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(a) 

 

(b)                                 (c) 

Fig. 4-11. (a) HRTEM image showing distribution of CuCl that has been 

carbon-extracted from Ti surface. (b) HRTEM image of (a) at higher 

magnification. (c) Lattice image micrograph of (b) viewed from different 

angle. 
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Fig. 4-12. HRTEM image showing outline of hexagonal CuCl enclosed 

within copper deposit formed in the presence of 360 ppm Cl-. The plane 

in the image is located 5 microns from the Ti substrate surface. 
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Fig. 4-13. Cathodic potential monitored during copper electroplating at 

65oC on a copper substrate in sulphuric acid solution containing different 

Cl- concentrations.  
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 (a) 

 

(b) 

Fig. 4-14. FESEM micrograph showing the morphology and the amount 

of CuCl precipitated with copper deposit on (a) Ti-substrate (45 ppm Cl-) 

(b) Cu-substrate (360 ppm Cl-) after galvanostatic plating for 0.5 s. 
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Cu 

CuCl 



 85

References 

1. W. H. Gauvin and C. A. Winkler, J. Electrochem, Soc., 99 (1952) 71. 

2. J. J. Kelly and A. C. West, J. Electrochem. Soc., 145 (1998) 3472. 

3. A. V. Benedetti, P. T. A. Sumodjo, K. Nobe, P. L. Cabot, and W. G.. 

Proud, Electrochim. Acta, 40 (1995) 2657.  

4. S. Goldbach, W. Messing, T. Daenen and F. Liapicque, Electrochim. 

Acta, 44 (1998) 323.  

5. M. Fonsati, F. Zucchi and G. Trabanelli, Electrochim. Acta, 44 (1998) 

311. 

6. S. Yoon, M. Schwartz and K. Nobe, Plating Surf. Finish., 81 (1994) 65.  

7. S. Yoon, M. Schwartz, CEF, and K. Nobe, Plating Surf. Finish., 82 

(1994) 64. 

8. R. Walker, S. D. Cook, Surf. Technol., 11 (1980) 189. 

9. G. Carneval and J. Bebczuk de Cusminsky, J. Electrochem. Soc., 128 

(1981) 1215. 

10. M. Peykova, E. Michailova, D. Stoychev and A. Milchev, 

Electrochim. Acta, 40 (1995) 2595. 

11. N. Pradhan, P. G. Krishna and S. C. Das, Plating Surf. Finish., March, 

56 (1996). 

12. P. V. Brande and R. Winand, Surf. Coat. Techl., 52 (1992) 1. 

13. F. A. Harraz, T. Sakka, Y. H. Ogata, Electrochim. Acta, 47 (2002) 

1249. 

14. C. Gabrielli, P. Mocoteguy, H. Perrot, R. Wiart, J. Electroanal. Chem., 

572 (2004) 367. 

15. G. Carneval and J. Bebczuk de Cusminsky, J. Electrochem. Soc., 128, 

6 (1981) 1215. 

16. R. Walker, S. D. Cook, Surf. Tech., 11 (1980) 189. 

 



 86

17. A-M. Lafront, B. Veilleux, E. Ghali, J. Appl. Electrochem., 32 (2002) 

329.   

18. R. Winand, Process Metallurgy 3-Application of Polarization 

Measurements in the Control of Metal Deposition, (1984) 47.  

19. R. Winand, Electrochim. Acta, 43, 19-20 (1998) 2925. 

20. A. Wu and D. P. Barkey, J. Electroanal. Chem., 150, 8 (2003). C533.  

21. E. D. Eliadis, Ralph G. Nuzzo, Andrew A. Gewirth and Richard C. 

Alkire, J. Electrochem. Soc., 144 (1997) 96. 

22. D. Grujicic, B. Pesic, Electrochim. Acta, 47 (2002) 2901. 

23. Chi-Chang Hu, Chi-Ming Wu, Surf. Coat. Techl., 176 (2003) 75.  

24. M. Kang and A. A. Gewirth, J. Electrochem, Soc., 150 (2003) C426. 

25. B. Veilleux, A-M Lafront, E. Ghali, Canadian Metallurgical Quarterly, 

141, 1 (2002) 47.  

26. Z. Nagy, J. P. Blaudeau, N. C. Hung, L. A. Curtiss, and D. J. 

Zurawski, J. Electrochem. Soc., 142 (1995) L87.  

27. D. N. Upadhyay, V. Yegnaraman, Mater. Chem. Phys., 62 (2000) 247.  

28. M. H. Holzle, C. W. Apsel, T. Will, and D. M. Kolb, J. Electrochem. 

Soc., 142 (1995) 3741. 

29. G. Fabricius, G. Sundholm, J. Appl. Electrochem., 15 (1985) 797. 

30. T. Pearson and J. K. Dennis, J. Appl. Electrochem, 20 (1990) 196. 

31. D. M. Soares, S. Wasle, K. G. Weil, K. Doblhofer, J. Electroanal. 

Chem., 532 (2002) 353.  

32. D. Stoichev, C. Tsvetsanov, J. Appl. Electrochem., 26 (1996) 741. 

33. J. D. Reid, A. P. David, plating Surf. Finish., 74 (1987) 66. 



 87

Chapter 5 Conclusions and Future Work 

 

5.1 Conclusions  

 In this dissertation, two subjects were presented. First, the 

annealing behavior of the copper deposit, which was electroplated in the 

copper sulfate-sulfuric acid bath with different contents of thiourea, was 

discussed. In the second subject, the effect of chloride ion on the 

electrocrystallization of copper deposit in the copper sulfate-sulfuric acid 

bath with different concentrations of chloride ion was investigated. 

Conclusions of the above work were drawn as follows:  

 

1.  The annealing behavior of electroplated copper deposits is reported 

in the chapter 3. The copper deposits were electroplated with a current 

density of 0.7A/cm2 in a sulfuric acid bath containing various 

concentrations of thiourea. An improvement of the softening 

resistance of the copper deposits was observed when the bath 

contained thiourea ≥3ppm. By adding thiourea in the plating bath, 

smaller grain size of the copper deposits can be achieved. As thiourea 

content increased ≥3ppm, the twin boundary of the copper deposits 

was significantly increased, and many sulfur-rich particles were 

deposited along the grain boundaries and a few within the grains of 

the deposit. These sulfur-rich particles are capable of impeding 

migration of the grain boundaries, and, hence, improving the 

softening resistance of the copper deposits during annealing.  

 

2.  The chapter 4 is to study the electrocrystallization behavior of the 

copper deposit on pure titanium substrate. The objective of this work 

is to study the electrocrystallization behavior of the copper deposit on 

pure titanium substrate. The electroplating was conducted at 0.7 



 88

A/cm2 in cupric sulfate-sulfuric acid bath with various chloride 

additions. Results of cathodic polarization and galvanic plating 

experiments show that increasing concentration of chloride ion in the 

plating bath would significantly increase the cathodic overpotential. 

This overpotential increase was found to be induced by the presence 

of CuCl precipitates on the cathodic surface as well as on the copper 

cluster formed during electrocrystallization process.  At initial 

plating stage, copper and hexagonal-shaped CuCl precipitate was 

produced simultaneously. Eventually pyramid-shaped CuCl 

precipitates were observed, which consisted of many parallel 

hexagonal planes stemming from a screw dislocation. The 

polarization effect of CuCl precipitate on Ti-substrate was further 

confirmed and clarified. Through overpotential and FESEM 

investigations, it was found that, under same electroplating condition, 

much less CuCl would precipitate in the much higher chloride content 

bath at the initial plating stage on Cu-substrate, resulting in large 

extent decrease of overpotential comparing with that obtained on 

Ti-substrate. 
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5.2 Future work 

According to above-mentioned conclusions, there are some 

interesting issues work future studying regarding the property of copper 

deposit electroplated at high current density and high temperature 

condition, and they are listed as follows: 

 

1. The efficiency of high current density with the addition of additives 

has been discussed in this thesis. However, in practice, pulsed current 

plating with additive-free solution can improve the properties of 

copper deposit over those achieved by DC plating. Therefore, the 

influence of pulse plating and additives on copper deposits 

electroplated from high temperature plating bath is worth studying in 

the future work. 

 
2. In chapter 4, we reported that the nature of the substrate has a 

significant effect on the formation of CuCl, and the nature of the 

substrate should have an effect on the cathode potential after 

prolonged plating. However, the polarization and depolarization of 

substrate are not fully understood. Consequently, a further detail study 

is required to analyze the effect of the substrate, and the work is in 

progress. 

 

3. Some further, advanced surface analyses are suggested to investigate 

the nucleation and crystallization mechanisms for copper deposition 

with chloride additive; this future work is expected to provide new 

information about CuCl formation and salt film. 

 

4. Both electrocrystallization and deposit morphology are strongly 

sensitive to the presence of thiourea or chloride ions in the plating bath 
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at low concentrations. However, the synergetic effect of two additives 

on copper is not investigated in this thesis. Thus, the crystallization 

behavior and surface morphology of copper deposit, with both 

thiourea and chloride ions presented in the plating bath, is worth 

studying in the future work. 
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