma etching procass.
{00971 FIG. 12 is ancther exemplary simplified schematic of a control s:ystem used in
Drocess sequances to raduce defactivity of the block copolymaer layer and controliing

IS OF More Qperatmg paramelsrs in one or move PIOCess sequenceaes bom‘i direct

2
/
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current posilioning.  In the embodiment shown in FIG. 12 pi S8mE processing system

("

1200 can be similar to the eambodiment descoribed in FiG. 7, and can furthar comprise
a direct current {B0) power supply 1280 coupled o the upper electrode 1270
opposing substrate 1228, The uppsr slectrode 1270 may comprise an slecirode
plate. The slectrode plale may comprise a silicon-conlaining slectrade plate
Morsover, the sisctrode plate may comprise a doped silicon slectrode plate. The DC
power supply 12840 can includs a variable DO power supply. Additionally, the RC
power supply 12840 can includs a bipolar DO power supply. The DO power supply
1280 can further include a system configured to perform at least one of monitoring,
adjusting, or controlling the polarity, current, voltags, or orfoff state of the DO power
supply 1280, Once plasma s formed, the DO power supply 1290 facilitates the
formation of a ballistic electron baam. An electrical filter (not shown) may be utilized
o de~couple RE power from the DO power supply 1280

{00881 For example, the DC voltage applied 16 upper electrode 1270 by BO power supply
1280 may rangs from approximately -Z2000 volis {V} o approximately 1000V
Desirably, the absolule valus of the DO voltage has a value squal to or greater than
approximately 10V, and more desiably, the absolute value of the DU vollage has a
value equal to or greater than approximately 1300 V. Additionally, # is desirable that
the B0 vollage has a negative polarity. Furthermoreg, i is desirable that the DO
voltage is & negative voltage having an absolute valus greater than the seif-hias
voltage generated on a surfacs of the upper electrode 1270, The surface of the uppsy

electrode 1270 facing the subsirale holder 12208 may be comprised of a silicon-

coriaining materiat,

{00991 While ths prasent invention has been lilustrated by a descriplion of one or mors
embodiments thereof and while these ambodiments have been described in
considerable delall, they are not intended o resivicl or in any way Imit ihe scope of
the appended claims to such detail. Additional advantages and modifications will
readily appear (o those skilled in the art. Additionally, based on the inlrinsic eich
sedectivity providad by the choice of the appropriate polymer blocks, will be
appraciated that one of the domains may be selectively removed in a single step
using a single etch chemistry or may be removad using multiple stches with differs
atch chamisiries. The ivention in its broader aspecis is therefore not limited (o the
spacific detalls, representative apparatus and method, and llusirative examples
shown and described. Accordingly, depanuras may be made from such details

without departing from the scops of the genaral Inventive concapt.
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THLE: ETCH PROCESS FOR REDUCING DIRECTED SELF ASSEMBLY
PATTERN DEFECTIVITY USING DIRECT GURRENT SUPERPOSITIONING
Attorney Docket Noo TTCA4Z8UST{CIP)

INVENTORS: V. CHAKRAPAN] A KO & K KUMAR

We clalim:
1. A method for preparing a patiernsed divected seif-assembly (DEA) laver, comprising:

providing a substrate having & block copolymer layer ovarlving a first intermediate

N

layer on a swiface thersof, sald block copolymer layer comprising a first phass-separatad

pobymeor defining a first patltern in said block copolymer laver and a second phase-

separaled polymer defining 8 second pattam in said block capolymer laver;

parforming a first plasma etching process using plasma formed of a first process
composition to selectively remaove said seonnd phase-separated polymer whils leaving
bebhind said first pattern of said first phasa-separatad polymer on saikd surfacs of said

subsirate; and
axposing said first phase-separated polymer o an slectron heam.

2. The mathod of claim 1, wherein said exposing is performed hefore, during, or after said

performing said first plasma stching process.

3. The method of claim 1, wherein said exposing includes forming plasma belwesn a
lower elactrode, upon which said subsirate is placed, and an upper sdectrode, disposed
cpposite said lower electrode, and coupling a negative DO voltags to said uppsy

electrods,

4. The method of claim 3, wherein said axposing is parformead in the same processing
system as said performing said first plasma eiching process, or wherain said exposing is
parformad in a different processing system as said performing said first plasma stching

DIOCESS.

3. The method of claim 1, wherein sald periorming saxd first plasma stching process
includes forming plasma belween a lower electrode, upon which said substrate is placed,
and an uppsr sleclrode, disposad oppasite sald lower electrode, and coupling & negative

DC vollage to said upper slecirode.
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§. The method of claim 1, further comprising:

parforming & second plasma etching process o ransfer said first pallern at least
partially into said first intermediate layer using plasma formed of a second process

mposiion.

7. The method of claim 8, wherein:

said exposure o sald electron beam is performed during saild performing said fivst

plasma etching process; or

said exposure 10 said electron beam is parformead following said first plasma

efching proosss and preceding said sscond plasmes stching process; or

said exposure to said slectron beam is parformad during said second plasma

aichi i prodess.

8. The methaod of olaim &, wherain said performing said second plasma etohing process
includes forming plasma between a lower electrods, upon which said subsirale is placed
and an uppsr slecirads, disposad opposite said lower electiods, and coupling & negative

D voltags to said upper slsctrode

4. The method of clalm 1, wherain said first plasma slching process s parformed at g

sitbsirate lemperatire less than or equal o about 20 degrees .

14, The mathod of claim &, wherein sald second process composition comprises a

haloger-containing gas that includes BFG

11. The mathod of claim 10, wherein said second process composition further contains a
CxFyHz-containing gas, and whersin x and v are greater than zero and 2 is greater than

or equal fo zern.

12. The method of claim 10, wharein said second process compasition further conlaing

C4F8

13. The methad of claim 10, whearein sald sacond process composition consists of 8FG,

C4F8, and an optional noble gas,

18
v:J

14, The methaod of claim 1, wherein said blook copobsmer layver comprises a di-block

copobamer, a i-biock copolymer, or a tetra-block copalymer,
340
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185, The method of olaim 1, whaerein sald block copolymer layer comprises polysiyrene-b-

poby{methyl methaorviale).

18, The method of claim 15 wherein g line width roughness (LWR) of said first pattern
following said first plasma stching process is less than 2.64, & ine adge roughness
{LERL) ot a first edge of sald first pattern is less than 3.040, and a iine edgs roughhess

{LERR} on a second adge of said first paltern is lass than 310

17. The method of daim 1, whersin said first intermeadiate laver includes a silicon-

containing anti-reflective coating.

18, The method of clalm 1, whersin said first phase-separated polymer includes

polyatyrens.
18, A method for preparing a pattemed directad self-assembly (DSA} layer, comprising:

providing a substrate having a biock copolymer layer overlving an intermeadiale
laver on a surface thereo!, said block copolymaer layer comprising a first phase-separatad
pobymer defining a first pattern in said block copalymer laver and a second phase-

saparatad polymer defining a sscond paltern in said block copolymer laver;

parforming a first plasma stching process using plasma formed of a first process
composition to selectively remove said second phase-separated pobymer whils leaving

behind said first paitern of said firsl phase-separated polymer on said surface of said

parforming & second plasma etching process o ransfer said first pallern at least
partially into said intermadiate layver using plasma formed of a second process

compoesition confaining o halogen-cordaining gas.

20, The method of claim 18, whersin saild second procass composition consists of SF§,

C4F8, and an oplional noble ga
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Providing a substrate having a block copolymer layer on a
suiface thereof, sald block copolymer layer comprising & 310
first phase-separated polymer defining & first pattern in
said block copolymer layar and a second phase-separated
polymer defining a second pattern in said block copolymer
fayer,

Performing an efching process to selectively remove said 390

second phase-separated polymer while lsaving behind -

said first pattem of sald first phase-separated polymer on

said surface of said substrale, said etching process being

rerformed at a substrate temperature less than or equal to
about 20 degrees C.
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Providing a subsirate holder for supporting said substrate,
said substrate helder having a first temperature control
slement for controlling a first temperature at a central
region and a second tempesrature control element at an
edge region of said substirate,

Setling a first target value for said first temperature and
setting a second target value for said second temperature.
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Providing a substrate having a block copolymer layear
ovarlying a first intermediste layer on a surface thereof,
said block copolymer layer comprising & first phase-
saparated polymer defining a first pattern in said block
copolymer laver and a second phase-separated polymer
defining a second patiem in sald block copoiymer layer.

Performing a first plasma efching process using plasms
formed of a first process composition o selectively remove
said second phase-ssparated polymer while leaving
behind sald first pattern of sald first phase-saparaled
polymer on said surface of said substrate.

Ferforming a second plasma elching process to transfer
said first pattern at least partially into sald first
intermediate layer using plasma formed of a second
process composition containing a halogen-containing gas.
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Providing a substrate having a block copolymer layer
overlying a first intermediate layer on a surface thereof, //fg 010
said block copolymer layer comprising a first phase- |7
separated polymer defining a first pattern in said block
copolymer layer and a second phass-separated polymer
defining a second pattern in said block copolymer layer.

Farforming a first plasma etching process using plasma 1020
formed of a first process composition to selectively remove)

said second phase-separated polymer while leaving

behind sald first pattem of sald first phase-separated
polymer on sald surface of said substrats.

Parforming a second plasma etching process to transfer

said first pattern at least partially into said first 1030
intermediats layer using plasma formad of a second T

process composition containing a halogen-containing gas.

Exposing sald first phase-separated polymer to an 1030
slectron beam, T
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