METHOD OF FABRICATING DUAL DAMASCENE STRUCTURE BACKGROUND OF THE
INVENTION 5 Field of Invention [00011 The present invention relates to an integrated circuit (IC)
interconnect process, and more particularly to a method of fabricating a dual damascene structure.
Description of Related Art [00021 As the integration degree of semiconductor device is increased,

multilevel metal 10vHEROMES FARTREWirRY: Wihen thevesistareerof threnegtakef a metal

interconnect is lower, the reliability and the performance of the device are generally higher. Since
copper has a relatively low resistance among various metal materials, it is suitably used in a multilevel
metal interconnect. However, copper is difficult to etch, so that a Cu- interconnect structure is usually
formed with a dual damascene process. 15 [00031 In a dual damascene process, a trench and a via
hole are formed in a dielectric layer, and then metal is filled in them to form a metal line and a via

plug. FIGs. IA-I C illustrate a progassioncaffabrisatingraiakdamascene structure in the prior art.
[00041 Referring to FIG. IA, a dielectric layer 106 and a silicon nitride (SiN) layer 107 are formed over

a subsgater0Q withaemeial layer 102 and a liner layer 104 thereon. 20 Then, lithography and etching
are performed to form, in the SiN layer 107 and the dielectric layer 106, a via hole 108 that exposes a

portion of thedigrinyesdfa: 1HARLRARIENG tonF |GedBranstheilitiogiarReiebinguasess is

conducted to form in the dielectric layer 106 a trench 110 connected with the via hole 108, and then
the portionpithelngidaxesdPbexpraad ipitheiahale WBlig emeved «18QAG] Referring to FIG. 1

C, a metal material is formed over the substrate 100, filling in
Description of Related Axt
{0002] As the integration degree of semiconductor device is increased, multilevel metal

10 interconnect is used widely. When the resistance of the metal of a metal interconnect
1s lower, the reliability and the performance of the device are generally higher. Since
copper has a relatively low resistance among various metal materials, it is suitably used
in a multilevel metal interconnect. However, copper is difficult to etch, so that a Cu-
interconnect structure is usually formed with a dual damascene process.

15 [0003] In a dual damascene process, a trerich and a via hole are formed in a dielectric
layer, and then metal 1s filled in them to form a metal line and a via plug. FIGs. 1A-1C
illustrate a process flow of fabricating a dual damascene structure in the prior art.

{0004] Referring to FIG. 1A, a dielectric layer 106 and a silicon nitride (SiN) layer 107
are formed over a substrate 100 with a metal layer 102 and a liner layer 104 thereon.

20 Then, lithography and etching are perforrmed to form, in the SiN layer 107 and the
dielectric layer 100, a via hole 108 that exposes a portien of the liner layer 104.

[0005] Referring to FIG. 1B, another litho graphy-etching process is conducted to form

in the dielectric layer 106 a trench 110 connected with the via hole 108, and then the

portion of the liner layer 104 exposed in the via hole 108 is removed.



the trench 110 and the via hole 108 and covering the SiN layer 107. Then, a chemical mechanical
polishing (CMP) step is conducted with the SIiN layer 107 as a polishing stop layer to remove the
metal material on the SiN layer 107 and form a dual damascene 5 112. [0007] The above dual
damascene process has some problems. Referring to FIGs. |A- 1B, for the liner layer 104 in the via
hole 108 is damaged by the etchant in the trench etching, the metal layer 102 is easily exposed
degrading {AR08kEsleapEipdiiés! Fromsin myistisbi &ﬁm%fm@ﬂébwwéﬁqb@afﬁﬁ%@easny
damaged bﬁ%he etchant in the 10 trench etching so that the to&}corner of the trench 110 is rounded.

Thus, briddhgien@ndity eaddes Hadpded thanddrarernetae dahiseand Struthwes thomagkhown in
FIG. 2. SUMMARY OF THE INVENTION [0008] Accordingly, this invention provides a method of
fabricating @hanigahraltbine 15NMP) s hsprdirisreveHt rBantiNdor b acamel e trench
and thereby prevents bridging between two adjacent dual damascene structures. [0009] This

invention at&y prstided dnmetibR Brialonatsing o diaPiinmsedd andidaure a wis dampiesent the liner

layer from being damaged by the etchant in the trench etching. [0010] A method of fabricating a dual
damascené ructure is described. A substrate 20 having a conductive layer and a liner layer thereon
is provided. A dielectric layer and a metal hard mask layer are sequentially formed on the liner layer

and then pHEHedhs 2bevn dirtrlarsetirienesss REvioRs SRR p o bR BHHIB A ST thEYiner layer. A
gap- filling layer is filled in the via hole, havigglta height of 1/4 to 1/2 of the depth of the via hole, and

then the meB WA layer R4 thdhniaiachaledP8riadagmesrhiy teersirhant 2dRdrreehnected

with the via hole. The gap-filling layer is removed, and then the liner , ]
etching, the metal layer 102 is easily exposed degrading the electrical properties. The

SiN layer 107 and the dielectric layer 106 are also easily damaged by the etchant in the
10 trench etching so that the top corner of the trench 110 is rounded. Thus, bridging is

easily caused between two adjacent dual damascene structures 112, as shown in FIG. 2.

SUMMARY OF THE INVENTION

[0008} Accordingly, this invention provides a method of fabricating a dual damascene
15 structure that can prevent rounding of the top comer of the trench and thereby prevents

bridging between two adjacent dual damascene structures.

[0009] This invention also provides a method of fabricating a dual damascene structure

that can prevent the liner layer from being damaged by the etchant in the trench etching.

[0010] A method of fabricating a dual damascene structure is described. A substrate
20 having a conductive layer and a liner layer thereon is provided. A dielectric layer and

a metal hard mask layer are sequentially formed on the liner layer and then patterned to

form, in the dielectric layer, a via hole that exposes a portion of the liner layer. A gap-

filling layer is filled in the via hole, having a height of 1/4 to 1/2 of the depth of the via

hole, and then the metal hard mask layer and the dielectric layer are patterned to form a



layer in the via hole is removed with the metal hard mask layer as a mask. A metal layer is formed
filling in the trench and via hole, and then the hard mask layer is removed. 5 [0011] According to the
embodiments of this invention, the above gap-filling material may be a photosensitive polymer or a
non-photosensitive polymer. [001.21 In an embodiment, the gap-filling layer is fonned by filling in the
via hole a material layer having a height higher than a predetermined height of 1/4 to 1/2 of the depth
of the via HB?ECM‘EHSFF%W&E}%WQ}’@ Rlfig-bakk #Préniove & FoltiBimsMitk At ik ig #ager such that
the remainjng material layer has the predeteymjned hejght. [00131 In an embodjment, the steps of
forming th aef@hehtaﬁmm&eiﬁgrﬁ%og’sﬁ.wnfhghﬁam%%mﬂelmi}?g%{ BatteRSt photdtEist layer on
the hard mask layer, etching the hard mask layer and the dielectric layer Witgtthe hotoresist layer as
2 mask to 10VATt® {HERH HHEREREh B (RAGHB-HHG S/ B e BRCkoPasist Rgrs
simultaneously. 15 In etching the metal hard mask layer and the dielectric layer, the etching selectivity
of the dielEetHt'Hyer to gap-filling layer may range from 0.5 to 1.5 as the dielectric layer is being
etched. The step of removing the ga -fiéling layer. and photoresist layer simultapeously may utilize
oxygen-plaliHa b5 108 L4111 STNOHTRE MbdEarSPHO AL Fr AR A selected
from 20 titaniu%n Ti), tantalum (Ta), tungsten (W), titanium nitride (TiN), tantalum nitride (TaN),
tungsten nitifde ARPRTER L BHBTHETBRHE Db RED RIS MBYNSYDBE fabricating a dual damascene

structure is descriped belgw., A substrate having a conductive layer and. a liner layer thereon is
provided, J%}ééé@i@qaﬁ?@wm@a}]&gﬁ?ﬁma@éﬁ{ th a’éa ITH%P%ﬁ%CaVFﬁ 1%&rd mask
layer are 3

material layer having a height higher than a predetermined height of 1/4 to 1/2 of the
depth of the via hole and then conducting etching-back to remove a portion of the
10 material layer such that the remaining material layer has the predetermined height.
[0013] In an embodmment, the steps of forming the trench and removing the gap-filling
layer include forming a patterned photoresist layer on the hard mask layer, etching the
hard mask layer and the dielectric layer with the photoresist layer as a mask to form the
trench and then removing the gap-filling layer and the photoresist layer simultaneously.
15  In etching the metal hard mask layer and the dielectric layer, the etching selectivity of
the dielectric layer to gap-filling layer may range from 0.5 to 1.5 as the dielectric layer
is being etched. The step of removing the gap-filling layer and photoresist layer
simultaneously may utilize oxygen-plasma ashing.
[0614] In addition, the material of the metal hard mask layer may be selected from
20 titanium (Ti), tantalum (Ta), tungsten (W), titanium nitride (TiN), tantalum nitride
(TaN), tungsten nitride (WN) and their combinations.
[0015] Another method of fabricating a dual damascene structure is described below.
A substrate having a conductive layer and a liner layer thereon is provided, a dielectric

layer is formed on the liner layer, and then a cap layer and a metal hard mask layer are



formed on the dielectric layer. The hard mask layer, the cap layer and the dielectric layer are
patterned to form, in the dielectric layer, a via hole that exposes a portion of the liner layer, and then a
gap-filling layer is filled in the via hole. A trench is formed in the dielectric layer connected with the via
hole, and then the gap-filling layer is 5 removed. The liner layer in the via hole is removed with the
metal hard mask layer as_a mask, and then a metal Ia%/er is fonned filling in the trench and the via

hole. The HERAhaRITSRIEEBE e¥En ERToRAY. Tot ke PP dhfecam b Adkhdhss thrdeshie method,
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tched. The. step.of remoying. the gap-filling layer and phqtoresist layer
simulianeoh T Hag e 30N RLATASh Y OOT oo SOHTb HOBEBAS the HASterial of

the cap layer %}fg be silicon oxide (SiO), silicon nitride (SiN), silicon carbonitride (SiCN), silicon
carbide (Si€fdr SiticdRB ?Wfr}aéh@igﬁlfufﬂe material of the metal hard mask layer may be selected

' i N, W d thei bjnations. . -
from Ti, Ta[GWBir?I\al’s-g%e emglo(%r;nentse ot the a noavel:orrr]a%thod, the above gap-filling material may

be a photosensitive polymer or a non-photosensitive polymer.
10 [0017] In some embodiments of the above method, the gap-filling layer may have a
height of 1/4 to 1/2 of the depth of the via hole.
[0018] In some embodiments, the steps of forming the trench and removing the gap-
filling layer include forming a patterned photoresist layer on the metal hard mask layer,
etching the metal hard mask layer, the cap layer and the dielectric layer with the
15 patterned photoresist layer as a mask to form the trench, and removing the photoresist
layer and the gap-filling layer simultaneously. In etching the metal hard mask layer,
the cap layer and the dielectric layer, the etching selectivity of the dielectric layer to the
gap-filling layer may range from 0.5 to 1.5 as the dielectric layer 1s being etched. The
step of removing the gap-filling layer and photoresist layer simultaneously may utilize
20 oxygen-plasma ashing.
[0019] In some embodiments, the material of the cap layer may be silicon oxide (Si0),
silicon nitride (SiN), silicon carbonitride (SiCN), silicon carbide (SiC) or silicon oxy-
nitride (SiON), The material of the metal hard mask layer may be selected from Ti, Ta,

W, TiN, TaN, WN and their combinations.



4 [00201 In some embodiments, the metal hard mask layer is formed on the cap layer. The step of
removing the metal hard mask layer includes a CMP step with the cap layer as a polishing stop layer.
[00211 In some embodiments, the metal hard mask layer is formed on the cap layer and 5 an
additional cap layer is formed on the metal hard mask layer. The additional cap layer is removed
before the metal hard mask layer is removed. The step of removing the metal hard mask layer and the
additional EXf#HyBY fENGEBRe €N St it asEr1a%es [SolimeY Stbihayar. [B821 In some
embodiments, the cap layer is formed op the metal hard mask layer and 10 is removed before the

metal hard RaSiERYerSErE MM b B SRaskdyap Mg faver M Folsret th He“iRdrY&Ter in the

via hole before the trench is formed, the liner layer is not damaged in the trench etching so that the
underlyinga&ﬂﬂﬂ&ﬂ%g% 12¥6bt damaged and degraded. Meanwhile, the etching selectivity of the
dielectric layer to the metal bard mask is very high, so that the trench 15 top corner is not rounded and
bridging oft 8%&%&&8’??{3 aéeamtﬁ%mﬁ&k‘ Roi Rk | G0 54D I8 5 iR Fband

aforementioned and other objects, fFeatur s ar&?i advarﬁageﬁ of tE]e present invention comprehensible,

a preferred 2 ABOHMRNFEL oY ShiSHRERN T JiFe® KAl SSERBESH ¥tk belburdsrsraEsD
DESCRIPTION OF THE WINGS [0025] FIGs. IA-IC illustrate, in a ¢cross-sectjonal view, a process
flow of fabe’cya?ﬁﬁé IR %H%ghﬁén&%é}ﬁ%%aﬁ‘fe DISFAACDEYY61 FIS. S9N RESREHRE bridging

between two adjacent dqual damascene structures with rounded trench top corners._in the prior art.
the m!atal ard mask layer anpi the addltironal cap layer%gudes a CI\/PP step w?th the ca%

layer as a polishing stop layer.

[6022} In some embodiments, the cap layer is formed on the metal hard mask layer and
10 is removed before the metal hard mask layer 1s removed.

[0023] Since a gap-filling layer is formed on the liner layer in the via hole before the

trench is formed, the liner layer is not damaged in the trench etching so that the

underlying conductive layer is not damaged and degraded. Meanwhile, the etching

selectivity of the dielectric layer to the metal hard mask is very high, so that the trench
I5  top comer is not rounded and bridging of two adjacent damascene structures is avoided.

[6024] In order to make the aforementioned and other objects, features and advantages

of the present invention comprehensible, a preferred embodiment accompanied with

figures is described in detail below.

20 BRIEF DESCRIPTION OF THE DRAWINGS
16025] FIGs. 1A-1C illustrate, in a cross-sectional view, a process flow of fabricating a
dual damascene structure in the prior art.
[6026] F1G. 2 illustrates the bridging between two adjacent dual damascene structures

with rounded trench top corners in the prior art.



5[0027] FIGs. 3A-3F illustrate, in a cross-sectional view, a process flow of fabricating a dual
damascene structure according to a first embodiment of this invention. [00281 FIG. 4 illustrates the
result of trench etching when the height of the gap-filling layer is larger than 1/2 of the depth of the via
hole. 5 [0029] FIGs. 5A-5F illustrate, in a cross-sectional view, a process flow of fabricating a dual

damascen according to a second embodiment of this invention. [00301 FIGs. 6A-6F
pvbagh (1t et it ek ottt A S A i

ding to a, third embodi t of this | tion. [0031] FIGs. 7A-7F illustrate, i -sectional
iow & proQUR OV GPRSOHBSHIE Aot Bl b AL EEE UL PL HELBRARGAES & fourth embociment

fthis i ' AIPTION OF EMBODIMENTS First Embodiment [0032] FIGs. 3A-3F illustrate,
;5 ot S S b e i il R
the first embodi t of this i ion. [0033] Referring.to FIG. 3A, bstrate 200 havi ducti
Iajerlrgogr;lﬁgeélr%r?gfg%é}%%%eé%%go%%gp @%S’é%l %%lgzibly beingaassuerﬁi(r:?)r(?ductor‘rj;\tljltg(ég’tr?j'l;ltceoIri]kéJ (;Ive
bulk-Si O trate. Th ductive layer 202 b tal.int t lik
e, THRASE A5G 207 ol ERHGnt s Ao T oot R S D03 056 B HER e an S
layer. Adie(!llec{ri layer 206, sych as a low-k Iaaler with a dielectric constant smaller than 4, is formed

on the liner 5y er 353 R Fea T HiF ASHadii il 31914 8 eyl WS B er 206 through, for

example, C‘% tteri sibly including a material selected from Ji, Ta, W, TiN, TaN, WN and
their com bR e o Bk SHt LA A S A Bt B9 R AP HSPA sk tayer
2101s dual damascene structure according to a third embodiment of this invention.

[0031] FIGs. 7A-7F illustrate, in a cross-sectional view, a process flow of fabricating a

10 dual damascene structure according to a fourth embodiment of this invention.

DESCRIPTION OF EMBODIMENTS

First Embodiment

10032] FiGs. 3A-3F illustrate, in a cross-sectional view, a process flow of fabricating a
15  dual damascene structure according to the first embodiment of this invention.

[0033] Referring to FIG. 3A, a substrate 200 having a conductive layer 202 and a liner

layer 204 thereon is provided, possibly being a semiconductor substrate like a bulk-Si

substrate or an SOI substrate. The conductive layer 202 may be a metal interconnect

like a Cu line. The liner layer 204 can prevent oxidation of the conductive layer 202,
20 and may be an SiN layer. A dielectric layer 206, such as a low-k layer with a dielectric

constant smaller than 4, is formed on the liner layer 204. A metal hard mask layer 210

is formed on the dielectric layer 206 through, for example, CVD or sputtering, possibly

including a material selected from Ti, Ta, W, TiN, TaN, WN and their combinations

and having a thickness of 50-300A. The thickness of the metal bard mask layer 210 is



6 preferably just enough to avoid via-plug bridging, and the higher the etching selectivity between the
dielectric layer 206 and the metal hard mask layer 210 in the dielectric etching process is, the thinner
the metal hard mask layer 210 can be. In some cases, an anti-reflection coating (ARC) 212 is further
formed on the metal hard mask layer 210. 5 A patterned photoresist layer 214 is formed on the
substrate 200, having a via-hole pattern 216 for forming a via hole. [0034] Referring to FIG. 3B, the
ARC 212, HiglHarbmadiengrah2oo wid tﬁ%‘ﬂﬂé&éﬁﬁ@@&yéﬂéd@é@@&ﬁ%%ﬁ&@%ﬂ?&fﬁ%sist layer
214 as a mask to form, in the dielectric layer 206, a via hole 218 exposin? a_portion of the liner layer
204. In an BERIbhdislsdnrcior Rostenddhfitmetedosdamask dtviing gl the Aieedtriard mask
layer 210 etched with C12/Ar as an etching gas, and the dielectric layer 206 etched with CF4/Ar/N2 or
CHF3/Ar/NSCARg PRt G ohs rinespibtorsitbrgarskd iy residved tind e BYSIEHiRAg material
220 is filled in the via hole 218, possibly including a polymer like a photosensitive polymer or a
non-photo&BHgitillecsing aﬁ%}iﬂ%‘éﬁ%gﬂ%ﬁﬁ%ﬁ%ﬁiﬁ@?@@{b@@gpﬁé}éﬁmg}%ﬁk@’%@,IQ-pomon of
the gap-filling material 220 is removed, such that the rest of the same is retained in the via hole 218
asa ggp-fimn@ara@‘@ﬁfém@r@rﬁ%&aﬂwwﬁ/ef?% PreferatiysHa LABIGMVIRE oF 1a-b9'E/2 of the
depth "H" of the via hole 218. The portion of the gap-filling material 220 may be removed through
etching-baBRUEAGHR I PiREMBE HRBEASIst layer 222 is then formed over the 20 substrate 200,
having a trench pattern 224 for forming a trench later. [0036] Referring to FIG. 3D, the ARC 212, the

metal hard! A4k B§Eron9 Bnd the RridlsctrRGag bt 208 bedanarkd with ke putiEindielsibibresist layer

222 as a mask to form, in the dielectric layer 206, a trench 226 connected with the via hole 218.
layer 206 are etched with the photoresist layer 214 as a mask to form, in the dielectric

fayer 206, a via hole 218 exposing a portion of the liner layer 204. In an example, the

10 ARC 212 is etched with CF4/O; as an etching gas, the metal hard mask layer 210 etched
with Cly/Ar as an etching gas, and the dielectric layer 206 etched with CF4/Ar/N; or
CHF3/Ar/N; as an etching gas. The photoresist layer 214 is removed, and then a gap-
filling material 220 is filled in the via hole 218, possibly including a polymer like a
photosensitive polymer or a non-photosensitive one and formed with spin-on coating.

15 [0035] Referring to FIG. 3C, a portion of the gap-filling material 220 is removed, such
that the rest of the same is retained in the via hole 218 as a gap-filling layer 220a.  The
gap-filling layer 220a preferably has a height “h” of 1/4 to 1/2 of the depth “H” of the
via hole 218. The portion of the gap-filling material 220 may be removed through
etching-back.  Another patterned photoresist layer 222 is then formed over the

20 substrate 200, having a trench pattern 224 for forming a trench later.

0036} Referring to FIG. 3D, the ARC 212, the metal hard mask layer 210 and the
dielectric layer 206 are etched with the patterned photoresist layer 222 as a mask to
form, 1in the dielectric layer 206, a trench 226 connected with the via hole 218,

[0037} In an example, the ARC 212 is etched with CF4/O; as etching gas, with etching



[0037] In an example, the ARC 212 is etched with CF4/02 as etching gas, with etching 7 selectivities
of 10-40 and 0.5-1.5 to the metal hard mask layer 210 and the photoresist layer 222, respectively. The
metal hard mask layer 210 is then etched with CI2/Ar as an etching gas, with etching selectivities of
20-50 and 0.5-1.5 to the dielectric layer 206 and the photoresist layer 222, respectively. The dielectric

o7 051, EIBU A OIS AL b ﬁé@?&?&@éﬁﬁi %?&%%?ﬁ?g"’y@}dz% ARAHE et hare
the oYL p%%‘égca%ff o, eetr%'% R AR R SRR SR TR erchamis
ctchants, 140 B Sk Ao Bl é#mét%%f HishER RN %“"” SR oS ranges t
ctthing. o BRI A Al G4 RO et S 0 ?dq%%?&eé FERATIR gap.fiing
o holb 21678 GG %‘6@“@%5%:%%%% '%%‘r%v AR S R htH 2620 that e
e B RS %%%Sﬁ?ﬁ a?é’rZ?é%‘r’.fé”en & ziﬁw. form on the

top corner of t eV|ah 218 af er31e trlgn g;%@ for t own 20.in FI 1 a%the
subsequen{nr% a?jf‘ffng |$1§53%? &R aftected gﬁfﬁ% EI‘@% the ‘r‘h&f%rre&s ayer 222

and the gap.fling lye, 209,16 121 gyve%%%" S8 TSRSl RIACIR RS 481224 g eP-flng
ayer 220a ars
well controlled. The etchants that can be used in this invention are not limited to the
10 aforementioned. By selecting suitable etchants, the etching selectivities between
different layers can be controlled within desired ranges to improve the profile of the
trench 226 as well as to reduce the micro-loading effect caused by different etching
rates in dense-pattern areas and isolated-pattern areas.
[0038] The height “h” of the gap-filling layer 220a is very important in this invention.
15  If the height is smaller than 1/4 of the depth “H™ of the via hole 218, the gap-filling
layer 220a will be consumed in the etching of the trench 226, so that the liner layer 204
is exposed or is even etched through to cause the conductive layer 202 to be damaged
by the etchant. If the height is larger than 1/2 of the depth “H”, a dielectric fence 206a
will form on the top corner of the via hole 218 after the trench 226 is formed, as shown
20 1in FIG. 4, so that the subsequent metal filling is adversely affected.
{0039} Referring to FIG. 3E, the photoresist layer 222 and the gap-filling layer 220a are
removed. In some cases, the photoresist layer 222 and gap-filling layer 220z are

simultaneously removed with, for example, oxygen plasma ashing. The liner layer 204

in the via hole 218 is removed, and a conductive layer 232 is formed on the substrate



simultaneously removed with, for example, oxygen plasma ashing. The liner layer 204 in the via hole
218 is removed, and a conductive layer 232 is formed on the substrate 8 200 filling in the trench 226
and the via hole 218. The layer 232 is usually formed by forming a barrier layer 228 on surfaces of the
trench 226 and the via hole 218 and forming a metal layer 230 filling up 226 and 218. The material of
the barrier layer 228 may be TiN or TaN, and the metal layer 230 may be a copper layer. 5 [0040]
Referring & PIEISE 1 BEATBADARE Ebhilioto it 332, 1HE KpA 21iAevae FREBEHard mask
layer 210 gre removed, so that a conductive layer 232a is retained in the trench 226 and the via hole
218. The rEMBV4 M&TBEIGRE HOUGH SNBCCSeEdha ERSBdmMRrHoRa P 8IS AlSFstrate, in a
cross-sectional view, a process flow of fabricating a_10 dual damascene structure according to the

second emBBYIREhTBIthieYAVEntSHIHRIYP prOcEE AL Simifdie aiet h thth AT BRTUBEFTERT, except

that after the dielectric Iaﬁ(er is formed but before the metal hard mask layer is formed, a cap layer is
formed cap¥bie o 'SeRi aﬁﬂ%&mﬁalé?é’ﬁfﬁ%mﬁx s QBEEELEREEMP process. [0042] Referring
to FIG, 5A, a structure i,ncluding a substrate 200, a_conductive Iaﬁ/@er 1.5202, a Iinergﬁzer 204 and a

dielecttic A%‘i“ﬁo%‘%fﬁ‘aﬂ%éﬂ EKGnthe %R ERTL OO RPN R SHaYRaterall antormingfiethods of

the layers may alsp_be the same. A cap layer 206 is formed on the dielectric layer 206 thrqugh, for

example, égf@}ﬁsﬁéﬂfn} REILENY 19, 2ENCBIERT: SROBH SIGRIR ARV Hadk Big8I910 is then

formed on. the cap layer 208, possibl ip the same manner mentjoned above. |n some cases, an 20
{isie 291 the Fretah

ARC 212 i&¥ 414 madie TR AN B HBrEORgef- 24 is then formed

on the subgtrate 280, Wi&h a via-hole pattern 216 for forming a via hole.
econd Embodiment

{0041} FI1Gs. 5A-5F illustrate, in a cross-sectional view, a process flow of fabricating a
10 dual damascene structure according to the second embodiment of this invention. This
process is similar to that in the first embodiment, except that after the dielectric layer is
formed but before the metal hard mask layer is formed, a cap layer is formed capable of
serving as a polishing stop layer in the subsequent CMP process.
[0042] Referring to FIG. 5A, a structure including a substrate 200, a conductive layer
15 202, a hiner layer 204 and a dielectric layer 206 is formed as in the first embodiment,
while the materials and forming methods of the layers may also be the same. A cap
layer 206 is formed on the dielectric layer 206 through, for example, CVD, possibly
including Si0, SiN, SiCN, SiC or SiON. A metal hard mask layer 210 is then formed
on the cap layer 208, possibly in the same manner mentioned above. In some cases, an
20 ARC 212 is further formed on the metal hard mask layer 210. A photoresist layer 214
is then formed on the substrate 200, with a via-hole pattern 216 for forming a via hole.
[6043] Referring to FIG. 5B, the ARC 212, the metal hard mask layer 210, the cap layer
208 and the dielectric layer 206 are etched with the photoresist layer 214 as a mask to

form, in the dielectric layer 206, a via hole 218 exposing a portion of the liner layer 204.



[0043] Referring to FIG. 513, the ARC 212, the metal hard mask layer 210, the cap layer 208 and the
dielectric layer 206 are etched with the photoresist layer 214 as a mask to form, in the dielectric layer
206, a via hole 218 exposing a portion of the liner layer 204. 9 The photoresist layer 214 is removed,
and a gap-filling material 220 is formed filling in the via hole 218 possibly in the same manner

mentioned above. [0044] Referring to FIG. 5C, a portion of the gap-filling material IS removed,
such that ﬂé@@ﬁ? ’fﬁ%?l ANTE ?é?gelﬁafﬁ@mﬁ%@ ia %ﬁéﬁiﬁzéga@% ?A.%%%ﬁ éi’ga{ﬂ%ﬁé 5

gap-filling layer 220a preferably has a height "h" of 1/4 to 1/2 qf the depth "H" of the via hole 218. The
portion of tﬂéegyé?)%ﬂ o MALSH ﬂ%?ba}?av%‘g ?é?%’%‘&%fﬂﬁnggcﬁi?ﬁé%ack. Another patterned
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Toe Iner a5 364 i VARG 208 41t FOBUAL: SRUSEEDr Aoy or SA3E PR over he
above. 100 A UAEHING 168 L SR SR SAIoR o8 Y e A T3 S e meta

il 2 G BE R R T Gt e B

[0045] Referring to FIG. 5D, the ARC 212, the hard mask layer 210, the cap layer 208
10 and the dielectric layer 206 are etched with the photoresist layer 222 as a mask to form,
in the dielectric layer 206, a trench 226 connected with the via hole 218. The etching
selectivity of the layer 206 to the gap-filling layer 220a may range from 0.5 to 1.5.
[0046] Referring to FIG. SE, the photoresist layer 222 and the gap-filling layer 220a are
removed. In some cases, the two layers 222 and 220a are simultaneously removed
15  through, for example, oxygen plasma ashing. The liner layer 204 in the via hole 218 1s
then removed, and a conductive layer 232 is formed over the substrate 200 filling in the
trench 226 and the via hole 218, possibly in the sarme manner mentioned above.
[6047] Referring to FIG. 5F, a portion of the conductive layer 232, the ARC 212 and
the metal hard mask layer 210 are removed, so that a conductive layer 232a including a
20 metal layer 230a and a barrier layer 228a is retained in the trench 226 and the via hole
218. The removal may be done through CMP, wherein the cap layer 208 can serve as
a polishing stop layer to prevent over-polishing of the dielectric layer 206 caused by
different polishing rates in dense-pattern areas and isolated-pattern areas.

Third Embodiment
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218. The removal may be done through CMP, wherein the cap layer 208 can serve as a polishing
stop layer to prevent over-polishing of the dielectric layer 206 caused by different polishing rates in
dense-pattern areas and isolated-pattern areas. Third Embodiment 10 [0048] FIGs. 6A-6F illustrate, in
a cross-sectional view, a process flow of fabricating a dual damascene structure according to the third
embodiment of this invention. This process is similar to that in the first embodiment, except that after
the metal H{HiBIEERS 187 uPls HBHHAE bR HETERE TREARE ViCHbrEER S Ealhorlyd b8 8n the metal
hard 5 mask layer to prevent the same from being exposed and causing contamination in the step of
removing tHEHiABPAFERCRISBERES AR finehinhpoBuy) Rekndrgers Pfc?bm?&egﬂaaura‘ itluding a
substrate 200, a conductive layer 202, a liner layer 204, a dielectric layer 206 and a metal hard mask
layer 210 RISt Sgglh%rtrfé'ﬁ?étﬂéﬁb&%ﬁ%ﬁéﬂ}?%ﬁﬂ@%éﬁ%ﬂ&% e iheingeharbesdt the layers
may 10 also be the same. A ca Ia%/er 206 is formed on the hard mask layer 210, possibly in the same
manner b HBE P EbHT BadRCan Joreed 2 g cagabpaidos. A
photoresist layer 214 is then formed on the substrate 200, with a via-hole pattern 216 for forming a via
Pole if the Mot I BTYE0 IR S ABOSETRIEHMGRY 1S 288 CHISAREOPID IR FIRr 208, the
metal hard mask layer 15 210 and the dielectric layer 206 are etched with the photoresist layer 214 as
a mask to *fErf! TR BRlBEHRETEP D8 45AAHER 21 8¥8posing a portion of the liner layer 204.

The photoresist layer 214 is removed, and a gap-filling material 220 is formed filling in _the via hole

218 possibRPHY IEederrerdhildr RibnticHEGRISOWS MBS f REpaHHH 180 e BE v BB BIsof the

gap-filling material 220 is removed, such )
202, a liner layer 204, a dielectric layer 206 and a metal hard mask layer 210 is formed

as in the first embodiment, while the materials and forming methods of the layers may
10 also be the same. A cap layer 206 is formed on the hard mask layer 210, possibly in
the same manner mentioned above, In some cases, an ARC 212 is further formed on
the cap layer 208. A photoresist layer 214 is then formed on the substrate 200, with a
via-hole pattern 216 for forming a via hole in the dielectric layer 206 later,
[0050] Referring to FIG. 6B, the ARC 212, the cap layer 208, the metal hard mask layer
I5 210 and the dielectric layer 206 are etched with the photoresist layer 214 as a mask to
form, in the dielectric layer 206, a via hole 218 exposing a portion of the liner layer 204.
The photoresist layer 214 is removed, and a gap-filling material 220 is formed filling in
the via hole 218 possibly in the same manner mentioned above.
[8051] Referring to FIG. 6C, a portion of the gap-filling material 220 is removed, such
20 that the rest of the same is retained in the via hole 218 as a gap-filling layer 220a. The
gap-filling layer 220a preferably has a height “h” of 1/4 to 1/2 of the depth “H” of the
via hole 218, The portion of the gap-filling material 220 may be removed through an
etching-back step. Another photoresist layer 222 is then formed over the substrate 200,

having a trench pattern 224 for forming a trench in the dielectric layer 206 later.
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20 that the rest of the same is retained in the via hole 218 as a gap-filling layer 220a. The gap-filling
layer 220a preferably has a height "h" of 1/4 to 1/2 of the depth "H" of the via hole 218. The portion of
the gap-filling material 220 may be removed through an etching-back step. Another photoresist layer
222 is then formed over the substrate 200, having a trench pattern 224 for forming a trench in the
dielectric layer 206 later. 11 [0052] Referring to FIG. 6D, the ARC 212, the cap layer 208, the metal
hard mask 802%] Fesesneedwidiéiddtit pdl 2862 tbeieh vt thdhsraebrbhsd mypsk 29515 a mask
to form a trench 226 in connection with the via hole 218. The etching selectivity of the dielectric layer
206 to the JAB-Hishthfagistos sisaliiay +aRgESrHIrhes 3vidh e BlpoBeTRdters ﬁa%ycﬁt FOTBE, ihe
photoresist layer 222 and the gap-filling layer 220a_ are removed. In some cases, the photoresist layer
222 and th&gap gt Bornraret Stifatkotay rémdled thAsURIRsE Eslariiytsy 8kylen plasma
ashing. The liner layer 204 in the via hole 218 is then removed, wherein the ARC 212 and the cap
layer 208 CARISSTOCRM S Mt taPnidiRGdgET 2P0 1oy DaNeg Sx5eSedittblcause contamination. 10

A conductive layer 232 is then formed over the substrate 200 filling in the_trench 226 and the via hole
218, péssiﬂﬂpﬁglh%"éc%’égr%ﬁﬁ(ér?ﬁe?ﬁﬁ;ﬂ%‘&%ﬁ&?@%@%zﬁ’@%Fﬁﬁé%‘ﬁ}l]@.géﬁi}’%f poRicH%f the
conductive layer 232, the ARC 212, the cap layer 208 and the metal hard mask layer 210 are
removed, ST coltiRRTeiyer 3PRANERIhE W et 1feS SR -41Nns baiflef 1991 928a is
retained in the trench 226 15 and the via hole 218. The removal maybe done through CMP. Fourth
Embodime St 0SB RITs roRe iRt (Y 55G0RLe satyBkPASHA 43988e < HEWRSF fBREating a

dual damascene structure :flccordi_ng% to the fourth embodiment of this invention. This
204 1n the via hole 218 1s then removed, wherein the ARC 212 and the cap layer 208

can protect the metal hard mask layer 210 from being exposed to cause contamination.
10 A conductive layer 232 is then formed over the substrate 200 filling in the trench 226

and the via hole 218, possibly in the same manner mentioned above,

[06054] Referring to F1G. 6F, a portion of the conductive layer 232, the ARC 212, the

cap layer 208 and the metal hard mask layer 210 are removed, so that a conductive layer

232a including a metal layer 230a and a barrier layer 228a is retained in the trench 226
15  andthe viahole 218. The removal may be done through CMP.

Fourth Embodiment

[0055] FlGs. TA-7F illustrate, in a cross-sectional view, a process flow of fabricating a

dual damascene structure according to the fourth embodiment of this invention. This

process is similar to that in the third embodiment, except that two cap layers are formed
20 respectively under and on the metal hard mask layer. Hence, the process is described

for only the parts relating to the metal hard mask layer and the two cap layers, while the

other parts of the process can be the same as in the third embodiment.

{0056] Referring to FIG. 7A, the lower cap layer 207 is formed before the metal hard

mask layer 210 is formed and the upper cap layer 208 after the same is formed, wherein
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process is similar to that in the third embodiment, except that two cap layers are formed 20
respectively under and on the metal hard mask layer. Hence, the process is described for only the
parts relating to the metal hard mask layer and the two cap layers, while the other parts of the process
can be the same as in the third embodiment. [0056] Referring to FIG. 7A, the lower cap layer 207 is
formed before the metal hard mask layer 210 is formed and the upper cap layer 208 after the same is
formed, wiaFsiP T thectith GRutdy R0 HpaRe e 207V foomsA dy Bg%?me% B fiféferring to
FIGs. 7A and 7B, in the etching process of the via hole 218 with the photoresist layer 214 as a mask,
the cap lay&r 208, TReimBarithiagnaictardrtbe giakgihe G ityibe @%?ta?@ﬂ%féw@“n%i%weﬁched
through. Referring to FIGs. 7C and 71), in the etching process of 5 the trench 226 with the photoresist
layer 222 d8aitndak GHe prIAPSy Sos niskiifued rﬁaﬁg mask Fbrnd dhsngethdagsh Ye07 are also
sequentially etched. [00571 Referring to FIG. 7E, in the later step of removing the liner layer 204
exposed inraiENiERY e, tHeyshc Fefernpgsie Egﬁﬁla%r@@@édrb%‘ﬁe%‘&%grﬁﬁiﬁﬁﬁa{?ﬁ mask
layer 210 from beingée?gosed to cause contamination. Referring to FIGs. 7E and 7F, 10 in a case

where®a pdRfoligrthé o ndtictie thgkrodst IenRE 212 theskafitagdh BosT 248t metal hard mask

layer 210 are removed throu‘gh CMP in the subsequent process, the cag@layer 207 can serve as a
polishing stepdakibpreveReaddhseminme sOtharedbrstrotayel 368 Hedulting from different
polishing rates in dense-pattern areas and isolated-pattern areas. 15 100581 The present invention

has been dR¥TERIEHERS R THE préicitdbrdAiotirp Qb EsIBYing Hist linstdares dd<amseddown to

persons skilled in the art that some modifications and innovations may be made without departing
from the Sﬁh’ﬁ éﬁdhé’é%&é& the ARC 212 and the cap layer 208 can protéct the metal hard mask

layer 210 from being exposed to cause contamination. Referring to FIGs. 7E and 7F,

10 in a case where a portion of the conductive layer 232, the ARC 212, the cap layer 208
and the metal hard mask layer 210 are removed through CMP in the subsequent process,
the cap layer 207 can serve as a polishing stop layer to prevent over-polishing of the
dielectric layer 206 resulting from different polishing rates in dense-pattern areas and
isolated-pattem areas.

15 {0058] The present invention has been disclosed above in the preferred embodiments,
but is not limited to those. It is known to persons skilled in the art that some
modifications and innovations may be made without departing from the spirit and scope
of the present invention. Therefore, the scope of the present invention should be

defined by the following claims.

20
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of the present invention. Therefore, the scope of the present invention should be defined by the
following claims. 20 13 WHAT IS CLAIMED IS: 1. A method of fabricating a dual damascene structure,
comprising: providing a substrate having a conductive layer and a liner layer thereon; forming a
dielectric layer on the liner layer; forming a metal hard mask layer and an anti-reflection coating (ARC)
on the diele tHé"iB)}@ﬁ*Bﬁ’t{ Rdsthe ARC, the metal hard mask layer and the dielectric layer to form,
in the dielectric layer, a via hole that exposes a portion of the liner layer; filling in the via hole a
gap-filling layer tlf;fhﬁ?@%?gﬁ?%?%%%@%@HW%?%‘W& 1K818PP&érning the ARC, the metal
hard mask layer and the dielectric layer to form a trench connected with the via hole; removing the
gap-filling layer; riNGFRg FRRHEHERAR thePORPAETS R ARdAdBrHare 8RBy er as a mask;
forming a metal layer filling_in the trench and the via hole; and removing the ARC and metal hard mask
layer. 2. The metHST Sttt sctin &rsih g AB IR Tayer comprises a photosensitive polymer or a
non-photosensitive palymer. 3. The method of claim 1, wherein the gap-filling layer is formed by: filling

in the via hole a FAMBRE RysithipHh LAkt R e RaL 4ctlection coating’ (ARC) on the

dielectric layer;

patterning the ARC, the metal hard mask layer and the dielectric layer to form,
in the dielectric layer, a via hole that exposes a portion of the liner layer;

filling in the via hole a gap-filling layer that has a height of 1/4 to 1/2 of a depth
of the via hole;

patterning the ARC, the metal hard mask layer and the dielectric layer to form a
trench connected with the via hole;

removing the gap-filling layer;

removing the liner layer in the via hole with the metal hard mask layer as a mask;

forming a metal layer filling in the trench and the via hole; and

removing the ARC and metal hard mask layer.

2. The method of claim 1, wherein the gap-filling layer comprises a
photosensitive polymer or a non-photosensitive polymer.

3. The method of claim 1, wherein the gap-filling layer is formed by:

fillmg in the via hole a material layer that has a height higher than a
predetermined height of 1/4 to 1/2 of the depth of the via hole; and

conducting an etching-back process to remove a portion of the material layer,
such that the remaining material layer has the predetermined height.

4. The method of claim I, wherein the steps of forming the trench and removing

the gap-filling layer comprise:

14



predetermined height of 1 /4 to 1 /2 of the depth of the via hole; and conducting an etching-back
process to remove a portion of the material layer, such that the remaining material layer has the
predetermined height. 4. The method of claim 1, wherein the steps of forming the trench and removing
the gap-filling layer comprise; 14 forming on the metal hard mask layer a patterned photoresist layer

having a trench PARERE SRcHifigMRE e Rard RSk fapat i thergisrsetic e M $he patterned

photoresist layer as a mask to form the trench; and removing the gap-filling layer and the photoresist
layer simult&i’?@_ﬁﬁﬂ?}f@??he method of claim 4, wherein in the step of etching the metal hard mask
fom 0.5 to 1.5 2 U HE iy Te Behg BER QeI TrOSHEtHE) BFEATH & I e step of
ahing Step PPOTRESIABHEA SRR 12 WL, GTETHetilinarc mask layer comprises & materal -
damascene studEHE BB R G S PR ARG R A4 SoHLBRUETYor and & Iner ayer

thereon; forming a dielectric layer on the liner layer; forming a cap layer , a metal hard mask layer and
an anti-reflection Toafig™} ?%F??H'@ gie‘féﬁﬁ’&qéﬂ}e&%gﬁgrﬁﬁlﬁpﬁl@&ﬁéﬂﬁ j?rk\?iré{l WaFd mask layer,

the cap layer and the dielectric , . , .
play {ayer anc? tﬂe iclectric layer, an etching selectivity of the dielectric layer to the gap-

filling layer ranges from 0.5 to 1.5 as the dielectric layer is being etched.
6. The method of claim 4, wherein the step of removing the gap-filling layer and
the photoresist layer simultaneously comprises an oxygen-plasma ashing step.
7. The method of claim 1, wherein the metal hard mask layer comprises a
material selected from Ti, Ta, W, TiIN, TaN, WN and their combinations.
8. A method of fabricating a dual damascene structure, comprising:
providing a substrate having a conductive layer and a liner layer thereon;
forming a dielectric layer on the liner layer;
forming a cap layer , a metal hard mask layer and an anti-reflection coating
(ARC) on the dielectric layer,
patterning the ARC, the metal hard mask layer, the cap layer and the dielectric
layer to form, in the dielectric layer, a via hole that exposes a portion of the liner layer;
filling a gap-filling layer in the via hole;
forming, in the diclectric layer, a trench connected with the via hole;
removing the gap-filling layer;
removing the liner layer in the via hole with the metal hard mask layer as a mask;
forming a metal layer filling in the trench and the via hole; and

removing the ARC and the metal hard mask layer.
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layer to form, in the dielectric layer, a via hole that exposes a portion of the liner layer; filling a
gap-filling layer in the via hole; forming, in the dielectric layer, a trench connected with the via hole;
removing tH&§ap-filling layer; removing the liner layer in the via hole with the metal hard mask layer as
a mask; forming a metal layer filling in the trench and the via hole; and removing the ARC and the

metal hard mask I@M@%&éﬁ%ﬁ&b%@%ﬁ%@%ﬁ{ﬁm&g@j@ﬁﬁ&ﬁtﬁ%@ﬂ%&%ﬁ@ﬁ&@mpfises a

photosensitive polymer or a non-photosensitive polymer. 10. The method of claim 8, wherein the

gap-filling |ayerbas:a heighhefckihiailih g adepth of the via hole. 5 11. The method of claim 8,
wherein the steps of forming the trench and removing the gap-filling layer comprise: forming on the

metal hard. magk layer A RAteHedpRaorsRst IpYRr valching: the aetal hatd magk 1ayes, the cap layer

and the dielectric layer with the patterned photoresis? layer as a mask to form the trench; and 10

removing theRptterngdiRhatorssist layer and the gap-filling layer simultaneously. 12. The method of
claim 11, wherein in etching the metal hard mask layer, the cap layer and the dielectric layer, an

etching selectivity of {heg.digleeticeiiayes tothe.igandiling layersangeniram G210 femasithe dielectric

layer is being etched. 13. The method of claim 11. wherein the step of removing the gap-filling laver
15 and thephptoresistdayeL-sippianeously comprises an oxygen-plasma ashing step.

forming on the metal hard mask layer a patterned photoresist layer;
etching the metal hard mask layer, the cap layer and the dielectric laver with the
patterned photoresist layer as a mask to form the trench; and
10 removing the patterned photoresist layer and the gap-filling layer simultaneously.
12. The method of claim 11. wherein in etching the metal hard mask layer, the cap
laver and the dielectric layer, an etching selectivity of the dielectric. layer to the
gap-filling layer ranges from 0.5 to 1.5 as the dielectric layer 1s being etched.
13. The method of claim 11, wherein the step of removing the gap-filling laver
15 and the photoresist layer simultaneously comnprises an oxygen-plasma ashing step.
14. The method of claim 8, wherein the cap layer comprises SiO, SiN, SiCN, SiC
or SiON.
15. The method of claim §, wherein the metal hard mask laver comprises a
material selected from Ti, Ta, W, TiN, TaN. WN and their combinations.
20 16. The method of claim §, wherein the metal hard mask layer is formed on the
cap laver.
17. The method of ciaim 16, wherein the step of removing the metal hard mask
layer comprises a CMP step with the cap layer as a polishing stop laver.

1&. The method of claim 16, further comprising forming an additional cap layer on
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14. The method of claim S. wherein the cap layer comprises SiO, SiN, SICN, SiC or SiON. 15. The
method of claim 8, wherein the metal hard mask layer comprises a material selected from Ti, Ta, W,
TiN, TaN, ¥N%and their combinations. 20 16. The method of claim 8, wherein the metal hard mask
layer is formed on the cap laver. 17. The method of claim 16, wherein the step of removing the metal
hard masklayen QomRyisesiaLMPwieR WithdR8 £ABIAYEL A5, AP AlIRRING SR\ Efh L felite method
of claim 16. further comprising forming an additional cap laver'on 16 21058 the metal hard mask
layer, wheggin the-pdaliional £apdayer is removed before the metal hard mask layer is removed. 19.
The method of claim 18, wherein the step of removing the metal hard mask layer and the additional

cap layer comprises g G slepr Withihescaplaya! az i PRlishing, SIORIAYRL.2 Gl g Rpthod of

claim 8. wherein the cap layer is formed on the metal hard mask layerand is removed before the

metal hafdlé‘&@ﬁ'%}%y%ésa@ﬂ%\fﬁﬂ1c11%%§§ﬁ£391;§1§e'§%5 RIGATING M%&Péﬁﬂﬁ%’?'ﬂ? 3

STRUCTURE ABSTRACT OF THE DISCLOSURE A method of fabricating a dual damascene
structure is,dgsgribegh A figlectric layer and a metal hard mask layer are sequentially formed on a
substrate having thereon "5 a conductive layer and a liner layer. The metal hard mask layer and the

dielectric layer 20 The method of claim 8, wherein the cap layer is formed on the metal hard

mask layer and is removed before the metal hard mask layer is removed.



are patterned to form a via hole exposing a portion of the liner layer. A gap-filling layer is filled in the
via hole, having a height of 1/4 to 1/2 of the depth of the via hole. A trench is formed in the metal hard
mask layer and the dielectric layer. The gap-filling layer is removed to expose the portion of the liner
layer, which is then 10 removed. A metal layer is formed filling in the via hole and the trench, and then

the metal hard magtia¥es!s SENBH AT bIBAL pAMASCENE sSTRUCTURE
ABSTRACT OF THE DISCLOSURE
A method of fabricating a dual damascene structure is described. A dielectric
layer and a metal hard mask layer are sequentially formed on a substrate having thereon
5 aconductive layer and a liner layer. The metal hard mask layer and the dielectric layer
are patterned to form a via hole exposing a portion of the liner layer. A gap-filling
layer is filled in the via hole, having a height of 1/4 to 1/2 of the depth of the via hole.
A trench is formed in the metal hard mask layer and the dielectric layer. The
gap-filling layer 1s removed to expose the portion of the liner layer, which is then
10 removed. A metal layer is formed filling in the via hole and the trench, and then the

metal hard mask layer is removed.

(FIG. 3A)
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