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Abstract. Copper chemical mechanical planarization (Cu-CMP) is an essential procedure for the 

fabrication of integrated circuits (IC). The corrosion inhibitors in the Cu-CMP slurry could balance 

the over etching from the corrosion reagents to facilitate the global planarization of the copper 

layers. However, the normally used Cu-CMP inhibitor 1-benzotriazole (BTA) was toxic for the 

long time usage. In this paper, the biocompatible polyvinyl pyrrolidone (PVP) was proposed to 

substitute the BTA in the Cu-CMP. With an integrated electrochemical test, including the Tafel 

polarization, electrochemical impedance spectra (EIS), and the electrochemical noise (EN), it was 

found that the PVP could possess a good inhibition effect comparable to BTA, which opened up 

a promising way for the design of biocompatible inhibitors in the Cu-CMP. 

Keywords: Chemical mechanical planarization; Electrochemical impedance spectra; 

Electrochemical noise; Slurry; Inhibitors 

1. Introduction 

As an emerging technology, the three dimensional (3D) electronic packaging based on the 

through silicon via (TSV) has been utilized to fabricate the ultra-large scale integration circuits 

(ULSI) [1-5]. In order to improve the yield of TSV, the chemical mechanical planarization (CMP) 

has been applied to remove and polish the excess electroplated copper layer using the Cu-CMP 

slurry. The global planarization of the copper layer in the Cu-CMP process was achieved via the 

synergistic effect between the chemical corrosion and the mechanical abrasion [6-8]. The typical 

Cu-CMP slurry is composed of oxidizer, coordination/chelation agents, corrosion inhibitors, 

surfactants, and the metal oxide abrasives (eg., Al2O3 and SiO2), where the chemical components 

and the abrasives were used for chemical corrosion and the mechanical abrasion, respectively 

[9-13].  
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In the Cu-CMP slurry, the oxidizer was used to oxidize the copper layer to generate a soft and 

active CuO/Cu(OH)2/Cu2O film on the surface that facilitated the material removing [10, 14, 15]. 

The inhibitor was used to balance the over etching and protect the concave positions on the 

copper surface that was critical for the global planarization [16-19]. With respect to the 

chelating agents, they were developed to etch the copper layer via coordinating with the 

oxidized CuO/Cu(OH)2/Cu2O on the copper surface [12, 20, 21]. 

In order to optimize the planarization effect of the Cu-CMP slurry, the electrochemical methods 

have been widely used to investigate the behaviors of the chemical components. As reported in 

literatures, Tafel polarization was used to determine the corrosion potential and the corrosion 

current under different chelating agents and corrosion inhibitors [11, 13, 17, 22, 23]. The 

electrochemical impedance spectra (EIS) was used to determine the solution/charge transfer 

resistance as well as the double layer capacitance [15, 19, 24-26]. Both of Tafel polarization and 

EIS have been regarded as the powerful technique to investigate the material removing and 

planarization mechanism of the Cu-CMP slurries. In addition, the electrochemical noise (EN) 

could also be utilized to analyze the Cu-CMP process, especially for the inhibition efficiency of 

the corrosion inhibitors [27-30]. However, the integrated electrochemical method, combining 

the Tafel polarization, EIS, static corrosion, and the EN has been rarely reported till now. 

In the Cu-CMP slurry, the 1-benzotriazole (BTA) is the normally used corrosion inhibitor, which 

could be strongly absorbed on the copper surface and promote the global planarization [11]. 

However, the toxicity of BTA should be harmful to the health. Therefore, it is necessary to 

develop the low toxic or biocompatible inhibitors to substitute the BTA in the Cu-CMP slurry. 

With this in mind, an integrated electrochemical method was presented to investigate the 

inhibition behaviors of the biocompatible polyvinyl pyrrolidone (PVP) for the copper layer, which 

was proposed to replace the BTA in the Cu-CMP slurry. The analysis revealed that the inhibition 
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effect of PVP for the copper layer could be comparable with that of BTA under the same 

condition. 

2. Experimental section 

All chemicals used in this paper, including the sodium hydroxide (NaOH, >97.0%, Aladdin Ltd.), 

potassium sorbate (>99.0%, Aladdin Ltd.), 1-benzotriazole (BTA, 99%, Aladdin Ltd.), polyvinyl 

pyrrolidone K-30 (PVP, AR, Ourchem Ltd.), ethylenediaminetetraacetic acid (EDTA, AR, 

99.5%, Aladdin Ltd.),  ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, AR, 

≥99.0%, Xilong Ltd.), glycine (Gly, AR, >99.5%, Sinopharm Ltd.), diethylenetriaminepentaacetic 

acid (DTPA, AR, >99.0%, Aladdin Ltd.), and nitrilotriacetic acid (NTA, >99.0%, Aladdin Ltd.) were 

used as received without any further purification. 

2.1 Static corrosion 

4 mg NaOH, 2 wt% H2O2, 0.5 wt% glycine and 150 ppm BTA/PVP were added into 100 mL 

deionized water under stirring to form the Cu-CMP slurry. A copper foil (99.9%) with an area 1×1 

cm
2
 was immersed in the slurry for 3-9 h at the room temperature. The weight loss was 

recorded in table S3-S5 and the average corrosion rate (mg/h) was calculated from 3 tests under 

the same condition. 

2.2 Electrochemical  studies  

The electrochemical studies were performed based on the three-electrode system with an 

electrochemical workstation (CHI760E, Shanghai, China). The copper working electrode (99.9% 

copper rod in PTFE) was purchased from IDA Ltd. (Tianjin, China) with a surface area 7 × 10
-2

 cm
2
. 

The copper electrode surface was firstly mirror-polished before the electrochemical 

measurement. The platinum electrode (IDA Ltd., Tianjin, China) with the surface area of 4 cm2 

was used as the counter electrode, and the Ag/AgCl electrode (IDA Ltd., Tianjin, China) was used 
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as the reference electrode. The slurry was prepared with 0.1 M NaOH, deionized water, 

chelating agent and corrosion inhibitors. 

Tafel polarization. To evaluate the behaviors of chelating agents and corrosion inhibitors, the 

three-electrode system was firstly immersed in the slurry for 15 min to get a stable open circuit 

potential (OCP), and then the Tafel polarization scanning was performed in a scan rate 5 mV/s at 

a voltage range around the OCP. 

Electrochemical impedance spectra (EIS). In the EIS test, the three-electrode system was firstly 

immersed in the slurry for 0-120 min, and then the EIS scanning was carried out in a frequency 

range of 0.01-10
5
 Hz for 800 s around the OCP. The EIS data were treated and fitted with the 

ZView software based on the single-layer and double-layer equivalent circuit modes for the 

inhibitor films [19]. 

Electrochemical noise (EN). In the EN test, the current and potential signals were collected with 

the Interval 0.1 s and the during time 2000 s. The analysis of EN data was performed in both 

time and frequency domains. In the time domain, the noise resistance Rn (the ratio between the 

standard deviation of potential and current noise) was collected for PVP (150 ppm) and BTA 

(150 ppm) based slurries.  

The digital images for the copper surface before and after the static corrosion were recorded by 

a metallographic optical microscopy (LEICA DM 2700M), and the corresponding morphologies 

were determined with a field emission scanning electron microscopy (FESEM, Nova NanoSEM 

450, FEI) at an accelerating voltage of 10 kV. 

3. Results and discussion 

3.1 Evaluating the inhibitors and chelating agents under Tafel polarization  

Figure 1 showed the Tafel polarization curves of the copper electrode in 0.1 M NaOH solutions 

containing the BTA/PVP (50-200 ppm) inhibitors. The corrosion potential Ecorr and corrosion 
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current density jcorr were calculated from Figure 1. As shown in Figure 1A, with increasing the 

BTA concentration from 50 to 200 ppm, the corrosion potential Ecorr was positively changed from 

-182 to -142 mV, and the corrosion current density jcorr was gradually deceased from 54.0 to 3.4 

μA cm
-2

, suggesting the outstanding inhibition effect of BTA, which was consistent with the 

investigations in literatures [21, 31]. Comparatively, with increasing the PVP concentration from 

50 to 200 ppm, the Ecorr was slightly changed from -180 to -184 mV, and the jcorr was changed 

from 33.0 to 54.2 μA cm
-2

 (Figure 1B), which was 38%-63% of the blank counterparts without 

any inhibitor, which indicated the effective inhibition of PVP. The strong inhibition of BTA for the 

copper should be ascribed to the coordination bonding of BTA molecules to the copper surface 

with one or two nitrogen donors [32], and the relatively weak inhibition effect of PVP should be 

owing to the less coordination sites (only one oxygen donor) and the strong steric hindrance 

effect from the carbon chains (Figure 1D). The difference in molecular structure made BTA and 

PVP show different absorption modes on the copper surface, where Cu-BTA inhibition film 

should be absorbed on the copper surface with a mono-layer chemically absorption mode, while 

the Cu-PVP inhibition film should be absorbed on the copper surface with a double or multiple 

physically absorption mode. In addition, the potassium sorbate has also been evaluated as the 

inhibitor (see supporting information Figure S1, table S1), which gave a combination of Ecorr= -

50.4 mV and jcorr= 18.3 μA cm
-2

, also indicating the good inhibition effect, in accordance with the 

literatures [16, 23, 33]. However, the K
+
 form the potassium sorbate may result in serious ion 

pollution, which should give rise to the low yield for the IC fabrication. Therefore, it is 

meaningful to use PVP as an alternative biocompatible Cu-CMP inhibitor.  

Regarding the effect of chelating agents, the slurry with the ligands EDTA 

(ethylenediaminetetraacetic acid)/ DTPA (diethylenetriaminepentaacetic acid)/ Gly (glycine)/ 

Na2EDTA/ NTA (nitrilotriacetic acid) was tested in the Tafel polarization mode (Figure 1C) and 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

 

the corresponding Ecorr and jcorr were tabulated in Table 2. As depicted in Figure 1C and table 2, 

Gly exhibited the largest jcorr (88.6 μA cm
-2

) and a large negative Ecorr (-208 mV), both of which 

indicated the best performance of Gly as the chelating agent in the slurry. Amongst the other 

chelating agents, the Na2EDTA showed a most negative Ecorr (-216 mV). However, the Na
+
 cations 

may result in ion pollutions in the copper interconnects. In addition to the excellent chelating 

performance, Gly could also benefit the Cu-CMP with the low cost and low toxicity. Therefore, in 

the Cu-CMP slurries, Gly could be a cost-effective and environmental friendly chelating agent. 

The open circuit potential (OCP) for the PVP and BTA (150 ppm) based slurries was measured as 

plots of potential versus time. As shown in Figure 1E and F, a stable OCP (-190/-160 mV) for the 

PVP/BTA based slurry could be reached after 900 s. The more positive OCP value for BTA could 

be due to its superior inhibition effect, which may also result in a lower material removing rate. 

Comparatively, the slightly negative OCP for PVP may supply a balance between the effective 

inhibition and the large material removing rate. 
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Figure 1. A) Potentiodynamic polarization curves for BTA based slurry under different BTA 

concentrations (50-200 ppm). B) Potentiodynamic polarization curves for PVP based slurry 

under different PVP concentrations (50-200 ppm). C) Potentiodynamic polarization curves for 

the inhibitor-free slurry with different chelating agents (EDTA/DTPA/Gly/Na2EDTA/NTA). D) 

Molecular structures of the BTA and PVP molecules. The electrode area is 0.07 cm
2
. (E) and (F) 

OCP test of the slurry containing PVP and BTA, respectively. 
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Table 1. Ecorr and jcorr for PVP and BTA based alkaline slurries calculated from the 

potentiodynamic polarization curves. 

Inhibitor Concentration Ecorr/mV  jcorr
#
 /μA cm

-2
 

blank 0 -189 86.7 

PVP 50 ppm -180 33.0 

PVP 100 ppm -185 41.0 

PVP 150 ppm -187 54.2 

PVP 200 ppm -184 54.2 

BTA 50 ppm -182 54.0 

BTA 100 ppm -168 33.5 

BTA 150 ppm -156 17.7 

BTA 200 ppm -142 3.4 

# 
The electrode area is 0.07 cm

2
. The derivate of the Ecorr, jcorr is 10%. 

 

Table2. Ecorr and jcorr for inhibitor-free alkaline slurries with different chelating agents calculated 

from the potentiodynamic polarization curves. 

Chelating agent Concentration Ecorr/mV jcorr/μA cm
-2

 

DTPA 0.5 wt% -183 33.1 

Na2EDTA 0.5 wt% -216 22.3 

Gly 0.5 wt% -208 88.6 

EDTA 0.5 wt% -183 35.4 
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Note. The derivate of the Ecorr, jcorr is 10%. 

3.2 Static corrosion 

In order to predict the corrosion rate of the optimized alkaline slurry, the static corrosion was 

performed for the slurry composed of 4 mg NaOH, 2 wt% H2O2, 0.5 wt% Gly, and 150 ppm 

BTA/PVP. Before the corrosion test, the copper surface was mirror-polished firstly (Figure 2B), 

and then the copper plate was immersed in the alkaline slurries at room temperature for 3-9 

hours. As shown in Figure 2A, after immersing in the alkaline slurry for 6 h, the material removal 

rate (dm/dt) could be calculated as the average weight loss rate from three parallel experiments 

(see supporting information, Table S3-S5). Without the activation by H2O2 (#4 slurry), the 

etching rate could be very low (0.08 mg/h), which was then highly improved to 0.29 mg/h after 

the addition of H2O2 (#1 slurry). With the addition of BTA, the etching rate could be reduced to 

0.11 mg/h, which could be slightly increased to 0.16mg/h by replacing the BTA with PVP, 

indicating the similar inhibition performance for BTA and PVP. As shown in Figure 2C and 2D, in 

a millimeter-scale dimension, there was little difference after the static corrosion in the BTA and 

PVP based slurries. However, in a micro-scale dimension, a clear difference after the inhibition 

with BTA/PVP could be observed in Figure 2E and 2F. In comparison, a flat inhibition film could 

be found for the BTA based slurry, while a dense-packed needle like Cu-PVP inhibition film could 

be found for the PVP based slurry, which should be due to the different absorption modes of the 

inhibition films as described above. As shown in Figure 2G, the C, Cu, O-Kα elemental mapping 

also indicated the needle like morphology and the dense-packed nature of the Cu-PVP inhibition 

film on the copper surface.  

NTA 0.5 wt% -174 20.3 
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Figure 2. Static corrosion test. A) Corrosion rate under different slurries. B) Digital image of 

pristine polished copper surface. C) Digital image of the copper surface after immersing in #3 

slurry for 6 h. D) Digital image of the copper surface after immersing in #2 slurry for 6 h. E) 

FESEM image of the copper surface after static corrosion in #3 slurry. F) FESEM image of the 

copper surface after static corrosion in #2 slurry. G) Corresponding Cu, O, C elemental mapping 

for the PVP absorbed Cu surface (E). 

3.3 Electrochemcial impedance spectra  

To further understand the different absorption modes of PVP and BTA molecules on the copper 

surface, the EIS characterization was performed for the PVP and BTA based slurries with the 

same concentration 150 ppm. The equivalent circuits (Figure 3A, 3B) were firstly established 
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based on modified modes for monolayer and double-layer absorption inhibition film [19]. In the 

equivalent circuits, C1, R1 and C2, R2 were the capacitance and resistance of the single-layer 

and double layer inhibition film, respectively. RS was the solution resistance. W was the Warburg 

open Impedance for the linear part at low frequencies. Cdl was the double layer capacitance and 

Rct was the charge transfer resistance. As shown in Figure 3C and 3D, after immersing in the BTA 

and PVP based slurries for 0-120 min, different Nyquist plots could be found, which should be 

owing to the coverage area evolution of the inhibition film and the film thickness. The Nyquist 

plots for BTA based slurry (Figure 3C) could be fitted well with the monolayer film mode (Figure 

3A), which was in accordance with the chemical absorption mode of BTA molecules on the 

copper surface. Comparatively, for the EIS data of PVP based slurry (Figure 3D), only plots at t= 0 

min could be fitted well with the monolayer film mode, and the other Nyquist plots over 30 min 

could only be fitted with the double layer film mode (Figure 3B), which was consistent with the 

physical absorption mode of PVP molecules on the copper surface. As shown in Table 3, the 

fitted C1, R1 for Cu-BTA film were 0.1-1.1 μF, 12.4-20.5 Ω and the fitted C1/C2, R1/R2 for Cu-PVP 

film (t= 30-120 min) were 6×10
-8

-1.4 μF/0.1-30 μF and 8.1-12.2 Ω /3.8-7.6 Ω, respectively. The 

lower film resistance of Cu-PVP film should be due to the needle-like morphology as shown in 

Figure 2E, G and Figure S2 (see supporting information) that provided the effective inhibition 

and the decent material removing rate simultaneously. The Bode and the phase diagrams have 

been used to investigate the corrosion behavior of the slurries. As presented in Figure 3E, the 

slope of the linear part in the Bode diagram for the BTA slurry was -0.50 (30 min)/-0.38 (120 

min), falling in the range from -0.2 to -0.5 for the equivalent circuit mode (Figure 3A), in 

consistent with the Nyquist fitting result. The larger impedance after increasing the immersion 

time from 30 to 120 min indicated the thicker film thickness of the Cu-BTA film that could 

effectively protect the copper surface from over corrosion. In the corresponding phase diagram, 
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the high frequency peak showed a shift to lower phase degree (50-35°) along with the increase 

of immersion time from 30 to 120 min, revealing the decline of impedance of the Cu-BTA film, 

which should be mainly due to the cracks on the Cu-BTA inhibition film as observed in Figure 2F. 

Comparatively, as to the PVP based slurry (Figure 3F), the phase degree for the high-frequency 

peaks in the phase diagram only showed slightly change ascribed to the little difference in the 

film thickness of Cu-PVP, but the high-frequency impedance in the Bode diagram showed an 

increase from 1.78 to 17.8 Ω at 100 MHz along with the immersion time, indicating the effective 

corrosion inhibition effect of PVP that was physically absorbed on the copper surface. 
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Figure 3. A) Equivalent circuit for single-layer inhibitor film. B) Equivalent circuit for double-layer 

inhibitor film. C1, R1 and C2, R2 are the capacitance and resistance for the single-layer and 

double layer inhibitor film, respectively. RS is the solution resistance. W is the Warburg open 

Impedance. Cdl is the double layer capacitance and Rct is the charge transfer resistance. C) and D) 

Nyquist plot under different immersion time (0-120 min) for BTA and PVP based slurries, 

respectively. Open dots and solid lines represent the experiment result and the best fitting 

result according to the equivalent circuits, respectively. E) and F) Bode and phase diagram for 

the BTA and PVP based slurries, respectively. 

 

Table 3 EIS fitted parameters for the BTA and PVP based slurries containing Gly as chelating 

agents. 

 BTA based slurry PVP based slurry 

Time (min) 

Mode 

Rs(Ω) 

C1(μF) 

R1(Ω) 

C2(μF) 

R2(Ω) 

Cdl(μF) 

Rct(Ω) 

0 

S 

6.7 

1.1 

20.5 

N.A. 

N.A. 

107 

42.0 

30 

S 

4.7 

2.3 

24.4 

N.A. 

N.A. 

46.1 

19.6 

60 

S 

4.9 

1.8 

14.9 

N.A. 

N.A. 

14.9 

44.8 

90 

S 

5.3 

0.1 

12.7 

N.A. 

N.A. 

17.3 

32.1 

120 

S 

5.1 

0.1 

12.4 

N.A. 

N.A. 

17.0 

50.5 

0 

S 

32.9 

0.2 

92.8 

N.A. 

N.A. 

0.05 

204.3 

30 

D 

4.6 

6·10
-8

 

10.2 

1.6 

4.5 

118 

34.0 

60 

D 

4.4 

1.1 

10.5 

2.5 

4.6 

159 

30.2 

90 

D 

4.5 

1.4 

8.1 

3.0 

7.6 

159 

31.8 

120 

D 

5.6 

10
-7 

12.2 

0.1 

3.8 

190 

28.9 

Note: The mode ‘S’ and ‘D’ represent the single-layer and double-layer equivalent circuits, respectively. 

‘N.A.’ means not applicable. The derivate of the fitted parameters is 10%. 

 

3.4 Electrochemical noise 
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The potential and current noise data were recorded simultaneously to examine the corrosion 

behaviors of the alkaline slurries with BTA/PVP inhibitors. Figure 4 showed the potential and 

current noise for the BTA and PVP based slurries. As shown in Figure 4A, for the BTA based 

slurry, the voltage noise underwent a quick decline (< 500 s) and then a slow recovery while the 

current increased abruptly (< 500 s) and then fell slowly, which indicated the quick corrosion of 

the copper oxide film on the surface before 500s and the effective inhibition by BTA thereafter. 

In comparison, as to the PVP based slurry (Figure 4B), the corrosion was more moderate, which 

gave a chance for the balance between the effective inhibition and the large material removing 

rate. 

 

 

Figure 4. Pristine current and potential noise for BTA (A) and PVP (B) based slurries. 

A polynomial fitting was used to treat the DC (direct current) trend removal of the 

current/potential noise [34]. After the treatment, the local corrosion information was attained 

as shown in Figure 5. In Figure 5A to 5D, zero current/voltage line represented the best fitting of 

the current and voltage noise, and the serrated peaks referred to the local corrosion. It was 

noticed that the current with PVP inhibitor vibrated in a range from -3 to 3 nA, while the current 

vibration range with BTA inhibitor was -1 to 1 nA, revealing the faster material removing rate 

under PVP than BTA. 
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Figure 5. Current and potential noise data after DC trend removal for PVP (A, B) and BTA (C, D) 

based slurries. 

Due to the strong correlation between the EN resistance Rn and the corrosion rate, Rn was 

determined from the time domain plots as the ratio of the standard deviation of potential noise 

σV over that of current noise σI, (Rn = σV/σI). The calculated Rn was tabulated in Table 4, and was 

depicted in Figure 6. Along with the immersion time, the Rn for BTA and PVP based slurries could 

be in the range of 1250-1600 k Ω and 920-1000 k Ω, respectively. The larger Rn proved the better 

inhibition effect of the BTA molecules, and the similar Rn for the PVP also suggested a 

comparable inhibition effect. 

After a Fast Fourier Transform (FFT), the time domain plots were transformed to the frequency 

domain plots (Figure 7). As shown in the PSD (power spectral density) plots, both PVP (Figure 7A) 

and BTA (Figure 7B) based slurries exhibited the relatively smooth curves with the slope from -

1.8 to -1.1 dB/decade, which indicated the local corrosion behavior of the slurries.  
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Table 4. Standard deviation (σ) of potential, current noise and noise resistance Rn for PVP and 

BTA based slurries. 

Immersion time(sec) 

PVP based slurry BTA based slurry 

σV/v σI/A Rn/K Ω σV/v σI/A Rn /K Ω 

500 8.8×10-10 8.7×10-4 996 2.1×10-4 1.4×10-10 1509 

1000 6.9×10-10 6.7×10-4 961 2.5×10-4 1.8×10-10 1417 

1500 6.3×10-10 5.8×10-4 923 2.5×10-4 1.9×10-10 1285 

2000 6.0×10-10 5.7×10-4 955 2.6×10-4 2.1×10-10 1259 

Note. The derivate of the parameters is 10%. 

 

Figure 6. Noise resistance (Rn) for PVP (A) and BTA (B) based slurries. 
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Figure 7. Frequency domain PSD plots for PVP (A) and BTA (B) based slurries. 

4. Conclusions 

In summary, a new PVP-based Cu-CMP slurry was proposed and analyzed by an integrated 

electrochemical method, where the Tafel polarization, EIS, and EN were simultaneously utilized 

to analyze the inhibition behaviors of PVP for the copper layer that has not been reported. The 

analysis revealed that the PVP inhibitor could exhibit the comparable inhibition effect compared 

with the BTA normally used in the Cu-CMP, which provided an alternative corrosion inhibitor for 

the copper layer removal and planarization. Moreover, the low cost and the biocompatibility of 

PVP also make it a promising environment friendly inhibitor for the scale-up fabrication. In the 

near future, the optimization of PVP inhibitor will be completed for the real Cu-CMP applications. 
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1) An integrated electrochemical method was used to analyze Cu-CMP slurry 

2) PVP was found to be an alternative inhibitor 

3) Modified equivalent circuit modes were established for PVP and BTA film on Cu 

4) Physical absorption mode was specified for PVP inhibitor film 


