J Mater Sci: Mater Electron
DOI 10.1007/s10854-016-5930-2

=
@ CrossMark

Chemical mechanical planarization of Al alloy in alkaline slurry

at low down pressure

Yongguang Wang' - Yao Chen' + Yongwu Zhao® - Pengfei Min” + Fei Qi' -

Xiubo Liu' - Dong Zhao'

Received: 3 September 2016/ Accepted: 20 October 2016
© Springer Science+Business Media New York 2016

Abstract Effects of hydrogen peroxide and inhibitors
(sodium benzoate, NaNOj, sodium lauryl sulfate) on
material removal at low down pressure for chemical
mechanical planarization of Al alloy were investigated in
alkaline slurry by using atomic force microscope, electro-
chemical polarization tests, Fourier transform infrared
spectroscopy, and X-ray photoelectron spectroscopy. The
material removal rate initially increases with concentration
of H,0O, owing to the increase in corrosion potential and in
thickness of oxidization layer, and then reaches a constant
value. Additionally, surface scratch and orange peel dis-
appear with H>O,. Sodium lauryl sulfate (SLS) reduces the
surface roughness while maintaining a reasonable material
removal rate in comparison with sodium benzoate and
NaNO; due to decrease in passive current density and
increase in thickness of passive layer. A weak passive layer
is generated on Al alloy surface by adhesive of SLS with
H,0,, which is easily removed at low mechanical abrasion.
The chemical composition of the film layer is dominated by
the Al oxide rather than sulfate though the thickness of the
passive layer is increased with SLS concentration.
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1 Introduction

Chemical mechanical planarization (CMP) has been widely
applied as a global planarization technique in the manu-
facturing of ultra-large scale integrated circuits (ULSIC)
[1-3]. Recently, high-k metal gate (HKMG) technique has
been introduced by Intel to meet the increasing demand of
the continuous shrinkage requirements in ULSIC [4, 5]. As
a key integral component of the HKMG, Al CMP has been
adopted by many foundries to fabricate the devices at
28 nm technology node [6-9]. During CMP, a subtle bal-
ance between mechanical abrasion and chemical erosion is
crucial for the ideal Al alloy CMP process [10-12].

Previous studies were carried out to polish Al alloy in
acidic media because of high removal rate and excellent
corrosion protection associated with BTA as a strong inhi-
bitor [9, 13—15]. However, the acidic process is not desirable
due to the possible corrosion of the polishing equipment
caused by the slurry at low pH conditions. Importantly,
because of narrow dimensions and high levels of porosity at
the HKMG structures, low down pressure or stress-free
polishing is demanded to maintain the structural integrity
[9]. As well known, the decrease in the polishing pressure
leads to the reduction of polishing rate. Therefore, it is nec-
essary to compensate the removal rate by the increase in
chemical etching to maintain high removal rate.

According to the Pourbaix diagram of Al [14], alu-
minum alloy is etched in both acidic and alkaline media.
The chemical corrosion of Al in alkaline media is more
aggressive than that in acidic condition. One can infer that
the alkaline polishing process could completely satisfy the
above mentioned requirements and would be a promising
approach to polish the Al alloy at low down pressure with
high removal rate. However, the drawback of this process
is that the enhancement of chemical etching usually leads
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to the increase in surface roughness after Al alloy CMP
[16].

Generally, the oxidize layer and passive layer generated
in the CMP process play an essential role to reduce the
surface damage with a reasonable material removal rate
[14, 17]. H,0, as an oxidizer has been frequently added to
slurries to increase the electrochemical potential of Al and
consequently enhances the polishing rate [18]. Hsu et al. [9]
reported that a slow oxidation rate leads to excessive
scratching on the surface. On the other hand, the passive etch
rate on Al alloy surface should be slow enough without
polishing action to avoid corrosion of metal surface. The
addition of corrosion inhibitors could reduce the surface
roughness effectively, which is ascribed to the formation of a
complex film on the surface to reduce the isotropic etching of
recessed regions on an uneven surface. For instance, HNOg3,
BTA and FA/O agent were used as corrosion inhibitors to
reduce the surface defect in Al CMP process due to their
abilities to form complexes with Al ions [19-22].

Previous research revealed that a strong passive pro-
tection on Al alloy surface during CMP is required for high
mechanical stress, leading to an excessive scratching on the
surface and several damages to the HKMG. Therefore, it
has yet to balance the passive corrosion at low down
pressure, which requires to form a relatively weak passive
film on the Al alloy surface with excellent chemical pro-
tection [23]. In spite of extensive investigations of Al CMP
in acid media, effects of chemical reagents in the alkaline
slurry on the material removal at low down pressure are
still unclear and ambiguous. Therefore, the aim of this
research is to compensate the removal rate at low down
pressure by a weak passive layer in alkaline Al CMP
process. Influences of hydrogen peroxide and inhibitors on
the material removal were investigated and the polishing
mechanism was discussed as well.

2 Experimental procedures
2.1 Materials and solutions

The experiments were carried out on rectangular samples
of 7003 Al alloy panels with the dimension of
2cm x 2cm x 1.5 cm and the chemical composition
(wt%) was: Si (0.3), Mn (0.3), Mg (0.5-1), Fe (0.35), Cu
(0.2), Zn (5-6.5), Ti (0.2), Cr (0.2) and the rest Al. The
samples were carefully degreased with absolute ethanol,
dipped in dilute HNO;3 to remove any naturally oxidized
species from the Al alloy surface, rinsed with de-ionized
(DI) water, and finally dried with compressed air.

The basic polishing slurry contained DI water, dispers-
ing agent K100 (0.2 wt%) and nano-alumina particles
(purchased from Hangzhou Wanjing New Material Co. Itd.,
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China) with a diameter of 3.5 um at concentration of
5 wt%. The designated amounts of the oxidizer (H,0,) and
inhibitors were added to the above basic polishing slurry.
The pH of the slurry was adjusted with citric acid and
tris(2-hydroxyethyl)amine. Sodium benzoate (SB), sodium
lauryl sulfate (SLS) and NaNOj; were used as the inhibi-
tors, which were separately added to the basic polishing
slurry in requisite amounts to achieve the desired solutions.
The candidates were chosen based on the hypothesis that
insoluble complexes layer could be formed on aluminium
alloy surface by the effective inhibitors. The usage of all
reagents was of analytical grade.

2.2 Polishing experiments

The Al alloy panels were polished for 3 min on a UNIPOL-
1200S precision polisher (Shenyang Kejing Co. Itd,,
China) with a soft pad at down pressure of 0.6 psi,
80/80 rpm carrier/platen speed, and a slurry flow rate of
120 ml min~". Before polishing, the slurry was stirred to
maintain suspension, which was continued during polish-
ing process. The wafer weight was measured before and
after polishing to calculate the weight loss and material
removal rate using a precision balance (0.01 %). And each
test was repeated three times to verify the reproducibility of
the experimental data.

2.3 Anodic and cathodic polarization tests

Anodic and cathodic polarization tests were performed on
7003 Al panels with and without the inhibitor treatments.
A CHI660E electrochemical work station with a three
electrode cell was used. A commercial Ag—AgCl electrode
and a platinum mesh were used as the reference and
counter electrodes, respectively. An aluminum alloy
encased in epoxy resin was used as the working electrode.
Prior to the measurement, the aluminum alloy electrode
was firstly immersed into 0.04 wt% HNO; for 1 min to
remove the native passive films, rinsed with DI water and
dried with compressed air. The exposed area was 2 cm”.
The inhibitor-treated panels were pre-immersed in the
solutions for a certain period before data acquisition, i.e.
1 h, in order to achieve a steady state. The bare panels were
tested immediately after exposure to the solution. On the
average, three replicated samples were tested for each
condition.

2.4 Surface morphology and chemical composition

Surface morphology after polishing was characterized by
atomic force microscope (AFM, CSPM5000, Benyuan Co.,

Ltd., China) with SiN tip of a radius of 180 nm during

in situ tapping model in a scanning area of 20 x 20 pm.
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Fourier transform infrared (FT-IR) spectroscopy was
used for structural analysis of passive film on 7003 Al
alloy. The FT-IR measurements were conducted on a
Nicoletis10 spectrophotometer in the mid-IR range from
4000 to 500 cm™'. All the spectra were obtained at an
incident angle of 75° normal to the surface of the speci-
mens, with a spectral resolution of 0.5 cm™! and the
number of scans was 100.

The surface layer composition of specimens after pol-
ishing was characterized by X-ray photoelectron spec-
troscopy (XPS). XPS analyses were conducted with an
ESCALAB 250Xi instrument, with excitation by an Al Ko
radiation source (1486.6 eV) at 15 kV anode
with 17 mA emission current. The binding energies were
calibrated against the binding energy of C (1s).

3 Results and discussion

3.1 Effect of hydrogen peroxide on the polishing
of Al alloy

Figure 1 shows that the material removal rate initially
increases with the concentration of H,O,, and then reaches
a constant value. The slurry used in the experiment
includes the basic polishing slurry as stated in Sect. 2.1 and
H,0,. This observation is consistent with the previously
published results [18]. At low oxidizer concentration, the
corrosion rate is facilitated by the addition of more oxidizer
in the slurry, leading to the increase in material removal
rate. However, the unreacted surface is effectively all
occupied and the further increase in oxidizer content could
not find any more surface molecules to react at high oxi-
dizer concentration [12].

Fig. 1 Material removal rate as a function of H,O, concentration

Figure 2 indicates the optical surface profiler images of
the specimen after polishing with and without H,O,. The
polishing solution is consist of the basic polishing slurry as
stated in Sect. 2.1 without inhibitors. Surface damages are
clearly visible in Fig. 2a without H,O,, such as orange peel
and scratch, which could disappear with the addition of
H,0,, as illustrated in Fig. 2b. However, the pitting cor-
rosion as shown in Fig. 2c is observed in the presence of
H,0,. This result strongly implies that it might be a
promising approach to reduce the pitting corrosion in the
polishing process by the adding of inhibitor.

3.2 Selection of the inhibitors

Previous studies revealed that inorganic salts combining
with aluminium ions and organic compounds including
heteroatoms (N, O, and S) are applied to retard the corro-
sion process of aluminium alloy in alkaline solution
[24, 25]. As listed in Table 1, several inhibitor-candidates
were added into the basic polishing slurry as stated in
Sect. 2.1 to consider the inhibition effect and polishing
results based on the hypothesis that insoluble complexes
layer could be formed on aluminium alloy surface by the
effective inhibitors in the presence of H,O,. It can be seen
that surface staining occurs on the polishing specimen,
though the addition of sodium tripolyphosphate prevents
the corrosion of Al alloy. Therefore, sodium benzoate (SB),
sodium lauryl sulfate (SLS) and NaNOj; are selected as the
inhibitors in the present polishing experiments.

3.3 Effect of inhibitors on the polishing of Al alloy

The comparison of the inhibition effects among SLS, SB
and NaNOj; on the material removal rate at pH 11 is shown
in Fig. 3. Three types of solutions were used in the present
experiment with the addition of the above mentioned
inhibitors into the basic polishing slurry with 1 % H,O,. It
is observed that with the increase in concentration of the
inhibitors of SB and NaNOs, the material removal rates are
reduced due to the suppressive corrosion. It is evident from
Fig. 3 that the remarkable decrease in material removal
rate is followed by a slow approach to an asymptotic
constant with the further increase in SLS concentration.
Additionally, the sharpest decrease in the material removal
rate occurs for the NaNOj compared with SLS and SB at
the same concentration, implying the weaker inhibition
ability of SLS and SB. The above results indicate that, with
SLS as the inhibitor, higher material removal rate could
easily achieve at the low down pressure of 0.6 psi. As well
known, the combined interaction of passivation and
mechanical abrasion is believed to be responsible for the
material removal in the CMP process [11, 26]. When the
rate of film formation owing to H,O, and inhibitors is
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Fig. 2 Optical surface profiler
images of Al alloy surface after
polishing without (a) and with
H,0; (b) and ¢ 3D image of (b)

Table 1 Effect of inhibitors on

the inhibition effect and Inhibitors

Inhibition effect Polishing surface results

polishing surface Imidazole

Sodium benzoate (SB)

Sodium tripolyphosphate
Thiourea

Sodium gluconic

Sodium citrate

Sodium dodecyl benzene sulfate
Sodium lauryl sulfate (SLS)
NaNO;

Sodium silicate

Tris(2-hydroxyethyl)amine

Corrosion -
Bright
Surface staining

Non-corrosion
Non-corrosion
Corrosion -
Corrosion -
Corrosion -
Corrosion -
Bright
Bright

Corrosion -

Non-corrosion

Non-corrosion

Corrosion -

balanced by the rate of layer removed by the mechanical
abrasion, the material removal rate is therefore maximized.
This suggests that a weaker passive film is required in the
case of the low down pressure polishing to obtain a higher
material removal rate. For instance, at concentration of
1 %, the film formed by the NaNOj is stronger than that of
SLS and SB, which might not be balanced by the
mechanical abrasion at the low down pressure of 0.6 psi,
leading to lower material removal rate. Interestingly, when
SB % and NaNOj % are higher than ~2 %, the removal
rate of the passive layer would be slower than its growth
rate as shown in Fig. 3. The Al alloy CMP removal rate is
dominated by the mechanical abrasion. However, when the
SLS % is higher than ~2 %, the polishing rate is not
further reduced as compared with SB and NaNOj (Fig. 3),

@ Springer

implying a weaker passive layer is generated on the Al
alloy surface, which subsequently leads to easy removal
due to the lower mechanical abrasion.

Figure 4 shows the results of AFM surface morpholo-
gies polished by using various inhibitors as additives to the
H,0, -based slurries at the concentration of 1 %. It can be
seen that the addition of the three inhibitors leads to sig-
nificant improvement of the surface roughness compared
with Ra ~500 nm for the virgin specimens without the
inhibitors. Corrosion pits or scratches on the surface are
hardly visible and smoother surface is obtained. Compared
with SLS, SB and NaNOs, SLS shows best performance in
CMP process, and Ra is reduced to ~35.2 nm with the
highest removal rate of 1722 nm min~', as shown in
Table 2. Since the passive protection of SB and NaNO; for
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Fig. 3 Material removal rate vs. concentration of inhibitors

Al alloy surface is so strong, high mechanical stress is
required to remove the passive layer in CMP process.
However, the pressure at 0.6 psi is so low in the present
experiment, which could not globally remove the entire
passive layer generated by SB and NaNOj; leading to the
increase in the surface roughness. In addition, as pointed in
the grey circle in Fig. 3, the less usage of the NaNO; and
SB than SLS achieves the equivalent inhibition effect.
Indeed, strong interaction of the inhibitor with the alloy
ions in slurry could consume an amount of the inhibitor in

Table 2 Polishing results with different inhibitors

Inhibitors Content (wt%) Surface roughness (Ra) (nm) Sq (nm)
SLS 1 35.2 44.5
NaNO; 1 45 57.9

SB 1 39.7 53

the CMP process, leading to the decrease in the inhibitor
that is applied to protect the recessed surface [23]. The
impact of such consumption caused by the Al ions on a
weaker inhibitor with higher concentration such as 1 %
SLS is much smaller than that on a stronger one with much
lower concentration (0.47 % NaNOjz or 0.62 % SB).
Therefore, it is concluded that SLS could achieve more
stable inhibition performance than NaNOjz and SB, thus
achieves improved surface quality, which is confirmed by
the surface roughness analysis.

3.4 Effect of the oxidization layer

Figure 5 shows the effect of H,O, concentration on Al
alloy corrosion potential and current density. There were
no abrasive particles in this test solution. Obviously, Al
corrosion potential increases with the concentration of
H,0, owing to the formation of the oxidization layer on the

Fig. 4 The surface morphology of Al alloy after polishing with different inhibitors. a SLS, b NaNOs3, and ¢ SB
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surface of Al alloy, which hinders the anodic reaction.
However, as a concentration H,O, exceeds 1 %, the further
increase in H,O, would not sharply reduce the value of
I.on, inferring that additional H,O, concentration has no
significantly effect on the material removal rate in polish-
ing process as shown in Fig. 1.

As described above, the formation of oxidization layer
plays a significant role during CMP. XPS analysis was thus
conducted to characterize the layer composition post CMP.
The surface layer composition of specimens after polishing
was characterized by XPS. The polishing experiment was
carried out in the basic polishing slurry with SLS (1 %) and
H,0,. Figures 6 and 7 show the spectrum of Al and S after
CMP with different H,O, concentrations at 1 % SLS in the
polishing slurry. Binding energies of 71.89 and 74.08 eV
for Al (2p) are assigned to the presentence of both metallic
and oxidized forms of aluminum on the specimen surface,
which are agreement with that reported by Kuo et al. [15].
The peak area ratio of AI>" to Al° intensity was used to
evaluate the film thickness of the residual passive layer,
which technique has been proposed by Rosenbug et al.
[18, 27, 28]. As shown in Fig. 8, the increase in H,O,
concentration leads to the increase in value of A13+/A10,
suggesting that the thickness of the passive layer is thick-
ened by the increase in H,O, concentration. Figure 7
shows the spectrum for S(2p). The binding energy
168.9 eV represents the existence of SO,*~, and binding
energy 170.2 eV is considered to be the presence of AISOy
due to the adhesive of SLS on the specimen surface
[29, 30]. In order to explore the surface film thickness as a
function of H,O, content, the ratio of the peak areas of
AISO, to AI*" after polishing in variable H,O, concen-
trations are also compared in Fig. 8. A decrease in the
value of AISOX/AI3+ with the increasing of H,O, content
implies the oxidization layer comprising of an increasing
amount of oxidizer rather than sulfate.

Fig. 5 I, and E_ as a function of the H,O, concentration
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Fig. 6 XPS for Al (2p) spectrum after CMP of Al alloy in 1 % SLS
slurry. (a) 0.5 % H,0,, (b) 1.0 % H,0,, and (c¢) 3.0 % H,0,

Fig. 7 XPS for S (2p) spectrum after CMP of Al alloy in 1 % SLS
slurry. a 0.5 % H,0,, b 1.0 % H,0,, and ¢ 3.0 % H,0,

3.5 Effect of the passive layer

The values of I, and E. of Al alloy in SLS slurry are
plotted as a function of content of SLS in Fig. 9. The
sample was treated in this solution without abrasive parti-
cles. E. decreases rapidly at low SLS concentration and
approaches a constant at high SLS concentration, and the
cathodic reaction is markedly inhibited by SLS. Addi-
tionally, an initial decrease in I.y, is followed by a slow
approach to an asymptotic constant with the further
increase in SLS concentration, which indicates that the
generated film on the Al alloy surface behaves as a passive
barrier.

The transmission infrared spectra of SLS-treated Al
alloy is shown in Fig. 10. The strongest band near
1470 cm ™" is assigned to stretching of the —CH, stretching
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Fig. 8 Influence of H,O, concentration on the changes of XPS peak
area ratios of AI*™ to Al1° and AI(SOy) to AI** of Al alloy in 1.0 %
SLS polishing slurry

Fig. 9 I, and E ., as a function of the SLS concentration

model [31]. A medium board peak centered at about
670 cm™' represents the O-H wag model. A small
adsorption band appears at 2898 cm ™' due to the methyl
rocking model. The band of valence vibrations of primary
OH group appears near at 3641 cm™'[32]. The above
mentioned characteristic absorption bands in Fig. 10 are a
proof of the adhesive of SLS on the Al alloy surface, which
leads to the formation of SLS-complex as a passive layer to
hinder the chemical reaction. Additionally, an absorption
peak owing to the Al oxide appears at 945 cm™", which is
considered to be similar to Al,O5 on the surface [33]. This
results implies that the SLS is not entirely cover the Al
alloy surface.

Figure 11 shows the dependence of the S(2p) spectrum
for the Al surface on the SLS concentration after CMP. The
polishing experiment was carried out in the basic polishing
slurry with H,O, (1 %) and SLS. The left peak is due to the
S04%~, whereas the right peak is owing to the adhesive of
SLS on Al alloy surface.

1 1 1 1 1 1 1 1
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Fig. 10 FT-IR spectra of SLS treatments on Al alloy substrates

Fig. 11 XPS for S (2p) spectrum after CMP of Al alloy in 1 % H,0,
slurry. a 0.1 % SLS, b 1.0 % SLS, and ¢ 3.0 % SLS

The intensity ratio of AISO, to AI’" is evaluated to
calculate the film thickness of the sulfate in 1 % H,O,
slurry, as given in Fig. 12. It is observed that the value of
AISO,/AI’™ initially increases with the SLS concentration,
then decreases with it. The sulfate film is thin as the con-
centration of SLS is low (0.1 %), and could not well pro-
tect the Al alloy surface. The further increase in the SLS
leads to the decrease in value of AISO,/AI*" when the
concentration of SLS exceeds 1 %, which indicates that the
SLS would not form strong inhibition film on the Al alloy
surface with H,O,. This is benefit to the polishing of Al
alloy at low down pressure. It is should be pointed out that
the chemical composition of the passive layer generated at
1 % SLS is dominated by the Al oxide rather than sulfate
though the thickness of sulfate is increased, as confirmed
from O 1s peak analysis in Fig. 13. The surface of the
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Fig. 12 Influence of H,O, concentration on the changes of XPS peak
area ratios of AISO, to A" of Al alloy in 1.0 % H,O, polishing
slurry

Fig. 13 XPS for O (1s) spectrum after CMP of Al alloy in polishing
slurry with 1 % H,0, and 1 % SLS

passive layer contains the hydroxyl groups with an O
1s binding energy of 531.8 eV and a certain of oxygen with
an O ls binding energy of 530.5 eV [34].

4 Conclusions

This paper studied influences of hydrogen peroxide and
inhibitors on material removal in alkaline slurry for Al
alloy CMP at low down pressure by using AFM, electro-
chemical polarization tests, FT-IR and XPS. It is found that
the material removal rate initially increases with concen-
tration of H,O,, and then levels off. Surface scratch and
orange peel disappear with H,O,. SLS reduces the surface
roughness while maintaining a reasonable material removal
rate in comparison with sodium benzoate and NaNOj,
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which indicates that a weak passive layer is generated on
the Al alloy surface being easily removed at low
mechanical abrasion. The electrochemical behavior of Al
alloy in the alkaline slurry is markedly modified by
hydrogen peroxide and SLS to enhance the corrosion
potential and to reduce the passive current density,
respectively. XPS examinations suggest that the thick-
nesses of oxidization layer and passive layer are enhanced
with concentrations of hydrogen peroxide and SLS. How-
ever, the chemical composition of the film layer is domi-
nated by the Al oxide rather than sulfate.
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