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Abstract

The roles of HO, and alumina on the changes of metal removal rate, surface passivation and surface morphology in citric acid (CA)
base slurry in simulated Cu chemical-mechanical polishing (CMP) was investigated. X-ray photoelectron spectroscopy (XPS) analysis
indicated that HO, assisted oxide formation while citric acid promoted anodic dissolution of copper in various slurries that contained
1wt.% Al,O3. Atomic force microscopy (AFM) revealed that A3 abrasive particles modified the surface morphology by inducing
surface deformation. The results of open circuit potential (OCP) and removal rate measurements clearly demonstrated that there existed a
synergistic effect due to the chelating and oxidizing agents in Cu CMP.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Despite the difference between the mechanisms men-
tioned above, a suitable oxidizing agent should be selected
Kaufman et al.[1] proposed the chemical-mechanical to enhance the Cu CMP rate. Several kinds of oxidizing
polishing (CMP) model of tungsten and discussed the re- agents, such as 4, [5,6,8], HNOs [7-11] Fe(NG)s3
moval of W in terms of competition between an etching re- [8,12], NaCIG; [13] and KIOz [14], among others, have
action that dissolves W as WO? and a passivation reaction been used to form a passive film on a copper surface or to
that oxidizes W to W@ on the surface which was removed dissolve it into slurries. Although the oxidizing powers of
by a mechanical abrasion in the slurry. Kuo and Tga#] these agents are known, the specific roles of these agents
demonstrated that passive film formation and abrasion wereon Cu CMP were not as clear as that found in W CMP
importantly involved in Al CMP in a phosphoric acid base [1] or Al CMP [2—4,15] Furthermore, Gutmann et {lf]
slurry. Studies of W CMP and Al CMP have indicated that indicated that a combination of oxidizing agent and com-
the process of passivation film formation by chemical reac- plexing agent would help to obtain a high solubility and
tion and abrasion by mechanical action was key in removing dissolution rate of the abraded material in Cu CMP. In
W or Al during CMP. This mechanism has also been applied the case of Cu CMP in NkOH slurry, Steigerwald et al.
to explain Cu CMH5,6]. However, Gutmann et g7] pro- [11] pointed out that C ions were complexed with N
posed a two-step model of Cu CMP, involving mechanical and the polishing rate was enhanced. Citric acid is also
abrasion of the copper surface followed by the removal of known to be a chelating agent for €uions [16]. How-
the abraded material from the vicinity of the surface. Ac- ever, in 3vol.% HNQ oxidizing slurry, highly concentrated
cording to this model, the abraded material can be copper,citric acid was found to inhibit the etching rate in Cu
copper oxide or other compounds of copper. This model sug-CMP [9]. The co-existence of oxidizing and complexing
gests that the passivation of copper is not necessary for Cuagents in the slurry seems to have complicated effect on
CMP. Cu CMP. This investigation, therefore, studies the effects
of H>O» and citric acid on the metal removal rate, surface
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2. Experimental
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2.1. Specimen, slurry and polishing apparatus s | W
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Mechanism l

A pure copper rod (99.99%) with a diameter of 2.5 cm was Carrier
sliced into discs, each 0.8 cm thick. Each disc was mounted \

in epoxy resin with one surface exposed to air. The exposed ™,
copper surface was ground using SiC paper to a grit of 800 N\ \
for subsequent measurements.The compositions and the pH L \
values of the solutions and slurries studied in this investiga- 5
tion are summarized ifable 1 Two different concentrations ‘—| 4
of citric acid base slurries, namely 0.0078 and 0.5 M, were A
used. Powders of 1 wt.% AD3 with an average particle size N il C—J——L——’ \

. . e Specimens \
of 0.05pm were added as abrasive particles. The oxidizing %
agent HO» was added at a concentration of 9 vol.% to some Platen Drive Pad
of the slurries.

A previously designed polishing instrumdg{, simulat-
ing the mechanism of CMP, was modified and used in this Fig. 1. Schematic diagram of the apparatus used in electrochemical and
work. The system consists of a 20.3 cm platen and a 7.6 cmCMP tests.
carrier in diameter. The platen was bonded with a tank which
held the slurry during polishing. The slurry was not refreshed for each CMP condition was calculated and averaged from
throughout the test. The carrier on the top of the platen held three specimens.

three Cu discs 12Capart. The platen and the carrier rotated In order to examine the effect of slurry composition on

in opposite directions at 100 and 10rpm, respectively. The the surface chemistry change, a Fison (VG) ESCA210 X-ray
downward force between the SpeCimen carrier and the platel’bhotoe|ectron spectroscopy (XPS) was emp|oyed_ The spec-
could be varied from 0 to 8 psi. A Rodel IC-1400 polish pad jmen was firstimmersed in a specific slurry for 60 min. Then
was attached to the platen for polishirig§g. 1 schemati- it was transferred for XPS analysis immediately after air
Ca"y depiCtS the pOIiSheI’ used in this inveStigation. All the drymg The excitation for XPS was by Mgd(radiation hv
removal rate and open circuit potential (OCP) measurements— 12536 eV). The binding energies were calibrated to that

@ @ @
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were performed in this polisher. of C (1S) at 284.6eV.

The open circuit potentials were measured under sta-
2.2. Removal rate measurements, surface analysis and tionary and during CMP as well. An EG&G model 362
OCP tests electrochemical system complied with a Yokogawa LR4110

recorder were used to monitor the potential during exper-
The weight loss measured after CMP was used to calculateiments. A saturated calomel electrode (SCE) and a sheet
the metal removal rate. For the case with a low metal removal of platinum were used as the reference electrode and the
rate, CMP was conducted for a period of three hours. The counter electrode, respectively.
run for CMP was shortened to 20—-60 min when a much high  The surface morphology of copper after simulated CMP
metal removal rate was observed. The total removal Rje (  in_the different slurries was observed by NT-MDT P7LS

Table 1
Compositions of the slurries used and the total removal rates of copper under simulated CMP at different contact pressures, with the upper carrier an
lower platen rotated in opposite directions at 10 and 100 rpm, respectively

Removal rate (nm mint)

Designation of slurry Slurry composition 3 psi 5 psi 8 psi
A DI water (pH = 6.4) ND* - -
B 9vol.% HO, (pH = 4.9) ND* - -
Cc 0.0078M CA (pH= 2.6) 33 - -
D 1wt.% AlO3 (pH = 4.3) 35 - -
E 0.0078 M CA+ 1wt.% AlLO3 (pH = 2.7) 52 74 87
F 0.5M CA + 1wt.% AlLOs (pH = 1.5) 53 60 74
G 9vol.% HO; + 1wt.% Al,O3 (pH = 4.1) 51 - —
H 0.0078 M CA+ 9vol.% HO, (pH = 2.4) 1045 - -
[ 0.0078 M CA+ 9vol.% HO, + 1wt.% AlbOs (pH = 2.5) 1435 3042 3487
J 0.5M CA+ 9vol.% H O + 1wt.% AlLO3 (pH = 1.4) 5522 8897 11142

* Not detected.
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contact mode of atomic force microscope (AFM). The arith- 12000

metic mean surface roughned®; was also evaluated by
AFM and it was defined as following

1
R D
NyNy i1 =1 8000 —
1 Nx N,V
Ra = 2Dl z=zij—Re i
NxNy i=1j=1
wherez; is the height of parallel to th&-axis andR; is the 4000 [~

mean surface heighN, andN, are the number of points
along theX- andY-axis.
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3. Results and discussion

3.1. Removal rate of Cu s0 |-
The total removal rates of copper after simulated CMP in
various slurries with different contact pressures are listed in
Table 1 At a contact pressure of 3 psi, no measurable weight
loss was obtained in plain de-ionized (DI) water with or -
without 9 vol.% HO» added. In either 0.0078 M CA solution
(solution C) or in DI water with 1 wt.% AlOs (slurry D), the

Total removal rate R¢ ( nm/min )

40 —

removal rate was low and almost the same. In 1 wt. %Al L carrier = 10 rpm , platen = 100 rpm
slurry, adding only citric acid (slurry E or F) ora®; (slurry A 0.0078 M CA+1 wt% AlLO,
G) slightly increased the removal rate to about 50 nnTrhin 0= O-3M CA + Lwt% ALO,

*
oo _ +  0.0078 M CA + 1 wt% ALOj; + 9 vol% H,0,
However, a dramatic increase in the removal rate occurred L X 0.5MCA+1wt% ALO; + 9 vol% H,0,

in the presence of both chelating and oxidizing agents. The

contribution of the A}Os abrasive particles to the increase 0 0 > . p s

in removal rate also became noticeable. As shovifralrie 1 Pressure ( psi)

the highest removal rate at a pressure of 3 psi was measured

in the 0.5M CA+ 9vol.% HO, + 1wt.% Al,O3 slurry. Fig. 2. Variations of total removal rate with contact pressure for copper

The results clearly indicate that a synergistic effect due to under simulated CMP in different slurries.

the chelating and oxidizing agents existed in copper CMP.
Although the pH of each slurry was different, comparing the
removal rate in slurry F (pH= 1.5) with those in slurries

E (pH=2.7) and G (pH= 4.1) showed that the pH value
insignificantly affected the metal removal rate.

The above results indicate that in the absence of oxidizing
agent (slurries A, C and D), the mechanical contribution
to the total removal rate was negligible. The presence of a
highly oxidizing agent, such as)®-, favored the formation
of oxide (mainly CuO as will be described later by XPS).
However, the removal rate in slurry G was also quite low
(51 nm mi1), indicating that the breakdown or abrasion of
the oxide was insufficient to obtain a high removal rate of g — K,xPxV
copper. The chelating effect on accelerating the dissolution
of CuO in perchloric, sulfuric, nitric or hydrochloric acid whereR is the metal removal ratek, is a constantP
solutions has been pointed out by Majjima et{a¥]. It was is the contact pressure, andis the relative velocity be-
thus postulated (as demonstrated in slurries H-Thofe J tween the surface and the abrasive material such as the
that the complexing of copper oxide with citric acid might pad[3,10,12,18] Under constant carrier and platen rotating
also assist the etching rate in Cu CMP. In other words, a speeds, the linear relationship between the copper removal
two-step model proposed by Gutmann et[&l. could be rate and the contact pressufed, 2) stated in the Preston

applied to describe the process of Cu CMP in the slurries
used in this investigation.

As revealed inTable 1 the metal removal rate also in-
creased with contact pressure. The effect of contact pressure
was more pronounced when both the chelating and oxidizing
agents were present simultaneously. The maximum copper
removal rate (11142 nm mit) was obtained in 0.5M CA
+ 9vol.% HOz + 1wt.% Al>O3 slurry at a contact pres-
sure of 8 psiFig. 2depicts the effect of contact pressure on
the copper removal rate in some slurries studied in this in-
vestigation. Most metal CMP satisfies the Preston relation,
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Fig. 4. XPS spectra of Cu 3p and 2p,, for Cu after immersion
Fig. 3. XPS spectra of Cu 3p and 2p,, for Cu after immersion for for 60min in different slurries: (@) 1wt.% AD3 + 9vol.% HOy;
60 min in different slurries: (a) 1 wt.% ADs3; (b) 0.0078 M CA+ 1wt.% (b) 0.0078 M CA+ 1wt.% AlL,Os3 + 9vol.% HO, and (c) 0.5M CA
Al;03 and (c) 0.5M CA+ 1wt.% Al,Os. + 1wt.% Al,O3 + 9vol.% H,Os.

. . _ the peaks corresponding to metallic copper disappeared, in-
equation was obeyed for Cu CMP in the slurries employed yjcating that the oxide film was rather thick. Interestingly,
in this investigation. as revealed irFig. 4 when the specimen was immersed

in 0.5M CA + 9vol.% HO, + 1wt.% Al,Os3 slurry, the
3.2. Surface analysis by XPS and AFM, and OCP tests peak intensity of CuO was lowered and the peak of metal-
lic copper reappeared with a high intensity. This result in-

The synergistic effect of chelating and oxidizing agents dicates that citric acid at a high concentration would retard
that enhances the copper removal rate might involve passiva-oxide film formation. Meanwhile, the presence of an oxi-
tion on the copper surface. XPS analysis was thus performeddizing agent (HO,) enhances the dissolution of copper into
to characterize the surface change for copper immersed inthe slurry. The dissolved copper ions (mainly in the form
different slurries for 60 minFig. 3 presents the spectra of of cupric ions) may be present in three different forms, free
Cu 22 and 2p,» for the specimens immersed in 1wt.% cupric ion, complexed cupric ion and cupric oxide. A higher
Al>0O3 slurries with 0.0078 and 0.5M CA, withoutJ®» concentration of citric acid allows more cupric ions to be
added. In plain 1 wt.% AlO3 slurry, the sharp peaks at 932.5 adsorbed and complexed, resulting in a low concentration of
and 952.5 eV, corresponding togp and 2p,, spectra for free cupric ions in the slurry near the metal surface. Reduc-
Cu [19,20], demonstrated that only metallic copper existed ing the surface cupric ion concentration caused a reduction in
while the oxidation of copper was negligiblei§. 39. In the the precipitation of cupric oxide, as demonstrate#io 4c
presence of 0.0078 and 0.5 M CA, as showRiis. 3b and ¢ Fig. 5shows the changes of open circuit potentials on the
the peaks at around 932.5eV became broadened. This readdition of 9vol.% HO, in citric acid base slurries. In the
vealed that CuO, Cu(OH)and metallic copper were present absence of BO,, the open circuit potentials of copper were
on the surface of the specimen. Adding 9 vol.% to ei- near or below 0 mV under either static condition or CMP.
ther 1wt.% AbO3 or 0.0078 M CA+ 1wt.% Al>O3 slurry Adding 9vol.% RO to the slurry substantially increased
promoted the formation of CuO. As shownkigs. 4a and b the open circuit potential. As shownig. 5, the increase in
the peaks at 933.5 and 935.2eV for Cuz2pand 953.5 the open circuit potential was more pronounced in 0.0078 M
and 955.2eV for Cu 2p, demonstrated the formation of CA + 1wt.% Al;O3 slurry than that with 0.5M CA. It was
CuO and Cu(OH, respectively. The satellites near 943 and in the latter slurry that the precipitation of cupric oxide was
963 eV also confirmed the presence of CuO. In both slurries, reduced, as revealed kig. 4cmentioned above.



J.-C. Chen, W-T. Tsai / Materials Chemistry and Physics 87 (2004) 387-393 391

hm
- load free and static A,
——=©—— 0.0078 M CA + 1 wt%AlL,04 po— Y
———— 0.5M CA+1wt%ALO, IVt SR—r Y 600
600 — . . o &

P =3 psi, carrier = 10 rpm , platen = 100 rpm - ] § ]

' g P RN R TOTT Sesephe il aipy
— — O—— 0.0078 M CA + 1 wt%ALO, - . ““""_*‘*M_ ;

—@—— 0.5M CA + 1 wt%ALO;

= P - -
S Wﬁ- & -
2 400 - @

I
% (?@-————9--—9“0
2 _
=
2
=]
R

]
200 [— addition of 9 vol% H,O, :

Fig. 6. Surface morphology of copper ground using SiC paper to a grit

of 800.
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Fig. 5. Effects of HO, and loading conditions on the changes in open \ 250
circuit potentials of copper ik M CA + 1wt.% Al,Os3 slurries. i 4 0
wii \ 200
As shown inTable 1, an extremely high removal rate was 25\\ \ 150
found in 0.5 M CA+ 9vol.% HO, + 1 wt.% Al,Os slurry, zo\ : m
about two orders of magnitude higher than those in slurries 15%\ i ‘ u - 100
with citric acid or HO, alone (slurries E-G). The high 10> ‘ ,/g 25
removal rate was not attributed to dissolution, passivation \\ \1- 15 50
and film breakdown as proposed by Kaufman eflglsince 3 . /{ 10
oxide film formation in this slurry was not favored. Instead, 0% 0

the high dissolution rate of copper, supported by th©#1
oxidizing agent coupled with the high solubility of the cupric
ions by chelating with a high concentration of citric ions, was
the main cause of the extremely high removal rate observed.
Fig. 6 shows an AFM image of copper surface ground The values oR, obtained at a contact pressure of 3 psi are
using SiC paper to a grit of 800. A rough surface with a listed inTable 2 In DI water, though the surface roughness
parallel pattern, caused by scratching during grinding, was was reduced as shown ifable 2 parallel scratches still
observed. In the area examined, the surface roughness, meaemained on the surface after simulated CMP at a contact
sured as the arithmetic mean deviation of the profitg),( pressure of 3psi for 3h.
was 104 nm. After CMP in various solutions or slurries, the  Fig. 7depicts the surface morphology in 0.0078 M CA so-
surface roughnesses of the specimens were also measuredlition without abrasive particles. The surface roughness was

Fig. 7. Surface morphology of copper after simulated CMP in 0.0078 M
CA solution.

Table 2

Removal rate R) and average roughnesB,j of copper after simulated CMP in various solutions and slurries at 3 psi

Slurry R (nmmin 1) Ra (nm)
Initial surface before CMP (#800) - 104

A DI water (pH = 6.4) N 78

B 9vol.% H,O, (pH = 4.9) NP 99

Cc 0.0078 M CA (pH= 2.6) 33 23

D 1wt.% AlLOs (pH = 4.3) 35 12

E 0.0078 M CA+ 1wt.% AlpO3 (pH = 2.7) 52 26

F 0.5M CA + 1wt.% AlLbO3 (pH = 1.5) 53 30

G 9vol.% HO; + 1wt.% Al,O3 (pH = 4.1) 51 3

H 0.0078 M CA+ 9vol.% HO; (pH = 2.4) 1045 57

| 0.0078 M CA + 9vol.% HO, + 1wt.% AlbOs (pH = 2.5) 1435 2

J 0.5M CA+ 9vol.% H,O, +1wt.% Al,O3z (pH = 1.4) 5522 352

2Not detected.
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Fig. 9. Surface morphology of copper after simulated CMP in 0.0078 M
nm CA + 9vol.% H,Oz + 1wt.% Al,O3 slurry.

160 . o
ertheless, the surface morphology could still be modified by
the presence of citric acid, as notedRig. 7. Fig. 8illus-

120 trates the joint effect of the simultaneous presence of citric
acid and AbOs particles on surface morphologies, depict-

80 ing erosion corrosion characteristics on the surface. Again,
the low copper removal rate (about 50 nm mihindicated
w© that mechanical effect dominated the surface roughness in

the absence of oxidizing agent.
The XPS results showed that8, would promote CuO
0 formation in the slurry with low concentration (0.0078 M)
of citric acid. The dramatic reductions in surface roughness,
Fig. 8. Surface morphology of copper after simulated CMP in () 0.0078 M found for copper under simulated CMP in slurries G and |
CA +1wt.% Al2Os and (b) 0.5M CA+ 1wt.% AlOs slurries. might be associated with passivation assisted p@4 On
the contrary, XPS analysis showed that slurry J with 0.5M
of citric acid did not favor the formation of CuO. In such a
case, copper dissolution accelerated by the synergistic effect
of citric acid and HO» overshadowed the influence of abra-
sive particles in modifying the surface morphology. As a
result, a very high surface roughness was observed after sim-
ulated CMP in 9vol.% KHO> + 0.5M CA + 1wt.% Al,O3
“slurry.
The role of AbO3 in Cu CMP in DI water and citric acid
base slurries was revealedTiable 2 Since the removal rate
of copper was only 35nmmirt in 1wt.% Al,Oz slurry,
Al,03 particles seemed mainly to cause surface plastic
deformation rather than to abrade the metal away from
the surface. The low surface roughness observed in 1 wt.%
Al>03 slurry suggests that the deformation process was
advantageous in obtaining a smooth surface. Adding citric
acid to 1wt.% ApOs slurry increased surface roughness
over that in plain 1wt.% AIO3 slurry, but the roughness
remained lower than that in DI wateFig. 9 shows the
beneficial effect of the AlO3 particles in planarization, in
3.3. Roles of citric acid, H2O2 and Al>03 co-existing with 0.0078 M CA and 9 vol.%3®,. However,
in 0.5M CA + 9vol.% HO, + 1wt.% Al,O3 slurry, the
Besides acting as a chelating agent, citric acid provides beneficial effect of abrasive particle disappeared, probably
an acidic environment. However, the electrochemical disso- because the copper dissolution rate was so high that the ben-
lution associated with citric acid contributed only a little to  efit due to deformation, provided by abrasive particles, was
the copper removal rate in plain 0.0078 M CA solution. Nev- lost.

greatly reduced. However, a few parallel and deep grooves
were observed on the surface. Adding 1wt.%@d to the
citric acid solution further modified the surface morphol-
ogy. Fig. 8ashows that the smooth plateau kig. 7 dis-
appeared when Cu was polished in 0.0078 M €A wt.%
Al>Os slurry. Instead, an eroded feature was seen after sim
ulated CMP in such slurry. As the concentration of cit-
ric acid was increased to 0.5NR, did not change much
(Fig. 8b.

If CMP was simulated in the slurry with a composition of
9vol.% H,O2 + 0.0078 M CA+ 1wt.% AlOs (slurry 1),
a rather high removal rate (1435 nm m#) and the lowest
surface roughnes&{ = 2 nm) were obtained:ig. 9 shows
the AFM image of a copper surface after polishing in such
slurry. When the concentration of citric acid was increased to
0.5 M, the surface became very rough although the removal
rate was substantially increased.
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