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Characterization of 5-Aminotetrazole as a Corrosion Inhibitor
in Copper Chemical Mechanical Polishing
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In the Cu metallization process, it is important to prevent corrosion and recession of metal lines resulting from chemical reactions
during the chemical mechanical polishing �CMP� process. In this paper, 5-aminotetrazole �ATRA� is investigated as a corrosion
inhibitor for Cu CMP. In the wet etch test, it was found that the etch rate of ATRA decreased with concentration. The potentio-
dynamic polarization test and chronoamperometry test results revealed that ATRA could inhibit the Cu surface against corrosion
more effectively than benzotriazole �BTA� below 0.01 M. Fourier transform infrared and ultraviolet-visible analysis clearly
demonstrated that ATRA dissociated more easily in all pH ranges and could be polymerized faster and more effectively than BTA.
Therefore, both corrosion and recession could be considerably reduced after CMP by using slurry containing ATRA. Furthermore,
from the results of defect review after CMP, it was found that defects such as slurry residue, pit corrosion, and particles were
effectively prevented due to small molecular size and high solubility of ATRA.
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Recently, in metallization processes, Cu has replaced other ma-
terials such as W and Al due to its low electrical resistance and high
resistance to electromigration.1-3 In patterning Cu, CuCl2, which is a
nonvolatile by-product of the dry etchback process, inhibits further
Cu etching. Therefore, Cu metallization has been altered from the
dry etchback process into the damascene technique, in which chemi-
cal mechanical polishing �CMP� is used to remove the protruding
material and planarize the wafer surface.

To achieve successful Cu metallization, it is important to mini-
mize metal loss during the CMP process, because the remaining
metal line height is directly related to the operation speed of the
device. In general, it is known that Cu dishing, corrosion, and oxide
erosion become the main reasons for metal line loss, and these fac-
tors depend on pattern density and geometry.4 They are strongly
affected by the chemistry of the slurry.5 Luo and Babu investigated
the effect of concentration of the oxidizing agent and corrosion in-
hibitor, benzotriazole �BTA�, on Cu dishing.

The corrosion inhibitor, which protects the recessed Cu layer
from the chemical reaction, is a critical Cu slurry additive. At
present, BTA is widely used to inhibit Cu corrosion and its proper-
ties and performance have been thoroughly investigated.6-17 BTA
reacts with Cu ions and produces an insoluble complex material,
�Cu+BTA−�n, which adsorbs on the surface, resulting in the inhibi-
tion of Cu corrosion by oxidizer.18-27 Other organic inhibitors which
are tetrazole compounds with similar structure and functional group
have been minimally studied. Among the tetrazole compounds,
5-aminotetrazole �ATRA� as an inhibiting agent is investigated in
this study. ATRA has an amine �NH3

−� functional group, which is
substituted with a hydrogen and three unpaired electrons. Because
the ATRA has a cyclic molecular structure and more unpaired elec-
trons, it can react with Cu ion more easily than BTA.

In this study, the inhibition effects of BTA and ATRA in the
presence of H2O2 as an oxidizing agent and citric acid as a chelating
agent in solution were investigated. The investigation was carried
out using static etch rate and mechanical removal rate measure-
ments, electrochemical studies, and surface chemistry analysis. Me-
chanical removal rate was obtained using a conventional polisher.
The electrochemical studies were performed using a potentiostat/
galvanostat tool. Fourier transform infrared �FTIR� and ultraviolet-
visible �UV-vis� spectroscopy were used for the surface chemistry
analysis.

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

z E-mail: jjkimm@snu.ac.kr
Downloaded 30 Apr 2010 to 147.46.246.152. Redistribution subject to E
Experimental

Electrochemical measurements.— For the electrochemical ex-
periments, a 99.9% Cu rod with a surface area of 0.5 cm2 was used.
A Pt electrode and a saturated calomel electrode �SCE� were as-
signed as a counter and a reference electrode, respectively. Potentio-
dynamic studies were performed with a EG&G model 263
potentiostat/galvanostat corrosion measurement system. The poten-
tiodynamic polarization measurements were obtained with a scan
rate of 20 mV/s and the potential ranged from −2 to 2 V.

A chronoamperometry test was applied to determine the inhibi-
tion efficiency of corrosion inhibitors. The experimental sequences
were as follows.

A 1.5 � 1.5 cm Cu wafer connected with a wire was placed into
the solution and then potential �0.3 V� was applied for 40 s to oxi-
dize the Cu surface. An additional solution containing BTA or ATRA
was added and the corrosion current density variation was measured.

Static dissolution study and analyses.— 1.5 � 1.5 cm Cu wa-
fers with a structure of Cu �15,000 Å, electroplating �EP�� / Ta �250
Å, physical vapor deposition �PVD�� / TaN �100 Å, PVD� / poly Si
were used to evaluate Cu etch rate in this study. Cu etch rate was
calculated by measuring sheet resistance before and after the etch
test. Wafers were dipped into solution for 30 min and then rapidly
rinsed with deionized water and then measured.

To analyze an adsorption efficiency of corrosion inhibitor with
Cu0 or Cu2+, FTIR and UV-vis spectrometry analyses were carried
out, respectively.

Polishing test.— Single damascene patterned wafers with vari-
ous line and space widths were prepared for the evaluation of dish-
ing, pit corrosion, and defects in wide metal lines after CMP. Pol-
ishing tests were conducted using a polisher named Momentum,
manufactured by Novellus Co. with 2.5 psi of down pressure, 600
rpm of table speed, 23 rpm of head speed, and 12 rpm/180° of arm
speed. Polished wafers were cleaned with PC300C solution for 30 s.
Line dishing and recess were evaluated using a P22 profilometer
from KLA-Tencor Co., Ltd., and a field emission scanning electron
microscopy �FESEM� tool. Corrosion and defectivity were mea-
sured using a KLA-6420 from KLA-Tencor Co., Ltd.

Preparing slurry.— To mix slurry for the polishing test, a
colloidal-type alumina ��-Al2O3� based dispersion with 50-nm
grain size and 30 wt % solids was used. The slurry was manufac-
tured with several additives, including 2 wt % hydrogen peroxide,
0.02 M citric acid and pH controller, 0.1 M H2SO4, and 10 wt %
KOH solution. The pH of the slurry was adjusted to 3 with pH
controller.
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Results and Discussion

Electrochemical analysis results.— Figure 1 shows the potentio-
dynamic polarization curves of etched Cu in solution containing
BTA or ATRA. BTA showed negligible change in the potentiody-
namic polarization curve of Cu. However, in the case of ATRA, the
corrosion current density markedly decreased from −3.15 to
−4.76A/cm2. A possible explanation is that complex compounds of
ATRA and Cu ions are effectively inhibiting the oxidation reaction
between Cu and hydrogen peroxide by being adsorbed on the Cu
surface. Therefore, it is expected that Cu etch rate would decrease
more when ATRA was added to the slurry.

Figure 2 represents the result of the linear polarization curves for
Cu in solution of BTA or ATRA. From the results, it was measured
that the slope of no additive, BTA, and ATRA is 75.19, 86.3, and
1609.3, respectively. Because the slope represents the corrosion re-
sistance, the increase in the slope shows that corrosion becomes
more inhibited.

Figure 1. Potentiodynamic polarization curve of the pure Cu rod with a scan
rate of 20 mV/s in solution basically containing 2 wt % of hydrogen perox-
ide and 0.02 M of citric acid: �a� no additive, �b� 0.01 M BTA, and �c� 0.01
M ATRA.

Figure 2. Linear polarization resistance of copper under static condition
according to each corrosion inhibitor: �a� no additive, �b� 0.01 M BTA, and
�c� 0.01 M ATRA.
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From the above results of Fig. 1 and 2, it can be concluded that
ATRA passivates the Cu surface more effectively than BTA at the
given concentration.

Generally, the Cu corrosion or dissolution progresses by con-
secutive reactions, as expressed in Eq. 1 and 2. The mechanism of
Cu corrosion inhibition can be summarized like this. An activated
layer is formed on the Cu surface after Cu loses an electron and
becomes a cation �Eq. 1�, and then the inhibitor, an anion, and un-
paired electrons bond with the activated layer. Finally, a polymer-
ized layer is formed on the Cu surface �Eq. 3�, as suggested in Fig.
3, and thereafter the polymerized layer suppresses the oxidation re-
action

Cu → Cu+ + e �1�

Cu+ + CHELATOR → Cu-CHELATOR �2�

Cu2+ + INHIBITOR− → �Cu-INHIBITOR�n �3�
Figure 4 shows the changes to anodic current flowing on the Cu
surface and varying with the corrosion inhibitor concentration. Ex-
periments were performed using a solution containing all of the
additives except an abrasive. Before the inhibitor was added to the
solution, about −600 to −700 �A/cm2 of anodic current flowed on
the Cu surface. The anodic current decreased immediately after the
corrosion inhibitor was added to the solution. It was found that as
the amount of inhibitor increased, anodic current decreased more
and more. These results indicate that as more corrosion inhibitor was
added to the solution, more layers were formed on the Cu surface.

The changes to the anodic current on the Cu surface vs the ad-
dition of BTA and ATRA are summarized in Table I. From Table I,
it is clear that there were no significant differences in current den-
sities between the two inhibitors when the concentration of inhibitor
was over 0.01 M. Current density decreased more with ATRA than
with BTA for concentrations less than 0.01 M, which demonstrates
that ATRA performs better than BTA at lower concentration, prob-
ably due to differences in molecular structure and dissociation ten-
dency. Because BTA has fewer unpaired electrons than ATRA and
an inactive functional group, a benzene ring, it seems that BTA
interaction with Cu ions is more likely to be interrupted than that of
ATRA.

The FTIR analysis of BTA, ATRA, and their Cu complexes were
carried out between 500 and 4000 cm−1. The IR spectra of BTA as a
function of pH are shown in Fig. 5a. In the case of pH 2, the
presence of BTA over the oxide surface was well evidenced by the
aromatic C–H stretch lying just above 3000 cm−1. However, the
adsorption peaks of BTA above pH 6 were not observed entirely,
because the dissociation of hydrogen did not occur well and there-
fore, BTA could not make a reaction with Cu beyond pH 6. Mean-
while, in the case of ATRA shown in Fig. 5b, the evidence of ad-
sorption of ATRA-Cu complexes on Cu surface, Cu–O vibration
peak, was found at 1120 cm−1 and the presence of NH2 stretch peak
was at 2360 cm−1 in pH 2 and 6. The C–H stretch peak, which could
be the evidence of existence of ATRA on copper oxide surface, was
observed at over 3000 cm−1 in all pH conditions.

From the FTIR analysis results, it can be inferred that the adsorp-
tion ability was related with the dissociation tendency of each cor-
rosion inhibitor. A comparison result of dissociation tendency be-

Figure 3. Suggested scheme of polymeric polymerization between
5-aminotetrazole and Cu2+.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



C829Journal of The Electrochemical Society, 152 �12� C827-C831 �2005� C829
tween BTA and ATRA as a function of pH is summarized in Table II,
where there were negligible changes after addition of corrosion in-
hibitors at pH 2, but the pH changes with ATRA were remarkable at
pH 6 and 10 compared to BTA. Consequently, the dissociation ten-
dency of ATRA is revealed to be higher than that of BTA over pH 6.
This result suggests that the polymerization reaction of ATRA with a
copper ion can be performed more effectively than that of BTA at
the same concentration.

The passivation effectiveness of ATRA on Cu surface was evalu-
ated by UV spectroscopy. As shown in Fig. 6, the maximum absorp-
tion wavelength was shifted to a lower energy level �redshift� with

Table I. Changes of anodic current densities according to inhibi-
tor and its concentration.

Concentration
�M�

BTA ATRA

Anodic
current
density

��A/cm2�
Changes

��A/cm2�

Anodic
current
density

��A/cm2�
Changes

��A/cm2�

0 −727 0 −710 0
0.001 −580 147 −508 202
0.005 −453 274 −309 401
0.01 −247 480 −248 462
0.02 −171 556 −176 534

Figure 4. Behaviors of anodic current density according to the concentration
of BTA and ATRA, which was added in deionized water: �a� BTA and �b�
ATRA.
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increased concentration of BTA. This result demonstrates that a part
of the added BTA did not make the polymerization reaction with Cu
ion, that is, a part of the added BTA was not dissociated with BTA
ion and proton at given pH condition, pH 6. However in the case of
ATRA, this phenomenon was not observed. Therefore, it was clearly
observed that the dissociation tendency of BTA was lower than that
of ATRA, which coincided with the results of the pH change shown
in Table II.

Static dissolution rate study.— The results of static dissolution
rate of Cu according to the amounts of corrosion inhibitor are shown
in Fig. 7. Generally, etch rate decreases with increasing corrosion
inhibitor concentration. ATRA showed a steady decrease in etch rate

Table II. Changes of pH of the solution by adding corrosion
inhibitors.

Before addition After addition

BTA 2.01 2.03
6.64 5.92

10.58 7.01

ATRA 2.02 2.04
6.57 4.24

10.34 4.56

Figure 5. FTIR analysis results on Cu surface according to the solution pH
after treatment of corrosion inhibitor: �a� BTA and �b� ATRA.
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with concentration. The addition of BTA, however, resulted in un-
expected behavior. An abnormal increase in etch rate was observed

Figure 6. UV-vis spectroscopy analysis results of corrosion inhibitor dis-
solved in 0.025 M Cu2+ ion containing solution from 200 to 1100 nm scan
range at pH 6: �a� BTA and �b� ATRA.

Figure 7. Static etch rate of pure Cu film with increasing concentration of
corrosion inhibitor.
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with 0.001 M and 0.005 M BTA, but the etch rate decreased dra-
matically to nearly zero at the 0.01 M concentration and seemed to
level off as BTA concentrations increased above 0.01 M. From these
results, it is assumed that the reaction of BTA with a copper ion is
carried out not only by a polymerization reaction with ionic bond-
ing, but also by some other reaction, chelation, and dissolution re-
action at 0.001 M and 0.005 M BTA concentration. The studies of
BTA as a leveler in Cu electroplating have shown that BTA, which
supplies an electron to the cupric ion and transforms the cupric ion
to a cuprous ion, accelerates the copper deposition rate at low BTA
concentrations.28-30 This phenomenon indicates that oxidation–
reduction reaction of BTA with a copper ion predominates over the
polymerization reaction at low concentrations. Therefore, for the
case of using BTA in slurry, it is expected that an instantaneous
increase in etch rate of Cu will occur with a dilution of BTA con-
centration during the post-CMP cleaning process.

Chemical mechanical polishing test.— A test module set was
manufactured to evaluate the dishing according to the corrosion in-
hibitors. The test modules are shown in Table III. Each module
consisted of a metal line with 100% metal density. The width was
varied by 10, 30, 50, 70, 100, 200, and 400 �m.

Figure 8 shows the dishing results, which were measured by a
step height profilometer. The depth of dishing increased rapidly at
the early stage and was gradually reduced with increasing linewidth.
Although the dishing trends of both inhibitors were similar, the dif-
ferences in dishing were remarkable over 30-�m linewidth and the
difference increased with the increase in linewidth, which indicated
that the adhesion capability of ATRA on the Cu surface was stronger
than that of BTA. In general, total dishing amount is the sum of the
local erosion caused by the pad �i.e., bending phenomenon� and the
local recess by the chemical reaction. Therefore, ATRA can inhibit
the chemical reaction of the oxidizer and reduce the dishing amount
more effectively than BTA during the CMP process.

The representative FESEM images of Fig. 9 were taken after a
1000Å SiN layer was deposited for accurate line recess measure-
ment following CMP. While avg 912-Å line recession was measured
in BTA, the recession in ATRA was reduced to avg 451Å for line-

Table III. Structures and specifications of metal patterns.

Figure 8. Dishing results measured by step height profilometer �P22� at wide
metal line having various widths.
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widths as small as 1 �m. Because a 1-�m linewidth is a region
where a pad barely touches during the CMP process, it is inferred
that the chemical reaction is mainly responsible for the line recess.
Consequently, from the viewpoint of the prevention of chemical
reaction, ATRA is more effective than BTA.

Defect review.— Figure 10 shows the surface images of metal
lines after CMP. As shown in Fig. 10a, considerable pit corrosion on
metal lines after CMP was observed in utilizing BTA inhibitor case
only. The pit corrosions were due to the sudden increase of etch rate
in diluted BTA concentration by deionized water during the rinsing
or cleaning step after polishing. However, as shown in Fig. 10b of
using ATRA, pit corrosion was hardly observed, and it was almost
same with the result of no additive case.

Conclusions

In this work, the properties and characteristics of BTA and ATRA

Figure 9. FESEM images of a metal line which has a 1.2 �m linewidth and
0.65 �m height after CMP A 1000-Å SiN was deposited for accurate mea-
surement of line recess: �a� BTA and �b� ATRA.
were evaluated and investigated using various experimental meth-
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ods. In static etch rate tests, BTA showed unstable and fluctuating
results below 0.01 M concentration. From the results of UV-vis
spectrometry and FTIR analysis, it was found that ATRA could in-
hibit metal line corrosion through making a more stable ionic bond
with the Cu surface and Cu ion than BTA. Therefore, ATRA showed
a more stable static Cu etch rate with concentration. From the view-
point of the reproducibility of the etch rate, it could be concluded
that ATRA was more effective than BTA. Moreover, the effective-
ness of ATRA was revealed in the polishing test of patterned wafers.
ATRA could form complexes more easily and quickly with a Cu ion
than BTA could. The complex compounds of ATRA could be more
easily cleaned than those of BTA after polishing due to the simple
structure and relatively abundant unpaired electrons of ATRA.

Acknowledgments

This work was supported by the KOSEF through the Research
Center for Energy Conversion and Storage �RCECS�, Hanhwa
Chemical, Limited, and by the Institute of Chemical Processes �ICP�
in Seoul National University.

Seoul National University assisted in meeting the publication costs of this
article.

References
1. S. P. Murarka, R. J. Gutmann, A. E. Kaloyeros, and W. A. Lanford, Thin Solid

Films, 236, 257 �1993�.
2. T. J. Licata, E. G. Colgan, J. M. E. Harper, and S. E. Luce, IBM J. Res. Dev., 39,

419 �1995�.
3. A. Sethuraman, J.-F. Wang, and L. M. Cook, J. Electron. Mater., 25, 1617 �1996�.
4. J. M. Steigerwald, S. P. Murarka, R. J. Gutmamn, and D. J. Duquette, J. Electro-

chem. Soc., 141, 3512 �1994�.
5. Q. Luo and S. V. Babu, J. Electrochem. Soc., 147, 4639 �2000�.
6. R. Walker, Corrosion (Houston), 29, 290 �1973�.
7. S. Ferina, M. Loncar, and M. Metikos-Hukovic, in Proceedings of the 8th Sympo-

sium on Corrosion Inhibitors, Ferrara, Italy, p. 1065 �1995�.
8. F. Chaouket, A. Srhiri, A. Benbachir, and A. Frignani, in Proceedings of the 8th

Symposium on Corrosion Inhibitors, Ferrara, Italy, p. 1031 �1995�.
9. C. Fiaud, in Proceedings of the 8th Symposium on Corrosion Inhibitors, Ferrara,

Italy, p. 929 �1995�.
10. Q. Luo, S. Ramarajan, and S. V. Babu, Thin Solid Films, 335, 160 �1998�.
11. T. Notoya and G. Poling, Corrosion (Houston), 32, 216 �1976�.
12. M. Ito and M. Takahashi, Surf. Sci., 158, 609 �1985�.
13. S. L. Cohen, V. A. Brusic, F. B. Kaufman, G. S. Frankel, S. Motakef, and B. Rush,

J. Vac. Sci. Technol. A, 8, 2417 �1990�.
14. V. Brusic, M. A. Frisch, B. N. Eldridge, F. P. Novak, F. B. Kaufman, B. F. Ruch,

and G. S. Frankel, J. Electrochem. Soc., 138, 2253 �1991�.
15. R. Thomas, V. Brusic, and M. Rush, J. Electrochem. Soc., 139, 678 �1992�.
16. L. Tommesani, G. Brunoro, A. Frignani, C. Monticelli, and M. Dal Colle, Corros.

Sci., 39, 1221 �1997�.
17. J. Walsh, H. Dhariwal, A. Gutierrez, P. Finneti, C. Muryn, N. Brookes, R. Oldman,

and G. Thomton, Surf. Sci., 415, 423 �1998�.
18. J. Rubim, I. G. R. Gutz, O. Sala, and W. J. Orville-Thomas, J. Mol. Struct., 100,

571 �1983�.
19. D. Thierry and C. Leygraf, J. Electrochem. Soc., 132, 1009 �1985�.
20. R. Youda, H. Nishinara, and K. Aramaki, Corros. Sci., 28, 87 �1988�.
21. H. Y. H. Chan and M. J. Neaver, Langmuir, 15, 3348 �1999�.
22. K. Cho, Y. J. Park, Y. Kuk, and T. Sakurai, in Corrosion, National Association of

Corrosion Engineers Annual Conference, Vol. 245, p. 1, May 14, 1998.
23. M. Metikos-Hukovic, K. Furic, R. Babic, and A. Marinovic, Surf. Interface Anal.,

27, 1016 �1999�.
24. M. J. Armstrong and R. H. Muller, J. Electrochem. Soc., 138, 2303 �1991�.
25. J. B. Cotton and I. R. Scholes, Br. Corros. J., London, 2, 1 �1967�.
26. G. W. Poling, Corros. Sci., 10, 359 �1970�.
27. F. El-Taib Heakal, and S. Haruyama, Corros. Sci., 20, 887 �1980�.
28. T. Y. Becky Leung, M. Kang, B. F. Corry, and A. A. Gewirth, J. Electrochem. Soc.,

147, 3326 �2000�.
29. T. P. Moffat, J. E. Bonevich, W. H. Huber, A. Stanishevsky, D. R. Kelly, G. R.

Stafford, and D. Josell, J. Electrochem. Soc., 147, 4524 �2000�.
30. K. C. Lin, J. M. Shieh, S. C. Chang, B. T. Dai, C. F. Chen, M. S. Feng, and Y. H.
Li, J. Vac. Sci. Technol. B, 20, 2233 �2002�.

CS license or copyright; see http://www.ecsdl.org/terms_use.jsp


