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TITLE OF THE INVENTION

APPARATUS AND METHOD FOR ELECTROLYTICALLY DEPOSITING
COFPPER ON A SEMICONDUCTOR WORKPIECE

BACKGROUND OF THE INVENTION

In the fabrication of microelectronic devices, application of one or more
metallization layers is often an important step in the overall fabrication process. The
metallization may be used in the formation of discrete microelectronic components,
such as read/write heads, but it is more often used to interconnect components
formed on a workpiece, such as a semiconductor workpiece. For example, such

structures are used to interconnect the devices of an integrated circuit.
| A basic understanding of certain terms used herein will assist the reader in
B understanding the disclosed subject matter. To this end, basic definitions of certain

terms, as used in the present disclosure, are set forth below.

Single Metallization Level is defined as a composite level of a
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i mportant step in the overall fabrication process. The netal li zati on may
be used in the formation of discrete mcroel ectronic conponents, such as
read/ wite heads, but it is nore often used to interconnect conponents
formed on a workpi ece, such as a sem conduct or wor kpi ece. For exanple, such
structures are used to interconnect the devi<ks of an integrated circuit.

A basi c understanding of certain terns used herein will assist the reader

I n under st andi ng the di scl osed subject matter. To this end, basic
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conposite level of gpe or more metal structures.

Substrate is defined as a base layer of material over which one or
more metallization levels are disposed. The substrate may be, for example,
a semiconductor wafer, a ceramic block, etc.

Workpiece is defined as an object that at least comprises a substrate,
and may include further layers of material or manufactured components, such
as one or more metallization levels, disposed on the substrate.

An integrated circuit is an interconnected ensemble of devices formed within
a semiconductor material and within a dielectric material that overlies a surface of
. the semiconductor. Devices which may be formed within the semiconductor include
: MOS transistors, bipolar transistors, diodes and diffused resistors. Devices which
may be formed within the dielectric include thin-film resistors and capacitors.
Typically, more than 100 integrated circuit die (IC chips) are constructed on a single
8 inch diameter silicon wafer. The devices utilized in each dice are interconnected
by conductor paths formed within the dielectric. Typically, two or more levels of
copgiuctor pgthé, with successive levels separated by a dielectric layer, are employed
as jg?ﬁ;gomectims. In current practice, an aluminum alloy and silicon oxide are
typxcally used for, respectively, the conductor and dielectric.

o .' Delays in propagation of electrical signals between devices on a single die
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wor kpi ece that is exterior to the substrate. The conposite | evel conprises
one or nore netal structures. Substrate is defined as a
base | ayer of material over which one or nore netallization |evels
are di sposed. The substrate may be, for exanple, a sem conduct or
waf er, a ceram c bl ock, etc. -3Wrkpi ece is defined as an
object that at |east conprises a substrate, and may incl ude
further layers of material or manufactured conponents, such as

one or nore netiglif thé peifonndney of integdated chauitsOMdre pasichiatlythese delays limit the
speed at which an integrated circuit may process these electrical signals. Larger
propagation delays reduce the speed at which the integrated circuit may process the
electrical si gnals, while smaller propagation delays increase this speed. Accordingly,
integrated circuit manufacturers seck ways in which to reduce the propagation
delays.
_ For each interconnect path, signal propagation delay may be characterized by
" atime delay 1. See E.H. Stevens, Interconnect Technology, QMC, Inc., July 1993.
... An approximate expression for the time delay, T, as it relates to the transmission of a

signal between transistors on an integrated circuit is given below.
T =RC[ 1+ (Vsar/Rlsat} ]

In this equation, R and C are, respectively, an equivalent resistance and
capacitance for the interconnect path and Isatr and Vsar are, respectively, the
saturation (maximum) cﬁrrent and the drain-to-source potential at the onset of

~ current saturation for the transistor that applies a signal to the interconnect path. The
~ path resistance is proportional to the resistivity, p, of the conductor material. The
path capacitance is proportional to the relative dielectric permittivity, K., of the

- dielectric material. A small value of T requires that the interconnect line carry a
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overlies a surface of t he sem conductor. Devices which may be forned

Wi thin the sem conductor include MOS transi stors, bipolar transistors,
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To meet the foregoing criterion, copper interconnect lines within a low-X.
dielectric will likely replace aluminum-alloy lines within a silicon oxide dielectric as

the most preferred interconnect structure. See “Copper Goes Mainstream: Low-k to

‘ Follow”, Semiconductor International, November 1997, pp. 67-70. Resistivities of

.- copper films are in the range of 1.7 to 2.0 puQcm.; resistivities of aluminum-alloy

. films are in the range of 3.0 to 3.5 uQcm.

Despite the advantageous properties of copper, it has not been as widely
used as an interconnect material as one would expect. This is due, at least in part, to
the difficulty of depositing copper metallization and, further, due to the need for the
presence of barrier layer materials. The need for a barrier layer arises from the

tendency of copper to diffuse into silicon junctions and alter the electrical

. characteristics of the semiconductor devices formed in the substrate. Barrier layers

~made of, for example, titanium nitride, tantalum nitride, etc., must be laid over the

r- silicon junctions and any intervening layers prior to depositing a layer of copper to

: 3. prevent such diffusion. .

wnoe ~ A number of processes for applying copper metallization to semiconductor
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el ectrical signals. Larger propagati on del ays reduce the speed at which
the integrated circuit nmay process the el ectrical signals, while small
propagati on del ays increase this speed. AccotfiiFrngly, i ntegrated circui
manuf acturers seek ways in which to reduce the propagation del ays.

For each interconnect path, signal propagation delay nmay be characterized
by a tine deaykfieses havSdeei.develGpety ineecentnyears orrecsuchembosk dg\chefidal
Inc., July 1993. An approxi nate expression for the tinme delay, [err],

it relates 10 yiridepositiors WD), 3 which a thin copper film is formed on the surface of the

barrier layer by thermal decomposition and/or reaction of gas phase copper

er
t

as

compositions. A CVD process can result in conformal copper coverage over a

variety of topological profiles, but such processes are expensive when used to
implement an entire metallization layer.

- Another known technique, physical vapor deposition (PVD), can readily

* deposit copper on the barrier layer with relatively good adhesion when compared to

CVD processes. One disadvantage of PVD processes, however, is that they result in
poor (non-conformal) step coverage when used to fill microstructures, such as vias
and trenches, disposed in the surface of the semiconductor workpiece. For example,
such non-conformal coverage results in less copper deposition at the bottom aﬁd
especially on the sidewalls of trenches in the semiconductor devices.

Inadequate deposition of a PVD copper layer into a trench to form an
interconnect line in the plane of a metallization layer is illustrated in Fig. 1. As
illustrated, the upper portion of the trench is effectively “pinched off” before an
adequate amount of copper has been deposited within the lower portions of the
trench. This result in an open void region that seriously impacts the ability of the
metallization line to carry the electrical signals for which it was designed.

Electrochemical deposition of copper has been found to provide the most



signal between transistors on an integrated circuit is given bel ow

[err] =RC 1+ vwWewsk7sl In this equation, R and C are, PCT/US99/06306
respectively, an equival ent resistance and capaci tance for the
i nterconnect path and | SAT and VSAT are, respectively, the saturation

(maxi mum) current and the drain-to-source potential at the onset of
current saturation for the transistor that applies a signal to the

i nt erconnect path. The path resi stance is-proportional to the
resistivity, p, of the conductor material. The path capacitance is
proportional to the relative dielectric permttivity, K, of the

f': ﬁleeg; { Ir ; gat eddstbffective Minheria whechob depésit a éppet metilizeidén lalér. iIRtaGaRPARSCE
being economically viable, such deposition techniques provide substantially
conformal copper films that are mechanically and electrically suitabie for
interconnect structures. These techniques, however, are generally only suitable for
applying copper to an electrically conductive layer. As such, an underlying

. conductive seed layer is generally applied to the workpiece before it is subject to an
electrochemical deposition process. Techniques for electrodeposition of copper on a
barrier layer material have not heretofore been commercially viable.

The present inventors have recognized that there exists a need to provide

- copper metallization processing techniques that 1) provide comformal copper
coverage with adequate adhesion to the ba;rier layer, 2) provide adequate deposition

- speeds, and 3) are commercially viable. These needs are met by the apparatus and

processes of the present invention as described below.
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current density sufficiently large to nake the ratio Vferr] small. It

foll ows therefore, that a | owp conductor which can carry a high current
density and a | ow Klerr] dielectric nust be utilized in the manufacture
of hi gh-performance integrated circuits. To nmeet the foregoing
criterion, copper interconnect lines wthin-a/4owK[err] dielectric wll
likely replace alumnumalloy lines within a silicon oxide dielectric as
the nost preferred interconnect structure. See "Copper Goes Minstream
Low-k to  Follow', Sem conducBRIEFSUMMARYGHE THEWENTION97, pp. 67-70.

Resi stivities of copper filns are in the range of 1.7 to 2.0 [err]Jcm;
resistivities of al yhisHRMoh®mploys a novel approach to the copper metallization of a
workpiece, such as a semiconductor workpiece. In accordance with the invention, an
alkaline electrolytic copper bath is used to electroplate copper onto a seed layer,
electroplate copper directly onto a barrier layer material, or enhance an ultra-thin
copber seed layer which has been deposited on the barrier layer using a deposition
process such as PVD. The resulting copper layer provides an excellent conformal
* copper coating that fills trenches, vias, and other microstructures in the workpiece.
When used for seed layer enhancement, the resulting copper seed layer provide an
- excellent conformal copper coating that allows the microstructures to be filled with a
copper layer having good uniformity using electrochemical deposition techriques.
Further, copper layers that are electroplated in the disclosed manner exhibit low
__ sht__;et resistance and are readily annealed at low temperatures.

The disclosed process, as noted above, is applicable to a wide range of steps
used in the manufacture of a metallization layer in a workpiece. The workpiece may,
for example, be a semiconductor wofkpiece that is processed to form integrated
circuits or other microelectronic components. Without limitation as to the

applicability of the disclosed invention, a process for enhancing a seed layer is

described,

i A process for applying a metallization interconnect structure to a workpiece
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advant ageous figpasisies of copper, it has not been as wi dely PURESHINGIEN

i nterconnect nmaterial as one would expect. This is due, at least in part,
to the difficulty of depositing copper netallization and, further, due to
the need for the presence of barrier |ayer materials. The need for a
barrier layer arises fromthe t endency of copper to diffuse into silicon
junctions and alter the electrical charact@ri stics of the sem conductor
devices forned in the substrate. Barrier |ayers made of, for exanple,
titaniumnitride, tantalumnitride, etc., nust be laid over the silicon

junctions and h&%ﬁgl maﬁmemy&gddpasi&rd%xpé b&fadeczhsiemss hls® SetottBY ErheHrosdRpPer
to prevent such diffusion. unber of processes for applying

copper rmetal | iiﬁﬁh&&%é ?orﬁ'x?ﬁg gtoﬂxdtﬂﬁ'g-%n metal seed layer on the barrier layer. The ultra-

thin seed layer has a thickness of less than or equal to about 500 Angstroms and may
be formed from any material that can serve as a seed layer for subsequent metal
deposition. Such metals include, for example, copper, copper alloys, aluminum,
aluminum alloys, nickel, nicke]l alloys, etc.. The ultra-thin seed layer is then
enhanced by depositing additional metal thereon in a separate deposition step to

* provide an enhanced seed layer that is suitable for use in a primary metal deposition.
The enhanced seed layer has a thickness at all points on sidewalls of substantially all
recessed features distributed within the workpiece that is equal to or greater than

" about 10% of the nominal seed layer thickness over an exteriorly disposed surface of
the workpiece.

In accordance with a specific embodiment of the process, a copper-
containing metallization interconnect structure is formed. To this end, the ultra-thin
seed layer is enhanced by subjecting the semiconductor workpiece to an
electrochemical copper deposition prbcess in which an alkaline bath having a
complexing agent is employed. The copper complexing agent may be at least one

- complexing agent selected from a group conmsisting of EDTA, ED, and a
polycarboxylic acid such as citric acid or salts thereof,

Various plating bath compositions suitable for blanket plating, fill-plating of
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wor kpi eces have been devel oped in recent years. One such process is
chem cal vapor deposition (CVD), in which a thin copper filmis fornmed on

the surface of the barrier layer by thermal deconposition and/or reaction
of gas phase copper conpositions. A CVD process can result in confornal
copper coverage over a variety of topologigal profiles, but such
processes are expensive when used to i npl ement an entire netallization

| ayer. Anot her known techni que, physical vapor deposition (PVD),

can readi ly réleBRaithicfPRpRures) ahh%eélﬁfa&bﬁénﬂaﬁ&@ﬁemﬂgldﬁngQirahl's\zsesleyfQiﬂDd\
adhesi on when conpared to CVD processes. One di sadvantage of PVD

processes, hoypsElhed Lotufififfor! GEdrdpfainik icopfer for seed layer enhancement comprises

copper sulfate, boric acid, and a complexing agent. The complexing agent is

pref&ably selected from the group consisting of ED, EDTA, and a polycarboxylic

acid, such as citric acid. This solution is also suitable for blanket plating and fill-
plati;xg of recessed micro-structures.

A plating solution that improves the resistivity of the resulting copper film is

" also set forth. The plating solution preferably comprises copper sulfate, ammonium

éliiféte, and éﬂ’xylene glycol. Thls solﬁtion is also suitable for blanket plating and fill-

plating of recessed micro-structures.

T .
4 2 ST
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wor kpi ece. For exanpl e, such non-conformal coverage results in |ess
copper deposition at the bottom and especially on the sidewalls of
trenches in the sem conductor devices. | nadequat e deposition of a
PVD copper layer into a trench to form an I nterconnect line in the plane
of a netallization layer is illustrated in Hl(= 1. As illustrated, the
upper portion of the trench is effectively "pinched off" before an
adequat e anount of copper has been deposited within the | ower portions of

t he trench. This result in SBRIBFEDESCRIPTION OF THEESEVEBRIAIUSI Y i npacts the

ability of the netallization |ingiEwsEernt brAveGSi cal signals for
which it was designed. El ectrochem cal deposition of copper has

been found to provide the nost

Fig. 1 is a cross-sectional view illustrating an interconnect line formed
completely by PVD copper.

Figs. 2A — 2E are cross-sectional views through a semiconductor workpiece
illustrating the various layers of material as they are applied in accordance with one

' embodiment of the present invention.

Fig.3 isa schemati;: representation of an apparatus suitable for enhancing
an dlﬁa—fhiﬁ seed layer.

Fig. 4A is a graph illustrating the current-potential curves of a plating
solution using a polyc'arboxylic acid, such as citric acid, as a complexing agent.

Fig. 4B a gra;;h illustrating the current-potential curves of a plating solution
using EDTA, an amine-containing plating solution, as the complexing agent.

Fig. 4C is a graph of sheet resistance change with annealing temperature for

~ copper films deposited from a bath solution with and without ammonium sulfate.

Fig. 4D is a graph illustrating plating solution conductivi& as a function of
ethylene glycol concentration in collating solutions with and without ammonium
‘sulfate,

Fig. 5 is a scanning eletromicrograph photograph ill_ustrating an ultra-thin

seed layer,
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cost-effective manner in which to deposit a copper netallization |ayer. In
addition to bei ng econom cally viable, such deposition techniques provide
substantial ly conformal copper filnms that are nechanically and
electrically suitable for i nterconnect structures. These techni ques,
however, are generally only suitable for applyi ng copper to an

el ectrically conductive layer. As such, an underlying conductive seed

| ayer is generally applied to the workpiece before it is subject to an

el ectrochenm cal depoFig} 6Ars ArRatifig elbtohiitrageph fphotogkapht illastemng in @tracthin
copper on a barrier layer material have not heretofore been comercially

vi abl e. seedﬂir@rﬁ%ﬁ?a%%eﬁ@?ﬂﬁﬂ&é?fﬁmmi zed that there exists a
i de A

need to provi

Fig. 6B is a scanning eletromicrograph photograph illustrating an ultra-thin
seed iayer that has been enhanced in an EDTA bath.

Fig. 7 is a schematic representation of a section of a semiconductor
m;nufacturing line suitable for implementing the disclosed seed layer enhancement

steps.



copper netallization processing techniques that 1) provide conformal copper
coverage W t hyedearat e adhesion to the barrier layer, 2) pr oviPEE/USAYEARING o

deposi tion speeds, and 3) are conmercially viable. These needs are net
by the apparatus and processes of the present invention as described
bel ow. WD 99/ 47731 _
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BRI EF SUMVARY OF THE | NVENTI ON Thi-d2i-nventi on enpl oys a novel

approach to the copper netallization of a workpiece, such as a
sem conduct or wor kpi ece. In accordance with the invention, an alkaline
el ectrolytic copper bath is used to electroplate copper onto a seed | ayer,

DETAILED DESCRIPTION OF THE INVENTION

This invention employs a novel approach to applying copper metallization to
a workpiece, such as a semiconductor workpiece, In accordance with the invention,
an alkaline electrolytic copper bath is used to electroplate copper onto a seed layer,
electroplate copper directly onto a barrier layer material, or enhance an ultra-thin
copper seed layer which has been deposited on the barrier layer using a deposition
. 'p-roces.s such as PVD. Additionally, a method for applying a metallization layer will
be disclosed. Although the disclosed method may be used in connection with a
' substantial number of different metal compositions, the specific embodiment
disclosed herein is directed to 'the. applicaﬁon of a copper-containing metallization
Iayér. To this end, an alkaline electrolytic copper bath is used to enhance an ultra-
thin copper. seed layer which has- been deposited on a barrier layer using a deposition
process such as PVD. The enhanced copper seed layer provides an excellent
conformal copper coating that allows trenches and vias to be subsequently filled with

a copper layer having good uniformity using electrochemical deposition techniques.
A cross-sectional view_ of a micro-structure, such as trench 5, that is to be
filled with copper metallization is illustrated in Fig. 2A and will be used to to
describe the seed layer enhancement aspects of the present invention. As shown, a
thin barrier layer 10 of, for example, titanium nitride or tantalum nitride is deposited

over the surface of a semiconductor device or, as illustrated in Fig. 2A, over a layer



el ectropl ate copper directly onto a barrier layer material, or enhance an
ultra-thin cypRekrAeed | ayer which has been deposited on t he PCT/USENO06BMEY e 1
usi ng a deposition process such as PVD. The resulting copper |ayer

provi des an excel I'ent conformal copper coating that fills trenches, vias,
and other mcrostructures in the workpiece. Wen used for seed Iayer
enhancenent, the resulting copper seed | ayer provide an excellent

conformal copper coating that allows the mchggstructures to be filled with
a copper |ayer having good uniformty using electrochem cal deposition
techni ques. Further, copper layers that are electroplated in the disclosed

menner exhi bi tof PWelREeS, £|ﬁ:§'a§tsﬂﬂ%ﬁ Abgidar %e%éﬂ%?&”ﬁ%&g tatpré\%}% the

t enper at ur es. The' di scl osed process, as nofed above cabl e

e B e

wor kpi ece that is processedtoformln rated circuits or_ other )
ni cr oel ect r oni CArieBS kRO technigpgs, sueh ag o PYR, gan be usadeto deposit the barrier

layer depending on the particular barrier material being used. Preferably, the
thickness for the barrier layer is approximately 100 to 300 Aﬁgstroms.

After the deposition of the barrier layer, an ultra-thin copper seed layer 15 is

deposited on the barrier layer 10. The resulting structure is illustrated in Fig. 2B.

; Preferably, the copper seed layer 15 is formed using a vapor deposition technique,

. suqh as CVD or PVD. In order to have adequate adhesion and copper coverage, a

 relatively thick (1000 Angstroms) copper seed layer is usually required. Such a thick

., seed layer leads to problems with close-off of small geometry trenches, however,
. when a PVD deposition process is employed for applying the seed layer.

~ Contrary to traditional thoughts regarding seed layer application, the copper

seed layer 15 of the illustrated embodiment is ultra-thin, having a thickness of about

50 to about 500 Angstroms, preferably about 100 to about 250 Angstroms, and most

preferably about 200 Angstroms. The.ultra-fhin copper seed layer can be deposited

...using a CVD or a PVD process, or a combination of both. PVD is the preferred

’a_gpl:ication process, however, because it can readily deposit copper on the barrier

. j}gye; 10 with relatively good adhesion. By depositing an ultra-thin seed layer of

copper, rather than the relatively thick seed layer used in the prior art, pinching off of
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deposited on a surface thereof is also set forth. The process

ormng of an ultra-thin netal seed |ayer on the barrier
ra- thin seed |ayer has a thrédfness of |ess than or equal

to

troms and nmay be forned fromany material that can serve as

or subsequent netal
the trenches can be avoided.

The use of an ultra-thin seed layer 15 generally introduces its own set of
problems. One of the most significant of these problems is the fact that such ultra-
thin layers do not generally coat the barrier layer 10 in a uniform manner. Rather,
voids or non-continuous seed layer regions on the sidewalls; such as at 20, are often
present in an ultra-thin seed layer 15 thereby resulting in the inability to properly

apply a subsei;uent electrochemically deposited copper layer in the regions 20.

" Further, ultra-thin seed layers tend to include spikes, such as at 21, that impact the

uniformity of the subsequent electrolytically deposited metal layer. Such spikes 21
result in high potential regions at which the copper deposits at a higher rate than at
other, more level regions. As such, the seed layer 15 is not fully suitable for the
traditional electroplating techniques typically used after application of a seed layer.
The present inventors have found that an ultra-thin seed layer can be
employed if it is combined with a subsequent electrochemical seed layer
enhancement technique. To this end, the semiconductor workpiece is subject to a
subsequent process step in which a farther amount of copper 18 is applied to the

ultra-thin seed layer to thereby enhance the seed layer. A seed layer enhanced by the

+ additional deposition of copper is illustrated in Fig. 2C. As shown in Fig. 2C, the

- void, or non-continuous regions 20 of Fig. 2B have been filled thereby leaving

" substantially all of the barrier layer 10 covered with copper.



deposi-tion. -Such netals include, for exanple, copper, copper al
alumi num  al WA WATTHI | oys, nickel, nickel alloys, etc.. The uIPF?éJ}P?{P%OG
seed layer is then enhanced by depositing additional netal thereon in a
separate deposition step to provide an enhanced seed | ayer that is
suitable for use in a primary netal deposition. The enhanced seed | ayer
has a thickness at all points on sidewalls of substantially all recessed
features distributed within the workpi ece thdf-is equal to or greater than
about 10% of the nom nal seed |ayer thickness over an exteriorly disposed
surface of the workpiece. I n accordance with a specific,

enbodi ment of the pPrefessbly, thecegsddayer enhancement prpoges eontinuas juptl a sidewall

i nterconnect structure is forned. To this end, the ultra-thin seed | ayer

i s enhanced bystepbpveedgeNie.| the rattndithe seedtlayer WhitkiRiseatethé bottdin sidewall regions

el ectrochemni cal

copper deposition process in which an al kaline bath having

a  conpl exi ngyR0RNnd SorflRl MickHess dTI0E RRGby & WRLESBorAIEbodR i 2 Rbs

| east one

the 'workpiece, achieves a value of at least 10%. More preferably, the sidewall step
coverage is at least about 20%. Such sidewall step coverage values are present in
sub'stantially all of the recessed structures of the semiconductor workpiece. It will be

recognized, however, that certain recessed structures distributed within the

* semiconductor workpiece may not reach these sidewall step coverage values. For

.. example, such structures disposed at the peripheral edges of a semiconductor wafer

may not reach these step coverage values. Similarly, defects or contaminants at the
situs of certain recessed structures may prevent them from reaching the -desired
coverage values. The nominal thickness of the enhanced seed layer at the exteriorly
disposed side of the workpiece is preferably in the range of 500 angstroms 1600
‘angstroms.

Although the embodiment of the process disclosed herein is described in
connection with copper me_tallization,.it is understood that the basic principle of the

enhancement of an ultra-thin seed layer prior to the bulk deposition thereof can be

- applied to other metals or alloys that are capable of being electroplated. Such metals

_ingl_ude_iron, nickel, cobalt, zinc, copper-zinc, nickel-iron, cobalt-iron, etc.

‘A schematic representation of an apparatus 25 suitable for enhancing the



conpl exi ng agent selected froma group consisting of EDTA, ED, and a

pol ycar boxyl iWO&84t3kuch as citric acid or salts thereof PCTUSHY/PG38%:s
pl ati ng bath conpositions suitable for blanket plating, fill-plating of
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recessed mcro-structures, and seed | ayer enhancenent plating are al so set
forth. A preferred solution for electropl at?@ng copper for seed | ayer
enhancenment conprises copper sulfate, boric acid, and a conpl exi ng agent.
The conpl exing agent is preferably selected fromthe_group consisting of
ED, EDTA, and wultrpdhipceoppesxseetl dayer is illustrated in Fig. 3. It will be recognized that this

apparatus is also suitable for applying a blanket plating layer and/or full-fill plating
of recessed micro-structures As shown, a semiconductor workpiece, such as a
semiconductor wafer 30, is positioned face down in a bath 35 of electroplating
solution. One or more contacts 40 are provided to connect the wafer 30 to a plating
power supply 45 as a cathode of an electroplating cell. An anode 50 is disposed in
the bath 35 and is connected to the plating power supply 45. Preferably, a diffuser 55
* is disposed between the anode 50 and the wafer/cathode 30, The wafer 30 may be
rotated about axis 60 during the enhancement process. Anode 50 may be p.rovided
with a dielcct_ric shield 65 at a backside thereof which faces an incoming stream of
plating bath fluid.
As noted above, certain aspects of the present invention relate to new and
* useful plating solutions. These solutions can be used for blanket plating, full-fill of
the recessed micro-structures, seed layer enhancement, etc. The preferred electrolytic
bath solution for enhancing the seed layer is an alkaline copper bath in which copper
ions are complexed with a complexing agent. A preferred composition and range of
concentrations for the various components of the plating bath include the following:
1. Copper sulfate: 0.03M to 0.25M (preferably, 0.04);
2. Complexing agent: complex to metal ratios from 1 to 4, preferably 2;

3. Boric acid: 0.01M to 0.5M, preferably 0.05M; and



acid, -such as citric acid. This solution is also suitable for bl anket

pl ating and fWQ9947@31ati ng of recessed m cro-structures. PCT’”@%P%P? ng
solution that inproves the resistivity of the resulting copper filmis

al so set forth. The plating solution preferably conprises copper sulfate,
ammoni um sul fate, and ethylene glycol. This solution is also suitable for

bl anket plating and fill- plating of recessed m cro-structures. WO

99/ 47731 -17-

PCTI US99/ 06306 - 10-

BRI EF DESCRI PTI ON OF THE SEVERAL VI EWs OF THE
DRAW NGS 4. pH:S5 - 13, preferably 9.5.

A preferred source of copper ions is copper sulfate (CuSO)). The

concentration of copper sulfate in the bath is preferably within the range of 0.03 to
0.25 M, and is more preferably about 0.1 M.

Complexing agents that are suitable for use in the f)resent invention form a
stalble complex with copper ions and prevent the precipitation of copper hydroxide.
Ethylene diamine tetracetic acid (EDTA), ethylene diamine (ED), citric acid, and
their salts have been found to be particularly suitable copper complexing agents.
The molar ratio of complexing agent to copper sulfate in the bath is preferably within

.. the range of 1 to 4, and is preferably about 2. Such complexing agents can be used
- alone, in combination with one another, or in combination with one or more further
. complexing agents.

The electrolytic bath is preferably maintained at a pH of at least 9.0,
Potassitm hydroxide, ammonium hydroxide, tetramethylammonium hydroxide, or
sqdium hydroxide is utilized to adjust and maintain the pH at the desired level of 9.0
or above. A preferred pH for a citric a;:id or ED bath is about 9.5, while a preferred
p_H'for an EDTA bath is about 12.5. As noted above, the complexing agent assists in

... preventing the copper from precipitating at the high pH level.
Additional components can be added to the alkaline copper bath. For

/example, boric acid (H,BO,) aids in maintaining the pH at 9.5 when citric acid or ED



Fig. 1 is a cross-sectional viewillustrating an interconnect || d
conpl et el y byWwe@9B4¥8bper . Figs. 2A - 2E are cross-se(?f:ilrgﬁg&%?pgm
t hrough a sem conduct or workpi ece illustrating the various |ayers of
material as they are applied in accordance with one enbodi ment of the
present invention. Fig. 3 is a schematic representation of an
apparatus suitable for enhancing an ultra-thin seed | ayer. Fig.
4A is a graph illustrating the current-poterhsi‘al curves of a plating
sol ution using a polycarboxylic acid, such as citric acid, as a conpl exing
agent . Fig. 4B a graph illustrating the current-potential curves
of a plating $ohsediasrthe compleyinEzgent, and provides boghter nonpgr gepasitagvhenladdedn,
as the conpl exi ng agent. Fig. 4Cis a graph of sheet resistance
change wi t h amgaaleldtgolydicitakintoitsiningEDTA as the complexing agent. If boric acid is
added, its concentration in the bath is preferably within the range of 0.01 to 0.5 M.

In general, the temperature of the bath can be within the range of 20 to 35°C,
with 25°C being a preferred temperature. The current derisity for electrolytically
depositing copper to enhance the copper seed layer can be 1 to 5 milliamps/cm?,

~ while a plating time of about 1 to about 5 minutes is sufficient to enhance the copper

* seed layer. The plating waveform may be, for example, a forward periodic pulse
. having a period of 2 msec at a 50% duty cycle.

An amine free acid complexing agent, for example, a polycarboxylic acid, -

.. - -Such as cifric acid, and salts thereof, is preferable to the use of EDTA or ED. EDTA

and ED include amine groups. These amine groups often remain on the surface of

the semiconductor workpiece after rinsing and drying of the wafer. Subsequent

. processes, particularly such processes as photolithographic processes, may be

corrupted by the reactions resuiting from the presence of these amine groups. The

amine groups may, for example, interfere with the chemical reactions associated with

. th eexposing and/or curing of photoresist materials. As such, amine free

complexing agents are particularly suitable in processes in which a photolithographic

process follows an electrodeposition process.

A further advantage of using a polycarboxylic acid, such as citric acid, stems



copper films deposited froma bath solution with and wi thout ammoni

sul f ate. WO 9%4PBY. 4D is a graph illustrating plating sol u‘E(FUHS99’°63°5
conductivity as a function of et hyl ene glycol concentration in collating
solutions with and wi thout ammonium sulfate. Fig. 5is a

scanni ng el etrom crograph photograph illustrating an ultra-thin seed

| ayer. WO 99/ 47731

PCT/ US99/ 06306 Fig. 6A is a stEhnning el etronicrograph

phot ograph illustrating an ultra-thin

from the fact that the magnitude of the voltage potential at which the copper is plated
is greater than the magnitude of the voltage potential at which the copper is plated in
a bath containing EDTA. This is illustrated in Figs. 4A and 4B where Fig. 4A is a
current-potential graph for a citric acid bath, and Fig. 4B is a current-potential graph
for an EDTA bath. Electroplating takes place at the voltage where the corresponding
current increases abruptly. This plating voltage is referred to as the deposition
potential, which is approximately -1.25 volts as shown in Fig. 4A for a bath
; qn;ploying citric acid as the complexing agent, and is approximately -1.0 volts as
shown in Fig. 4B for a bath employing EDTA as the complexing agent. The current
pedks (70 70" for the a bath containing a citric acid, and 72, 72' for the bath -
. containing the EDTA) are the lﬁniting currents which are mainly determined by
mass transfer and the concentration of copper ions in the plating solutions. As
illustrated, the magnitude of the current and the particular plating potential is
s_lightly dependent on the substrate material. The different substrate results are
_ illustrated in Figs. 4A and 4B, where 70 and 72 are the curves for a copper substrate
material, and 70’ and 72’ are curves for a copper substrate material comprised of
copper with a coppef oxide coating. It is noted that additional peaks occur on
- oxidized copper in the same electrolytes. These peaks are related to the

electrochemical reduction of copper oxide to metallic copper before the alkaline



seed | ayer that has been enhanced in a citric acid bath. ' B
Pyl

i s a scanni ngveP¥#178hi cr ogr aph phot ograph illustrating an ult
| ayer that has been enhanced in an EDTA bat h. Fig. 7is a

schematic representation of a section of a sem conductor

line suitable for inplenenting the disclosed seed | ayer enhancenent
WD 99/ 47731

PCT/ US99/ 06306 -20- -12-
DETAI LED DESCRI PTI ON OF THE | NVENTI ON

st eps.

It is believed that a copper layer plated at a higher plating potential in an
alkaline bath provides greater adhesion to the underlying barrier layer than a copper
layer plated at a lower plating potential in an acid bath. For copper to adhere to the
barrier material, it is thought that copper ions must impinge on the barrier surface
with sufficient energy to penetrate a thin oxidized or contaminated layer at the
barrier surface. It is therefore believed that a copper layer deposited at a higher

magnitude plating potential adhere is better to the exposed barrier layer during the

* plating process when compared to a layer plated using a smaller magnitude plating

. potential. This factor, combined with the inter-copper chemical bond between the

.+ PVD copper and the electrochemically deposited copper provides for an enhanced

seed layer having excellent electrical as well as barrier adhesion properties. Such

characteristics are also desirable for films used in blanket plating, full-fill plating,

- - pattern plating, etc.

(%]

It has been found that the resistivity of the deposited copper film is directly

related to the resistivity of the plating bath solution. Additives that assist in lowering

- the resistivity of the solution therefore provide a comresponding reduction in the

resistivity of the deposited film.

Experimental results indicate that addition of ammonium sulfate

i significantly reduces the resistivity of the plating bath solution and, as such, the

deposited film. The sheet resistance obtained for different amounts of ammonium

seed

manuf act uri ng



This invention enploys a novel approach to applying copper netallization to
a wor kpi ece, woiod4ms1 a seni conduct or wor kpi ece. | n accor dance REHYSH{IE306

i nventi on, an al kaline electrolytic copper bath is used to el ectropl ate
copper onto a seed | ayer, el ectropl ate copper directly onto a barrier

| ayer material, or enhance an ultra-thin copper seed | ayer which has been
deposited on the barrier |ayer using a deposition process such as PVD.
Addi tionally, a nethod for applying a metal t2kation |ayer will be

di scl osed. Al though the disclosed nethod may be used in connection with a
substantial nunmber of different netal conpositions, the specific enbodi nent
di scl osed her esutfatesamti carnpared tin théegraplpFig a4 Corlsoéanabe spegrthe dnighdéshi shget
nmetal lization | ayer. To this end, an al kaline electrolytic copper bath is

used to enhanGgsigindd, kitler with &Y Witk Bffieabing dt high @émpdihtateshwas Snemedeapari t ed
on a barrier layer using a deposition process such as PVD. The enhanced

ol Towe. © onchdbch s Do, BuhRh i, 1BRRBRR (PRIEE ST Mk

pH in which a trace amount of ammonium sulfate is introduced to the bath, the sheet

resistance was reduced from 76 to 23. As the concentration of ammonium sulfate
increased from 0.1 M to 0.5 M, the sheet resistance continuously decreased in a
.corresponding manner.
Although ammonium sulfate assists in reducing the sheet resistance of the
deposited copper layer, experimental results indicate that it reduces the conformality
of :the resulting copper film. However, the addition of ethylene glycol to the
a{prnoxﬁum sulfate containing solution substantially increases the conformality of the -
._fe_gs.}zlting deposit. Figure 4D illustrates the relationship between the concentration of
ethylene glycol and the conductivity of a plating solution containing 0.2M the of
ammonium sulfate.
A preferred composition and range of concentrations for the various
components of a plating bath having ammonium sulfate include the following:
1. Copper sulfate: 0.03M to 0.5M (preferably, 0.25M);
_2. ; rgqmplexing agent: complex to metal ratios from 1 to 4, preferably 2 using ED;
- 3 _Ammonium sulfate: 0.01M to 0.5M, preferably 0.3M; and

- 4A , Boric acid: 0.00 to 0.5M, preferably 0.2M.



a copper layer having good uniformty using el ectrochem cal deposition
techni ques. WO99/47731A cross-sectional view of a nicro-struct uPET/USHI§3Ws
trench 5, that is to be filled with copper netallization is illustrated
in Fig. 2A and will be used to to describe the seed | ayer enhancenent
aspects of the present invention. As shown, a thin barrier layer 10 of,
for exanple, titaniumnitride or tantalumnitride is deposited over the
surface of a semiconductor device or, as ilt&trated in Fig. 2A, over a

| ayer WO 99/ 47731

PCTI US99/ 06306 _ -13- of a
dielectric 8, Asahtedsabove,isnoh adbatix icdmpositien loan be assed Syrebladitet pldting pateravent
t he m gration of copper to any sem conductor device forned in the
substrate. Anyplefing, fl-fill plating, and seed layer enhancement.

With reference again to the specific seed layer enhanced aspects of the
present invention, the enhanced seed layer of Fig. 2C is suitable for subsequent
electrochemical copper deposition. This subsequent copper deposition may take
place in an alkaline bath within the apparatus employed to enhance the seed layer.
This may be followed by a low-temperature annealing process that assists in

* lowering the resistivity of the deposited copper. Such a low-temperature annealing

. process preferably takes place at a temperature below about the 250 degrees Celsius

- and, more preferably, below about 100 degrees Celsius. When a low-K dielectric
material is employed to isolate the copper structures, the upper annealing

- temperature limit should be chosen to be below the degradation temperature of the
dielectric material.

Although the foregoing alkaline bath compositions may be used for the entire
electrochemical deposition process, subsequent copper deposition may take place in
an acid environment where plating rates are substantially higher than corresponding
rates associated with alkaline plating baths. To this end, the semiconductor
workpiece is preferably transferred to an apparatus wherein the workpiece is

thoroughly rinsed with deionized water and then transferred to an apparatus similar

to that of Fig. 3 wherein the plating bath is acidic. For example, one suitable copper



various known techni ques, such as CVD or PVD, can be used to deposit the
barri er | aywo g9gp@ndi ng on the particular barrier material bBCTHYSP306
Preferably, the t hi ckness for the barrier layer is approximtely 100 to

300 Angstrons. After the deposition of the barrier |ayer, an
ultra-thin copper seed layer 15 is deposited on the barrier |ayer 10. The
resulting structure is illustrated in Fig. 2B. Preferably, the copper
seed layer 15 is formed using a vapor deposi2Ben techni que, such as CVD

or PVD. In order to have adequate adhesi on and copper coverage, a
relatively thick (1000 Angstromns) copper seed |ayer is usually required.

Such a thick pgikesmpassr 708A0,30), mvgl\q/ ?er\/ﬂnﬁ I70¢Ip@s Ehkide @6nsSWith brganic
ep

geonetry trenches, however, when a osition process i's enployed for
0Pl 10 1 SRR B e iR b gés ) U i
el Sy s WAL el 2 0 Scassa sl o oo
pro‘)ide better filling of the recessed structures on the wafer surface. The organic
additives may include levelers, brighteners, wetting agents and ductility enhancers. It
is dﬁring this deposition process that the trench 5 is substantially filled with a further
layer of electrochemically deposited copper 22. The resuiting filled cross-section is
" illustrated in Fig. 2D. After being filled in this manner, the barrier layer and the
_ copper layers disposed above the trench are removed using any suitable process

| _tﬁereby; leaving only the trench 5 with the copper metallization and associated barrier

'.r‘r.x.at-eﬁal as shown in Fig. 2E.

o Use of an alkaiine electrolytic bath to enhance the copper seed layer has
particular advantages over utilizing acid copper baths without seed layer
enhancement. After deposition of the PVD copper seed layer, the copper seed layer
1s fypically exposed to an oxygen-containing environment. Oxygen readily converts
metallic copper to copper oxide. If an acid copper bath is used to plate copper onto

'l';ﬁie seed layer after exposure of the seed layer to an oxygen containing environment,
the acid copper bath would dissolve copper oxide that had formed, resulting in voids
in the seed layer and poor uniformity of the copper layer deposited on the seed layer.

G TTRIIE .

Use of an alkahne copper bath in accordance with the disclosed embodiment avoids



preferably about 200 Angstrons. The ultra-thin copper seed |layer can be
deposi ted  uwomg4mICVD or a PVD process, or a conbination of RSHYS9BRA%; s
the preferred application process, however, because it can readily

deposit copper on the barrier | ayer 10 with relatively good adhesi on. By
depositing an ultra-thin seed | ayer of copper, rather than the relatively
thick seed | ayer used in the prior art, pinching off of WO 99/ 47731
PCT/ US99/ 06306 -24 - -14- t he
trenches can be avoi ded. The use of an ultra-thin seed |ayer 15

generally introduces its own set of
the problem by advantageously reducing any copper oxide at the surface of the seed

layer to metallic copper. Another advantage of the alkaline copper bath is that the
plated copper has much better adhesion to the barrier layer than that plated from an
acid copper bath, Additional advantages of the seed layer enhancement aspects of

the present invention can be seen from the following Exampfe.

' EXAMPLE 1

Comparison of Acid Copper Plating
With and Without Seed Layer Enhancement

" Semiconductor wafers 1, 2 and 3 were each coated with a 200 Angstrom PVD
' :cdpper'seedlléj:}ér. In accordance with the present invention, wafers 1 and 2 had seed
layer enhancement from citric acid and EDTA baths, respectively, the compositions

" of which are set forth below:

Bath for Wafer 1: 0.1 M Cu SO4 + 0.2 M Citric acid + 0.05 M I—I:;BO3 in D.I. water
at pH 9.5, temperature 25°C.

‘Bath for Wafer 2: 0.1 M Cu SO, + 0.2 M EDTA acid + 0.05 H,BO, in D.I water at
pH 12.5, temperature 25°C.

) Wafer 3 did not have any seed layer enhancement.

The three wafers were then plated with a 1.5 micron copper layer from an

AR
acid copper bath under identical conditions. The following Table compares the



probl ens. One of the nost significant of these problens is the fact that
such ultra- wodmrdiayers do not generally coat the barrier | BGEUSIRH a
uni form manner. Rat her, voi ds or non-continuous seed | ayer regi ons on
the sidewalls, such as at 20, are often present in an ultra-thin seed

| ayer 15 thereby resulting in the inability to properly apply a
subsequent el ectrochem cally deposited copper layer in the regions 20.
Further, ultra-thin seed layers tend to inck@fle spi kes, such as at 21, that
| npact the uniformty of the subsequent electrolytically deposited netal
| ayer. Such spi kes 21 result in high potential regions at which the

copper deposi tynifrmitids] a$ deducad dron Sheeh iresistartieéasurdntents, ey ther theeowafersAs
such, the seed layer 15 is not fully suitable for the traditional

el ectroplatin G : | haeib Q" iRk f | ayer.
The present i%a\#eeﬁtors&#gi\?gh%ﬁ%@dteﬁg ana_?}Fl rél-o?‘qflﬁn“@e%&dgg g{/)elr'ﬁgan e
enployed if it is conbined with a subsequent el ectrochem cal seed |ayer
enhancenent technique. To this end, the sem conductor workpiece is subject
to a '

TABLE 1
Non-uniformity
Wafer  Enhancement Current Standard deviation
' Bath Density (%, 10)
1 Citrate 3 min. at 7.321
- ' 2mA/cm’
: 2 ° EDTA 3 min. at 6.233
: 2mA/cm?
'3 None 0 46.10

C e As can be seen from the results in Table 1 above, seed layer enhancement in
. :\%accor_dance_.wiﬂl the disclosed process provides excellent uniformity (6 to 7%)
- ‘__._,__gq_mpared to that without seed layer enhancement (46%). This is consistent with
observations during visual examination of the wafer after 1.5 micron electroplated
_copper had been deposited. Such visual examination of the wafer revealed the

. presence of defects at wafer electrode contact points on the wafer without seed layer
Figs. 5, 6A and 6B are photographs taken using a SEM. In Fig. 5, an ultra-

aéthm seed layer has been deposited on the surface of a semiconductor wafer,
o “mcludmg micro-structures, such as trenches 85. As shown, void regions are present

3t”attﬂae lower corners of the trenches. In Fig. 6A, the seed layer has been enhanced in



subsequent process step in which a further anmount of copper 18 is applied
to the ul twggg)gyﬁlseed | ayer to thereby enhance the seed |a3cavu39p/owéd

| ayer enhanced by the addi ti onal deposition of copper is illustrated in
Fig. 2C. As shown in Fig. 2C, the void or non-continuous regions 20 of
Fig. 2B have been filled thereby I|eaving substantially all of the
barrier layer 10 covered with copper. WO 99147731

PCT/ US99106306 -26- - 15-
Preferably, the seed | ayer enhancenent process continues until a sidewall
step coverage, i.e., the ratio of the seed layer thickness at the bottom

sidewal | regi ofhg manhér B&sckibed maﬂh blth coResifig eitrié Red 88 8¢ domiRexiag afdif.
exteriorly disposed side 23 of

This enhancement resulted in a conformal copper seed layer that is very suited for

subsequent electrochemical deposition of copper metallization.
Fig. 6B illustrates a sced layer that has been enhanced in a bath containing
EDTA as the complexing agent. The resulting seed layer includes larger grain sizes
that project as spikes from the sidewalls of the trenches. These sidewall grain
projections make subsequent electrochemical deposition filling of the trenches more
¢ difficuit since they localize a higher plating rate resuiting in non-uniformity of the
subsequent electrochemical deposition. This effect is particularly noticeable in
recessed micro-structures having small dimensions. As such, a complexing agent
such as citric acid is more preferable when filling small micro-structures. Results
comparable for copper baths containing citric acid have also been achieved using ED

as the complexing agent.

Fig. 7 is a schematic representation of a section of a semiconductor
manufacturing line 90 suitable for implementing the foregoing processes. The line
90 includes a vapor deposition tool or tool set 95 and an electrochemical copper
deposition tool or tool set 100. Transfer of wafers between the tools/tool sets 95 and
- 100 may be implemented mannaliy or through an automated transfer mechanism
10S, Preferably, automnated transfer mechanism 105 transfers workpieces in a pod or

.. simjlar environment. Alternatively, the transfer mechanism 105 may transfer wafers



t he wor kpi ece, achieves a value of at |east 10% Mre preferably, the

si dewal | stepywogeRygijage is at |east about 20% Such sidewal | BCBHYSEIMREICage
val ues are present in substantially all of the recessed structures of the
sem conductor workpiece. It will be recogni zed, however, that certain
recessed structures distributed within the sem conduct or wor kpi ece may
not reach these sidewall step coverage val ues. For exanpl e, such
structures disposed at the peripheral edges-@ff-a sem conductor wafer may
not reach these step coverage values. Simlarly, defects or contam nants at
t he situs of certain recessed structures may prevent them from reaching

the desired ﬁﬁi(fi’dx?aﬂ?f‘f% g,ﬁ%pef[ Rerritp Mrbash btk NemSspherd fothife MR ooMk/REEd

| ayer at the exterior | sposed side of the workpiece 1s preferably in
t he range of 5%%;angstrons 1600 angstr ons. : Al t hough the
enbodi nent of Yhe process disclosed herein is described in connection

with copper netallization, it is understood that {he sic principle of the
PP In operation, vapor depos?tlron tool/tool set 9§ 1s utt ﬁzeé to fpply an Qltra-thgn

copper seed layer over at least portions of semiconductor workpieces that are
processed on line 90. Preferably, this is done using a PVD application process.
Wofkpieces with the ultra-thin seed layer are then transferred to tool/tool set 100,
either individually or in batches, where they are subject to electrochemical seed layer

* enhancement at, for example, processing station 110. Processing station 110 may be
constructed in the manner set forth in Fig. 3. After enhancement is completed, the
workpieces are subject to a full electrochemical deposition process in wfﬁch copper
metallization is applied to the workpiece to a desired interconnect metallization
thickness. This latter process may take place at station 110, but preferably occurs at
further processing station 115 which deposits the copper metallization in the
presence of an acidic plating bath. Before transfer to station 115, the workpiece is
preferably rinsed in DI water at station 112, Transfer of the wafers between stations
110, 112, and 115 may be automated by a wafer conveying system 120. The
electrochemical deposition tool set 100 may be implemented using, for example, an
LT-210™ model or an Equinox™ model plating tool available from Semitool, Inc.,
of Kalispell, MT.

Numerous modifications may be made to the foregoing system without



enhancenment of an ultra-thin seed |ayer prior to the bul k deposition
t hereof can Rgggo@pBlied to other netals or alloys that are cRENWSING306

bei ng el ectropl ated. Such netals i nclude iron, nickel, cobalt, zinc,
copper-zinc, nickel-iron, cobalt-iron, etc. A schematic
representation of an apparatus 25 suitable for enhancing the - VO
99/ 47731

PCTI US99/ 06306 -28- -16 -
ultra-thin copper seed layer is illustrated in Fig. 3. It will be

recogni zed that this apparatus is also suitable for applying a bl anket

plating layer gft R ok Heftakic t&lcﬁmgamere&f A18RESS B PrechOmVEAG MsSeedS
shown, a sem co or wor kpl ece, such
described in substantial detail with reference to one or more specific embodiments,
those of skill in the art will recognize that changes may be made thereto without
depérting from the scope and spirit of the invention as set forth in the appended

claims.



sem conductor wafer 30, is positioned face down in a bath 35 of

el ectropl ati Rgp 99/@@kuti on. One or nore contacts 40 are provi dPETIUSIREEEECt
the wafer 30 to a plating power supply 45 as a cathode of an

el ectroplating cell. An anode 50 is disposed in the bath 35 and is
connected to the plating power supply 45. Preferably, a diffuser 55 S

di sposed between the anode 50 and t he wafer/cat hode 3 _Q_,Ihe—wa#—ef’@ﬁ may be

rotated about axis 60 during the enhancenenf29process. “mL
provi ded with a dielectric shield 65 at a backsi de tﬁmﬁg | S an
I ncom ng stream of plating bath fluid. abowe, Sceftain
aspects of the present invention rel ate tgcLagMSaNd useful plating

sol utions. These sol utions can be used for blanket plating, full-fill of

the recessed mcro-structures, seed |l ayer enhancenent, etc. The preferred
electrolytic bath solution for enhancing the seed layer is an al kaline

copper bath i ich c ons .ar exed,with a co Xi n ent A
pr 2}0 erred co ngog'p{o&ﬁss&ﬁ a}}p&}qag a e tgl go a workpiece comprisi nt ﬁxe ste% afg
electroplating a copper layer onto a surface of the workpiece using an

electroplating bath comprising copper sulfate, ammonium sulfate, a complexing

agent, and ethylene glycol.

2. A process as set forth in claim 1 wherein the electroplating bath further
.. comprises boric acid.
TE R LR
3... A process as set forth in claim 2 wherein the complexing agent is selected from

-, the group consisting of ED, EDTA, and a polycarboxylic acid.

4. A process for applying 2 metal structure to a workpiece comprising the step of
electroplating a copper layer onto a surface of the workpiece using an
electroplating bath comprising coppér sulfate, boric acid, and a complexing

. agent.

5. A process as set forth in claim 4 wherein the complexing agent is selected from

the group consisting of ED, EDTA, and a polycarboxylic acid.

This Sheet Has Been Replaced
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concentrations for the various conponents of the plating bath include the
fol | ow ng: wo 99/47731L. Copper sulfate: 0.03Mto 0.25M (pr ef er igirgpsofloddd] ;
2. Conpl exing agent: conplex to nmetal ratios from1l to 4, preferably 2;

3. Boric acid: OOLMto O5M preferably 0.05M and WO 99/ 47731

PCT/ US99/ 06306 : ~4Fe

4. pH 5 - 13, preferably 9.5. A preferred f copper I ons
is copper sulfate (CuS(derr]). The concent3pat i on zngg&m uﬂﬂ”ﬂﬂ”m
the bath is preferably within the range of 0.03 to

preferably about 0.1 M

6. A process as set forth in claim 4 wherein the complexing agent is citric acid.

7. A process for applying a metallization interconnect structure to a workpiece, the
workpiece including a barrier layer deposited on a surface thereof, the process
‘comprising the steps of:

(@) . forming an ultra-thin metal seed layer on the barrier layer, the seed layer

having a thickness of Iess than or equal to about 500 Angstroms;

(b) enhancing the ultra-thin seed layer by depositing additional metal to provide an

enhanced seed layer, the enhanced seed layer having a thickness at all points
- on sidewalls of substantially all recessed features distributed within the
workpiece that is equal to or greater than about 10% of the nominal seed

layer thickness over an exteriorly disposed surface of the workpiece.
8. The process of claim 7 wherein the additional metal is copper.

9. The process of claim 7 wherein the ultra-thin seed layer is enhanced by a process

comprising an electrochemical deposition step,

—
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Conpl exi ng agents that are suitable for use in the present invention forma
st abl e conpl ewowoighragopper ions and prevent the precipitati on pETRS 306
hydr oxi de. Et hyl ene diamne tetracetic acid (EDTA), yl'ene di am ne

(ED), citric acid, andw been found to_he hgsilfeéﬁl@:ﬁa&d
sui t abl e copper conpl exi ng agents. nolar ratio of 1T t to
copper sulfate in the bm Ve 18 W t hin t he r::a ﬂ“ﬂ“‘(mmrand
is preferably about 2. & mmgm,@mégentslcan be use !

conbi nati on with one anot hér, Lorni ns i nation with one or nore further
conpl exi ng agents. The electrolytic bath is preferably maintained

at a pH of at ]®ghe plodiss of (RIS Whersid e ettt Shend BATIRh SN ALY HEPSESs in an
t et ramet hyl anmoni um hydr oxi de, or sodi um hydroxide 1s utilized to adj ust

and mai ntain thegﬂégﬁﬁ{‘;&@e desired level of 9.0 or above. A preferred pH
for a citric acid or ath is about 9.5, while a preferred pH for an
EDTA bath is about 12.5. As noted above, the conpl exing agent assists in

11. The process of claim 10 wherein the alkaline bath comprises metal ions and an
agent effective in complexing the metal ions.
12. The process of claim 7 wherein the ultra-thin metal seed layer formed in step (a)

'~ is formed by physical vapor deposition.

13. The process of claim 7 wherein the ultra-thin metal seed layer formed in step (2)

has a thickness of about 50 to about 500 Angstroms.

14, The process of claim 13 wherein the ultra-thin metal layer formed in step (2) has

a thickness of about 100 to about 250 Angstroms.

13. The process of claim 7 wherein the complexing agent is comprised of one or

more complexing agénts selected from EDTA, ED, and polycarboxylic acid.

' 35, The process of claim 11 wherein the complexing agent is comprised of EDTA

iz, 20d the EDTA in the bath has a concentration within the range of 0.03 to 1.0 M.
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preventing the copper fromprecipitating at the high pH |evel.

Addi ti onal cOMP@MAaTEE can—beadded to the al kali ne copper bat If [P CTA}99/06306
exanple, boric acid [err] aids in 1mal ntai ning the pH at 9.5 when C|tr|c
acid or ED WO Oghid $iws Has Been Repiace

i 20 o AN [T —— mmwma\\\m

added to an electro ic bath containi ng 3DTA as g agent
If boric acid is added, its concentration in the bath® s preferably
within the range of 0.01 to 0.5 M In general, the tenperature of

t he bath can H1@. The priovess lo€ clazmdé wiferedd thecodiplexing 4gent is comphis&bdfED afidd bei ng
a preferred tenperature. The current density for electrolytically
wherein the ED in the electrolytic bath has a concentration within the range of

0.03t0 1.0 M.

18. The process of claim 16 wherein the complexing agent is comprised of EDTA

and the EDTA has a concentration within the range of 0.1 to 0.4 M.

19 The process of claim 15 wherein the complexing agent is comprised of citric acid

and the citric acid in the bath has a concentration within the range 0£0.03 to 1.0

20, The process of claim 10 and further comprising the step of subjecting the
workpxece toa ﬁnther electrochemical deposition process in an acidic
electrolytic solution to complete deposition of the metal to a thickness needed

for the formation of the interconnect structure.

21. The process of claim 20 and further comprising the step of subjecting the
¢ ¢+ Workpiece to a rinsing process after electrochemical deposition in the outline
#0.] bafi'dnd prior to the fiirther electrochemical copper deposition process in an

acidic electrolytic solution.




depositing copper to enhance the copper seed |ayer can be 1 to 5
m | |janps/cn] ¥OPY4773t while a plating tinme of about 1 to about PCTAWVSIIH0EHS| s

sufficient to enhance the copper ——seed |ayer. The plating waveform na
be, for exanple, a iewrarﬁ"ﬁ?i odi ¢ pul se havi ng a W?’fﬁé&’ét’ a

50% duty cycl e. ) < Ieh Replcedee aci d conpl exi ng agent, f e,
a pol ycarboxyl i c aci dfuis SheCtugginn tric acid, and sal tslmum _ ﬁ‘k@oﬂ \
preferable to the use ‘ &\‘ EDTA -3nd ED i ncl ups.
These ami ne groups oft él§ ' he surface of t he geni‘conduct or

wor kpi ece after rinsing and drying of the wafer. Subsequent processes,
particul arly such processes as photolithographic processes, may be
corrupted by the reactions resulting fromthe presence of these am ne

groups. The  ZaninememduesriRine hefudfe Plhtality 6f Sphhe 19 R hiifrshgaiozal

reactions associated with h eexposing and/or curing of photoresi st
materials. As suc ) .Le | exi nt e particul arl
suitable in proc e{shgegﬁ%&na\f\ﬁl’“ghmae oﬁﬁ%{{g FW%%%F §€§'F Turdlity of apparatus Being used

for applying a copper metallization interconnect structure to a surface of a

workpiece used to form the integrated circuits, the one or more apparatus

7

comprising:
‘means for applying a conductive ultra-thin seed layer to a surface of the workpiece;
means for electrochemically enhancing the conductive ultra-thin seed lajrer to render
it suitable for subsequent electrochemical application of the copper
interconnect metallization to a predetermined thickness representing a bulk

portion of the copper interconnect metallization structure.

23. One or more apparatus as claimed in claim 22 wherein the means for applying is
further defined by means for applying a conductive ultra-thin copper seed layer

to a barrier layer surface of the workpiece.

24, One or more apparatus as claimed in claim 22 wherein the means for applying is
. fmther defined by means for applying a conductive ultra-thin copper seed layer

to a barrier layer surface of the workpiece using a PVD process.

THIS SHEET HAS BEEN |
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process follows an el ectrodeposition process. A further advantage

of using a poW@@r/bm such as citric acid, stens pEOUIR/063063 1
PCTI US99/ 06306 fhsuen

1= fTom
the fact that the na afd:Es kg Vol tage potential 1“ um‘m‘) i s
pl at ed I's greater f{} ¥ it i°dde of the vol tageD “
the copper is plated! g ont ai ni ng EDTA. Thi S«Tscild ustrated in
Figs. 4A and 4B where Fig. current3potential graph for a citric
acid bath, and Fig. 4B'is a current potential graph for an EDTA bat h.

El ectropl ati ng takes place at the voltage where the correspondi ng current

i ncreases abr ugs.|Qne ofmcre Rbprrhtng ay elhintddnickith 2D S HePsln e Mk 16r PRSI ON

further defined by means for applying a conductive ultra-thin copper seed layer

to a barrier layer surface of the workpiece using a CVD process.

26. One or more apparatus as claimed in claim 23 wherein the means for
électrochemically enhancing the conductive ultra-thin seed layer is further
defined by means for electrochemically enhancing the conductive ultra-thin seed

- layer by electrochemically depositing copper using an alkaline copper bath

having a complexing agent,

27. One or more apparatus as claimed in claim 26 wherein the electrochemical
enhancement of the ultra-thin seed layer takes place at a plating voltage having a

magnitnde that is at least about or greater than 1.1 volts.

28, One or more apparatus as claimed in claim 26 wherein the alkaline bath has a pH

> or equal to about 9.0.

* 29. One or more apparatus as claimed in claim 26 wherein the complexing agent is

comprised of EDTA.




potential, which is approximately -1.25 volts as shown in Fig. 4A for a
bath  enpl oyiwgegdst ++c—aei-d—as—t-he conpl exi ng agent, and i s apeTaIEIHAGE3E6 y
-1.0 volts as shown in Flg 4B for a bath enploying EDTA as the
conpl exi ng agent. Thél‘htstShdeﬂﬂu%Beean (70 70" for the a bazagmg”!a' ni ng

citric acid, and 72, 7 cont ai ning the EDT "‘I””'
limting currents V\/nic Wﬂg eterm ned by mass tra "
concentration of copper pI ating s38 utions. i1l ust ra{’ ed *
t he magni tude of the current and the particular plating potentlal S

slightly dependent on the substrate materiaL The different substrate

results are 30, OakbRhfee AppakitiFas clfimedth diBim 26 WRrelP RImblexdiLadeneis

curves for a copper substrate material, and 70' and 72' are curves for a

copper substrate ?&é&{l eﬁlo ri sed of copper with a copper oxide
coating. It is no tlonal peaks occur on oxi di zed copper in
the sane el ectrol ytes. These peaks are related to the el ectrochem cal
reducti on of copper oxide to netallic copper before the al kaline

31. One or more apparatus as claimed in claim 26 wherein the complexing agent is a

comprised of a carboxylic acid or salt thereof,

32. One or more apparatus as claimed in ciaim 31 wherein the complexing agent is

) citric acid or salt thereof.

33. One or more apparatus as claimed in claim 26 and further comprising means for
. electrochemically adding a further layer of copper over the conductive ultra-thin

. seed layer by electrochemically depositing copper using an acidic copper bath.

34. One or more apparatus as claimed in claim 33 wherein the electrochemical
enhancement of the ulfra-thin seed layer takes place at a plating voltage having a
magnitude that is greater than the magnitude of the plating voltage in the acidic

| copper bath.




el ectrochem cal copper deposition. WD 99147731
PCTI US99/ 06304y0 99147731 "‘ZO/’/’

It is believed that a copper | ayer plated at a higher™p atl ng pot ent ';QJed' n
an alkaline b r eat er adhesion to the und %bgagas@&
| ayer than a cop \“um’m “i\ at a |l ower plating p CI d
bat h. For copperpﬁ“ barrier material, it |
copper ions must |\'rp|"'ngér ofl t?1e barr| er surtgee with su nt energy to
penetrate a thin oxidized or contam nated | ayer at the barr| er surface.
It is therefore believed that a copper |ayer deposited at a higher

35. One or more apparatus as claimed in claim 34 and further comprising means for

rinsing the workpiece prior to its introduction to the means for electrochemically

adding a further layer of copper.

36. A process for applying a metallization interconnect structure to a workpiece, the
'workpiece including a barrier layer deposited on a surface thereof, the process
comprising the steps of;
(a) forming an ultra-thin metal seed layer on the barrier layer, the seed layer
having a thickness of less than or equal to about 500 Angstroms;
+ (b) . subjecting the workpiece to an electrochemical copper deposition process in an
- alkaline electrolytic bath having copper ions complexed with a complexing
~. agent such that additional copper is deposited on the ultra-thin copper seed

layer to thereby enhance the seed layer.

37. The process of claim 36 wherein the ultra-thin metal seed layer formed in step

_ (a) is formed by physical vapor deposition.

38. The process of claim 36 wherein the ultra-thin seed layer formed in step (a) has

a thickness of about 50 to about 500 Angstroms.




magni tude pl.ating potential adhere is better to the exposed barrier layer
during the ywbabismg1pr ocess -when—conpared to a | ayer plated—u®TRHY"d2
smal | er magni tude—ptrating potentjal. This factor, conbined with the

i nt er - copper cheni “ﬁﬂ the PVD copper and t heThis Sheet Has Been Replaced
el ectrochem cal |y m m Lol provi des for an enhanced H ||ﬁlﬂm|
havi ng excel l ent electei cal Pas wel | as barrier adhesion propedll
characteristics are also desirable for filmw87used in bl anket plating,
full-fill plating, pattern plating, etc. It has been found that
the resistivity of the deposited copper filmis directly related to the
resistivity oBgtTe prbedss ofclhini B8 abktein the. uldddhiniseeblaytreformédinSdtep () hayver i ng
the resistivity of the solution therefore provide a correspondi ng reduction
in the - resisti | ; Experinmental results
I ndicate that a d?’%ﬁkgﬁgsg?gg%@rgglgﬁdmasut?g?g}ngsmsx?sﬁni ficantly reduces the
resistivity of the plating bath solution and, as such, the

 40. The process of claim 39 wherein the ultra-thin seed layer formed in step (a) has

a thickness of about 200 Angstroms.

41. The process of claim 36 wherein the alkaline electrolytic bath has a pH of at least

9.0.

42. The process of claim 36 wherein the copper ions in the electrolytic bath are

provided by copper sulfate.

43. The process of claim 42 wherein the copper sulfate in the electrolytic bath has a

* concentration within the range of 0.03 to 0.25 M.

44. The process of claim 42 wherein the concentration of copper sulfate is about 0.1

M.

45. The process of claim 36 wherein the copper complexing agent is comprised of a

copper complexing agent selected from EDTA, ED, and citric acid.

o [ THIS SHEET HAS BEEN
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deposited film The sheet resistance obtained for different anmounts of

anmoni um gm 94517731 PCT/US99/06306
PCT1US9910630 ? -21
sulfate are corrpared |n the graph Fig. 4C. As can be seen, the h| ghest

sheet re5|stance
was obtained in the

hydr oxi de was used | m in which aggrace amounf of
sulfate is introduced to t t he sheet resi stance was reduced from
76 to 23. As the concentration of ammoni um sul fate increased from0.1 M

to 0.5 M the shiege oSt £PRhérRiAHS bymPIBGhE 336H id Sorfprisel QF ESRONI Ng

manner .

ﬁ" it ﬂ’i‘r hout anneal ing at | wnrmnamamam |
e ba ,

and the EDTA in the electrolytic bath has a concentration within the range of

0.03t0 1.0 M.

47. The process of claim 45 wherein the complexing agent is .comprised of ED and
the ED in the electrolytic bath has a concentration within the range 0f 0.03 to 1.0

M.

48._. The process of claim 45 wherein the complexing agent is comprised of EDTA

and the EDTA has a concentration within the range of 0.1 to 0.4 M.

49. The process of claim 45 wherein the complexing agent is comprised of citric acid
and the citric acid in the electrolytic bath has a concentration within the range of

0.03to 1.O0M.

50. The process of claim 49 wherein the citric acid has a concentration within the

range of 0.1 to 0.4 M.

' 51. The process of claim 36 and further comprising the step of subjecting the

workpiece to a further electrochemical copper deposition process in an acidic

THIS SPEF"' HAS BEEN
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Al t hoygh ammoni um sul fate assists in reducing the sheet resistance of the
deposi ted copper r, experinental results indicate that it peruss6site
conformality o%“?i?g resul ting copper film However, the addition of

et hyl ene glycol to the ammnl um sul fate contai ni ng sofutton substantiat |y

i ncreases the conforgald ! £e aﬁi ;ars]gl nggegtefgts: gnlm,mml“mmm“myco'

Il lustrates the rel at
and the conducti vi ty Eol ution cqyt ai ning 0*2Mth
ammoni um sul f at e. Brred conpOSition and range of

concentrations for the vari ous corrponents of a plating bath having

ammoni um sul fate i ncl ude t foI y 0. 5M
(preferably, 0.2:%cto Y“fs° ﬁﬂPéﬁV‘ﬁgeg%%%’Rfl‘m{%(?ﬁgF c)?pPértﬁé%gFQ?%?%és&fl rom 1
to 4, preferably 2 using ED, 3. Amonium sul fate: 0.01Mto 0.5M
preferably 0.3M fanthe formatign of thecopper IteINRESt STEMTen, of er abl y 0. 2M

52, The process of claim 51 and further comprising the step of subjecting the
workpiece to a rinsing process after step (b) and prior to the further

electrochemical copper deposition process in an acidic electrolytic solution.

53. A workpiece comprising:

a plurality of the recessed structures distributed in a face of the workpiece;

an enhanced seed layer having a thickness at all points on sidewalls of substantially
all recessed features distributed within the workpiece that is equal to or
greater than about 10% of the nominal seed laygr thickness over an

exteriorly disposed surface of the workpiece.
54. A workpiece as claimed in claim 54 wherein the thickness of the sidewalls of
substantially all recessed features is equal to or greater than about 20%.

55. A solution for electroplating copper, the solution comprising copper sulfate,

ammonium sulfate, and ethylene glycol.

THIS SHEET HAS BEEN |
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not ed above, such a bath conposition can be used for blanket plating,
pattern plating, full-fill plating, and seed | ayer enhancenent.

Wth reference again to thespeetH-c-seed | ayer enhanced aspects of the
present invention, the nhanced seed | ayer of Fig. 2Cis suitable for
subsequent el ect roche sBeh RAFROSI t1 onyg This subsequent —cepper——
deposition may take INN I ne bath Wi t hin

enpl oyed to enhance the mgmm s may be foll om‘am;‘m“mm“‘
| ow-t enper at ure anneal i ng proc A assists in

56. The solution of claim 55 and further comprising a complexing agent,

57. A solution for electroplating copper, the solution comprising copper sulfate,

boric acid, and a complexing agent.

kl

8. The solution of claim 57 wherein the complexing agent is selected from the

group consisting of ED, EDTA, and a polycarboxylic acid.

¢ - v 59. The solution of claim 57 wherein the complexing agent is citric acid.

THIS SHEET HAS BEE
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loweri.ng the resistivity of the deposited copper. Such a |owtenperature
anneal i ng prweosgTBleferably takes place at a tenperature belRGV/E389@6306he
250 degrees Celsius and, nore preferably, below about 100 degrees Cel sius.
Wen a lowK dielectric material is enpl/gged to isolate the copper
structures, the upper annealing tenperature |imt should be chosen to be
bel ow t he degradation tenperature of the dielectric material.
Al t hough the foregoing,al kaljne bath conpositions may Juse the
entire electrochem uggep ition process, subsequentjsqggg sition
d en ate 10

may take place in an a V|ronnent wher e platlng r

subst anti al I,y/h‘l‘(‘ S ed wt h al kalline
pl ati ng baths. e i s prgferably
transferredftag an : [ ‘ g | hor oughjly” ri ns€d

s siml}lar o that
L e, onellsurt abl &

wi th deioni
of Fig. 3
copper

Ll ,\,:
| 8]'
NN
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nprises I g/l [err] 17 g/l copper and 70 ppm Chloride ions with
organic additives. The organic additives are not absolutely necessary to
t he plating reaction. Rat her, the orngbc additives may be used to
produce desired fil mcharacteristics an provide better filling of the
recessed structures on the wafer surface. The organic addi tives may
i nclude |l evelers, brighteners, wetting agents and ductility enhancers. It
is during this deposition process that_the trench 5 is substantially filled
with a further | ayer of-electrochenFEpS’y ﬁkposited copper 22. The
resulting filled cross-section is

-320 T__fso
jomwe} aemy swm \—-- _—— e Eh wme e efs 40
i | 5§

————— i - - - - - 25

—— ——— — e et e — fm— e—— ——

—— e e m— v e e e — —

et

" PLATING POWER | _, |
SUPPLY ' - - - - - - - - :

— e e e v e e m— —— —

— e omm— e e— mm— — — o —

— et e — g oyt v gt —
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illustrated in Fig. 2D. After being filled in this manner, the barrier

|l ayer and thewq dop@par | ayers di sposed above the trench are repovAEIUSE30NY
any suitable process thereby | eaving only the trench 5 with the copper
metal | i zati on and associ ated barrier material as shown in Fig. 2E.

Use of an al kaline electrolytic bath to edftthce the copper seed | ayer has
particul ar advantages over utilizing acid copper baths w thout seed |ayer
enhancenent. After deposition of the PVD copper seed | ayer, the copper seed
| ayer is typically exposed to an oxygen-contai ning environment. Oxygen
readily convertgs netallic copper to copper oxide 1f an _acid copperbath
is used to pl atle copper onto the seed | ayer after exposure of the |[sekd

| ayer to an oxyljgerr ini_ng environment, the acid copper bath ul d

di ssol ve copper| oxi de t Fat~ha d, resulting in voids in the sleed

| ayer and poor juniformty of fﬁe~cogpe er deposited on the seed syer.
Use of an al kalf ne copper bath.in accordancew th the discl osed enmbddiment
avoi ds N N

-] ©
-
L

-0.8
POTENTIAL/V (VS PT)

Ccu
OXIDIZED Cu
0.4 -0.6

CITRIC BATH

15
10
5
0
0.0

CURRENT/mA/cm®

Fig. 4A
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probl em by advant ageously reduci ng any copper oxide at the surface of the
seed | ayer to netallic copper. Another advantage of the al kaline copper

bath is that the pl at ed copper has rruc4/119etter adhesion to the barrier
| ayer than that plated from an aci d copper bath, Additional advantages of
t he seed | ayer enhancenent aspects of the present invention can be seen

fromthe foll ow ng Exanpl e. EXAMPLE 1 Conpari son of Acid
Copper Platin -
- <«
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Wth and Wthout Seed Layer Enhancenent Sem conductor wafersel, 2 and 3
were each coakgglogdszzida 200 Angstrom PVD  copper seed |ayer. | rpGavusssdéentse

with the present invention, wafers 1 and 2 had seed | ayer enhancenent
fromcitric acid and EDTA baths, respectively, the conpositions of which
are set forth bel ow Bath for Wafer I.5/t31 MCu SQerr] + 0.2 MCitric
acid + 0.05 MHerr]BJerr] in D.1. water at pH 9.5,
tenperature 25[err]C Bath for Wafer 2: 0.1 MCu SJerr] + 0.2 M EDTA
acid + 0.05 Herr]BJerr] in D. 1. water at pH 12.5,
tenperature 25[err] C Wafer 3 did not have any seed | ayer enhancenent.

The three wafers were then plated wwth a 1.5 mcron copper |ayer froman
acid copper bath under identical conditions. The follow ng Table conpares
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- uni form W(?@Mﬁf‘l deduced from sheet resistance neasurenmenp&rnQbodsds
three wafers atf'ter the deposition of a copper |ayer having a nom nal

t hi ckness of 1.5 nicrons. TABLE 1

Non-uni formty Wafer Enhancenment  Cugmgnt St andar d devi ation
Bat h Densi t (%[err]) 1 Citrate 3 m n.
at 7.321 2mA/ cnf err]
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2 . EDTA 3 mn. at 6.233

2mA/ cnferr] 8 None 0 46. 10 pcBssAivadee
seen fromthe"PEYIPL in Table 1 above, seed | ayer enhancenent In
accordance with the disclosed process provides excellent uniformty (6 to
79 conpared to that w thout seed I?zfd enhancenment (46% . This is
consistent with observations duringVi'sual exam nation of the wafer
after 1.5 mcron electropl ated copper had been deposited. Such visual
exam nation of the wafer reveal ed the presence of defects at wafer

el ectrode contact points on the wafer w thout seed | ayer enhancenent .
Figs. 5 6A and 6B are photographs taken using a SEM In Fig. 5 an ultra-
thin seed | ayer has been deposited on the surface of a sem conductor waf er,
i ncluding mcro-s s D ac tr enc b oo CHemmmmieung MaaRe i ONS ar e
present at the METNCT SCOTTETGwm- " .u@....n...mw-” | ayer
has been enhanced in y
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manner descri 8@%99/ 7ove in a bath containing citric acid as the corrp?em ng

agent . Thi's enhancenent resulted in a conformal copper seed |ayer that is

very suited for subsequent el ectrochen (8&10dep05| tion of copper

metal | ization,.. . . 2.0 GBi_IIustra;tg laver that has been
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difficult si.nce they localize a higher plating rate resulting in
non- uni f or m t ofos46483 subsequent el ectrochem cal depositi onPCTRISS/&Bect

is particularly noticeable in recessed mcro-structures havi ng smal

di mensi ons. As such, a conpl exing agent such as citric acid is nore
preferable when filling small mcro- strifflres. Results conpar abl e for
copper baths containing citric acid have al so been achi eved using ED as
t he conpl exi ng agent. Fig. 7 is a schematic representation of a
section of a sem conductor manuf acturing line 90 suitable for

i npl ementing the foregoing processes. The |ine 00 ioclidec o vapg

deposition tool or tool set 95 and an elec
tool or tool set 100. T e

100 may be

105. Pref erg o a
pod or TTHEl ar environnent. Alternatlveﬁ

may transfer wafers J

R 034 £y ALV bt
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individually or I1n an open carrier through a clean atnosphere joining the

t ool s/t ool sets.’ I n operation, &%%pr deposition tool/tool set 95
is utilized to apply an ultra-thin coppé eed | ayer over at | east

portions of sem conductor workpieces that are processed on |ine 90.
Preferably, this is done using a PVD application process. Wor kpi eces with
the ultra-thin seed layer are then transferred to tool/tool set 100,

either individually or in batches, where they are subject to

el ectrochem cal seed | ayer

90 |
3\

‘\\

105
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enhancenment at, for exanple, processing station 110. Processing station 11
0 may be construet—ed—1—ﬁ-—H=re—ﬁ=&|=rﬁe1=—set forth in Fig. 3. After enhancenent

i s.conpl eted, the lmw E £s are subject to a fill electrochem cal

deposi i on pr ocess | R 2sr oo ! omEiiags o /0630

wor kpi ece to a desir

process may take place at statlon 110 but preferably occ i r
IPERIUS, 1Y AR 20

processing station 115 which deposits the ¢ er netalliz

presence of an acidic plating bath. Before tTansfer to station 115, the
wor kpi ece i s pr ef er abl yw in DI water at station 112. Transfer of
the wafers between statio 0, 112, and 115 nmay be automated by a wafer
conveying system 120. The el ectrochem cal deposition tool set 100 may be

i npl enent ed ubi ng, Afpoecessdanppplying a metal BtrRere:torg watkpisce on Whirheonsiosangrer r |

nodel plating tool available from Sem tool, Inc. of Kalispell, M.
Nunerous nodi fi efitroelestrériy dbdcesafctote f@hﬂedmwiﬂmemeoﬁw t hout

providing an alkaline electroplating bath comprising copper sulfate in an amount
sufficient to constitute copper as a principal metal specxes during subsequent
" electroplating, an ammonium hydroxide in an amount sufficient to raise the pH
of the alkaline electroplating bath to at least 9.0, boric acid in an amount

sufficient to stabilize the pH of the alkalire electroplating bath, and a

{J

complexing agent;

providing a workpiece on which one or more microelectronic devices are to be formed;

immersing at least one surface of the workpiece into the electroplating bath;

providing electroplating power between the at least one surface of the workpiece and an
anode disposed in electrical contact with the electroplating bath to thereby
electroplate a metal that principally comprises copper onto the least one surface

of the workpiece using the electroplating bath.
2. [CANCELED]

3. A process as set forth in claim 0 wherein the complexing agent is selected from

the group consisting of ED, EDTA, and a polycarboxylic acid.

—_—
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departing fromt h E?hl ngs t hereof Al though the present invention
c

has been descrl detail with referenc@g or9r9y'063
|II

specific- enbodlrrent*s in the art will rec t hdt

changes may be made thereto wit hdut departing fromthe smjssiur APR 20

of the invention as set forth in the appendecbo cl ai ms.

4, A process for applying a metal structure to a workpiece or which
one or more microelectronic devices are to be formed comprising the steps of:
providing an alkaline electroplating bath comprising copper sulfate in an amount
~ sufficient to constitute copper as a principal metal species during subsequent
electroplating, an amount of boric acid sufficient to stabilize the pH of the
~ alkaline electroplating bath at a pH of at least 9.0, and a complexing agent in an
amount sufficient to prevent precipitation of copper hydroxide from the

electroplating bath;

J

providing a workpiece on which one or more microelectronic devices are to be formed;

providing electroplating power between the at least one surface of the workpiece and an
anode disposed in electrical contact with the electroplating bath to thereby
electroplate a metal that p_rincipally comprises copper onto the at least one

surface of the workpiece.

5. A process as set forth in claim 4 wherein the complexing agent is selected from

the group consisting of ED, EDTA, and a polycarboxylic acid.
6. A process as set forth in claim 4 wherein the complexing agent is citric acid.

7. A process for applying a metal to a workpiece, the workpiece including an
exteriorly disposed surface having a plurality of micro-recessed structures that are
defined by sidewalls, the workpiece further including a barrier layer deposited on at

r———
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CLAI M5 1. A process for applying a netal structure to a
wor kpi ece conpri si ng: _—"providing an el ectropl ating bat h

ncl.udi ng a source of-met al” a principal netal 0
deposited during sum m“ r&‘i\“\pl ating, ammoni um SWR’@ ar9z9rdhﬂt6 3
n

sufficient to redu the subsequently deposi

species to a predet ed IeveI a netal ion conplexing a 17 APR Z
conformality increasing agent: 31 providing a (pi ece on
whi ch one or nore mcroelectronic devices are to be forned,

least a portion of the exteriorly disposed surface of the workpiece

and on at least substantial portions of the walls of the plurality of micro-recessed
structures, the process comprising the steps of:
(@) forming an ultra-thin metal seed layer exterior to the barrier layer using
a first deposition process, the seed layer having a thickness that renders
it generally unsuitable for bulk-fill electroplating of a metal thereon,
(b) enhancing the ultra-thin seed layer by depositing an additional metal using
| a second deposition process that is different from the first deposition
— process to provide an enhanced seed layer, the enhanced seed layer
having a thickness at all points on sidewalls of substantially all micro-
recessed structures distributed within the workpiece that renders the
enhanced seed layer suitable for a subsequeﬁ bulk-fill electroplating

process.
8. The process of claim 7 wherein the additional metal is copper.

9.  The process of claim 7 wherein the ultra-thin seed layer is enhanced by a

process comprising an electroplating step.

10.  The process of claim 9 wherein the electroplating step occurs in an alkaline

bath. _ [
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exposing at | east one surface of the workpiece to the electroplating bath;
and ~ providing eteetropl ati ng power between the at |east one

surface of the ode di sposed in electrical contagt
the el ectropl ati \rllg m'ﬁm m%&iglﬂ plate the princi paI nWT/USCi e§ &/t(ﬁ63
the at | east one surfce o kpi ece. : ‘A'pfocess as set

forth in Claim1, wherein the source of netal ions cpnprismsﬁ]rz;“ n

sul f at e. 3. A process as set forgh in Claim2,
conformality increasing agent conprises ethylene glycol.

process as seﬁéforiﬁep&cgs%fmg %EI’EI n the el ect hce’x%lirﬂhien éga&urther

conpri ses bor

comprises metal jons and an agent effective in complexing the metal ions.

12. - The process of claim 7 wherein the ultra-thin metal seed layer formed in step (a)

is formed by physical vapor deposition.

13.  The process of claim 7 wherein the ultra-thin metal seed layer formed in step ()

has a thickness of about 50 to about S00 Angstroms.

L

14.  The process of claim 13 wherein the ultra-thin metal layer formed in step (a)

has a thickness of about 100 to about 250 Angstroms.

15. The process of claim 10 wherein the alkaline bath comprises a complexing
agent that is comprised of one or more complexing agents selected from EDTA,

ED, and polycarboxylic acid.

16.  The process of claim 11 wherein the complexing agent is comprised of EDTA

and the EDTA in the bath has a concentration within the range of 0.03 to 1.0 M.

17.  The process of claim 15 wherein the complexing agent is comprised of ED and
wherein the ED in the electrolytic bath has a concentration within the range of 0.03

to 1.0 M.
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- 2- A process as set forth in claim4 wherein
the conpl exing agent is sel ect eQ,Lr-em t he group consisting of ED, EDTA, and
a pol ycarboxylic acid—""" The wor kpi ece produced by t he

process of C aim 1. \‘\l A process for appl t99 /063[
structure to a work ‘m& \' provi 7 20(
el ectropl ati ng bath n¢ as source of netal ions as a S)&]- nétpzﬁ
species to be deposited during subsequent eB%ctroplating boric acid, and

a netal ion conplexing agent;
18.  The process of claim 16 wherein the complexing agent is

comprised of EDTA and the EDTA has a concentration within the range of 0.1 to

0.4 M.

19.  The process of claim 15 wherein the complexing agent is comprised of citric
acid and the citric acid in the bath has a concentration within the range of 0.03 to

1.0 M.

- 20. The process of claim 10 and further comprising the step of subjecting the

workpiece to a bulk-fill electroplating process in an acidic bath,

21.  The process of claim 20 and further comprising the step of subjecting the
workpiece to a rinsing process after electroplating in the alkaline electroplating bath

and prior to the bulk-fill electroplating process in the acidic electroplating bath.

22. - In a manufacturing line including a plurality of apparatus for the manufacture of
micro—sized metal structures on a workpiece, one or more apparatus of the plurality
of apparatus being used for applying metal to a surface of the workpiece, the one
61’ more apparatus comprising:

 means for applying a conductive ultra-thin seed layer to a surface of the workpiece

using a first deposition process, the ultra-thin seed layer having a nominal

AMENDED SHEET is Sheet Has Been Replaced
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provi di ng a workpi ece on which one or nore mcroel ectronic devices are
exposi ng at | eastJnem he wor kpi ece to the el ectroplating. bath;

and provi din I ati ng power between the at |east one
surface of the worm‘ HL\L“Q n anode disposed i ric t
with the el ectropl % @el*ectroplate the pri Iaégj%BO
onto the at |east one surface of the wor kpi ece. R 2(

as set forth in Caim7, wherein the source pf netal i ons #¥, e!’ copper
sul fat e. 9. A process as set forth in claim?7 wherein the

conpl exi ng agent ele d fromthe group cons 0 nd a
pol ycar boxyli c. aci E“im %ﬁ aﬁ' YA process é‘gsué{éﬁlt ffgr(r]@ﬁfbp'ﬁ ?&D’@ﬁ?‘"

wherein the conpl exi ng agent |s citric
further metal thereon;

means for electrochemically enhancing the conductive ultra-thin seed layer using a
* second deposition process that differs from the first deposition process to
thereby provide an enhanced seed layer having a thickness that is suitable for
" subsequent bulk electroplating of the metal to a predetermined thickness

representing a bulk portion of the micro-sized metal structure.

!\. .J"

23.  One or more apparatus as claimed in claim 22 wherein the means for applying is
further defined by means for applying a conductive ultra-thin copper seed layer to a

barrier layer surface of the workpiece.

24.  One or more apparatus as claimed in claim 22 wherein the means for applying is
further defined by means for applying a conductive ultra-thin copper seed layer to a

barrier layer surface of the workpiece using a PVD process.

25. . One or more apparatus as claimed in claim 22 wherein the means for applying is
further defined by means for applying a conductive ultra-thin copper seed layer to a

barrier layer surface of the workpiece using a CVD process.

26.  One or more apparatus as claimed in claim 23 wherein the means for

electrochemically enhancing the conductive ultra-thin seed layer is further defined

This Sheet Has Been Replaced
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aci d. | : A process as set forth'in daim7, wherein
the el ectroplati n‘g—ba't‘h"f—u-H—heF———G-Qﬂpl’l 'ses an al kaline agent present i n an

anount suff|C|ent ust PH of the bath to at |east 9.0.
The workpi ece proﬂmﬂ wnm(ﬂ”t ﬂ"ess of daim7. DCTMW e? 9p](06s§(

for applying a ne connect structure to

conpri si ng: | . o MS 17 APR ¢
by means for electrochemically enhancing the conductive ultra-thin
seed layer by electroplating copper using an alkaline copper bath having a

complexing agent.

27.  One or more apparatus as claimed in claim 26 wherein the electrochemical
enhancement of the ultra-thin seed layer takes place at a plating voltage having a

magnitude that is at least about or greater than 1.1 volts.

28.  One or more apparatus as claimed in claim 26 wherein the alkaline bath has a

L)

pH > or equal to about 9.0.

29.  One or more apparatus as claimed in claim 26 wherein the complexing agent is

comprised of EDTA.

30.  One or more apparatus as claimed in claim 26 wherein the complexing agent is

comprised of ED.

31.  One or more apparatus as claimed in claim 26 wherein the complexing agent is a

comprised of a carboxylic acid or salt thereof.

32.  One or more apparatus as claimed in claim 31 wherein the complexing agent is

citric acid or salt thereof.

V4
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(a) forming an ultra-thin nmetal seed layer using a first deposition
process, the first deposition process anchoring the ultra-thin nmetal seed
| ayer to an wunderlying layer; tThe ultra-thin nmetal seed | ayer having

physi cal characteristics  ul m it generally unsul'ﬁ §5| e for Qulk
el ectrol ytic depositi (““ﬂi\i\ﬁ“ﬂ\ “r eon on the neta Sayeg.b /06 3 (
(b) enhanci ng the ullt¥aRtHTi N wet @l *seed | ayer by el ectrochemcally.
depositing additional netal on the ultra-thigg metal seed I-Mri\ﬁ (ﬁ’R 2
an enhanced seed |ayer using a second deposition process _ :

different fromthe first deposition process and (c)

electrolytically depositing a netal on the enhanced seed | ayer under

conditions in_which the deposition rg}; of the electrolytic d,eggsitiogg
process is sibst ARG aF mOTEAPParags 35 ciamed i tCOMPRISE MEIN) Il s 5

used to enhance the netal seed |ayer.
bulk electroplating a layer of copper over the enhanced seed layer using an acidic

copper bath. |

34. ' One or more apparatus as claimed in claim 33 wherein the electrochemical
enhancement of the ultra-thin seed layer takes place at a plating voltage having a

magnitude that is greater than the magnitude of the plating voltage in the acidic

) copper bath.

35.  One or more apparatus as claimed in claim 34 and further comprising means
for rinsing the workpiece prior to its introduction to the means for

electrochemically adding a further layer of copper.

36. A process for applying a metal structure to a workpiece on which one or more
microelectronic devices are to be formed, the workpiece including a barrier layer
deposited on a surface thereof, the process comprising the steps of:

(@) forming an ultra-thin metal seed layer on the barrier layer, the seed layer having

a thickness that is insufficient to completely cover the barrier layer;

(b) subjecting the workpiece to an electrolytic copper deposition process in an

alkaline 'electrolytié bath having ; pH of at least about 9.0 and copper ions

complexed with a complexing agent such that additional copper is deposited on

—_—
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14 The process of claim 13 wherein the additional nmetal is copper.
15 The process of claim 13 wherein the ultra-thin seed layer is forned

on a barrier |ayer depositien—on_a surface of the workpp .
16. The process of m 13 wherein the el ectrochem mssi t|909 éthBl
neri

occurs in an alkalin M’ 7. The process of claim16 wherein
m and an agent effectms 17 APR ¢

the al kaline bath co
conpl exi ng the netal ions.

the ultra-thin copper seed layer to enhance the seed layer and
completely cover the barrier layer thereby forming an enhanced seed layer that

is suitable for bulk electroplating.

37.  The process of claim 36 wherein the ultra-thin metal seed layer formed in step

(a) is formed by physical vapor deposition.

38.  The process of claim 37 wherein the ultra-thin seed layer formed in step (a) has

o a thickness of about 50 to about 500 Angstroms.

e

39.  The process of claim 38 wherein the ultra-thin seed layer formed in step (a) has

a thickness of about 100 to about 250 Angstroms.

40.  The process of claim 39 wherein the uitra-thin seed layer formed in step (a) has

a thickness of about 200 Angstroms.

41. [CANCELED]

42,  The process of claim 36 wherein the copper ions in the electrolytic bath are

provided by copper sulfate.

43.  The process of claim 42 wherein the copper sulfate in the electrolytic bath has a

concentration within the range of 0.03 to 0.25 M.

\
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18 The process of clainms 13 wherein the ultra-thin netal seed | ayer

formed in step (a) is fornmed by physical vapor deposition. 19.

The. process of claim 13 wherein the ultra-thin nmetal seed | ayer forned in
step (a) has a thickness of |less than or equal to 500 Angstrons.

The process of claim 19 wherein the ultra-thin nmetal |p rre099ﬁ09630
(a) has a thickness of 100 to 250 Angstroms. 21° rocess of
claim 13 wherein ent is co i sed of .- one

conpl exi ng agents Mmmmﬁ( m” ED, an époI ycar boxylTe aci ds 17 APR 20
22. The process df €l at m™15thé corrpl exi ng agent is conprised of EDTA

and the EDTA in the bath has a concentration within the range of 0.03 to

1.0 M 443. Thd Prockys ¥F ehfm 4D vilerdiniecontairalith b\ Gpper Rifaee if SbGiH D

conpri sed of

M.

45.  The process of claim 36 wherein the copper complexing agent is comprised of a

copper complexing agent selected from EDTA, ED, and citric acid.

46.  The process of claim 45 wherein the complexing agent is comprised of EDTA
and the EDTA in the electrolytic bath has a concentration within the range of 0.03

~ to 1.0 M.

47.  The process of claim 45 wherein the complexing agent is comprised of ED and
the ED in the electrolytic bath has a concentration within the range of 0.03 to 1.0

M.

48.  The process of claim 45 wherein the complexing agent is comprised of EDTA

and the EDTA has a concentration within the range of 0.1 to 0.4 M.

49.  The process of claim 45 wherein the complexing agent is comprised of citric

acid and the citric acid in the electrolytic bath has a concentration within the range

of 0.03 to 1.0 M.

I
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ED and wherein the ED in the el ectrol ytic bath has a concentration wthin
the range of 0.03-to 1-6--M The process of claim 23 wherein
t he conpl exi ng agent ﬁ con‘Elrl sed of EDTA and the EDTA has a concentration

wthinthe range of "ﬂ”"“"‘nt I's conprised of mt%-m ajq I(e06'

claim 22 wherein t

FIBHC acid in the bath has & condentrati on 3\:\;th|n t he rangJPEA,ﬂgi-}l?&PR 2(

50. The process of claim 49 wherein the citric acid has a

concentration within the range of 0.1 to 0.4 M.

51. The process of claim 36 and further comprising the step of subjecting the
workpiece to a further electrochemical copper deposition process in an acidic
electrolytic solution to complete deposition of the copper to a thickness needed for

the formation of the copper interconnect structure.

g 52.  The process of claim 51 and further comprising the step of subjecting the
workpiece to a rinsing process after step (b) and prior to the further electrochemical

copper deposition process in an acidic electrolytic solution.

53.  [CANCELED]
54. [CANCELED]
55. [CANCELED]
56. [CANCELED]
57. [CANCELED]
58. [CANCELED]

39. [CANCELED]

60. A process as claimed in claim 1 wherein the ammonium hydroxide is in the
form of tetrametliylammonium hydroxide.

SRS
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26 The process of claim 13 wherein the step of subjecting the workpiece
to a further electrochem cal deposition process occurs in an acidic

el ectrolytic solution to conplete deposition of the netal to a thickness
needed for the for mation __,_thef~+—ﬁi—errr:‘6nnect structure. /0t6e3
process of claim26 and further conp ing the step of su

wor kpi ece to a rinsing mﬁﬂm uﬁect rocheni cal depo IﬂeAPR 20(
outline bath and prio m\m el ect‘{oochem cal copper deposition
process in an acidic el ectFoIS/tlc soI ution. 28. The process.of
claim 13, wherein the enhanced seed | ayer has a thickness at all points on
sidewal I s of substantially all recessed features distributed within the

wor kpi ece that is equal to or greater than 10% of the enhanced seed | ayer

t hi ckness ove6l. t hA process asoslaimed iins claine § wherdimthe complexing\agent;is EPe.

62. A process as claimed in claim 1 and wherein the electroplating bath further
comprises an amount of ammonium sulfate sufficient to reduce the electrical
resistance of the electroplated copper and an amount of ethylene glycol sufficient to

increase the conformality of the electroplated copper.

L

63.  The process of claim 7 and further comprising the step of subjecting the
workpiece to a further electroplating process in an acidic electrolytic solution to
complete deposition of a metal to at least a thickness needed to substantially fill the

micro-recessed structures.

64.  The process of claim 7 wherein the enhanced seed layer has a thickness at all
points on sidewalls of substantially all micro-recessed structures distributed within
the workpiece that is equal to or greater than about 10% of the nominal seed layer

over an exteriorly disposed surface of the workpiece.

65. A process for applying a metal to a workpiece, the process comprising the

steps of:

_—_—
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29. The product produced by the process of claim13. 30. A
process for applying a fretat+zat+on—nterconnect structure to a workpiece

conprising : . té formng an ultra-thin netal seed |ayer

using a first deposi ll ml he first depositio @

the ultra-thin rretal”lm l I W? [ﬁ Aagégz
| ayer, the ultra-thin met al seeélayer the ultra-thin bi?yMRzo
havi ng physi-cal characteristics that rendeé it generallnm "Or '
bul k el ectrolytic deposition of a netal the ]e

(3  forming an ultra-thin metal seed layer using a first deposition

process, the first deposition process physically anchoring the ultra-thin metal
seed layer to an underlying layer, the ultra-thin metal seed layer having a

 thickness that is insufficient for a subsequent bulk electroplating process;

(b)  enhancing the ultra-thin seed layer by electrochemically depositing an additional

* metal on the ultra-thin seed layer using a second deposition process that is
different from the first deposition process to form an enhanced seed layer that is
suitable for a subsequent bulk electroplating process;

e () electrolytically depositing a metal on the enhanced seed layer under conditions

in which the deposition rate of the electrolytic deposition process is greater than

the deposition rate of the process used in enhancing the ultra-thin seed layer.

66. A process for filling a micro-recessed structure disposed in a surface of a
workpiece with a metal, the workpiece including a barrier layer deposited on at
least a portion of the upper surface thereof and on surfaces of the plurality of micro-
recessed structures, the process comprising the steps of:

'(a)  forming an ultra-thin metal seed layer on the barrier layer using a
physical vapor deposition process, the ultra-thin metal seed layer having
a thickness that insufficiently covers be underlying barrier layer thereby
rendering it insufficient for bulk-fill electroplating of the micro-recessed

structure;
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(b) subj ecting the workpiece to an el ectrochem cal copper deposition
process that differs fromthe fi rst ositi on process, in an alkaline
el ectrolytic bath having ¢ praerr/l ons | exed with a conpl exi ng agent

such that additional co per i's on the ultr e
| ayer to thereby enhance ﬁ o provi de mg ge% llegyérBO
and (c) ' yt\l cal I y depositing a net e
enhanced seed | ayer under*condl tions in whi ﬁg t he deposi Wﬁé bﬂ AIPGR 20(
el ectrolytic deposition process is substantfally greater than the
deposition rate of the process used to enhance the nmetal seed |ayer.
31. The pr oces) ofephhnding the ultrdithirei n t he weed Ryethbyneleattadyticatlypd | ayer
formed in step (a) is formed by physical vapor deposition. - 32.
The process of clai m 304epbsitifg Rddifichal hletah oh e uleS-@fin nikke sedddayer Gsing aat ep
alkaline electroplating solution to thereby form an enhanced seed layer
that is suitable for subsequent bulk-fill electroplating of the micro-

recessed structure.

67.  The process of claim 65 and further comprising the step of the bulk-fill
electroplating the micro-recessed structures with a metal using an acidic

o electroplating solution.

68. A process ﬁ.)r applying a metal to a workpiece, the workpiece including an
exteriorly disposed surface haying a plurality of micro-recessed structures that are
defined by sidewalls, the workpiece further including a barrier layer deposited on
at least a portion of the exteriorly disposed surface of the workpiece and on at least
substantial portions of the walls of the plurality of micro-recessed structures, the

- process comprising the steps of:
(@  forming an ultra-thin metal seed layer exterior to the barrier layer using
a first deposition process, the ultra-thin metal seed layer having a
nominal thickness that is insufficient for filling the micro-recessed
structures if a bulk-fill electroplating process;
(b) enhancing the ultra-thin seed layer by depositing an additional metal using
a second deposition process that is different from the first deposition

R
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(a) 'has a thick \Iemw equal to 500 Angstrons. 33.
The process of 1 gy t he ultra-thin seed Iayer formed in step
3

(a) has a thickrtes ; 0 Angstrons. The process of
i Cnoss "o 300 hnosty or. 1 see0 ""ye%hfe"éfﬁé’e'sQ 3? OIS /063
ial7[<al i ne electrolytic bath has a pH of at | (:;st 9.0. - 'P-ENUS 17 APR 2
process to provide an enhanced seed layer, the additional
metal being formed from a metal comprising the same metal used to
form the ultra-thin seed layer, the enhanced seed layer having a thickness
at all points on sidewalls of substantially all micro-recessed structures
distributed within the workpiece that renders the workpiece suitable for a
subsequent bulk-fill electroplating process; and
(¢  bulk-fill electroplating a metal onto the enhanced seed layer so as to fill

the micro-recessed structures.

o

_—
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The process of claim30 wherein the copper ions in the electrolytic bath
are priovided by copper sulfate. 37 The process of claim 36

wherein the copper sulfate in the electrolytic bath has a concentration
within the range of 0.03 to 0.25 M -1- mof claim

36 wherein the concentration of copper sulfate is
39. The procéss of claim30 wherein the copper co ﬂﬁ% r”c!,&
conprised of a copper conpl exing agent sel ected front EDT itric
aci d. 40 The process of claim 39 wherein the conpl exi ng agent S
conprised of EDTA and the EDTA in the electrolytic bath has a
concentration within the range of Qgfgudo.1.0 M

1. A process for applying a metal structure to a workpiece comprising:b

,\pggm’djng an electroplating bath ,{ncluding a source of metal ions as a

‘principal metal species to be deposited during subsequent electroplating, ammonium

sulfate in an amount sufficient to reduce resistivity of the subsequently deposited metal

species to a predetermined level, a metal ion complexing agent, andha conformality

increasing agent;

providing a workpiece on which one or more microelectronic devices are
to be formed;

exposing at least one surface of the workpiece to the electroplating bath;

and

[ uovmaren

providing electroplating power between the at least one surface of the

workpiece and an anode disposed in electrical contact with the electroplating bath to

electroplate the principal metal species on of the workpiece.

2. A process as set forth in Claim 1, wherein the source of metal ions

Sl comprises copper sulfate,

i A process as set forth in Claim 2, wherein the conformality increasing

agent comprises ethylene glycol.

,\f_t; A process as set forth in clain}g_, wherein the electroplating bath further

comprises boric acid.
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41. .The process of claim 39 wherein the conplexing agent is conprised of
ED and the ED in the electrolytic bath has a concentration within the range
of 0.03to 1.0 M 42. The process of claim39 wherein the

conpl exi ng agent is conprised of EDTAZand the EDTA has, a ot 0
within the range of 0.1 to 0.4 M 43.  The proﬂﬁfﬂgm |" I,
wherein the conpl exi ng agent is conprised of citric aci L yc

acid in the electrolytic bath has a concentration within the range of 0.03

to 1.0 M - 8-
3. A process as set forth in clain%g_wherein the complexing agent is selected

N
from the group consisting of ED, EDTA, and a polycarboxylic acid.

6. The workpiece produced by the process of Claim 1.

'\L A process for applying a metal structure to a workpiece comprisin%:_

nProviding an electroplating baﬂ%inﬂuding_a_s,o,,umcwgf,:.mc,taLiQnsh,.as__.a.
principal metal species to be deposited during subsequent electroplating, boric acid, and

a metal ion complexing agent;

providing a workpiece on which one or more microelectronic devices are

to be formed;

exposing at least one surface of the workpiece to the electroplating bath;

providing electroplating power between the at least one surface of the workpiece

and an anode disposed in electrical contact with the electroplating bath to electroplate

the principal metal species onto the at least one surface of the workpiece.

8....A process as set forth in Claim 7, wherein the source of metal ions

comprises copper sulfate,

,\?_._ A process as set forth in claim,% wherein the complexing agent is selected

from the group consisting of ED, EDTA, and a polycarboxylic acid.

A_I_O._ A process as set forth in clainkl wherein the complexing agent is citric

acid.
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44. The process of claim43 wherein the citric acid has a concentration
within the range of 0.1 to 0.4 M 45, The process—of—ctarm-36

wherein the step of subjecting the workpiece to a furyp ), cal
copper deposition process occurs in an-acidic electrol mnmmﬂmu“mﬂm
conpl ete deposition of the copper to a thickness needed*fof tiherf OF I on
of the copper "i nterconnect structure. 46. The process of claim
45 and further conprising the step of subjecting the workpiece to a
rinsing process after step (b) and prior to the further el ectrochem cal
copper depositildn prAopmesssias setnfoethiinl Ctaiml % sthersity theeleetroplatinmbath further 47,
The product prdéduced by the process of claim 30.

comprises an alkaline agent present in an amount sufficient to adjust the pH of the bath

to gﬂmegst 9.0.

]

12.  The workpiece produced by the process of Claim 7.

‘\_1__3_; A process for applying a metallization interconnect structure to a

workpiece comprisin%:\

N

o (a)  forming an ultra-thin metal seed layer using a first deposition

process, the first deposition process anchoring the ultra-thin metal seed layer to an

underlying layer, the ultra-thin metal seed layer having/\physical characteristics that

render it generally unsuitable for bulk electrolytic deposition of a metal thereon on the

metal seed layer;
(b)  enhancing the ultra-thin metal seed layer by electrochemically,

depositing additional metal on the ultra-thin metal seed layer to provide an enhanced

seed layer using a second deposition process that is different from the first deposition
pmccss;and{\
(¢) electrolytically depositing a metal on the enhanced seed layer

e under conditions in which the deposition rate of the electrolytic deposition process is
substantially greater than the deposition rate of the process used to enhance the met:

seed layer.

,\,_1__4(_.q The process of claim,]3 wherein the additional metal is copper.

/\_1_5; The process of claimréj wherein the ultra-thin seed layer is,\fomlﬁd_QIL&

barrier layer deposition on a surface of the workpiece.
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48. The process of claim30, wherein the ultra-thin—retal—seed Tayer is

formed on a barrier layer deposited on a surface pi ece.
49. A wor kpi ece conpri sing: a plu Imm“m “ ml essed
structures distributed in a surface of-4he workpiege; L

enhanced seed | ayer having a thickness at all p0|nts on S|demalls of
substantially all recessed features distributed wthin the workpi ece that
is equal to or greater than 10% of the nom nal seed | ayer thickness over
an exteriorly disposed surface of the workpiece. 50. A wor kpi ece

as claimed in ojeai A Waersidt b L1 IvaleRRS e leidclibcheRliclt Rpbad stcp

substantlally M recessed feature s equal to or greater than 209
occurs in an alkaline bath.

,\_1:7_. The process of clairr}é 16 wherein the alkaline bath comprises metal ions

and an agent effective in complexing the metal ions.

1\_1_8_. The process of claim/\l 13 wherein the ultra-thin metal seed layer formed in

step (a) is formed by physical vapor deposition.

= [\1 19.  The process of claim,\l_S_wherein the ultra-thin metal seed layer formed in

step (a) has a thickness of'{ess than or equal to 500 Angstroms.

A 20.  The process of claim/%_g wherein the ultra-thin metal layer formed in step

(a) has a thickness ot;\l 00 to!%SO Angstroms.

32l 21.  The process of claink_l_l wherein the complexing agent is comprised of

i\

" one or more complexing agents selected from EDTA, ED, and polycarboxylic acid.

A 22. The process of claime_l_wherein the complexing agent is comprised of
EDTA and the EDTA in the bath has a concentration within the range of 0.03 to 1.0 M.

A 23.  The process of claim/%_Z_ wherein the complexing agent is comprised of
ED and wherein the ED in the electrolytic bath has a concentration within the range of
0.03t0 1.0 M.

1\_2&._ The process of claim,23 wherein the complexing agent is comprised of
EDTA and the EDTA has a concentration within the range of 0.1 to 0.4 M.

16136CL.doc REPLACEMENT SHEET

13 2




-0-

51. A solution for electroplating copper, the solution
conprising copper sulfate, ammonium sulfate, and ethyl ene gry

52. The solution of claimb51 and further conpri SI ﬂ,ﬂm]ﬂ gent
53. A solution for electroplating copper, the sol Hr ncopper

sulfate

boric acid, and a conpl exi ng agent.

cl ai m 53 wherein the conpl exi ng agent is selected from t he group

consi sting of ED, EDTA, and a pol ycarboxylic acid.

solution of claim53 wherein the conplexing agent is citric acid.

e,

i\g_S_. The process of claink 22 wherein the complexing agent is comprised of

citric acid and the citric acid in the bath has a concentration within the range of 0.03

to 1.0 M.

| 26.  The process of claim /&3 wherein the step of subjecting the workpiece to a
further electrochemical deposition process occurs in an acidic electrolytic solution to
complete deposition of the metal to a thickness needed for the formation of the

interconnect structure,

kg7_. The process of claim 26 and further comprising the step of subjecting the
workpiece to a rinsing process after electrochemical deposition in the outline bath and
prior to the further electrochemical copper deposition process in an acidic electrolytic

solution.

.28 ___The process of claim 13, wherein the enhanced seed layer has a thickness

at_all points on sidewalls of substantially all recessed features distributed within_ the

AP

workpiece that is equal to or greater than 10% of the enhan ickness. over
the exteriorly diseased surface of the workpiece.

29...._ The product produced by the process of claim 13.

]\3& A process for applying a metallization interconnect structure to a
workpiece comprising;
p N prisinge

(a) forming an ultra-thin metal seed layerAusing a_first deposition

process, the first depositi

The

¢ The %solsut kon of
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56. In a manufacturing line incl udi ng a plurality of apparatus for the
manuf act ure of nicrodevices, one or nore apparatus of—the prurality of

apparatus being used for applying a netallization int : muﬂmu;t“‘ure
to a.surface of a workpiece used to férmthe icr odevilm'u‘“’“m nor e
appar at us.conpri si ng: a metal deposition tool adaptéd fFor" appl ying a
conductive ultra-thin seed layer to a surface of the workpiece the
ultra-thin seed | ayer being generally unsuitable for bulk electrochem cal
deposition of the metallization interconnect structure; a first
processi NGingérdfih® Nayre 2k agltrh-SHin Gh&slt §8 hﬁij@cr)&?alvin‘g FRYIRAL chdadtéistico mehidct i ve
ultra-thin Seed Tayer by depositing additional conductive naterial to
render t hgemgh A eetlithisy & balki dlals B g sdri; ochem cal

_ _ f gxérall b @eurtamy e biilk aIlInice Brtic@epdRutmhan dmital&hd
application of the interconnec metal lization;
-10- (b)  subjecting the workpiece to an electrochemical copper deposition

process that differs from the first deposition process, in an alkaline electrolytic bath

having copper ions complexed with a complexing agent such that additional copper is
deposited on the ultra-thin copper seed layer to thereby enhance the seed layer to provide

an enhanced seed layer; and

© electrolytically depositing a metal on the enhanced seed layer

under conditions in which the deposition rate of the electrolytic deposition process is
substantially greater than the deposition rate of the process used to enhance the metal
seed layer.

,\§__1_. The process of claim3Q wherein the ultra-thin metal seed layer formed in
step (a) is formed by physical vapor deposition.

A2 The process of claimh‘a'_()_wherein the ultra-thin seed layer formed in step
(a) has a thickness oﬂess than or equal to 500 Angstroms.

e e ,\_QL The process of claim/@;wherein the ultra-thin seed layer formed in step

(a) has a thickness ot}\IOO t(}-\250 Angstroms.

;\.3_4. The process of clain}\;ﬁ wherein the ultra-thin seed layer formed in step
(a) has a thickness o§\200 Angstroms,

f\-ﬁ* The process of clain}\gg wherein the alkaline electrolytic bath has a pH of

at least 9.0.
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a second processing structure, disposed to receive the workpi th the
enhanced seed | ayer, adapted for eIectrochen1caLLy,deﬁ0§TfPﬁeee/WEIk
portion of the interconnect metallization on the en

57. . One of nore apparatus as clained-in cIa|n1 metal
deposition tool is further defined by means for ap \a Eonductlve
ultra-thin copper seed layer to a barrier |ayer surface of the workpiece.

58. One or nore apparatus as clainmed in claim56 wherein the netal
deposition tool is further defined by neans for applying a conductive

ultra-thin coppal SBRGréRYEHS él@im’}(@%&ﬂeﬁﬁh&%ﬁpﬁeﬁé&fsﬁﬁ% electidigtiovpatkpi ece
usi ng a PVD pfocess. One or nore apparatus as clainmed in

claim 56 vhepeiidet be coienkulfate.

/\QZ,. The process of claiml\3_§_ wherein the copper sulfate in the electrolytic bath

has a concentration within the range of 0.03 to 0.25 M.

A38. The process of claim,%_é whetein the concentration of copper sulfate is
about 0.1 M.

e ,\;ﬁ. The process of cIaim,\’a’_O_ wherein the copper complexing agent is

comprised of a copper complexing agent selected from EDTA, ED, and citric acid.

,\i(_)_. The process of clain}\39 wherein the complexing agent is comprised of
EDTA and the EDTA in the electrolytic bath has a concentration within the range of
0.03 to 1.0 M.

'\_4_1,_ The process of clain}\iﬁ wherein the complexing agent is comprised of
ED and the ED in the electrolytic bath has a concentration within the range of 0.03 to
1.0 M.

e e _42.  The process of claim,39 wherein the complexing agent is comprised of

K
EDTA and the EDTA has a concentration within the range of 0.1 to 0.4 M.

A43.  The process of claimﬁg_g wherein the complexing agent is comprised of
citric acid and the citric acid in the electrolytic bath has a concentration within the range

of 0.03 to 1.0 M.
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depésitibn tool is further defined by nmeans for applying a conductive
ultra=thin copper seed |layer to a barrier layer surface of the mntkpjece
usi ng a CVD process. 60. One or nore apparatus_as cl ai ned

56 wherein the first processing stati-8n is further ﬂ'u lll ﬂueﬂ 'for
el ectrochem cal |y enhancing the conductive ultra-th
el ectrocheni cakly depositing copper using an al kal i ne copper ba h having a

conpl exi ng agent. 61. One or nore apparatus as clainmed in
claim60 wherein the electrochem cal enhancenent of the ultra-thin seed

| ayer takes pl age. alrg pRlcald ot iere TRl AolTATH bt R Wi | cast

about or greafer than nore apparatus as

cl ai Imad '@hﬁaﬁg‘%i@@l weagrn the aI kaline bath has a pH greater than or
equal to 9.

,\,&; The process of claimASQ Kvllerein the step of subjecting the workpiece to a
further electrochemical copper deposition process occurs in an acidic electrolytic
solution to complete deposition of the copper to a thickness needed for the formation of

the copper interconnect structure.

A 46.  The process of claim ,{15 and further comprising the step of subjecting the

workpiece to a rinsing process after step (b) and prior to the further electrochemical
copper deposition process in an acidic electrolytic solution.

47.  The product produced by the process of claim 30.

48.  The process of claim 30, wherein the ultra-thin metal seed layer is formed
on a barrier layer deposited on a surface layer of the workpiece.

/\_4.2, A workpiece comprising:
a plurality of the recessed structures distributed in a Asurface of the
fi'} . workpiece;
T e’

an enhanced seed layer having a thickness at all points on sidewalls of
substantially all recessed features distributed within the workpiece that is equal to or
greater than/{O% of the nominal seed layer thickness over an exteriorly disposed surface

of the workpiece.

A,S_(L A workpiece as claimed in claimr(l_g wherein the thickness of the

sidewalls of substantially all recessed features is equal to or greater than &O%.
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63. One or nore apparatus as clained in claim60 wherein the conpl exing
agent-is conprised of EDTA. 64. One or nore apparatus as clai ned
in claim60 wherein the conplexing agent is conprised of ED.—————65.

One qr nore apparatus as clained in cl8i m 60 wherein t”m"ﬁ"'ﬂl i ent
Is a conprised of a carboxylic acid or salt thereof. ,m”mumg or

*

nmore apparatus-as clained in claim65 wherein the conplexingt * s

fBL A solution for electroplating copper, the solution comprising copper

sulfate, ammonium sulfate, and ethylene glycol.

A 52.  The solution of clain}\S_l and further comprising a complexing agent.

A33. A solution for electroplating copper, the solution comprising copper

sulfate, boric acid, and a complexing agent.

,\ilk - The solution of claimr@ wherein the complexing agent is selected from
e the group consisting of ED, EDTA, and a polycarboxylic acid.

r\§§_. The solution of claim, 53 wherein the complexing agent is citric acid.

r\_5_6. In a manufacturing line including a plurality of apparatus for the
manufacture ofymicrodevices, one or more apparatus of the plurality of apparatus being
used for applying z}\metallization interconnect structure to a surface of a workpiece used

to form the Elicrodevices2 the one or more apparatus comprising:

p2 metal deposition tool adapted for applying a conductive ultra-thin seed layer to

a surface of the workpiece the ultra-thin seed layer being generally unsuitable for bulk

, electrochemical deposition of the metallization interconnect structure;

N first processing station adapted for electrochemically enhancing the conductive

ultra-thin seed layer by depositing additional conductive material to render,the enhanced

seed layer suitable for subsequent electrochemical application of the interconnect

metallization; and

k_.
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agent

68.

is citric acid or salt thereof. 67. One or
as clainmed in claim 60 and further conprising neans

addi ng a further layer of copper over the conductive ult &“

| ayer. by el ectrochenically depositing-t&pper using an aci ccopper

One_or nore apparatus as clained in claim67 wherein the

“\ﬁw\\wl y

bat h.

el ectrochem cal” enhancenent of the ultra-thin seed | ayer takes place at a
pl ati ng voltage having a magnitude that is greater than the magnitude of
the plating voltage in the acidic copper bath. 69. One or

apparat us as claaidéBed i prodssihg iRyl disPdsétE fto GesaVd SheNSvorkiedes withr thei nNsi ng

the workpiece prior torts introduction to the neans for

addi ng a fenhirved seed/dtyenfadapededr electrochemically depositing a. bulk portion_of the

interconnect metallization on the enhanced seed layer.

A=Z  One or more apparatus as claimed in cIaimA§_6_ wherein the /\metal
deposition tool is further defined by means for applying a conductive ultra-thin copper

seed layer to a barrier layer surface of the workpiece.

A8.  One or more apparatus as claimed in claimf\Si wherein the metal
deposition tool is further defined by means for applying a conductive ultra-thin copper

seed layer to a barrier layer surface of the workpiece using a PVD process.

A 59. One or more apparatus as claimed in claim 5_@ wherein the l{netal

iniuiwbrdnimiitutvedinds

seed layer to a barrier layer surface of the workpiece using a CVD process.

f\ & One or more apparatus as claimed in claim,é_6_ wherein the , first

K

conductive ultra-thin seed layer by electrochemically depositing copper using an alkaline

copper bath having a complexing agent.

/\é-l-'— One or more apparatus as claimed in clmmAQQ_ wherein the

electrochemical enhancement of the ultra-thin seed layer takes place at a plating voltage

having a magnitude that is at least about or greater than 1.1 volts.

X
has a pr\greater than or equal to 9.0.

62.  One or more apparatus as claimed in clain}\QQ wherein the alkaline bath

nor e

el'ectrochem cal |y
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70. In é manuf acturing line including a plurality of apparaWe

manufacture of m crodevices, one or nore apparatus of—the plur
appar at us bei ng used for applying, a netallj Mﬁ m\\g\! \1ect
structure to a surface of a workpiecell- used to fo evt ces,
the one or nore apparaatus conpri si ng: a reaétof that receives a
surface of the-workpiece and then is adapted to apply and control the
conposition of a plating bath including a source of nmetal ions as a

principal nmetal species to be deposited during subsequent electroplating,
boric acid, ?\@d; a O B¥leNPpadRBias ARmbd e @M{rﬁ/g_e_%meiﬁm@a vansekiage; and

agent is comprised of EDTA.

64.  One or more apparatus as claimed in claim 60 wherein the complexing

N

agent is comprised of ED.

l.(;._..m

agent is a comprised of a carboxylic acid or salt thereof.

65.  One or more apparatus as claimed in claim rgg wherein the complexing

e 66.  One or more apparatus as claimed in clairr)\6_§ wherein the complexing

agent is citric acid or salt thereof.

/\_6_.7_. One or more apparatus as claimed in clain} 60 and further comprising
means for electrochemically adding a further layer of copper over the conductive ultra-

thin seed layer by electrochemically depositing copper using an acidic copper bath.

A68. One or more apparatus as claimed in claim/\gl wherein the
electrochemical enhancement of the ultra-thin seed layer takes place at a plating voltage
having a magnitude that is greater than the magnitude of the plating voltage in the acidic

x« copper bath.

,&méi One or more apparatus as claimed in claimRt’)_& and further comprising
means for rinsing the workpiece prior to ifs introduction to the means for

electrochemically adding a further layer of copper.

70, In_a manufacturing line including a plurality of apparatus for the

manufacture of microdevices, one or more apparatus of the plurality of apparatus being
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an anode disposed in electrical contact wth the electroplating bath; and
a power supply for supplying power between at least one surface of the

wor kpi ece and the anode to el ectropl atg the pri es onto
at | east one surface of the wor kpi“éce. Eﬂﬁ"ﬂjmj Eil'
manuf acturing Line including a plurality of app

manuf acture of m crodevices, one or nore apparatus of the plurality of
apparatus being wused for applying a netallization interconnect structure
to a surface of a workpiece used to formthe m crodevices, the one or

mor e appanised £or appiping gimefallization intercanpashetrusture fea. syrfase of avoskpieperuse® of t he

wor kpi ece and then_ is_adapted to apply and control the conposition of a
pl ati ng baq»famﬁbmw%cvspes@bwwrw&mwwmg pri nci pal met al

species to be deposited durin ent el.ectropl at.in nmoni um ul fate
"h an anpunt &seiarts sty Laities sl o laics' &3&@%&8@3&%@%? gad
e R RSk A o B or el V= 9

metal species to be deposited during subsequent eleciroplating, boric acid, and.a

complexing agent, to the surface of the workpiece; and
an anode disposed in electrical contact with the electroplating bath; and

a_power_supply for supplying power between at least one surface of the

~ workpiece and the anode to. electroplate rmcmil_ metal species onto_at least one.
surface of the workpiece,

71.  In a manufacturing line including a plurality of apparatus for the

manufacture of microdevices, one or more apparatus of the plurality of apparatus being

used for applying a metallization interconnect structure to a surface.of a workpiece used

to form the microdevices, the one or more apparatus comprising:

areactor that receives a surface of the workpiece and then is adapted to apply and

e e S et A AT 1.2 d

control the composition of a plating bath including a source of metal ions as a principal

et o A et

metal species to be deposited during subsequent electroplating, ammonium sulfate in_an

amount sufficient to reduce resistivity of the subsequently deposited metal species to a

predetermined level, a metal ion complexing agent and a conformality increasing agent,

to the surface of the workpiece; and

_an anode disposed in electrical contact with the electroplating bath; and

| REPLACEMENT SHEET
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to the surface of the workpiece; and an anode di sposed in

el ectrical contact with the el ectroplating bat\rllv;erégd,///

- 13- ~a power supply for supplying po et we one
surface of the workpiece and the anode’to el ectrm "m\m\iﬁmkal nmet al
species on to the at |east one L wn s

surface of the wor

*

a power supply for supplying power between at least one surface of the

workpiece and the anode to electroplate the principal metal species on to the at least one

_surface of the workpiece.

MSK:mih
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(57) Abstract

1 This invention employs a novel approach

| to the copper metallization of a workpiece, such
| as a semiconductor workpiece, In accordance
- | with the invention, an alkaline electrolytic cop-
per bath (35) is used to electroplate copper onto
a seed layer (30), electroplate copper directly
onto a barmier layer material, or enbance an
ultra—thin copper seed layer which has been
deposited on the barrier layer using a deposi-
tion process such as PVD, The resuiting cop-
per layer provides an excellent conformal cop-
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per coating that fills trenches, vias, and other
microstmuctures in the workpiece, When used
for seed layer enl'xa\ncementz the resulting cop-

et e e o e = e -

per seed layer provxdes an excellent conformal mm:g”m __________
copper coating that alfows the microstructures a5
' to be filled with & copper layer having good uni- &
| formity using electrochemical deposition tech- S e
‘niques, Further, copper layers that are elec- N
troplated in the disclosed manner exhibit low - 5 j_ss

sheet resistance and are readily annealed at Tow
temperatures.
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