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Abstract

In situ electrochemical measurements were performed for Al and Ti disks in various slurries during polishing and static conditions. The
electrochemical results obtained from the corrosion potential drop of Al polishing have verified that the maximum removal rate of metal
CMP can be achieved when the removal rate of the surface oxide was equal to its growth rate. However, Ti polishing did not exist maximum
removal rate. The effects ofd®,%, pH values and pressure on the Al and Ti polishing behaviors were explored by using potentiodynamic
scan. The corrosion potential drop was found to be a good index for polishing removal rate. The corrosion potential drop changed with
increasing HO»% for Al polishing and there existed a maximum value. But the corrosion potential drop increased with incre&sitig H
for Ti polishing. The pH value had different effects on Al and Ti polishing. Higher pH values gave higher Al removal rate but lower Ti
removal rate. The Al polishing showed more pressure sensitive than Ti polishing did. The galvanic current was measured for Al/Ti polishing.
For slurry with 6 vol.% HO» and pH= 4, the abraded Al electrode obtained a negative current, which implied Ti oxidation was enhanced.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Due to the soft nature of Al alloys, compared to tung-
sten or copper, Al CMP meets great challenges to achieve
Chemical mechanical polishing (CMP) has been widely good structural planarity and minimum surface scratch den-
accepted as an emerging key technology for achieving globalsity [1,6]. The mechanisms of metallic CMP are very com-
planarization for interlevel dielectric (ILD) and damascene plicated. Because of these difficulties, in order to obtain a
processes in the deep sub-micron multilevel interconnect petter understanding and control of Al CMP, the electro-
fabrication. Compared with conventional subtractive etched chemical behavior of metal in a given slurry environment
metallization, CMP of patterned aluminum (Al) lines in a during polishing should be explored. To this end, conven-
damascene process gives inherent surface planarity, bettefional electrochemical analytical techniques of metal corro-
interconnect reliability (compared to Al wire/W plug struc-  sion characterization have been adopted and modified for
tures), and simplified process, which imply its low cost of studying the dynamic metal oxidation and dissolution dur-
ownershiff1-5]. Therefore, Al alloys, which have been used ing polishing, it would be the basis for development of ap-
as interconnects for more than 30 years, are still being ex-propriate slurry formulation for a successful Al CNTR-9].
tensively investigated because of their pervasive presence in  The total process time for Al CMP is controlled by the
manufacturing and extendibility into damascene processesremoval rates of both Al and its barrier layer. Titanium (Ti)
for 0.13-0.1§m CMOS technology. is known to be an effective barrier/adhesion or wetting layer
(liner metal) for Al metallizatior{10-12] Accordingly, re-

e . . moval selectivity between Al and Ti is critical in determin-
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of how the Al/Ti removal selectivity is affected by the slurry
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chemistry is of great importance. pofgﬁ‘f,(;g & C““I;;[‘i)‘"[('))r“"e

In this study, our investigations were concentrated on the WE RE CE
polishing of Al alloys coupled with Ti in phosphoric acid and }
hydrogen peroxide based slurrigk3]. The electrochemi- A I 1 _
cal methods, including the potentiodynamic polarization and Rotating Cu___ e Rotating
galvanic corrosion measurements, have been used to eluci- Contast o Cenact
date the electrochemical mechanism for the removal selec- Cu Wire ——
tivity in Al CMP.
2. EXperlmenta.l Vessel Ti Al Slurry

Epoxy Resin

The slurry under investigation was formulatid®] with Pad

5wt.% EXTECM XL-16761 y-Al,O3 abrasive (0.05m Lisad Cell

in size, 3.14gcm? in density), 5vol.% phosphoric acid
(H3PO4) and hydmge_n peroxide () (0-10vol.%) in _ Fig. 1. Schematic of the in situ electrochemical apparatus for measuring
acidic aqueous solutions. Slurry pH was buffered with galvanic current.

0.5M citric acid [(COOH)(OH)C(CHCOOH)] and ad-

justed with adding variable amounts of 0.5N potassium . ) .
hydroxide (KOH) aqueous solutions. the electrochemical theory, the galvanic current flow is a

in three runs using commercial pure Al-1%Si-0.5%Cu the two working electrodes in the slurrifisd].

(99.7%) and/or Ti (99%) cylinder with a diameter of 0.8 cm The blanket wafer polishing experiments were carried out

(embedded in epoxy resin) as working electrodes on an©On a Westech 372 M polisher using Rodel Politex regular E

EG&G potentiostat/galvanostat Model 273. The mixed cor- Polishing pads and R200-T3 carrier film. Polishing parame-

rosion potential was measured with respect to a standardters such as pressure, platen and carrier rotary speeds, back

Hg/HgSQ electrode 640 mV w.r.t. standard hydrogen pressure, slurry flow rate were setto be 5 psi, 45 rpm, 42 rpm,

electrode (SHE)] as a reference electrode. The conductor2PSi, and 150 mimin', respectively. Removal rates were

electrode was platinum (Pt). The potentiodynamic scans calculated from the sheet resistance measured with Ten-

were performed at a rate of 1 mvsfrom 0.25V below the cor M-Gage inductive current method for both the stacked

open circuit potential to 1.0 V. The corrosion current density SiO2/Ti/AI-1%Si-0.5%Cu layer, about 550/40/900 nm in

was determined by Tafel's extra-polation technidiis]. In thickness, and the SpDTi stacked layer, 550/400 nm, de-

order to trace the electrochemical behavior with abrasion Posited on p-type, 100-orieted, 150 mm diameter silicon

and without abrasion, the working electrode was kept rotat- Wafers.

ing at 300 rpm, regardless of whether abrasion was present

on a Rodel Politex regular E polishing pad. During polish- ) )

ing, a down force of 4 or 8 psi was selected to be applied 3 Resultsand discussion

to the abraded metal surface. The setup used for potentio-

dynamic measurements was the same with that proposed The mechanism for phosphoric acid and hydrogen

by Kneer et al[15]. From the potentiodynamic scans, the Peroxide-based Al CMP slurry has been early proposed in

changes in the mixed potentials between the non-abradec® US patenf13]. As proposed in that patent, the hydrogen

and abraded electrodes and the current densities in botHPeroxide is a weak acid added as an oxidant to the pol-

cases were extracted. ished metal, and the phosphoric acid then etches the oxide
The other novel equipment designed for in situ electro- While the slurry abrasive mechanically abrades the metal

chemical measurements during polishing is schematically surface. In what follows, the effects of28,, pH values

shown inFig. 1 This setup consists of two working elec- and applied pressures on the Al and Ti polishing rates will

trodes, the Al alloys and Ti, with the slurry as the electrolyte. be extensively elucidated.

When auxiliary (AUX) and reference (REF) terminals are

shorted, the potentiostat would control potential between 3.1. H202 concentration effects on Al removal behavior

two working electrodes at any specified valad]. If that

value is set at zero, the circuit would continuously and  Fig. 2 showed the potentiodynamic scans for Al tested in

automatically read the galvanic couple current from the the slurries with 0 and 3vol.% #D, at pH= 2. The differ-

potentiostat zero resistance ammeter. It thus offers the ca-ence in the corrosion potential and current density between

pability of performing both the in situ polishing and static the abraded (with a down force of 4 psi) and non-abraded

conditions for galvanic corrosion measurements. Following electrodeg16] was small for 0vol.% HO,. This indicated
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Fig. 2. Polarization curves for the Al electrode in the formulated slurries
containing 0 or 3vol.% KO, concentration at pH= 2, under non-abraded
or abraded condition.

that the mechanical abrasion made very little contribution to
the corrosion rate. Therefore, in the absence gD by re-
ferring to the Pourbaix diagram of aluminum water system
[17], the removal rate would be apparently limited by the ox-
idation of Al (Al +3/2H,0 — 1/2Al,03+6H*+6€7) and

the dissolution of passivation oxid8/2Al,03 + 3H" —
A%t 3/2H,0). The addition of HO, decreased the cor-
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ment(3/2A1,03 + 3HT — AI3* 4+ 3/2H,0), contributing
a high corrosion current density.

Fig. 3 showed the removal rates of Al CMP and the
corresponding corrosion potential dropE) for various
concentrations of bD,. It was clear thatAE and removal
rate had the same trends when varyingob:%. The maxi-
mum removal rate was achieved when the polishing rate of
the passivating layer was equal to its growth rate. When the
H202,% was lower than-3vol.%, the polishing rate of the
passivating layer would be higher than its growth rate. Thus,
all passivating layer was removed and the removal rate of
the Al CMP was limited by Al oxidation rate. The removal
rate of Al CMP increased with increasing@&,%. However,
when the HO»% was higher than-3 vol.%, the polishing
rate of the passivating layer would be slower than the ox-
idation rate. The Al CMP removal rate became limited by
the mechanical abrasion or chemical erosion. The removal
rate of Al CMP decreased with increasing the@4%.

3.2. H,O, concentration effects on Ti removal behavior

Fig. 4 plotted the potentiodynamic scans for Ti tested
in the slurries with 0 and 3vol.% #D, at pH = 2. For
non-abrasion, there was a slight increase in both the corro-
sion potential and current density by adding 3 vol. %0

rosion potential but increased the current density. TheseThis presented that 40, enhanced the Ti oxidation rate

results indicated that the passivating layer should be contin-(the increase in current density) and the formation of the
uously formed and removed by the mechanical abrasion dur-passivating layer (the rise of corrosion potential). When the
ing the polishing procesd 8,19] When HO, was added, = mechanical abrasion was applied, a prominent drop in the
unpassivated or exposed fresh Al reacted quickly with the corrosion potential and a dramatic increase in the current
free oxygen atom released from HOradicals(H202 — density were found. This manifested that the mechanical
HO,~ + H™) and the alumina oxide (AD3) formed (Al + abrasion improved the removal of the passivating layer and
3HO,™ + 3HT — 1/2Al,03 + 3H,0). Then, the AJO3 increased the Ti oxidation rate. In the absence gD} the

was hydrated and dissolved readily in the acidic environ- Ti was able to form a more effective passivating layer on
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Fig. 3. Corrosion potential drops and removal rate of the Al electrode as a functiop@f ¢bncentration in the formulated slurries.
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Fig. 4. Polarization curves of the Ti electrode in the formulated slurries
containing 0 or 3vol.% KO, concentration at pH= 2, under non-abraded
or abraded condition.

its surface in the acidic slurry at pH 2 due to the present
of AE. Under the static condition, the forky lines along the
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with the increasing BHO2% until 6% is reached and then
gradually levels off. The presence of th& clearly indicated
that the passivating layer was formed and then removed
continuously during polishing. Besides, the polishing rate
of the passivating layer should be higher than its growth
rate. This was the reason why the polishing rate inevitably
increased with the increasingp8,%. The higher HO»%
gave higher Ti oxidation rate and hence removal rate was
increased.

3.3. H20, concentration effects on Al/Ti removal
selectivity

To ensure that there is no residual Al and adhesion/barrier
metal Ti between the trenches in the damascene structure,
the over-polishing of the wafer is hardly avoided. In such
case, in order to eliminate defects arising from inefficient
removal of the adhesion/barrier layers, it is essential to use
slurry that possesses high enough removal rate selectivity to
dielectric and preferable a 1:1 selectivity to the metal over-

potentiodynamic curve at about the corrosion potential were layer. Therefore, one of the resolutions to avoid Al defect

observed irFig. 4. The forky lines were caused by the pas-
sivating layer, which should be highly efficient to protect the
Ti metal against corrosiofY]. Fig. 4also displayed that the

addition of O, reduced the efficiency of the passivating
layer. The forky line regime got narrower with the addition
of 3vol.% H,O,. However, under the abrasion condition,

the potentiodynamic curve turned to be smooth. This rep-

(dishing or corrosive attack) is to adjust the slurry chem-
istry for the removal rate of Al CMP being close to that of
Ti CMP. By comparingFigs. 3 and 5the removal rates of
Al and Ti became closer when thee8>,% increased. When
adding 10% HOo, the polishing selectivity of Al/Ti was ap-
proximately 3/2. This indicated that the polishing selectivity
of Al/Ti was greatly improved by changing theB8,%.

resented that the mechanical abrasion could significantly The removal mechanism of metal in the phosphoric-

destroy the efficiency of the passivating layer.

The corrosion potential drop\E) and CMP removal rate
for Ti films were plotted against theJd®,% in Fig. 5. The
AE increased for HO2 < 3% and then nearly saturated
for HoO>% > 3%. The removal rate was greatly increased

hydrogen peroxide-based slurry has been generally pro-
posed[13]. The hydrogen peroxide oxidizes the metal, and

acid then etches the oxide while the slurry abrasive mechan-
ically abrades the surface. The current density obtained from
the in situ electrochemical measurements during polishing
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Fig. 5. Corrosion potential drops and removal rate of the Ti electrode as a functiopQaf ¢bncentration in the formulated slurries.
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Fig. 6. Current densities of the Al and Ti electrodes as a function gjtoncentration in the formulated slurries under abrasion.

can thus be regarded as the indication of the removal ratewere lower for the samples tested at pH4 compared to

of Al or Ti. The current densities with the abraded Al and those at pH= 2. Fig. 7 exhibited that the removal rate of

Ti varying with the HO,% were shown inFig. 6. The Al CMP decreased with increasing pH values. The reasons
current densities of Al and Ti became closer with increas- were explained as following: at higher pH values, the Al di-
ing H2O2% and was equal at10vol.% HO. The current rect dissolution tended to decrease. The oxide became more
densities show the similar trend to the removal rates of Al stable and was difficult to dissolve in the slurry. For Ti elec-
and Ti in Figs. 3 and 5Therefore, the current density of trode, as shown ifig. 8 the current densities remained un-
the abraded metal measured by the in situ electrochemicalchanged with increasing pH values, whether under abrasion
measurements can potentially be used to trace the removabr not. This indicated that the corrosion or limiting current

rate of metal CMP. density degradation of Ti was insensitive to pH values. The
removal rate of Ti was mainly limited by the oxidation rate.
3.4. pH effects on Al and Ti removal rates However, the corrosion potentials decreased with increas-

ing pH values, indicating that the passivating capability was
Figs. 7 and 8showed the potentiodynamic scans of the decreased with increasing pH values. This decrease in the
Al and Ti electrodes with the addition of 6vol.%,8, at corrosion potential clearly could not be suggested due to the
pH = 2 and 4, respectively. For Al electrode, the corrosion decrease in oxidation rad@i + 2H;O — TiOz + 2H20).

potentials were approximately at the same level for both the However, it was suggested due to the less protective oxide
abrasion and non-abrasion condition. The current densitiesformed by the dissolution reaction of Ti@TiO2+OH™ —
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Fig. 7. Polarization curves for the Al electrode in the formulated slurries Fig. 8. Polarization curves for the Ti electrode in the formulated slurries
containing 6vol.% HO, at pH= 2 or 4, under non-abraded or abraded containing 6 vol.% HO, at pH= 2 or 4, under non-abraded or abraded
condition. condition.
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Fig. 9. The removal rate of polishing Al alloy and Ti with the slurry formulated with 6 vol.¥®#at various slurry pH values.

HTiO3™) with increasing pH values. Consequently, the ox- mechanical abrasion at 8 psi caused a larger removal rate of
ide of polishing Ti surface became increasingly porous and surface oxide and naturally lead to a largef by degrading
hydrated, thereby producing an overall increase in CMP re- significantly the passivating capability. Therefore, this was
moval rate Fig. 9showed the CMP removal rate at different the reason why the current density at 8 psi was much higher
pH values. Higher pH values gave lower Al removal rate but than that at 4 psi. This fact implied that mechanical abra-
higher Ti removal rate. sion was very helpful in oxide dissolution, thus leading to
an obvious increase in the current density. For Ti electrode,
both the current density and corrosion potential increased
considerably when pressure was 4 psi as showrign 11
However, when the applied pressure increased further to
8 psi, the corrosion potential remained almost unchanged
but the current density increased further. These results in-
gicated that mechanical abrasion enhanced the Ti oxidation
rate. All the passivating layer was nearly removed once it
formed at the lower applied pressure 4 gsg. 11yielded

that the removal rate of Ti was greatly increased once the

3.5. Pressure effects on Al/Ti removal selectivity

The potentiodynamic polarization curves of Al and Ti in
the presence of 6% D, at pH = 4 and different pressure
were plotted inFigs. 10 and 11For Al electrode, as the
pressure increased to 4 psi, the current density increased bu
the corrosion potential had little change. When the pressure
increased to 8psi, a further increase in the current density
and an obvious corrosion potential drop were observed. The
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Fig. 10. Polarization curves for the Al electrode in the formulated slurries Fig. 11. Polarization curves for the Ti electrode in the formulated slurries
containing 6vol.% HO, at pH= 4, under 4 or 8psi abraded condition.  containing 6 vol.% HO, at pH= 4, under 4 or 8 psi abraded condition.
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Fig. 12. The galvanic current between the abraded Al and Ti electrodes in the formulated slurries containing @@l.& pH= 2 and 6 vol.% HO,
at pH= 4.

pressure was applied but only increased slightly when moreidation rate equal to the removal rate of the surface oxide.
pressure was further applied. This represented that the TiWhen this happened, the maximum removal rate of Al CMP

passivating layer was easily removed. From the above re-was obtained. The Ti oxidation rate was lower than the re-
sults, the increase in the applied pressure was not favorablemoval rate of the oxide for all tested,B> concentrations.

to Al/Ti polishing selectivity, because Al removal rate was When the polishing rate of the passivating layer is higher

not be further decreased. However, the difference behaviorsthan its growth rate, the pressure applied to the polished sur-
of Al and Ti under high-applied pressure polishing gave the face showed little increase in the corrosion potential drop for
strong evidence for the competition model between the pas-both the Al and Ti polishing. When the polishing rate of the

sivation and mechanical abrasion mention above. passivating layer is lower than its growth rate, the increasing
pressure applied to the polished surface will further increase
3.6. Galvanic current measurements the corrosion potential drop. With the addition of 6vol.%

of HyO2, the Al/Ti removal selectivity was improved with

The galvanic corrosion theory presents that a potential dif- increasing slurry pH value. In this study, the novel equip-
ference contributes a driving force for corrosja#]. Fig. 12 ment for in situ galvanic measurements was also success-
showed the galvanic current between the abraded Al and Tifully designed for evaluating the Al/Ti galvanic couple. It
electrodeg20]. The abraded Al electrode obtained a posi- was found that Al oxidation was suppressed in the slurry
tive current, which meant that Al oxidation was enhanced Wwith the addition of 6 vol.% HO, at pH = 4, compared to
by the Al/Ti galvanic couple when pH value was 2 and no that at pH= 2 without addition of HO>. In consideration
H,0,. Conversely, the abraded Al electrode obtained a neg- of the Al/Ti removal selectivity, the polishing at pH 4
ative current in the slurry containing 6 vol.%8, at pH= with the addition of 6 vol.% HO, favorably mitigated the
4. This indicated that the Ti oxidation was enhanced. In this Al dishing or corrosive attack.
particular case, the Al oxidation rate was suppressed, which
was therefore fairly helpful to mitigate the Al dishing for
polishing the Al/Ti patterned wafer. Acknowledgements
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