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This work presents a novel leveler with low consumption and low diffusion that achieved
defect-free filling in vias as small as Oudm and generated as-deposited films with low resistivities.
Experimental results indicate that the additive, 2-aminobenzothig2ekBT), with benzyl and

amino (—NH) functional groups, is a desirable leveler. It produced a highly selective concentration
gradient between the opening and the bottom of the feature. This novel leveler, with weaker
adsorption, also reduced the consumption during copper electroplating, and eventually deposited a
film with a high conductivity. ©2002 American Vacuum SocietyDOI: 10.1116/1.1477422

[. INTRODUCTION on the additives’ diffusion and consumption rates and deter-
. o mines the corresponding deposition gradient. What kind of
Copper electroplating has become a promising technologyjistribution of additives within the feature is favorable? This
for producing copper interconnects in a damascene structurg,ork considers a series of compounds in the plating solution
In particular, a plating bath should be used to introduce 3, gjycidate the influence of additives on the Cu deposition
diffusion-limited leveler that results in a higher copper depo-penayior. Although additives in consumption reactions can
sition rate at the bottom of the features than on the sidewallgnhance the efficiency of gap-filling, dilute additions of these
to yield excellent filling. However, not all sufficiently sup- grganic components to the electrolyte led to copper deposits
pressive organic additives are effective levelers. In our prey;ith impurities. The remnant organic impurities influenced
vious work; additives with insufficient suppression or exces- e resistivity and electromigration resistance of the depos-
sive diffusion were fPUf‘g not to be suited to gap-filling jieq cu* Consequently, the process window of copper elec-
promoters. Kobayastet al” found two chemistries with the  opjating was limited by the gap-filling and electrical char-
approximate additive concentrations and inhibitive capacitygcteristics.

but one of them resulted in bottom-up filling that was free of |, this work, defect-free filling was successfully achieved
voids or seams; and the other additive generated a conformg{ yias as small as 0.um and low resistivity films of
filling. This finding suggests that the gap-filling is more com-__5 5, ) cm were generatedin as-deposited films. The com-
plex than can be understood by just considering the inhibi,on features for the thiazole derivatives additives with ben-
tion capc_acny c_)f_ organic a(_jdmves: other physical propertleszy| groups and an amino-group (—NHwere that those lev-

of organic additives in plating baths must also be considereds|grs exhibited lower diffusion and consumption, resulting in
Wes_f claimed that the surface decomposition kinetics of the, pigher gradient deposition rate along the gap sidewall. This
additives a_nd the a_ddltlve adso.rptlon |soth§rms played .C”t'kind of leveler was demonstrated in the author’s previous
cal rosles in leveling. According to their mathematical gy,qy5 Studying the diffusion and consumption reactions of
model;’ a dimensionles® _, (~kh/DC) was proposed as & aqgitives by cyclic voltammetric strippingCVS) and x-ray
design rule for void-free deposition, wheeandk are the  hhgigelectron spectroscogXPS) allowed us to determine
additive diffusion coefficient and the consumption constanine ratio of the consumption rate to the diffusion coefficient

of the additive, respectively. A higher rate of consumption ofpt 5 |eveler in order to correlate the ratio to its impact on
additives generally follows from stronger adsorption on COPilling capacity.

per surfaces, causing apparent depletion within the dama-

scene structure. Consequently, in the damascene feature, tneEXPERIMENT

distribution of additives along the feature sidewalls depends” _ _ _
The patterned wafer consisted of a 30-nm-thick chemical-

aAuthor to whom correspondence should be addressed; electronic mai¥@por depOSite(ﬂCVD)'Ti/_TiN layer as the diffusion bamer_’
jmshieh@ndl.gov.tw and a 200-nm-thick ionized metal plasma deposited
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Fic. 1. Filing profiles in vias, using (a
4-mercaptopyriding4-MP), (b) ammonium peroxydis-
ulfate, (c) thiourea,(d) 2-mercaptopyriding2-MP), (e)
2-aminobenzothiazol&-ABT) as levelers.

211181

(IMP)-Cu film as the seed layer. In this investigation, theadsorption that was too weak for the additive, caused poorer
electrolyte was composed of copper sulfé86 g/l), sulfuric  gap-filling. Furthermore, Weproposed the ratio of the con-
acid (150 ml/l, chloride ion (100 ppm, and polyethylene sumption constant to the diffusion coefficient of the additive,
glycol (PEG as a suppressdn0 ppm). All leveling agents  determining the gap-filling behavior of the additives in cop-
were used at a concentration of 40 ppm. All electroplatingper electroplating. Thus, the selection of an additive with
was undertaken at room temperature. The electrochemicghtimized functionality in realistic applications requires
behavior of the levelers, including the adsorption and thgngore research. In this study, polyethylene gly(REG was
mass-transport dynamics, was examined with polarizatioiseq as an inhibitor; and other organic additives, such as
measurements and cyclic voltammetric strippi@y'S) mea-  higurea, ammonium peroxydisulfate, 4-mercaptopyridine

surements. Direct curreritlc) polarization analysis was per- (4-MP) 2-mercaptopyridine (2-MP) and

formed on an EG&G Potentiostat/Galvanostat Model 273A‘2—aminobenzothiazoIéZ-ABT), were used as levelers with

The CVS measurements were made at room teMPeraturg, s characteristics. The filling ratidy/Ax (Ref. 1) of

using an EG&G PARC Model 616 RDE. The filling profiles “bottom-up” to “side-wall shift” from the cross section of a
of the deposited films were obtained using a field emission . P . :
scanning electron microscoeESEM). The sheet resistance par'tlally f|IIe.d.copper prof|Ie'on the SEM 'mage was used to
of the deposited Cu was measured using a four-point probg_eflne the filling power .Of different organic additives, com-
station(Napson RT-80/RG-80The chemical composition of bined VY'th PEG. The filling powersXy/Ax) n order, are as
Cu films after electroplating was determined by XPS. follows: ~ ~ 2-ABT (2.16)>2-MP (1.83)>thiourea (1.69)
>4-MP (1.49)>ammonium peroxydisulfat¢l.17). Figure

1 shows scanning electron microscqi®EM) images of fill-
lIil. RESULTS AND DISCUSSION ing profiles for various organic additives. Ammonium per-
In our previous work, we experimentally estimated the oxydisulfate, thiourea, and 4-MP were found not to be effec-
additive’s diffusion and inhibition effects on gap-filling and tive in defect-free filling. Only 2-ABT and 2-MP, providing
concluded that a rate of diffusion that was too high and amot only adequate over potential but also a selective inhibi-
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TasLE |. Chemical structure of each leveling agent and their performance inthe concentration gradient of 2-MP between the top and the

gap-flling. bottom of the damascene was more than that of 4-MP, be-
Additives Structure Filling profile cr?uTe thrle adsorption ability of the former exceeded that of
the latter:

PEG+ Ammonium (NH,)25,05 Anti-conformal Following the mathematical model of We'sh, dimension-
peroxydisulfate . . .
PEG+ thiourea (NH,),CS Conformal lessR 5 (~kh/DC) was presented in a design rule for void-

- free deposition; wher® and k are the additive diffusion
PEG+ ar Andi-conformal  COe€fficient and the constant rate of consumption of the addi-
4-mercaptopyridine g tive, respectivelyR, 5 can be viewed as estimating the pen-
_ _ etration of the leveling agent into the feature. Rgy—,
2-mer£1 Eg;yﬂdme | Super filling the concentration of the leveling agent quickly declines to
N© “SH zero at a short distance from the trench mouth, and when

PEG+ N Super fil R Ao—0, the leveling agent concentration is constant, and
] ] ©\‘/|k uper mg % . K
2_aminobenzothiazole s~ NH, equals the bulk valugA value of R, 4 slightly less than unity
provides the most ideal leveling situation and achieves void-
free metallizatior?. Vioid formation is predicted wheR, 5 is

too large or too small. Consequently, an excessive diffusion
tion gradient achieved superfilling. Table | shows chemicakate or a consumption rate that is too low cannot produce a
structures and filling results of various additives in PEG-concentration gradient within the feature. This model can
containing electrolytes. explain the experimental results presented here.

In electrochemical deposition, cathode polarization mea- A leveler generally adsorbs on the metal surface, prima-
surements usually yield comparisons of the inhibition abili-rily through the sulfur or nitrogen atom and forms a chelate
ties of additives. Figure 2 shows the cathode overpotentiaiith the metal surface, causing a stronger chemical
of various additives in PEG-containing electro- inhibition.® Table Il presents the consumption effect of dif-
lytes at a constant current density (0.001 A#gmas ferent levelers in copper deposits, elucidated by XPS. The
follows: thiourea 0.253V)>2-MP (—0.186V) consumption on copper surfaces for different levelers
~4-MP(—0.188 V)>2-ABT (—0.145 V)>peroxydisulfate is 2-MP (40.15%)>thiourea (36.78%} 4-MP (26.82%)
(—0.132 V). In spite of thiourea’s having the greatest inhi->2-ABT (18.58%). The content of remnant organic impu-
bition effect, its high diffusion rate results in a near- rities (only calculating amounts of S atoms and N atoms,
equilibrium concentration within the whole damascenesince other atoms do not participate in levelirigr 2-MP
structure? failing to provide a selective inhibition gradient (40.15% were actually exceeded that for 4-MP6.82%
within the via. Consequently, a conformal profile with a and the higher rate of consumptiéadsorption capacijyof
seam for the corresponding deposit was observed. Howeve2;MP was proven. However, diffusion rates of these two ad-
the inhibitive effect of ammonium peroxydisulfate with the ditives (2-MP, 4-MP are approximate because their molecu-
least overpotential was too small at the opening of the fealar weights(111) and chemical organizations were simtar.
ture and resulted in an anticonformal profile. The activationConsequently, 4-MP, with a small&, », led to a lower in-
overpotential of 4-MP was almost equal to that of 2-MP.hibition gradient because the rate of consumption of 4-MP
However, 4-MP could not form a chelate, while 2-MP could; was less than that of 2-MP. Finally, 4-MP produced an anti-

conformal profile with a void, as shown in Fig(al. Figure
3(a) schematically explains the situation. Although the rate
Tafel region of consumption of thiourea§+N=36.78%) was close to
Mixed region that of 2-MP S+N=40.15%), the diffusion rate of thio-
urea largely exceeded that of 2-MP, because the molecular
weight of thioureg76) is less than that of 2-MPL11).1 CVS
measurements in our previous wbikdicated that thiourea
exhibited superior mass-transport characteristaiffusion
capacity than other additives. Consequently, thiourea pro-
duced a conformal profile with a seam, as shown in Fig..1

2-ABT provides excellent gap-filling performance in a

sub-130 nm damascene proc@sdthough its inhibitive abil-

E(V vs. Ag/AgCl)

(1) = PEG+4MP 0 Transport control : > '

06 (@— — PEGR2MP ity was poorer than that of the 2-MP additive. Figure 4 pre-
(3)- - - PEGHhiourea sents the CVS measurement obtained from 2-ABT baths.
() - - PEG+peroxydisulfate X When the electrode rotation rate increased from 0 to 1500
(6)— - - - PEGHhiazole derivative e K R

o8 B - ":\s\. rpm; the inhibition effect decreased, because of an observed

4 3 2 increase in the copper stripping area. These data suggest that
I(log(A)

the mass-transport characteristics of 2-ABT are similar to
Fic. 2. Cathode polarization curves of various additives in acid-copper sothose of 2-MP or 4-MP but differ from those of thiourea.
lutions. The diffusion rate of 2-ABT is smaller than that of 2-MP

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002
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TaBLE Il. XPS analysis: chemical composition calculated from peak d&e¢&g. S+ N denotes the consumed amounts of additive impurities for leveling; the order is 2thtRirea>4-MP
>2-ABT. R: electrical resistance of copper filnfis a factor which is related to the effects of impurities on resistivity.C* 4+ N* 7+ O* 5.5+ S*9, (where C, N, O, S represent the concentration of
containment atoms trapped in copper films, as percentages of)atoms
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PEG + 2-ABT PEG + 4-MP PEG + 2-MP PEG + thiourea PEG
XPS 3 | e | 3= [ 3 ] B 3. 2T
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= ﬁf‘;f‘g:;iw:\/) R ' bidngeney @) binding energy (eV) T ndrgee@y TT gy @ =
C 43.20 % 3474 % 14.02 % 23.02 % 0.46 %
N 18.08 % 18.55% 3426 % 30.83 % 0%
O 32.04 % 2483 % 33.46 % 29.52% 1431 %
S 0.5% 8.27 % 5.89 % 5.95% 2.66 %
S+N 18.58 % 26.82 % 40.15 % 36.78 %
f 4.76 4.79805 5.32940 5.23800 1.04485
R 2.5 uQ-cm 3.433 uQ-cm 8.7 uQ-cm 5.4 uQ-cm 2.3 uQ-cm
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@

Mediate adsorption
(Mediate consumption)
Mediate diffusion

Strong adsorption
(High consumption)
Mediate diffusion

T T 20.08kV %X35.0K ''S$15nm
2-MP v.s. 4-MP
(@) super-filling v.s. anti-conformal Fic. 5. SEM profile of a 0.1um via with an aspect ratio of 10:1 was
achieved using 2-ABT as the leveler.

because 2-ABT has a higher molecular weight. Although the
consumption of 2-ABT(18.58%) is lower than that of 2-MP
(40.15%, the lower diffusion rate of 2-ABT compensates for
the lower consumption to yield a selective inhibition gradi-
ent. Another benefit of the 2-ABT leveler, with a lower con-
sumption rate and lower diffusion rate, was that more 2-ABT
additives were present within the feature and formed a dense
>\ surface coverage along the sidewall surface. Figui® 3
schematically depicts this observation. The lower consump-
tion of 2-ABT at the opening of the feature is such that more
2-ABT additives can adsorb onto the sidewall’s surface than
T T can 2-MP additives, leading to a slower deposition of copper
in the horizontal direction, relatively enhancing deposition in
(b) Super_zﬁ' lll\fgvi i‘lﬁfﬁmng the vertical directior{bottom-up deposition This result pro-
= duces a higher filling powerXy/Ax) for 2-ABT. Deligianni

Fie. 3. Schematic figures for electrolyte in several conditions of levelers@nd co-workerSalso claimed an improvement in superfilling
that was related to lower inhibition and a lower additive flux.

with different diffusion ratedD and a consumption rate
Consequently, an additive with a lower consumption rate and
a lower diffusion rate can excellently fill high-aspect ratio
trenches and vias. Figure 5 shows that a void-free deposit
was achieved in vias as small as Quin, using 2-ABT as a

——

Weak adsorption
(Low consumption)
Low diffusion

[OIRCIROIR

Strong adsorption
(High consumption)
Mediate diffusion

Surface coverage of the 2-ABT

additive is denser

® (1)—— Orpm leveler.
(2)---- 100 rpm The XPS data show that incorporating these remnant or-
5 3y 500 rpm ganic impurities in the deposited metals cannot be prevented
(4= 1000 rpm because of their leveling mechanisms. Some p&fdrave
() 1500 rpm reported that additives decomposed into sulfide ions that
combined with cupric ions to form CuS compounds on the

i \ cathode. Such a compound would become a second-phase
' ’ particle and increase the magnitude of the grain boundary
pinning pressure, estimated by Zenner's mod&he film
resistance naturally increased due to greater number of such
sites. Actually, most additives for electroplating applications
face the same problem. The resistance of copper films nor-
mally depends on the incorporated impurity atoms and their
concentrations in copper films. XPS was used to determine
which elements were present on the copper films with vari-
ous electrolytes. The presence of sulfur and nitrogen atoms

I(mA)

0 I 50 I 160 I 1&0 2(110 I 2;0 ‘ 3(l)0 I 350
E(mV vs. Ag/AgCl)
Fic. 4. Cyclic voltammetric strippingCV'S) measurements were taken in 1N the copper de.posits indicates th"_it additiv_es are chemi-
sorbed on deposited copper. Following Cunningirone

2-ABT baths(40 ppm. The sweep rate was 50 mV/s.

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002
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factor is proposed to describe the influence of the charactefdims to below 2.5 wQcm. In this experiment,
istic remnant organic impurities on the resistivity of the de-2-aminobenzothiazolé€2-ABT), with low consumption and
posited films. This impacting factof,, is expressed a$  diffusion capacity, was found to be a desirable leveler.
=4*C+5.50+7*N+9*S (C, O, N, S denote the normal-
ized peak areas of C, O, N, S atoms in the deppsitke
calculated f values of various added organic additives ACKNOWLEDGMENTS
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