(I') I'ntroduction NDL Low resistivity and expected good reliability of
copper nmake it an obvious choice used for mﬂnd narr ow

i nt erconnections. However, processing di ffl mm,m Imml ated with Cu
still need to be overcone before the |ntrod metal lization. In

addition, a commercially maturized equi pnent sti*skissseeds to be devel oped
in order to bring Cu netallization into production. Via and trench wll be
filled with copper by plating (also called el eajwr ochem cal deposition).

However, awback of el ectroless coppe WW | process "% | ow
pl ati ng ratge(]%s Ceii ntreduction ngs, e.q. contani ” ”hy, conpl ex

conpounds, hard to control its conposition are al s@odog«be consi dered.
Electroplating is an attractive alternative for copper deposition, since
it is not available for tungsten or alum num Electroplating is a very
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use in darrascene structures. A potential disadvantage of electroplating is

that it is a obwioasechgicecased foP\Iongr aii¥/marrswoihtercorxectionse tlowerverne
step (directly on top of the di ffu5| on-barrier), while electroplati ng

requires depopsxlotc'egsﬂn% difridllifle® %R¥ociated with Cu still need to be overcome

before the introduction of Cu metallization. In addition, a commercially
maturized equipment still needs to be developed in order to bring Cu

metallization into production.

Via and trench will be filled with copper by plating (also called
electrochemical deposition). However, a major drawback of electroless
copper deposition process is low plating rate. Other shortcomings, e.q.
contamination, healthy, complex compounds, hard to control its
composition are also to be considered. Electroplating is an attractive
alternative for copper deposition, since it is not available for tungsten or
aluminum. Electroplating is a very inexpensive process compared to
vacuum fabrication and electroless deposition. A number of research
groups have developed electroplating to use in damascene structures. A
potential disadvantage of electroplating is that it is a.two-step process.
PVD or CVD method can be competed in one step (directly on top of the
diffusion-barrier), while electroplating requires deposition of a thin seed-

layer prior to the plating fill step. The seed-layer provides a low-
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| ayer prior to the plating fill step. The seed-layer provides a | ow Z NDL
resi stance conductor for the plating current that drives the process, and
also facilitates filmnucleation. If seed |layer is not perfect (i.e.,
continuous), it can create a void during copper filling. Copper is the nobst
favorabl e material used for seed | ayer because of its high conductivity,
and because it is an ideal nucleation |layer with high conductivity. Copper
seed |layer plays two critical roles during electroplating. On the wafer

Cont of , ai | ol 2RPE Soriuctor K6y the e BurBRPTuet cit@s eCbrogkes, Sk, (e

edge. The thickness of seed layer nust be sufficient large so that voltage
drops from walser facflitates cfilmemnudleationot If rseedc daperecisr aotatperfectin(if@y mty.
On a localized region, seed layer carries current fromthe top surface to

the bottom of vj.as and:.irenches. e there is imsufficient seed-I|ayer
t hi ckness at cPﬂb“BBF?ﬂr#cﬁnﬁB? eiaqulamga‘f‘)pﬂq’f er of via or trench
during deposition. In order to produce a uniform and good adhesion film of

el ectropl ated copper, a seed layer nust be deposited perfectly over the

barrier layer. In principle, the thickness of the seed |ayer at the bottom
In a . .
( Copper is the most favorable material used for seed layer because of

its high conductivity, and because it is an ideal nucleation layer with high
conductivity. Copper seed layer plays two critical roles during
electroplating. On the wafer scale, seed layer carries current from the
edge of the wafer to the center, allowing plating current source to contact
the wafer only near the edge. The thickness of seed layer must be
sufficient large so that voltage drops from wafer edge to center does not
reduce electroplating uniformity. On a localized region, seed layer cammies
current from the top surface to the bottom of vias and trenches. When
there is insufficient seed-layer thickness at the bottom, a void is formed at
the center of via or trench during deposition. In order to produce a
uniform and good adhesion film of electroplated copper, a seed layer

must be deposited perfectly over the barrier layer.

In principle, the thickness of the seed layer at the bottom (in a
high aspect ratio feature) can be increased by increasing the thickness of
copper that deposited on the field. However, an excess of seed material

deposited at the field level will pinch off the via or trench, creating a
2
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hi gh aspect ratio feature) can be increased by increasing the thickness of
copper that deposited on the field. However, an excess of seed materi al
deposited at the field level will pinch off the via or trench, creating a 3
center void in the film Although PVD copper has poor step coverage in a

hi gh-aspect-ratio of vias and trenches, it has been successfully applied to
Cu el ectroplating. PVD copper used for seed |ayer is successful at the
narrowest feature of 0.3 u m At the dinension below 0.3 ,u m PVD copper

seed | ayer cancbgteg Iy L Oa l+RA PMD net hods. In addition, aM&VD
seed | ayer will proﬁg{g?;}hggﬂgvd @ﬁ%?@mq&ﬁp@pﬁi@ COverdge inomd
alternative uss;;lgfor seed-layer primarily because it has nearly 100% step

coverage. A supigh-8spetteraticoofviageand trenbhe\Phasbeeh SRS IR0

additional cost relative to the PVD process. CVD copper seed-

can be used togfy [ ompletely jn a sipgle-damascene

appl i cation, qudc hielcgﬁgf l?‘f%% ?l\é@nwp%ro‘!%ﬁs ?anSﬁFP&Rn & isucepssful At teigh
el ectroplating is a tmqé;fep process, calculations indicate that it offers
a | ower over al harowesbf featurer offii §.3(:£00) Agotheadofiahst

cal cul ation includes the cost of the deposition quﬁog\@ﬁg?@pmat?m
space and consumabl es, hut negl ects device or process yield.

copper seed layer can be deposited using ionized PVD methods. In

D

addition, a CVD seed layer will probably be used for next generations.

Copper CVD is good alternative used for seed-layer primarily
because it has nearly 100% step coverage. A superior step-coverage of
the CVD copper process requires no additional cost relative to the PVD
process. CVD copper seed-layer process can be used to fill narrow via
completely in a single-damascene application, which is a significant

process in future technique.

Although electroplating is a two-step process, calculations indicate
that it offers a lower overall cost-of-ownership (COO) compared. to CVD.
The COO calculation includes the cost of the deposition equipment,
fabrication space and consumables, but neglects device or process yield.
The major difference is mainly due to lower capital and chemical costs of
the electroplating process. Most importantly, a well-tuned electroplating

process can fill a high-aspect-ratio structures.




The major difference is mainly due to | ower capital and chem cal costs of
the el ectroplating process. Mdst inportantly, a well-tuned el ectroplating
process can fill a high-aspect-ratio structures. (I111) Enhanced Gap
Filling Capability in Electroplating The big challenge in Damascene plating
i.s to fill vial \ trenches wthout void or seamformations. Fig 1 presents
possi bl e evolution of plated copper. In conformal plating, a deposit of
equal thickness at every . point of a certain dinension |eads to the
creation of a seam or voids form because of different deposition ratevot
Sub-conformal plating leads to the formation of a void even in

strai ght-wal | g&ngeahl:lrh(;s. Sub-conformal plating is resulted from
substantial d ti ndedeGapoFillin ' ﬁg-l ' l,ution inside the
feature, which produces signi f%aﬂ?nggﬁggﬁpr tl?o%iéoc@g?é&mi als to cause
the current to flow preferentially to nore accessible |ocations outside

the feature. In order to get defect-free filling, an increasing deposition
rate along the sides and the bottomof the feature is desired. As early as

1990 at IBM they di e rtai.n .plating solutions that contain
addi tives could | eadﬁg\b‘jé&gﬁﬂf@aﬁ?dprﬂ-maﬁsmeap almng s to il ntias\ Ityenuheduces
voi d-free and setgm ess structures [Fig

without void or seam formations. Fig 1_ presents possible evolution of

plated copper. In conformal plating, a deposit of equal thickness at every .
point of a certain dimension leads to the creation of a seam, or voids form
because of different deposition rate. Sub-conformal plating leads to the
formation of a void even in straight-walled features. Sub-conformal
plating is resulted from substantial depletion of the cupric ion in the
plating solution inside the feature, which produces significant
concentration overpotentials to cause the current to flow preferentially to
more accessible locations outside the feature. In order to get defect-free
filling, an increasing deposition rate along the sides and the bottom of the
feature is desired. As early as 1990 at [BM, they discovered certain
.plating solutions that contain additives could lead to super-conformal
formation that eventually produces void-free and seamless structures [Fig

1]. They call this is "super-filling”.

In generally, the electroplating rate. is a direct function of current
density. If one has a high density at the top of a structure (or at the top

sharp edges) and a lower density at the bottom, one gets a different

o
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1. They call this is "super-filling". In generally, the electroplating
rate. is a direct function of current density. If one has a high density
at the top of a structure (or at the top sharp edges) and a | ower density
at the bottom one gets a different 51 NDL plating rate. Voids form because
t-here is faster plating on the top sharp edges of trenches conpared to on
the bottons. Two nethods to enhance deposition uniformty and gap filling
capability in electroplating process are physical and chem cal approaches.

i NDL
overse (gg;;aﬂn RenVoids T BFae TR Sstetoldting on thereopshar o

t he cat hode / gnodefsysaﬁgy Peri odi c pul sed plating (PPR) techniques
coul d reduce edges of teerniohies fompardd toess ¢he bo "Pwel m LLon
8 boltonte e msEols, KBRS

inside a trench is nearly the sane as the rate at t

virtually lik S L.e I n uence, ,l.t can produce a deposition
/ etching squﬁ%‘gﬁ@ﬁa@ﬁﬁw @H{; 8 capability: i electropd oplating provess

qui ckly than in the | owdensity regions, and produce the required gap fill

capability. Paﬂesphysibalﬁm@ch%cﬂadpﬁggémse the effective nass transfer
boundary | ayer thickness and thus produce hi gher instaneous platlng

* Physical method is to apply a pulsed plating (PP) or periodic pulse
reverse (PPR) with both positive and negative pulses (etc., a waveform to
the cathode / anode system). Periodic pulsed plating (PPR) techniques
could reduce the formation of voids because the rate of metal deposition
inside a trench is nearly the same as the rate at the upper portion. It is
virtually like a deposition / etching sequence. It can produce a deposition
/ etching sequence that polish copper in the high-density regions more
quickly than in the low-density regions, and produce the required gap fill
capability. Pulsed plating (PR) can decrease the effective mass transfer
boundary layer thickness and thus produce higher instaneous plating
current density as well as better copper distn'bution. Decreasing thickness
of boundary layer could lead to significant concentration overpotentials
decreased. Therefore, the filling capability could be enhanced in a high

aspect ratio of via / trench.

Chemical method is to add organic additives in the electroplating

solution. A widely used electroplating solution consists of many additive
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current density 'as well as better copper distribution. Decreasing

t hi ckness of boundary | ayer could |lead to significant concentration
overpotentials decreased. Therefore, the filling capability could be
enhanced in a high aspect ratio of via / trench. Chem cal nethod is to add
organic additives in the electroplating solution. A w dely used

el ectropl ating solution consists of many additive 6 NDL groups (e.q.
thiourea, acetythiourea, naphthalene sulfonic acid). However, levelgys are

chemcals wt 9'€e.q! thiBufed, dce 'r%é‘h. ﬁal 93 | a coul d
pronote the d 05|"'t|€eon of ductile”copper, Pt kmemﬁdﬁ%@’ﬂng
agent | evel rq) on- uni fgﬁr m, S bst rates during electrodeposition. In order

to nmake el ect ammnegmw euqr sribenzylanmingpr@

aspect ratios for future VLSI rret al l'i zation), an understandi ng of ti've
agent ' is reg e dol t | [o ents .in a
specific acti o and a%%ggg{ﬁécoﬁcﬁqsﬁ%%? %‘ﬂ}g (th)@;r i teper
success of a gap filling plating process. In 1995, Intel corporation

utilized a puPBéd lgwvelingplagenty tevehnoduyy nomumfdamascsﬁbguafégcem

produce | ow resistance copper interconnects
electrodeposition. In order to make electrodepositioon on small

dimension very well (in very high aspect ratios for future ULSI
metallization), an understanding of additive agent'is required to farther
study. Establishing proper agents in a specific action and a proper
concentration ratio often determines the success of a gap filling plating

process.

In 1995, Intel corporation utilized a pulsed electroplating technology
in a damascene process to produce low resistance copper interconnects
with aspect ratios of 2.4:1.[Fig 3a & 3b.] A tantalum barrier layer (about
300-600A thickness) and a copper seed layer were deposited using

- collimated PVD. Nominally the thickness of the copper seed layer was
1100A on the top of the substrate, 280A on the sidewall and 650A on the

bottom of the trench. After electroplating of about 1.5-2.5 £ m of copper

at a rate of 500-2000 A/min, the samples were processed by chemical
mechanical polishing to remove the field metallization and leave copper

in the trenches and wvias. The resistivity of electroplated copper was lower
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W th aspect ratios of 2.4:1.[Fig 3a & 3b.] A tantalumbarrier |ayer (about
300- 600A t hi ckness) and a copper seed | ayer were deposited using
collimated PVD. Nominally the thickness of the copper seed |layer was | |
OOA on the top of the substrate, 280A on the sidewall and 650A on the
bottom of the trench. After electroplating of about 1.5-2.5 u m of copper
at a rate of 500-2000 A/m n, the sanples were processed by chem cal

mechani cal pol,ishing to renove the field netallization and | eave copggr in
the trenches Hih \li-&ﬂ Ghe QtEsfl'sheiyvdbmoﬂsugt@pm@oﬁ FLH | ower
NDL than 1.88g O - cm They denonstrated that the fi Img%%@#ﬁﬁfﬁ’%s
heavi |l y dependent.. uppn tae sputtered copper uniformty in the trenches. |If
sputtered cop %‘FV‘&S\@PSQ eshupen thesspptiered soppet M@nﬁ%tiﬁ%é%d%fhgghe

trench, then large voids could be forned after plating. wever, |1
uni f or m coppelf §itfered ' eptrenches, .t.hen good copper filling
woul d occur duréi% pl a'ﬁopg.@?ﬁﬁba tmc A S} ﬁﬂh&@%@@tﬂmﬁomﬁthml '
could result in severe void under the identical sputtering and plating

condition. | ntl@!;gb,, Mdﬂgeeyeéd&hom&.bsiquﬁ@- p%?%’%@?m?? em

whi ch has a standard cluster tool configuration with
uniform copper were sputtered in the trenches, then a good copper ﬁlliﬁg

would occur during plating. In addition, an inadequate waveform
control could result in severe void under the identical sputtering and

plating condition.

In 1998, CuTek Research Inc. developed a new deposition system,
which has a standard cluster tool configuration with a fully. automatic
dry/clean wafer in and dry/clean wafer out operation. Cu electroplating is
performed on a Cu seed layer with a thickness of 30-150nm. A sputtered
Ta or TaN with 30nm thickness is used as a barrier and an adhesion layer,
respectively. An excellent gap filling with thicker deposited in the
trenches than on top of the field surface could be achieved usiﬁg pulse
plating (PP) and periodic pulse reveres (PPR) with suitable additive

agents. Dual damascene structures with 0.4 4 m feature size in an aspect-
ratio of 5:1 and deep contact structures with 0.25 4 m feature size in an

aspect-ratio of 8:1 could be completely filled without any void or seam

function. The impurity contained in electroplated Cu film is measured to

&



dry/clean wafer in and dry/clean wafer out operation. Cu electroplating is
performed on a Cu seed |layer with a thickness of 30-150nm A sputtered Ta
or TaN with 30nmthickness is used as a barrier and an adhesion | ayer,
respectively. An excellent gap filling with thicker deposited in the
t-renches than on top of the field surface could be achi eved using pul se
plating (PP) and periodic, pulse reveres (PPR) with suitable additive
agents. Dual damascene structures with 0.4 a mfeature size in an aspect-
rati o of 5:(1)ba8d de%ontigt styuctures with 0.25 IL mfeature si?8in an
aspect-rati &®®® elow B ‘bae dBajor coataminants found weere Hy S, G| dndrC saam
function. The inpurity contained in electroplated Cu filmis nmeasured to 8

N gher concanEher conCERritus bf RECC eSS BUARAAT  tn anar whbGrit,

conparison with the center. This is gr_obabl y due to high hydrogen

evol ution arﬁpmpgﬁsanov\gﬂhlthe acentert.v cisr probablyl due t tee Ihghhhydgrd%nt
density region. In 1998, UMC (United M croel ectronics Corporation) has

Cost-of fact i SAeiR B84 Mighl: SrpRRRY BHCRIA” BRboNEtE " Bos B lERt (o1

density region.

In 1998, UMC (United Microelectronics Corporation) has
demonstrated the integration of copper process by using a simple and
cost-effective dual damascene architecture. The metal-filling process for
Cu interconnection includes (1) a deposition of 400A ionized-metal-
plasma (IMP) Ta or TaN which serves as barrier to prevent Cu diffusion
and as an adhesion promoter of Cu to oxide IMD layer, (2) a PVD Cu,
seed layer, and (3) a Cu electroplating. An excess of Cu over oxide is
removed by using chemical-mechanical polish (CMP) technique. The
optimized metal deposition process is able to fill a high aspect-ratio (~5)

ofa0.28 yum feature hole without seams formation. [Fig. 4]



Cu interconnection includes (1) a deposition of 400A ionized-netal - plasma
(1MP) Ta or TaN which serves as barrier to prevent Cu diffusion and as an
adhesi on pronoter of Cu to oxide IMD |layer, (2) a PVD Cu, seed |layer, and
(3) a Cu electroplating. An excess of Cu over oxide is renoved by using
chem cal - mechani cal polish (CW) technique. The optimzed netal deposition
process is able to fill a high aspect-ratio (-5) of a 0.28 a mfeature
hol e wi thout seans formation. [Fig. 4] 19 NDL (VI) Experinent [A] Basic Two
maj or components in the electroplating process are conpositions of e

el ectropl ating solution and the nethod in which the current applied. In
section (1), we have discussed how to select -the nmethod of current applied
and the conposition of electroplating solution. In addition, it is noticed
that the electrolytic production of copper in copper deposition and the

control of the od very inportant. The reason is inportant
because cat hode((;}rlgwt ?lﬁgey@éﬁ@d by many factors: (a) the quality of
anode, (b) the electrolyte conposition and inpurities, (c) the current
density. (d) The surface condition of the starter cathode, (e) the

[A]) Basic

Two major components in the electroplating process are coinpositions
of the electroplating solution and the method in which the current applied.
In section (I), we have discussed how to select the method of current
applied and the composition of electroplating solution. In addition, it is
noticed that the electrolytic production of copper in copper deposition and
the control of the cathode growth are very important. The reason is
important because cathode growth is affected by many factors: (a) the
quality of anode, (b) the electrolyte composition and impurities, (¢) the
current density. (d) The surface condition of the starter cathode, (e) the
geometric anode and cathode (f) the uniformity of spacing (agitation) and
the distance between electrodes and (g) the temperature or current

density.

Electroplating can be carried out at a constant current, a constant
voltage, or at variable waveforms of current or voltage. In our experiment,

a constant current with accurate control of the mass of deposited metal is
A0



geonetric anode and cathode (f) the uniformty of spacing (agitation) and
the di stance between el ectrodes and (g) the tenperature or current
density. Electroplating can be carried out at a constant current, a
constant voltage, or at variable waveforns of current or voltage. In our
experinment, a constant current with accurate control of the nmass of
deposited netal is AO nost easily obtained. Plating at a constant voltage
with ~NDL varjahl veforns requjres nore conplex equi pnent and coser ol .
The tenperat h*cg&oﬁagﬁ%c B@ﬂmﬁdi géfamgutatom iQODSERIRT | ePVORRS Val-Bihy
constant (at R T). Therefore, we can neglect the influence of tenpe f!ﬁ ure
on depositi owavefermed rég uah . % epar.e Substrate and

Experi nmental Process P- trsggﬁ%%oﬁ&gi%é &g’él ﬁéPEPIEFWst&PdSiWM.WaTIHS of
15-25 fl-cm |n 6-inch diapeter were used as deposition substrates in this

work. The bl %iRPeEALEsOfuelectroplating | sntiontin experiment Rabss ! GHGRN N9
I Tut .

process. After wet cleaning, wafers were treated with
solution bef@GteR PRAThgré SLL chanmber. A 50-nmthi ckness of
TIN and a 50@§mt—ﬁ?cknessﬁgg’ &@a‘ﬁf‘e%@%@i‘g&d uense ofv tamperamireP\da t o

act

deposition rate and film quality.

[B] Prepare Substrate and Experimental Process

P-type (001) oriented single crystal silicon wafers of 15-25 Q-cm
in 6-inch diameter were used as deposition substrates in this work. The
blank wafers were first cleaned by a conventional wet cleam'né process.
After wet cleaning, wafers were treated with a dilute 1:50 HF solution
before loading into a deposition chamber. A 50-nm-thickness of TiN and
a 50-nm-thickness of Cu were deposited using conventional PVD to act
as a diffusion barrier and a seed layer, respectively. Patterned wafers were
fabricated to examine the ability of Cu electroplating in small trenches
and vias. After standard RCA cleaning, wafers were treated with thermal
oxidation. Then, a photolithography technique with reactive ion etching
(RIE) was used to define a definite dimension of trenches/vias. A 40-nm-
thickness of TaN used as barrier and a 150-nm-th_ickness of Cu used as

seed layer were deposited by ionized metal plasma (IMP) PVD,
AA



as a diffusion barrier and a seed | ayer, respectively. Patterned wafers
were fabricated to examne the ability of Cu electroplating in small
trenches and vias. After standard RCA cleaning, wafers were treated with
thermal oxidation. Then, a photolithography technique with reactive ion
etching (RIE) was used to define a definite dinension of trenches/vias. A
40-nm t hi ckness of TaN used as barrier and a 150-nmmt hi ckness of Cu used
as seed |layer were deposited by ionized netal plasnma (1 MP) PVD, AA NDL
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usual |y conposed of CuSO4. 5H20, H2SO4, O -, additives, and wetting agent.

The conposi ti odsmofAn Ielveoﬂ'(qﬂaﬁ.ng!sﬁlﬁﬁgﬁswlgéﬁ.wag\%gd%gccgbagpk@l able 2.
e e

I
Additives were frequently added in Cu ectropl ating becal ed
as brightening, hardening, grain refining, and | eveling agents. The current

density appli agag\asy : tE&e w-99,95 % P; 0.05 ¢
material was 6l?gled asﬁlﬁcgﬁ’gggﬁgﬁﬁ% yggea;ﬁgmﬁo@ﬂ Ve&?@d‘ﬁd’@&h@@od
quality of Cu electroplated filnms. [C] Equipnment of electroplating The
sinpl e el ect r 388t Flae Spepositians @ésheidiectraplating! solton Wefk 8kscribed in
Table 2. Additives were frequently added in Cu electroplating because
they worked as brightening, hardening, grain refining, and leveling agents.
The current density applied was 0.1-4 A/dm?. Besides, Cu(P) (Cu: 99.95

%, P: 0.05 %) material was used as an anode to supply sufficient Cu ions

and made good quality of Cu electroplated films.

[C] Equipment of electroplating

The simple electroplating system was described as Jollowed: [Fig 5]

(a) Wafer ; P-type (OQI) oriented single crystal silicon wafers of 15-25
Q-;:m in 6”-inch diameter

(b) Power Supplier : GW1860 (E{&)

(c) PP Tank: 20cmx19¢m x20.5¢m

(d) Rolled Copper (Cu: 99.95%, P:0.05%) : 30 piece
Produced by 'Meltex Learonal Japan company

(e) Titanium anode basket : 20 cmx19 cmx2 ¢cm

A%



(a) Wafer : P-type (001) oriented single crystal silicon wafers of 15-25
a-cmin 6"-inch dianmeter (b) Power Supplier : GM860 (f{) (c) PP Tank:
20cnx 19cm x20.5cm (d) Rol |l ed Copper (Cu: 99.95% P:0.05% : 30 piece
Produced by Meltex Learonal Japan conpany (e) Titanium anode bassket : 20
cnx 19 cnx2 cm A2, NDL [D] Analysis Tool (a) Field Em ssion Scanning

El ectron Mcroscopy (FESEM: H TACH S-4000 The norphol ogy and step
coverage were exam ned by using field em ssion scanning el ectron m croscope
(FESEM). (b) Sheet Resistance Measurenent The resistivity of el ectrdftated
Cu filmwas neasured by a four- point probe. The sheet resistance of the Cu
films were determ ned using a standard equal -spaced four point probe. The
spaci ng between equal - spaced four point probes was 1.016mm Current was
passed through the outer two probes and the potential across the inner two

probes was [D]) Analysis Tool

( a) Field Emission Scanning Electron Microscopy (FESEM):
" HITACHI  §-4000

The morphology and step coverage were examined by using field

emission scanning electron microscope (FESEM).
(b) Sheet Resistance Measurement

The resistivity of electroplated Cu film was measured by a four-
point probe. The sheet resistance of the Cu films were determined using a
standard equal-spaced four point probe. The spacing between equal-
spaced four point probes was 1.016mm. Current was passed thrbugh the
outer two probes and the potential across the inner two probes was

-measured. The applied current was from 0.1 to 0.5mA.
( ¢ ) X-Ray Power Diffractometer (XRPD): MAC Sience, MXP18

X-ray diffractometer (XRD) was -utilized to investigate crystal
43



measured. The applied current was from0.1 to 0.5mA. (c ) X-Ray Power

D ffractoneter (XRPD):. MAC Sience, MXP18 X-ray diffractoneter (XRD) was -
utilized to investigate crystal AS NDL orientation of Cu el ectropl ated
films. X-ray analysis was perfoned in a Shinmadzu diffractoneter and
enployed with Cu K a radiation (1 =1.542A) in conventional reflection
geonetry and scintillation counter detection. (d') Auger Electron
Spectrocope (AES) :. FISONS M crol ab 310F Auger el ectron spectrocope S)

was applied tenertation af G electraplatedofithsy i i g the depth
direction. (e ) Secondary |on Iva?s Spectrom}actair%yy (Hglhfl@§m%aﬁéﬁgﬁ¥q£m1a SI M5

(Secondary IWW tr was utilized to do the contam nation
anal ysis. it+ %ﬁ?@?ﬁ%ﬁ %ﬂ‘icﬂgﬁ Qyed with TGa & feecradiationp|(i d
current and concentration In our study, we first change the concentration
of sulfate ackps5andKafRonventional reflection geometry and scintillation counter

detection.

( d') Auger Electron Spectrocope (AES) : FISONS Microlab 310F

Auger electron spectrocope (AES) was applied to determine the

stoichiometry and uniformity along the depth direction.
() Secondary Ion Mass Spectrometry (SIMS) :  Cameca IMS-4f

SIMS (Secondary Ion Mass Spectrometry) was utilized to do the

contamination analysis.
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concentration of copper sulfate at constant. Fig. 6 shows the concentration
change of sulfate acid vs. thickness variation. W can find no obvious
change in thickness when increasing the concentration of sulfate acid. Fig.
7 presents the relationship between filmresistivity and concentration of
H2S04. The resistivity is constant when concentration is increasing. In
Fig 8(a) &8 (b), SEMinmages show fil m norphol ogy with and w t hout H2S04
presence. We can find the uniformty and roughness of copper filmi gy
snmoot her when the sulfate acid in present and nakes the resistivity of
copper filmlower. In our opinion, the purpose of sulfuric acid is to

prevent anod{Vl) aResultsoand Disciagsion®r ove conductivity of the electrolyte
and cathode film but does not very strong affect on the deposited copper

film In experinent, we keep concentrations of sulfate acid (=197g/1) and
sul fate coppe;\iQOg/ ) constant. Since conductivity of solutions is higher,

and anode afd JsTheefestbfiapphied current andwoncen@hfisae " equired for Cu
deposition is snmall. Change In sulfate acid concentration has nore

i nfluence than /5 NDL changes in copper sulfate concentration in solution
conductivity and anode and cathode polarization. Fig. 9 shows the rel ation

32:) veen gﬁmr ; ?I: Io;uc' :s:gul)é,swheﬁm: charigéithd eppaeehiration R sulfhfe Adid' A kebPat
conqentration of copper sulfate at constant. Fig. 6 shows the concentration
change of sulfate acid vs. thickness variation. We can find no obvious
change in thickness when increasing the concentration of sulfate acid, F ig. 7
presents the relationship between film resistivity and concentration of H2SOs.
The resistivity is constant when concentration is increasing. In Fig 8(a) &

8 (b), SEM images show film morphology with and without H2SO4 presence.
We can find the uniformity and roughness of copper film is smoother when
the sulfate acid in present and makes the resistivity of copper film lower. In
our opinion, the purpose of sulfuric acid is to prevent anode polarization and

to improve conductivity of the electrolyte and cathode film, but does not

very strong affect on the deposited copper film.

In experiment, we keep concentrations of sulfate acid (=197g/1) and

sulfate copper (90g/1) constant. Since conductivity of solutions is higher, and
anode and cathode polarization are small, voltage required for Cu deposition

is small. Change in sulfate acid concentration has more influence than
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wi th increasing applied current. The deposition rate reaches a maxi num
when applied current increase to 3.2 A/ldn2. As shown in Fig 10, we can see
the resistivity changes with different applied current. Wen applied
current is at 3.2 AldnR2, the resistivity becone very large. Figs-11(a) and
11(b) present filmnorphology of Cu electroplated on seed layer / TIN/ Si
at various current densities (1-4 A/dn2) wthout additive addition. Large
grain of Cu filmis observed at high current density. The resistivity
exhibits wunusually high (.10 ,u mcm when high current is applied.'ﬁ?high
resistivity of Cu fil mobserved could be attribute to rough surface

Condrt on, The Easg-cepmet sulfite)doroeRagion i idiieidh CoMAHEET dnd mandeoc

condition. The rough surface formed at g
by follow n ostulations. |.t supposed that Cu electroplating rate
depended on cﬁwﬁmﬁiﬁngﬁ:& i@gewsaﬂ:s refatiom between ipplied e sht
applied, nost of Cu ions were effected at a high electric field,
therefore, @hangesafd fCusd | g} is tyate.surface.was very
fast. Since Cu ion di ffusi‘?r?ss‘ﬁg‘?mﬁééf3*#%?9@9@5%&?%@#@%%% n
diffusion | a was veré rap.d, Cu ions could bat be- supplied instantly
from el ect r offtt8t EIPTERIIDE;| @lgii“?ﬁ sumentydihen depatitivayrate féuches a maximum
el ectroplating was Limted by Cu ion diffusion. This was
when applied current increase to 3.2 A/dm?. As shown in Fig 10, we can see
the resistivity changes with different applied current. When applied current
is at 3.2 A/dm?, the resistivity become very large. Figs.11(a) and 11(b)
present film morphology of Cu electroplated on seed layer / TIN / Si at
various current densities (1-4 A/dm?) without additive addition. Large
grain of Cu film is observed at high current density. The resistivity exhibits

unusually high (~10 u m-cm) when high current is applied. A high
resistivity of Cu film observed could be attribute to rough surface formation,
which resulted m film non-conformity at high current condition. The rough
surface formed at high current could be rationalized by following
postulations. It was supposed that Cu electroplating rate depended on Cu
ions diffusion onto substrate, surface. At high current applied, most of Cu
ions were effected at a high electric field; therefore, Cu ions diffusion from
solution to substrate surface was very fast. Since Cu _ion diffusions was
very fast, the depletion of Cu ions in diffusion layer was very rapid; Cu ions

could bot be supplied instantly from electroplated solution into diffusion

AG



called diffusion controlled. Since no replenish of Cu ions diffused onto
substrate surface, no nore of nucleation was fornmed on the surface. Cu
aggregation could occur on the surface due to high electric field effect. A
rough surface fornmed was ascribed to Cu aggloneration. Fig.12 present

rel ative intensity ratio of Cu(111)/Cu(002) by X-ray diffraction
measurenment at various applied current density. According to XRD results,
a strong (111) orientation was always- observed at higher current dgasity
applied. The devel opnent of growth orientation of the copper filmcould be

rationalize by nsiderj ng surface engrqy and strain energy at different
cryst al orf@"r‘?{ati .bduneieﬁg'omxatmgmuﬁgm{edby Cui ion aiffosion’ CPhisORAY

pl ane was forned because this plane possessed the | owest surface energy.
As applied cglledtdifRisionr tongdlled@s <; ST i n.ener becones a
dom nant factor in govern:hng gpgi nSlgrEém&gRlﬁ’g' eﬁfﬁr“éﬁ)ﬂﬁ e U(t@_ll)
was i ncreasin at high electrical current applied because of high strain

energy in CSUQSHIALY SusXacetza imete df nuvleatiom was €ormdd lon ahé SEHickON @RS

preferred because this orientation showed better electronigration

resi stance. InC , t, hi cur.rent .depsity could
make surfac gggr{)%ﬁ?,gu%ﬂﬁésos&g 6ns %%MQH@Q @6"}(193? qu‘%"ﬁ(refg@?l &geqtnp #ove
the filling of Cu electroplating, it was attenpted to add sone additives
in el ect r opFeughgustace: farmed\ wagtascribed to Cu agglomeration. Fig.12 present

v

relative intensity ratio of Cu(111)/Cu(002) by X-ray diffraction measurement
at various applied current density. According to XRD results, a strong (111)
orientation was always observed at higher current density applied. The
development of growth orientation of the copper film could be rationalized
by conmsidering surface energy and strain energy at different crystal
ortentation. In the initial stage, the orientation of Cu (002) plane was
formed because this plane possessed the lowest surface energy. As applied
electrical current was increased, the strain energy becomes a dominant factor
in governing grain growth. The peak intensity of Cu (111) was increasing
at high electrical current applied because of high strain energy in Cu (111)
orientation. In addition, a Cu (111) orientation was preferred because this
orientation showed better eiectromigration resistance. Contradictory, Cu
(111) formed at high current density could make surface more roughness as
shown in Fig.16 (b). In order to improve ﬁe filling of Cu electroplating, it

was attempted to add some additives in electroplating solution. A high
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NDL resistivity of Cu filmat high current was al so anal yzed by SI M5 and
conpared with that at | ow current condition (see Fig.13 a & b). The oxygen
concentration in the high resistivity of Cu filmis higher because of its
rough surface with filmnon-conformty at high current condition. [ B] The
EBffect of Traditional Additive Agents In order to understand the gap
filling capability in electroplating processing. Then, the dinension of
trench/via was defined between 0.3-0.8 ,u mused to test gap fillingt
capability. Fig. 14 shows the inmages of pattern wafer before
eIectropIating..Thethi kqfss of Cu seed |layer on the bottom and on the

si de-wal | iEeSISEBAtY adn Ime atopighvcursent was alsoaddalyzed by SIMS' and

el ectroplating. Addition of HC does not make any prom nent "difference in

Fromi n pat {PRAET it Bt TG Gl bondhidt Gpe Fgd3 arte B Thimorsasm 1y

at the top of the trench is snoother when the HO was added in sol ution.

Fig. 17 reveencentration imtheshighr resistivitydof Cunfilmdsibigver baﬁﬁéevéﬁsi_t@ into
ea In s

the solution. Various organic and inorganic additives are add ution
to help QU giffkce with film non-conformity at high current condition.

[B]  The Effect of Traditional Additive Agents

In order to understand the gap filling capability in electroplating
processing. Then, the dimension of trench/via was defined between 0.3-0.8
. m used to test gap filling capability. Fig. 14 shows the images of pattern

wafer before elecu'oplafing. The thickness of Cu seed layer on the bottom

and on the side-wall is less than on the top.

We used HCl as additive agent for electroplating. Addition of HC!
does not make any prominent difference in film resistivity and film
morphology in blénket wafer.[Fig.15] As shown from in pattern wafers [see
Fig. 16 (a) and (b)], we find the uniformity at the top of the trench is
smoother when the HCl was added in solution. Fig. 17 revealed thaf voids

are formed if no additive agent was added into the solution.

Various organic and inorganic additives are added in solution to help Cu
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el ectroplating. Thiourea is a conmmon additive, which usually added in

el ectroplating solution. As presented in Fig. 18, the resistivity of

el ectroplated Cu filnms does not show big difference when the concentration

of Thiourea is smaller than 0.054 g/l. A high resistivity is observed when

TFhiourea is nore than 0.054 g/l. Fig. 19 presents the SEMimge of Cu

(111) at 0.03 g/l of Thiourea addition. The current is applied at 2.4

A dn2. As shown from SEM i mage, addition of additives could help (11MF

formation at |ow current density, because the additive could be

I ncorporated , ipto,the deposit to.provide a s i.fic owt h orientation.

Fig. 20 pr es%?&oww&EMﬁh@g@aoﬁp #h EORIRER rmm’@d "%fllQh usnally cadided dn |

of Thiourea addition. The current applied is still to keep at 2.4 A/ dnR.

As shown in & ) NngoRAIMENtAL | hi,ou I Q1 N |AGi<the

dendrite pr oglt??ggﬁé%%gs& el'ec‘??og?gstélhfrt\%di islpi %ea§§hgmﬁﬁé§%ﬂwi Pg

has simlar geonetric zértﬁtura with diffusion-limted clusters. Mreover,
dLeutyms dp

Thi our ea couflctroplate &5 pet shewobig difference whesths cohcedtration! t s

in enbattl enent of electroplated Cu filns. Fig. 21 shows the resistivity

f e ec G films. Fig. 21
esiotivi ty PETHSARR jo i ICPRRRL 005t BT 4 Hieh YeRRRRALN B hO%sved mben

the grain boundary of copper filmis decreasing to nake surface nore
snoot h t han Thieuga whmereithan 6cRé4 ghsi Figyvi? presemts thel SEM imageeof \Ten

Thiourea is added. According to
(111) at 0.03 g/l of Thiourea addition. The current is applied at 2.4 A/dm?.

As shown from SEM image, addition of additives could help (111)
formation at low current density, because the additive could be incorporated
into the deposit to provide a specific growth orientation. Fig. 20 presents
the SEM ﬁnage of the electroplated Cu .ﬁlm at 0.054 g/1 of Thiourea addition.
The current applied is still to keep at 2.4 A/dm®. As shown in Fig 20, when
concentraﬁon of Thiourea is increasing, the dendrite produced during Cu
electroplating is increasing. This dendrite has similar geometric structure
with diffusion-limited clusters. Moreover, Thiourea could decompose to
form pemiciou; product (NH,SCN) which results in embattlement of
electroplated Cu films. Fig. 21 shows the resistivity of copper film change
with deposition time, It is éppeared that resistivity is lower when the copper
ﬁlm become large block. Because that the grain boundary of copper film is
decreasing to make surface more smooth than initial thin film. The

resistivity of Cu film is higher when Thiourea is added. According to
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49 NDL SIMS results (Fig. 22(a)(b)(c)], we can find the concentration of S
element is increased with increasing concentration of Thiourea. It is
suggested that Thiourea adsorbed on the surface of cathode could nmake the
resistivity of Cu increasing, In addition, voids is forned when Thiourea is
used as additive agent. PEG (polyethylene glycol) is wdely- used in Cu
electroplating as a carrier agent. In this study, we use different

nol ecul ar wei ght of PEG (200-10,000) and added in electrolyte with HCl and
smal | anount of Thiourea—(-6—663—6g++)—sinee—sral—anount Thi ourea ¢6h] d

hel p (111) plan formation. We can found the | arger nol ecul ar wei ght

(m w. >200) rrsms Pesults r | | cgordi o Fi

23, the resistivity of Eg:]gpgggé’f(s?(nﬂl LW? %%Pg.?ékp%e W°bﬁbﬁ»§eﬁﬂﬁ|°£§ ei?m\?o@gght
hi gher with depositi ihrre It, is suggested that the longer chain length
wi th Thi our e® ﬁyﬁﬁﬁﬁ path ingreasiagsconcentrationsoH Thiawrea. At ans\%gg’éﬁea%at

shown in Fig.24(a)(b), film norphol ogy doesn't change a | ot

ol ecul ar m“f.bédd?%‘?ﬁg?%e stitfagt 85 cBURE cidmae %ﬁ”eas‘”%s%erh o

[shown in Fig-26(a)(b)], the major conponents of Cu filmare still
C, Sand Ti. HMeEeasBEnin @ddition, voids is formed when Thiourea is used as addmve

agent.

PEG (polyethylene glycol) is widely- used in Cu electroplating as a
carrier agent. In this study, we use different molecular weight of PEG
(200~10,000) and added in electrolyte with HCl and small amount of
Thiourea (0.0036g/1), since small amount Thiourea could help (111) plah
formation. We can found the larger molecular weight (m.w.>200) make the
higher resistivity of copper film. According to Fig. 23, the resistivity of

copper film is increasing with PEG molecular weight higher with deposition

time. It is suggested that the longer chain lengfh with Thiourea is absorbed
on the surface of substrate. From SEM image shown in Fig.24(a)(b), film
morphology doesn’t change a lot when PEG molecular weight is increasing,
but the plane (111) is decreasing when PEG molecular weight is
increasing.[Fig. 25] According to SIMS analysis [shown in Fig.26(a)(b)], the
major components of Cu film are still Cu, O, C, S and T1 The amount of

S element will be increasing with increasing molecular weight of PEG. This

L



S element will be increasing wth increasing nol ecul ar weight of PEG This
observation is proved by our suggestion which di scussed previously. Based
on our results, a lot of Thiourea and | arger nolecular weight of PEG (mw
>200)" could not be used as additives in Cu electroplating for future Cu
I-nt er connect because of higher resistivity of copper film and poor
cap-filling ability. In order to nmake Cu el ectroplating inplenented in

ULSI processing, a suitable additive nust be developed. In this stud® we
try new traditional additive agents of Ml asses which shows the sane
effect on rnesistivit er film S also a common trraditiona
additive addiervation g:p @Fﬁ@ﬂéﬂg&mwﬁm s previonslye found the
resistivity and orientation of electroplated copper f|In1do not aobvi ous
change with different amobunt of G ucose. However, filling capabillity in
via and trench is poor. Although an equal thickness at all pointis of a
feature is forned, a void sti]Jl appears_in the trench. [C] The Effect of

New Addi tive Adeased emiquimgsilishalet of dhicuneaiand largenmolecularweight of
nunber of metals. 2A NDL They show little tendency to form conplex ions or
affect the peEOPWOB200) could not be used as additives in Cu electroplating for
future Cu interconnect because of higher resistivity of copper film and poor
o |
cap-filling ability. In order to make Cu electroplating implemented in
ULSI processing, a suitable additive must be developed. In this study, we try
new traditional additive agents of Molasses which shows the same effect on

resistivity of copper film.

Glucose is also a common ftraditional additive agent used in Cu
electroplating. In our experiment, we foun& the resistivity and orienta[tion of
electroplated copper film do not obvious change with different amount of
Glucose. However, filling capability in via and trench is poor. Although an

equal thickness at all points of a feature is formed, a void still appears in the

|

trench.

[C] The Effect of New Additive Agents
|

l

Sulfamates have been studied in interaction with a number of metals.
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adsorption or bridging effects. Sul famates could be used as a gap-filling
pronmoter in Cu electroplating because it could decrease current efficient
in Cu deposition. Since hydroxyl am ne sulfate (NH2OH)2 -42S04 has a
simlar functional group with sulfamate, it is postulated that it could be
act as a good gap filling pronoter. In order to exam ne if hydroxyl am ne
sulfate could act as a gap filling pronoter, Cu electroplating with

addi tion of hydroxyl amne sulfate is investigated in this experinmeat. The
experinment is executed on the substrates with 0.3-0.8 u mw dth of
trench/vi a. 7%l - Tl ess  of, base | ayer, (seed | ayer and diffusion
barrier) isTgbﬂfﬁ%c?W?ﬁ@et}gPaﬁqﬁbm fom qupémn&aor affedt 9 dep @Sitibﬂeo*nop
the width less than 0.25 u mcould be electrodeposited in the 35 u

wi dth of tradsdrptibngor Biid dlfa%é itive is ded
into the solution. The di rr%ﬁgﬁgﬁeo trenc rT&gﬂS bglu'?%&jﬁéa%@a@dﬁ

0.4 uin. Since Cu re&uctlo preferred to occur at the region of h| gh

current (atPE9ROLES “t?léﬁigﬁ?fat’él&/ eeause it conld decrease civemoiidient'ai | on
i s observed when the addi tive of (NH20H)2 H2S04 is added into the -

el ectropl at Caad suﬁm@nsm@g %? me? me of trench is
measured to be 0.3 u m % pIC ursgﬁgﬁem Ebﬁll@ﬁasmm’
magni ficati gn of electr ‘i\lted on 0,3-0.8 u m of NDL

ctional group with sulfamate, it ts postulated that it could be act as a good

gap ﬁllmg promoter. In order to examine if hydroxy! amine sulfate could
act as a gap filling promoter, Cu electroplating with addition of hydroxyl
amine sulfate is investigated in this expen'ﬁxent. The experiment is executed
on the substrates with 0.3-0.8 1 m width of trench/via. Since the thickness
of base layer (seed layer and diffusion barrier) is 60nm on the bottom and on

the side wall and 120nm on the top, the width less than 0.25 £ m could be
electrodeposited in the 0.35 4 m width of trench. Fig. 27 reveals void is

formed if no additive is added into the solution. The dimension of trench

in Fig. 31 is measured to be 04 um. Since Cu reduction is preferred to

occur at the region of high current (at the top of trench), a void is easy to
form. No void formation is observed when the additive of (NH,OH), *H,S0,
is added into the electroplating solution, as shown in Fig, 28. The

dimension of trench is measured to be 0.3 £m. A complete picture of

SEM image in low magnification of Cu electroplated on 0.3-0.8 gm of

-



trench/via is presented in Fig. 29. According to previous results, it is
denonstrated that Cu could be electroplated into fine trenches or snal
sizes of vias when hydroxyl am ne sulfate is used as a gap filling
pronmoter. In addition, the resistivity of Cu filmdoes not show
significant change. [see Fig 30] The concentration of O in the Cu film
nmeasured to be very low [Fig.31]. Therefore, oxidation of Cu or seed |ayer
coul d be neglected. According to SIMS analysis, it is found that theL
concentration of inpurity (S elenent) is very lowin copper film[Fig.32].
A further stud this ne ddi tj.ve |s still investigated in progress.

Si nce hydr o8 t@?mel%mrm@ea 29. Hp4ckordiag ibtpreatouso results, sit! fsat e
functional group, it is proposed to use as a gap filling pronoter in

varoohl or i G B g ORI eleklrobaued Hilo SR S HRtes I il sizes
el ectropl atl because jt _has_a simlar am ne functional group with

chl ori de. vas wigarhydrexyl \aminecsuifateeiscusedaas i gapf fillimyy pryiotet. ria
hydrochlorlde ( NH2OH) HO as a gap filling pronoter. The ability of

filling is I t el y filled hy Cu
but ot gers (r:&z?rﬁllﬁgﬁ ﬂh}é vveve tys?ﬂeul%%rqarsgé@g IVI t@%ﬁ pryé(ha"gf!1 e@%gd be

decreased to 1. 9_1% . cmwhen snal |l of hydrOXf/ am ne hydrochloride is
used in the 3§ e concentration of O in the Cu film measured to be very low

[Fig.31]. Therefore, oxidation of Cu or seed layer could be neglected.
According to SIMS analysis, it is found that the concentration of impurity (S
element) is very low in copper film [Fig.32]. A further study of this new

additive is still investigated in progress.

Since hydroxyl amine sulfate ((NH20H)z » H2SO4) has both amino and
sulfate functional group, it is proposed to use as a gap filling promoter in
helping Cu electroplating. Another additive agent, hydroxyl amine
hydrochloride (NH20H) + HCl, could be considered to use for Cu
electroplating because it has a similar amine functional group with chloride.
In our experiment, we use different amount of hydroxyl amine hydrochloride

(NHz20H) - HCl as a gap ﬁlliﬁg promoter. The ability of filling is not really

good. Some trenches can be completely filled by Cu but others can not.

However, the lower resistivity of copper film could be decreased to 1.9 u

(} » cm when small of hydroxyl amine hydrochloride is used in the
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NDL el ectrol yte conpared to the Cu filmw th no additive added. [Fig. 30]
Anot her organic additives with unsaturated zr -bands, |like Tribenzylam ne,
benzotri azol e and napht hal ene sul fonic acid, could be considered to be use
as additives in Cu electroplating. Since they have wunsaturated it -bands,
the Tr electrons could interact with surface atons of copper, to produce
substantial effect on the properties of deposits. Brightness, Ileveling, as
wel | as stability effect is still needed to do further study. This spudy,
we try to use Tribenzyl ami ne and benzotriazole as |eveling agents.

However, these | eyels agents are quite difficult in soluble in sulfate acid
sol ution to éﬁqgo&p@ommdaommﬁmwmda/haaa:iv@mae&iﬁg fyjstrong O
(I 11) peak was observed at higher electrical current appli.ed.” Fhe

devel opment of growth orientation of the copper filmcould be rationalized
by considering surface energy and strain energy at different crystal

pl anes. In the iq&;i&*ﬁstage, the orientation of Cu (002) plane was

exi sted because tAne anerganks e wilitivee | st ener gy. app!ied
el ectrical current was increased, the E?r a‘?ﬁﬂengﬁgg%/&gfetggrref a%éﬂa?ﬂaﬁﬂ‘e

factor in ni rai rowt.h. .A stron eak of Cu (I 11) was appeared
when Ifriberyldming, ‘betizotriazole and “naphthalene sulfo(nic aZ:id, coxﬂpc)ip be

considered to be use as additives in Cu electroplating. Since they have

unsaturated z-bands, the x electrons could interact with surface atoms of

copper, to produce substantial effect on the properties of deposits. Brightness
leveling, as well as stability effect is still needed to do further study. This
study, we try to use Tribenzylamine and benzotriazole as leveling agents.

However, these levels agents are quite difficult in soluble in sulfate acid

solution to make experiment unworkable.



applied electrical current was increasing. In addition, additives played an
i'mportant role in controlling the orientation of electroplated Cu filns at
low current density. No void formation was observed when Cu.

el ectrodeposited onto a 0.3 pmw dth of trench in the presence of

(((NH20H) 2 -H2SO4) additive. The concentration of O in the sanple was
neasured to be rather low Therefore, oxidation of Cu or seed |ayer could
be neglected. In summary; sulfanmate group showed little tendency to f Al
conplex ions, therefore, it could stabilize Cu (1) and reduce. curren
efficiency for copper deposition. Since hydroxyl amne sulfate ((NH2OH)2

-H2SO™4) had b)) afdomclusidnsul fate functional groups, which were sinilar
to sulfamate, it was postul ated that hydroxyl am ne sulfate could be used

as a gap filling pronmoter in helping Cu el ectroplating. 0% NDL Table 1.
Chem cal conposition of the electroplated Cu sol ution Conposition

Concent rati on CuSOstrorg0 (aD-(130) igeakHWa@ cbReid @t higHer' SRR 1EQRRM
applied. The development of growth orientation of the copper film could
be rationalized by considering surfac;e energy and strain energy at different
crystal planes. In the initial stage, the orientation of Cu (002) plane was
existed because this plane possessed the lowest surface energy. As applied
electrical current was increased, the strain energy becomes a dominant factor
in governing grain growth. A strong peak of Cu (111) was appeared when
applied electrical current was increasing. In addition, additives played an
important role in controlling the orientation of electroplated Cu films at low
current  density. No void formation was observed when Cu
electrodeposited onto a 0.3 um width of trench in the presence of
((NH,OH), *H,S0,) additive. The concentration of O in the sample was
measured to be rather low. Therefore, oxidation of Cu or seed layer could
be neglected. In summary, sulfamate group showed little tendency to form
complex ions, therefore, it could stabilize Cu (I) and reduce current
efficiency for copper deposition. Since hydroxyl amine sulfate
((NH,OH), *H,S0,) had both amino and sulfate functional groups, which
were similar to sulfamate, it was postulated that hydroxyl amine sulfate

could be used as a gap filling promoter in helping Cu electroplating.
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PEG - 100ppm Addi ti on agents Smal| z6 Table Captions Table 1. Chem cal
conposition of the electroplated Cu solution Figure Captions Fig 1.

Typi cal deposition profile in plating. Fig 2. Schematic cross-section shows
m cr o-roughness at cathode. The Ileveling is accunul ated at peak (P)
because diffusion is relatively fast at the short distance fromthe

di ffusi on boundary. Diffusion at valley (V) is too slowto keep up with
consunption of leveling agent. Consequently, netal deposition is inhijjted
at peak but not in the valleys, and filling in the valleys produces a
snoot her surface. Fig 3.(a) Copper electroplated into a 0.4 mcron trench
wth aspect ratio = 2.1:1 Fig 3.(b) Copper electroplated into a 0.35

mcron trench with aspect ratio = 2.4:1 Fig 4. The optim zed deposition
Pnr ngs; IZZ \?\H‘ﬂouf é%w ouswmﬁech&tﬁﬁﬁi)e‘:éoPﬁateheétluSrO?qutlle of & 0.2
Composition Concentration
CuSO4 SHZ0 §0-150 g7
H2504 80-150 g/l
Clions .° 50-150 ppm
PEG ~100ppm
Addition agents Small
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Fig 5. Schematic of the Cu electroplating system Fig 6. Dependence of the
thi ckness vs. H2SO4 concentration change. (CuSO4. 05H20 at 90g, 1, current
density at 2.4A/dn2 and tinme at 2min) Fig 7. Cu filns resistivity change
as a function of concentration of H2SO4 (CuSO45H20 at 90g/l, current
density at 2.4A/ and tinme at 2mn) Fig 8. SEMinmages of copper film

nmor phol ogy with and w thout H2504 presence. (a) only CuS04.05H20 90 ( g/l)
(b) CuSO45H20 (90g/1) & H2S04 (20M /1) Fig 9. Dependence of film
deposition rate vs. current density variation. (CuSO45H20 at 90g/ 1, H2S04
at 197g/l and time at 2mn Fig 10. Filmresistivity change as a function of
applied current variation. (CuSOA. Shulle Gapdfagls . H2SO4 at 197g/1 and time
at 2min Fig 11. Cu fil mnorphology at different applied currents.. Fig 12.

XRD measur emp4H]e at | | urrent SUA5H20 at , 90g/ 1, H2S04 at
197g/1 and ti rrege;lt' %éﬂn‘mﬁ °%H$d3?€°ﬁ of eelewggljateoé u solution

Figure Captions

Fig 1. Typical deposition profile in plating.

Fig 2. Schematic cross-section shows micro-roughness at cathode. The
leveling is accumulated at peak (P) because diffusion is relatively fast
at the short distance from the diffusion boundary. Diffusion at valley
(V) 1s too slow to keep up with consumption of leveling agent.
Consequently, metal deposition is inhibited at peak but not in the
valleys, and filling in the valleys produces a smoother surface.

Fig 3.(a) Copper electroplated into a 0.4 micron trench with aspect ratio =

2.1:1
Fig 3.(b) Copper electroplated into a 0.35 micron trench with aspect ratio =
24:1

Fig 4. The optimized deposition process is able to fill a high aspect-ratio

(~5) feature hole of 2 0.28 u m via size without obvious seam

formation.
Fig 5. Schematic of the Cu electroplating system.

Fig 6. Dependence of the thickness vs. H2SO4 concentration change.
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Fig 13.(a) The SIMS results showed that oxygen concentraton in
electroplated Cu filmat |ow applied current density of 1.2A/dn2. Fig 13.
(b) The SIMs results showed that oxygen concentraton in electroplated Cu
filmat high applied current density of 3.2A/dnR. 60 Fig 22. (c) SIM
analysis on Ca filmw th thioura 0.018g/l addition. Fig 23. The
resistivity of Cu filns change with various PEG nol ecul ar wei ght at

di fferent deposition tine. (CUS04,5H20 at 90g/l, H2S04 at 197g/1 , HCl at
70 ppm current density at 1.2 A dnR ) Fig 24. Fil m norphol ogy anal ysis

with different amoupfCuSh.J&os dition (a) PEGLOO0O added (b) PEGLO, 000
added Fig 25. XRD m(casupgnéwéaﬁw@memmbyﬁgzwht .. .Fig 26.
(a) The SIMS analysis gn Cu filmw th Thiourea ard ANd: time atFi g 26.

(b) The SI M5 anal ysi ma|m) Cu filmw th Thi ourea and PEG4000 addition Fig 27
The SEM i mage of the electroplated Cu filmw thout additive agent

addi tion. TheFig v i trench js 0.25 g m
ig 7eCh ﬁl?né’f'esmtmty change as a function of Concentration of H2S0
4

( yl,

& H2504 (20mi)

Fig 9. Dependence of film deposiu'on rate vs. current density variation
(CuSOu4e5H20 at 90g/1, H2S04 at 197g/1 and time at 2min) |

Fig 10. Film resistivity change as 3 function of applied current Varnation
(CuSO4+5H10 at 90g/1, H2504 at 197g/1 and time at 2min) |

F. 1g 11. Cu film morphology at different applied currents._.

Fig 12. XRD measurement at varioys applied current,

(CuSO4e5H20 at 90g/l, H2804 2t 197g/1 and time at 2min)

Fi
| 18 13.(a) The SIMS results showed that OXygen concentraton i

1 .
ciectroplated Cu film at [ow applied current density of ] 2A/dm?

Fig 13
ig 13.(b) The SIMS results showed that 0Xygen concentraton in

electroplate.d Cu film at high applied current density of
3.2A/dm2.
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Fig 28. The SEMimage of the electroplated Cu filmat 0.06g/l of

(NH20H) H2SO4 addi tion. The di nension of trench is 0.25 gm Fig 29. (a) &
(b) Alow magnification of the SEMinmage of Cu Electroplate on 0.3-0.8 g m
of trench/via. Fig 30. The resistivity change with different anmount of
additive additive agent at different deposition time. GA Fig 3 1. The AES
analysis of the Cu filmat 0.06g/1 of (NH20H)2ffi S04 addition. Fig 32. The
SIMS analysis on Cu filmat 0.06g/l of (NH2OH) 2H2SO4 addition. ~ 0% 1 999
Err. 99219 CLAIMS 5 10 15 20 25 30

Fig 22. (c) SIMS analysis on Cu film with thioura 0.01 8g/1 addition.

Fig 23. The resistivity of Cu films change with various PEG molecular
weight at different deposition time. (CuSO4*SH20 at 90g/1, H2SO4 at
197g/1, HCl at 70 ppm, current density at 1.2 A.dm?2 )

Fig 24. Film morphology analysis with different amount of Thiourea
Addition (a) PEG1000 added (b) PEG10,000 added

Fig 25. XRD measurement at various PEG molecular weight..

Fig 26. (a)The SIMS analysis on Cu film with Thiourea and PEG200

addition.

Fig 26. (b)The SIMS analysis on Cu film with Thiourea and PEG4000

addition

Fig 27. The SEM image of the electroplated Cu film without additive agent

addition. The dimension of trench is 0.25 ¢ m.

Fig 28. The SEM image of the electroplated Cu film at 0.06g/1 of

(NHzOH)HzSO4 addition. The dimension of trench is 0.25 x m.

Fig 29. (2) & (b) A low magnification of the SEM image of Cu Electroplate

on 0.3~0.8 1 m of trench/via.

Fig 30. The resistivity change with different amount of additive additive

agent at different deposition time.
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35 1. Electroplating plating solution for copper conprising CuSO4. 5H2Q,
H2SO4, HCl, Pol yet hyl engl ycol (nolecul ar wei ght >200), hydroxyl am ne

sul fate, hydroxyl am ne chloride and if necessary further addi- tives. 2.
Sol ution according to claim1 conprising C ions in a range of 50 - 150 ppm
and hydroxyl am ne sulfate in a range of 0,01 -- 5 g/l. 3. Solution
according to claim1 conprising C ions in a range of 55 - 125 ppm 63
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Fig 31. The AES analysis of the Cu film at 0.06g/1 of NH20H)2H2504

addition.

Fig 32. The SIMS analysis on Cu film at 0.06¢/1 of NH20H)2H2804

addition.
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CLAIMS

1. Electroplatingplating solution for copper comprising CuS0Q,.5H,0,
H2804, HCI, Polyethylenglycol (molecular weight >200), hydroxyl

5 amine sulfate, hydroxyl amine chloride and if necessary further addi-
tives.
2. Solution according to claim 1 comprising Cl ions in a range of 50 -
150 ppm and hydroxyl amine sulfate in a range of 0,01 — 5 g/I.
10
3. Solution according to claim 1 comprising Cl ions in a range of 55 —
125 ppm.
15
20
25
30
35
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