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The Removal Selectivity of Titanium and Aluminum
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The removal selectivity control of aluminum and titanium metal barrier during aluminum chemical mechanical polishing in the
Damascene process is known to be critical for surface planarity without metal dishing and dielectric erosion. Unfortunately, the
electrochemical behaviors of aluminum and titanium are dissimilar, as one may expect. In thisirstsitly,electrochemical
impedance spectroscopy was carried out to investigate the influence®gtbincentration, slurry pH, and metal oxide formation
through the passivation on aluminum and titanium. A©kconcentration increases, the measured impedance of aluminum and
titanium decreases, or the oxidation rates of these two metals are enhanced upon increasing the oxidizer concentration. As the
slurry pH increases, the removal rate of polished titanium increases, but it decreases for polished aluminum. The removal rate of
titanium was limited to its oxidation rate and aluminum was limited to its oxide dissolution rate.
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Chemical mechanical polishin€MP) has long been recognized tion. Both Al and Ti are reactive metals that owe their corrosion
as a promising technique for global planarization to delineate metalesistance to a thin, protective, barrier oxide surface layer which is
patterns for submicrometer integrated cirdi@) processing:® Alu- stable in air and in most aqueous solutions. Regarding material re-
minum (Al) and its alloys have traditionally been used as multilevel moval during the metal CMP, the properties of the metal oxide on
interconnects and have emerged as the most important material fghe surface is the key issue. But there is the question of whether the
such applications. On the other hand, it is well known that titanium overall removal rate is limited to the oxidation rates of metal to form
(Ti) is an effective metal barriérThe total process time for AlCMP  metal passive oxide, or the dissolution rates of this passive oxide
is also controlled by the removal of the Ti diffusion barrier. Little into the aqueous slurry. Furthermore, both the rate of metal oxida-
research has been devoted to the CMP of this barrier film. Since Tfion and the rate of metal oxide dissolution is modulated by the
is harder than Al, a lower Ti removal rate is therefore expected. mechanical stress during polishing, like pressure, platen rotation ve-

Because Al is soft and easily scratched, polishing on a softer padocity, and abrasive size.
has therefore been suggested to avoid severe surface damage, butBoth the chemical and mechanical interactions should be taken
this technique can produce unwanted pattern geometry effects likéto account simultaneously to elucidate the complicated material
metal dishing and interlevel dielectritLD) erosion® Therefore, a  femoval during polishing. There are two possible approaches to
two-step CMP process has usually been implemented. For the firshodeling the CMP process. One is to describe the CMP process as
step, the overburden Al would be planarized for the step-high reduc_cheml_cally assisted abrasion based on Fhe contact wear betvyeen the
tion, be removed faster and uniformly, and stopped as Ti exposede_tbraswes and the s_ubstrate. Th_e material removal is p_roportlongl to
For the second step, both Al and Ti outside of trenches would pdhe volume of plastic deformation of substrate on which abrasive

removed simultaneously and stopped as the ILD exposed. The corstress is imposed. Th(_a most difficult point of this_approach, in prac-
trol of removal selectivity is therefore very critical in the second UC€ iS how to determine the change of mechanical hardness of the

step. In the ideal case, Al, Ti, or TiN and ILD would be expected to chemically softened layer on substrate or abrasives in a given slurry
remove at the same rate, or it would result in metal dishing, Oxidechemlcal formulation. The other way is that the stress-modulated

erosion, and surface nonplanarity. Overpolishing for the Completecorrosmn(or dissolution) based on the metal corrosion under a

removal of overburden metals outside of trenches would further in_giv_en slurry formulation and poI_ishing stress could be well chara_c-
duce surface nonplanarity terized by modern electrochemical techniques such as dc polariza-

Kaufmanet al® has proposed a desirable removal mechanism fortlon and ac |mpedance_ methods. One may suspect_that the overall
metal CMP which involves the oxidation of metal to form passive removal could be contributed only from metal corrosion, not partly
. . . . h — .~ from abrasion wear. Removal by microdebris wearing could happen
surface oxide and dissolution of this metal oxide under polishing

stress. No direct metal corrosion to form soluble metallic ions oras If polishing with the larger particles on the harder pad, which is
: not an acceptable CMP process due to the severe surface damage.

direct mechanical abrasion on nonoxidized metal substrates WOUlq'herefore it is reasonable and practical to explore metal CMR by
be aIIc_;wed for CMP, and it V.VOUId result in _the ISsues of metal ]situ electrochemical corrosion measurements during the polishing.
corrosion and surface scratching. The formation and dissolution o In this work, electrochemical impedance spectroscoyS)
oxide passive film on a given metal surface would strongly depend,,5\yses of Al and Ti during polishing or in static conditions was
on the oxidizing conditions in the aqueous media controlled by theperformed to evaluate the influence of® and slurry pH on the
slurry formulattl)on_. ful inf . ding the th d . surface passivation of Al and Ti. From these results, the control of

One may obtain useful information regarding the thermodynami- .o \q\41 selectivity between Al and Ti by means of slurry formula-
cally stable oxidized species of Al and Ti metals in a given pH 4ion is discussed.
aqueous medium from Pourbaix diagrafrtsyt not enough for the
complicated, dynamically removed and reformed metal oxide sur-
face during the polishing due to the absence of any kinetic informa- E ) al

xperimenta
The special designed apparatus based on the traditional three-
* Electrochemical Society Active Member. electrode rotating-disk configuration far situ CMP measurement
Z E-mail: hcshih@mse.nthu.edu.tw is schematically shown in Fig. 1. The electrochemical cell consisted
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Figure 2. Potentiodynamic polarization curve for Ti and Al in a slurry of 3
vol % H,O, at pH 2.

Figure 1. Schematic of thén situ electrochemical measurement system. ) o ]
resistance Rp) of the Ti oxide decreases in the presence gOk
The fittedR,, and capacitanceQ) in terms of a single time-constant

model composed of a RC parallel circuit are listed in Table I. Typi-

ofa mztal cyHlln/cLer Sashthli ro}?t'?g wo(;klng el;lectrode and a dPt rfneShtally, a two time-constant model is adopted to represent the system
net and an Hg/HgSphalf-cell electrode as the counter and refer- ¢ neia| oxide passivation; one time-constant is associated with the

ence electrodes, respectively. The three-electrode electrochemicgljye and the other with the electrical double layer formed on the
cell was connected to an EG&G lock-in amplifier model 5301 and iqe surface. However, the double layer response at higher fre-
potentiostat model 273, and immersed in the slurry with a Rodelgencies is negligible in comparison with the whole surface oxide,
Politex regular E polishing pad at the bottom. The working elec- g5 the impedances responding at the frequencies we have studied in
trodes were made of 2 199.99%)and Al (1% Si-0.5% Curylinder 6 range from 0.1 Hz to 100 kHas observed in Fig. 3 and 4an
embedded in epoxy resin (1 &mn only one side of the cylinder was be considered as the oxide on metal surface.

exposed to the slurry. The fitted capacitance) of passivation oxide decreases slightl
For EIS measurements, the polishing condition was fixed at a 4}: P &) of p gnty

tational d and 4 osi d d th litud ith increasing HO, concentratior(Table I). This could result as a
rpm rotational speed and = psi downward pressure, the amplitude o, , . porous metal oxide film forms, in contrast to the denser oxide
the perturbation was10 mV, and the frequency varying from 0.1

film formed without HO,. Porous oxide passivation formed in

Hz to 100 kHz at 6 steps/dec. The slurry used in the experiment§_| O, would also contribute to the lower polarization resistance
contained 0.5 M citric acid and 5 vol % phosphoric acid as the pH' 22 P

buffer solution, 0.05.m Al,O5 abrasive particles of 5 wt %, and
0-10 vol % H0, as the main oxidizer. The slurry pH was adjusted 4
from 2 to 6 by adding KOH. Zview version 2.1a computer software 5x10 T Y TR I i T ' I
was used for the curve fitting and analysis of the impedance. i

Polishing experiments were carried out on a Westech 372M pol- ] No Hzoz’ pH 2
isher with a Rodel Politex regular E polishing pad and Rodel . —u— 2 min
R200-T3 carrier film. For the Al polishing process, the polishing 4x10 7 .
parameters of pressure, platen and carrier rotary speeds, back pre . —@— 20 min
sure, and slurry flow rate were set to 4 psi, 60 and 65 rpm, 2 psi, anc 1 —A— 40 min :
150 mL/min, respectively. In the Ti polishing step, back pressure =
and slurry flow rate were the same as the Al polishing process, withC} 3x10* - =
platen and carrier rotary speeds adjusted to 45 and 42 rpm~
respectively. £ 1 .

N /

Results and Discussion 1 2x104 4

EIS for Ti without abrasior—Figure 2 shows the potentiody- f
namic polarization curves for Ti and Al in a slurry of 3 vol %®),
at pH 2. It is evident from these polarization curves that both Ti and 4
Al show an excellent passivation behavior and the corrosion poten- 1x10 7]
tial for Ti is considerably nobler than that for Al by 125 mV.

As exposed into the slurry of pH 2 without the addition gf®,
the EIS of Ti shows the presence of a stable thin metal oxide layer 0
formed on the surface, as shown in Fig. 3. Furthermore, the imped: T T T T T T v T
ances only increase slightly with exposure time, indicating that this 0 1x10*  2x10*  3x10'  4x10*
oxide is quite stable after 20 min. In contrast, the impedance de-
creases in the presence of®; the higher the HO, is added, the Zre (Q)
more the impedance decreases, as shown in Fig. 4. The diameter or
the frequency loop in the absence of@®} is significantly larger  Figure 3. Nyquist plots for Ti experiencing various time intervals of immer-
than those in KO,-added slurry. This implies that the polarization sion in a slurry of pH 2 without the addition of J9,.
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(Rp). This fact suggests that higher,®, concentrations would
cause higher oxidation rates due to the formation of more poroudigure 5. Nyquist plots after various time intervals of abrasion in a slurry of

oxide &0 Similar results were also obtained for Al. 6 vol % H,0, at pH 2:(a) Ti and (b) Al.

EIS for Ti with abrasion.—The EIS oin situ measurements
during polishing Ti in a slurry of 6 vol % kD, at pH 2 is shown in
Fig. 5a. The impedances do not change with time for abrasion an
are much smaller than those without abrasion as shown in Fig. 4 : . ) ; s
This means that the oxide could be almost removed by abrasion an orr05|or|1 e|nV|ronm_en§, metal b?m_g polished ?Omd be o|X|d|z_ed to
may reach a dynamic equilibrium between the oxidation formation 0'"" Soluble speciesi.e., dissolution, or to form metal oxide

through the passivation.

and the abrasion removal. Similar results were obtained for polish- If dissolution dominates, removal rate is limited to the oxidation

ing Ti W'.th 3-10 vol % KO, slurry_at pH 2. In other wor(_js, the rate of metal being polished and behaves like wet etching. This is an
overall Ti removal rate is limited to its oxidation to form oxide, that unfavored condition for planarization and the surface damage, like
is, more HO, added into the slurry to increase the Ti corrosion rate, 1o ghness and scratches, and would be obtained due to direct abra-
So as to the rehmovalhrates offpgllshlng Ti. ¢ bolishi sion on the soft metal substrate. In addition, no stable oxide after

Figure Sb shows the EIS of thie situ measurements of polishing  5jishing would lead to severe metal corrosion for post-CMP clean-

Al'in the slurry with 6 vol % HO, at pH 2. The impedanceRe)  ing. This is the typical problem for Cu CMB.
increases with abrasion time, indicating that the passive oxide exists

and would not be removed completely, instead of growing with
abrasion time. As a consequence, the Al removal rate is limited to

d In this study, the formation of metal oxide passivating the metal
plays a crucial role for Al and for Ti CMP. In a given aqueous

the oxide dissolution. However, if #D, is lower than 3 vol %, the 200 —e— Al ! ! ' A
impedance does not change with abrasion time. In an ideal meta_ 180 - — A—Tj .
CMP process, the metal being polished should be oxidized fasig o
enough to be equal to the acceptable removal'&féws, a balance g 160713 vel”% H,0, i
between the mechanical abrasion and the chemical reaction is bEE 140 1 A .
lieved to be the key issue for the metal CMP process. At low con- =
centration, HO, increases the oxidation rate, resulting in an in- :’ 120 - ]
crease of the removal rate; however, for Al, excessivgOH = 100+ \ :
concentration decreases the removal rate, since the oxidation rat 80 A— o
exceeds the mechanical abrasion rate. = g j
3 601 \. 1
E 401 TTT—e ]
Table |. Fitted parameters for Ti immersion in a slurry of pH 2 R 20 1 k
with various H,0, concentrations. 0
Parameters 2 3 4 S 6
H,0, Ovol% 3vol% 6vol% 10 vol % pH
CapacitanceC (wF) 33.9 29.5 23.7 22.5 Figure 6. The removal rates of polishing Al and Ti with the slurry formu-
ResistanceR,, (k(2) 3615.7 53.4 36.3 22.9 lated with 3 vol % HO, at various slurry pH values.
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Figure 7. Nyquist plots of the specimens without abrasion in a slurry of 3
vol % H,O, at various pH values after 2 min immersidi) Ti and (b) Al.

G207
1000 T T T
(a) Ti B 2min
3 vol% H,0, ® 20 min
A 40 min
—_ pH 4
<)
N 500 1
iV . |
0 500 1000 1500
Z.(©Q
1000 T T T
(b) Al 2 2 min
3 vol% H,0, ® 20 min
pH 4 A 40 min
~— A A a A
G A 4.
g 500+ A o ® ® o A .
N ' Bl Ny * % AAA
[ ] .. A
Y ‘h'q.. o 4
$ = % g\
¥ "
0+ T T T
0 500 1000 1500
.

Figure 8. Nyquist plots for Ti after different time intervals of abrasion in a
slurry of 3 vol % H0, at pH 4:(a) Ti and (b) Al.

Effect of pH.—If Ti could be removed faster than Al, overpolish-
ing of Al would be shortened and the result of dishing could be
reduced. The removal selectivity can be changed by means of pol-
ishing with various slurry pH values. Figure 6 shows that as slurry
pH increases the removal rate of Al decreases, while that of Ti
increases. At slurry pHE= 4, the removal rate of Ti is notably faster
than that of Al, and in the range of slurry pH 3.0-3.5 the Al/Ti
removal selectivity is expected to be unity. However, the unity re-
moval selectivity of blanket Al/Ti is undesirable for a practically
polished patterned wafer. Indeed, the removal of Ti outside the
trenches on the larger oxide features would be slower than those of
dense Al interconnecting wires, and result in Al dishing as overpol-
ishing to remove Ti completely.

Figures 7a and b are Nyquist plots for Ti and Al without abrasion
as varying with slurry pH with the addition of 3 vol %,8, after 2
min of immersion. These plots indicate that the electrochemical re-
actions are different but depend on the slurry pH. Figure 7a shows
clearly that impedance decreases in slurry pH 6. On the contrary, for
Al, as shown in Fig. 7b, impedance increases as slurry pH increases
to 5 but drops at pH 6, exhibiting that the passivation on Al would
be maximized between pH 5 and 6. Consequently, increasing the
slurry pH enhances the dissolution rate of Ti but decreases the dis-
solution rate of Al.

An in situ measurement for Ti in a slurry with addition of 3 vol
% H,0, at pH 4 is shown in Fig. 8a. The EIS spectra do not change

If oxidation dominates, removal rate would be limited to both the with time of abrasion appreciably, and similar results are also ob-
oxidation rate of metal and the dissolution rate of the oxide underigineq for slurry pH from 2 to 6. The dissolution rate of i

the polishing stress. For polishing Ti and Al with hydrogen peroxide aster than oxidation rate of Ti. On the other hand, the result of

(H,0,) formulation, Ti removal is limited by the oxidation step to
the formation of TiQ. On the other hand, Al could be oxidized fast
and form ALO; through the passivation of Al. The removal of Al is
limited to the dissolution step of AD; as a result of passivation.

impedance for Al increases with time of abrasion, as shown in Fig.
8b, indicating that the oxides are not removed completely, becoming
stable and dense and difficult to remove. Hence, the oxide dissolu-
tion rate is lower than the oxidation rate of Al. Then the by-products
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of the polishing may not be dissolved into the slurry and tend to be  National Tsing Hua University assisted in meeting the publication costs

redeposited onto the surfat®Furthermore, Al surface tarnishing of this article.

appearance after abrasion is a result of a thin oxide that forms on the

surface. Some interesting results show that the impedance of Ti is

smaller than that of Al as the removal rate of Ti is faster than Al, 1. S. Sivaram, H. Bath, R. Leggett, A. Maury, K. Monning, and R. Tolslid State
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