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Abstract: This paper presents a new cleaning process using boron-doped diamond (BDD) film anode electrochemical
oxidation for metallic contaminants on polished silicon wafer surfaces. The BDD film anode electrochemical oxida-
tion can efficiently prepare pyrophosphate peroxide, pyrophosphate peroxide can oxidize organic contaminants, and
pyrophosphate peroxide is deoxidized into pyrophosphate. Pyrophosphate, a good complexing agent, can form a metal
complex, which is a structure consisting of a copper ion, bonded to a surrounding array of two pyrophosphate anions.
Three polished wafers were immersed in the 0.01 mol/L CuSO4 solution for 2 h in order to make comparative exper-
iments. The first one was cleaned by pyrophosphate peroxide, the second by RCA (Radio Corporation of America)
cleaning, and the third by deionized (DI) water. The XPS measurement result shows that the metallic contaminants on
wafers cleaned by the RCA method and by pyrophosphate peroxide is less than the XPS detection limits of 1 ppm.
And the wafer’s surface cleaned by pyrophosphate peroxide is more efficient in removing organic carbon residues than
RCA cleaning. Therefore, BDD film anode electrochemical oxidation can be used for microelectronics cleaning, and it
can effectively remove organic contaminants and metallic contaminants in one step. It also achieves energy saving and
environmental protection.
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1. Introduction

1.1. Metallic contaminants

The dual-Damascene process is widely used nowadays in
the semiconductor industryŒ1�. In this process, copper has pro-
gressively replaced aluminum for the fabrication of intercon-
nections in integrated circuits (ICs)Œ2�. This switch emerged
due to copper’s advantageous characteristics, such as low re-
sistivity and high immunity to electro-migration, which in turn
results in greater circuit reliability and markedly higher clock
frequency. Chemical–mechanical planarization (CMP) has be-
come an essential step in Damascene processing of copper in-
terconnect structuresŒ3�. CMP has many advantages, including
surface planarization, reduced process steps and thermal bud-
getŒ4; 5�. However, it will induce metal and organic contami-
nation residues on the dielectric material surface. The control
of metallic residues after CMP is getting more emphasis in
advanced interconnects. Cleaning efficiency and the removal
of metallic contaminations have a significant impact on pro-
ductivity and reliability. A major reliability issue is dielectric
degradation caused by Cu-ion drift. Because of its quick dif-
fusion through SiO2 and Si, and the formation of acceptor and
donor levels within the forbidden band-gap, Cu needs to be
cleaned after the CMP processŒ6�.

Metallic contaminants can be removed by ametal complex,
which is a structure consisting of a central atom or ion (usu-

ally metallic) bonded to a surrounding array of complexing
agents and chelating agents. An organic compound ethylene-
diaminetetraacetic acid (EDTA) and several salts, such as dis-
odium EDTA, are used to remove metallic contaminants be-
cause of its role as a chelating agentŒ7�. However, EDTA is
classed as an organic contaminant, and eventually needs to be
removed.

1.2. BDD film anode electrochemical oxidation

In recent years, due to the capability of BDD film anodes
in the electrochemical field, such as very high electrochemical
stability, low background currentŒ8; 9�, high current efficiency
of the oxidation processŒ10�, andwide potential electrochemical
window, it has been successfully applied to the analysis of elec-
trical and electrochemical degradation of organic waste water
and preparation of technology-oxidantsŒ11; 12�. It is regarded as
the most promising electrode material, and it has become the
focus in the study of electrochemical application.

BDD film anodes can degrade organic matter and prepare
oxidantsŒ13� because it has a very wide potential electrochem-
ical window compared with other electrode materials, up to
more than 3.5 V. With a high oxygen evolution potential, the
BDD film anode can electrochemically oxidize the phosphate
to pyrophosphate peroxide. The reaction formula is shown in
Eq. (1). Organic compounds in solution can be oxidized by
pyrophosphate peroxide, and this is deoxidized into pyrophos-
phate, as shown in Eq. (2).
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Fig. 1. Setup for BDD film anode electrochemical oxidation.
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Pyrophosphate is a kind of good complexing agent and has
many uses in industrial chemistry. For example, potassium py-
rophosphate (KPP) can form ametal complex, which is a struc-
ture consisting of a copper ion, bonded to a surrounding array
of two pyrophosphate anions, as shown in Eq. (3):

Cu2C
C 2P2O4�

7 ! ŒCu.P2O7/2�6�: (3)

This paper presents a new cleaningmethod to removemetal
ion contaminants. BDD film anode electrochemical oxidation
is used to prepare pyrophosphate peroxide, the pyrophosphate
peroxide can be deoxidized into pyrophosphate, and the py-
rophosphate is able to control the metal ion contaminants on
the wafer’s surface.

2. Experiments
2.1. Setup

Figure 1 shows the experimental setup for preparing py-
rophosphate peroxide. It is a two-box electrolytic bath, which
is partitioned by the ion exchange membrane, and the anode
bath for preparing pyrophosphate peroxide is larger. The solu-
tion in the anode bath is 0.4 mol/L monopotassium phosphate,
and in the cathode bath it is potassium hydroxide, which has a
pH of 12.0. All of the electrolytes are prepared with DI water
(the resistivity of the DI water is 18 M��cm). The power sup-
ply is low voltage direct current (DC) power, and the voltage
is 8–12 V. The pyrophosphate peroxide needs to be prepared
by supplying power on load voltage of about 8 V for 3 h.

2.2. Comparative experiments

In this work, we prepared three polished wafers for the
comparative experiments. All three wafers were polished by

the chemical mechanical polishing (CMP) technique. In order
to obtain the metal ion polluted wafers, the polished wafers
were immersed in a solution of 0.01 mol/L CuSO4 for 2 h, and
then cleaned by three methods, as follows.

2.2.1. KPP cleaning

A polished wafer was immersed in pyrophosphate perox-
ide solution for 10 min, and then rinsed with fresh DI water.
After that the wafer was ultrasonically cleaned at a frequency
of 80 kHz for 10 min. In the final step, the wafer was dried in
a nitrogen atmosphere.

2.2.2. Traditional RCA cleaning

The second wafer was immersed for 10 min in RCA (SC1)
solution (NH4OH (29%) ∶ H2O2 (30%) ∶ H2O in a vol-
ume ratio of 1 W 1 W 5) at a temperature of 80 ıC. After ul-
trasonic cleaning at a frequency of 80 kHz for 10 min, the
wafer was immersed in RCA (SC2) solution (HCl (37%) ∶
H2O2(30%)∶ H2O in a volume ratio of 1 W 1 W 6) at a temper-
ature of 70 ıC, for 10 min. Then the wafer was ultrasonically
cleaned at a frequency of 80 kHz for 10 min after rinsing with
DI water. In the final step, the wafer was dried in a nitrogen
atmosphere.

2.2.3. DI water cleaning

The third wafer was put into a container full of fresh DI
water, and then the container was put into a supersonic cleaner
at a frequency of 80 kHz for 10 min. Finally, it was dried in a
nitrogen atmosphere.

3. Results and discussion

Investigations by means of X-ray photoelectron spec-
troscopy (XPS) were performed to analyze the surface. Af-
ter N2 drying, all the experimental samples were immediately
loaded into the XPS loading lock and then transferred to the
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Fig. 2. XPS of wafer cleaned by DI water.

Fig. 3. XPS of wafer cleaned by the RCA cleaning technique.

main chamber. The results of the XPS analysis are reported in
the followed figures.

XPS measurement is an important and effective method to
observe elements on a surface, and detections limits of parts per
million (ppm) are possibleŒ10�. XPS measurement can there-
fore be used to observe the copper contaminants on a wafer’s
surface. Figures 2–4 show the typical full scanning spectra of
the three wafer surfaces, and Figure 5 shows the local scan-
ning spectra of Cu2p3. XPS full scanning spectra of the surface
shows that the chemical composition of the silicon surfaces are
basically three elements: oxygen, carbon and silicon. However,
copper cannot be displayed in the typical full scanning spectra,
due to it belonging to a pollution of trace elements, so it can

Fig. 4. XPS of wafer cleaned by the KPP cleaning technique.

Fig. 5. Local scanning of Cu2p3 by XPS wafers cleaned by the three
cleaning techniques.

Table 1. Relative atomic percentage content (atm.%) of elements on
wafers cleaned by different techniques.
Element DI water cleaning KPP cleaning RCA cleaning
Cu2p3 0.06 0.00 0.00
C1s 20.25 10.13 18.28
O1s 40.22 53.18 41.13
Si2p 39.46 36.13 39.59

only be seen in the local scanning spectra. The XPS analysis
results in Fig. 5 show that only the wafer without cleaning has
a clear peak, and the wafers cleaned by RCA cleaning and KPP
have no peak in the local scanning spectra. So we can conclude
that, in terms of metallic contaminant removal, KPP can reach
the level of RCA cleaning, and both of the techniques provide
a detection limit of less than 1 ppm.

The results of relative atomic percentage content of ele-
ments are shown in Table 1. As can be seen, the relative atomic
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percentage content of copper is 0.00 after KPP and RCA clean-
ing. This indicates that both techniques can completely remove
the copper ion. However, Table 1 also shows that the relative
atomic percentage content of carbon obtained with KPP clean-
ing is much lower than RCA cleaning. Thus, we have to con-
sider that KPP is more efficient in removing organic carbon
residues than the RCA cleaning. KPP cleaning is more effi-
cient because potassium pyrophosphate peroxide oxidized or-
ganic contaminants, and at the same time it was deoxidized
into potassium pyrophosphate, which formed a metal complex
to remove the copper contaminant.

4. Conclusion

BDD film anode electrochemical oxidation can efficiently
prepare pyrophosphate peroxide, pyrophosphate peroxide can
oxidize organic contaminantsŒ14�, and pyrophosphate peroxide
is deoxidized into pyrophosphate. Pyrophosphate, a kind of
good complexing agent, is able to control metal ion contami-
nants on a wafer’s surface. Therefore, BDD film anode electro-
chemical oxidation can be used for microelectronics cleaning,
and it can effectively remove organic contaminants and metal-
lic contaminants in one step. It also achieves energy saving and
environmental protection.
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