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The adsorption behavior of thiazolinyl-S-Cu and sodium thiazolinyl- dithiopropane sulfonate(SH110)
on the copper surface was investigated using molecular dynamics (MD) simulation and atomic force
microscope (AFM). The electrochemical behavior of SH110 was evaluated and SH110 was used as the
single additive in the through-hole (TH) electroplating. The results indicate that SH110 is an effective
additive used for TH filling. Thiazolinyl-S-Cu and SH110 could be adsorbed on copper surface. The
adsorption behavior of SH110 on copper surface indicates that SH110 is a combination of accelerator
and inhibitor. SH110 can be used as an inhibitor at the surface with strong convection, whereas it can
be used as an accelerator at the surface with weak convection. The combined approach of experiments
and MD simulation can provide an insight into the mechanism of SH110 for TH filling.

Keywords: Through-hole filling; Additive; Sodium thiazolinyl-dithiopropane sulfonate; Molecular
dynamics simulation.

1. INTRODUCTION

Recently, electronic products are becoming lighter, smaller, thinner, and faster. Accordingly,
multilayer printed circuit boards (PCBs) with high-density interconnection(HDI) are necessary for the
fabrication of these products[1,2]. The interconnection between two conducting laysers on PCB is
normally connected by means of copper electroplated micro-vias or through-holes (THs)[3,4]. TH
filling by copper electroplating has been one of the most important technologies in the fabrication of
multilayer-PCBs[5]. The different current distribution in the TH will give rise to a void at the center of
the TH using traditional electroplating method[6,7]. Recently, a copper electroplating technique,
namely the butterfly technique (BFT)[5], was developed to achieve the void-free filling of TH. In the
BFT, the fastest copper deposition occurs at the center of the TH to form a copper deposit in the shape
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of butterfly wings. It has been reported that using additives is an effective method to achieve BFT[5].
The additive system used for PCB electroplating generally contains several additives (i.e., accelerator,
inhibitor and leveler)[2,3].

One of the main problems of the additive system is the different consumption rate of each
additive. So it will be meaningful by using a single additive instead of the additive system. Wei-Ping
Dow et al. achieved BFT using nitrotetrazolium blue chloride as an inhibitor under low current
density[5]. The purpose of the present investigation is to achieve BFT and TH filling using a single
additive under a relatively larger current density. Molecular dynamics (MD) simulation is one of the
most appropriate methods to investigate the interaction between molecules and the metal surface[8,9].
MD simulations also provide a useful tool to interpret the experimental results[10,11]. The combined
approach of experiments and MD simulation, used in present investigation, was used to study the
possibility using sodium thiazolinyl-dithiopropane sulfonate (SH110) as the single additive in the TH
filling.

2.EXPERIMENTAL

2.1 Molecular dynamics simulation

MD simulation of the interaction between thiazolinyl-S-Cu and the copper surface was carried
out in a simulation box (2.045 nm x 1.534 nm x 4.486 nm) with periodic boundary conditions using
Materials Studio (from Accelrys Inc). The MD simulation was performed at 297 K, NVT ensemble
and CVFF force-field[12], with a time step of 1 fs and simulation time of 1ns. The interaction energy
Esurfacerthiazolinl-s-cu etween copper surface and thiazolinyl-S-Cu was calculated as:

Esurface/thiazolinyI—S—Cu = Ecomplex - Esurface - EthiazolinyI—S—Cu (1)

with Ecomplex being the total energy of the copper crystal together with the thiazolinyl-S-Cu,
Esurface @Nd  Etniazoling-s-cu being the total energy of the copper crystal and free thiazolinyl-S-Cu,
respectively. The binding energy was the negative value of the interaction energy, Epinging = -

Esurface/thiazolinyI—S—Cu-

2.2 Surface morphology analysis

AFM measurements were used to study the adsorbed layer of SH110 on the copper surface.
Sections with size of 10mmx10mm cut from the PCB were mechanically polished, then cleaned and
dried. A cleaned and dried cooper surface was obtained from the PCB. The prepared PCB sections
were immersed in the 20ppm SH110 aqueous solution for 20min. The immersed sections were rinsed
with deionized water and then dried. These PCB sections were used for AFM tests.

2.3 Electrochemical evaluation and TH filling

Electrochemical tests were performed in a three-electrode cell using a potentiostat/galvanostat
(PARSTAT2273) at 24°C. A copper rotating disk electrode (Cu-RDE) was employed as the working



Int. J. Electrochem. Sci., Vol. 7, 2012 10646

electrode. The counter electrode was a platinum plate. A saturated mercurous sulfate electrode(SSE)
was used as the reference electrode.

PCB fragments with many THs were electroplated at a current density of 0.6A/dm? at 24+1°C
The diameter and depth of the TH were 200um and 1mm, respectively. Details in the electroplating
process was reported in the previous work[13]. Basic bath was composed of 60g/L CuSO,4-5H,0,
230g/L H,SO,4 and 50mg/L CI". SH110 was used as the additive. The performance of TH plating was
evaluated from the cross-sectional pictures obtained by a metalloscope.

3.RESULTS AND DISCUSSION

3.1 Interaction between the additive and the copper surface
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Figure 1. (a) Molecular structure of SH110. (b), (d) Energy and temperature fluctuation curves of the
MD simulation. (c) Initial configuration of the simulation box (thiazolinyl-S-Cu and copper
visualized by balls and sticks, water molecules visualized by lines). (e), (f) Side and top view of
the final equilibrium configuration of the simulation box.
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It has been reported that the disulfide bond in the accelerator molecule disconnected in the
electroplating process[14]. The disconnected disulfide bond can be combined with Cu(l)[15].
Therefore SH110, shown in Fig.1la, can be decomposed into two molecular fragments: thiazolinyl-S-
Cu and Cu-S-propane-sulfonate. The molecular fragment of Cu-S-propane-sulfonate is an accelerator
in the copper electroplating which has been investigated clearly[15]. MD simulation was performed to
study the adsorption behavior of thiazolinyl-S-Cu on Cu(001) surface. The thiazolinyl-S-Cu in the
initial configuration, shown in Fig.1c, was placed chose to the copper surface randomly. Energy and
temperature fluctuation curves, shown in Fig.1b and d, indicated that the simulation system was finally
at equilibrium. Epinging, Calculated from Fig.1le, was 377.64 kJ/mol. It meant that thiazolinyl-S-Cu could
be adsorbed on the copper surface. Moreover, the thiazoline-ring in thiazolinyl-S-Cu was
approximately parallel to the copper surface. Therefore, thiazolinyl-S-Cu could prevent the deposition
of Cu(ll) on the cathode. The behavior of thiazolinyl-S-Cu is similar to an inhibitor or leveler[2].

Fig.2a and b showed the polished and cleaned copper surface. It can be seen that there were
trenches which derived from the polishing process. Compared with the untreated copper surface, the
copper surface treated with SH110 solution, shown in Fig.2c and d, showed a completely different
morphology. Angular trenches were not existed, which can be considered that the adsorbed layer of
SH110 on the copper surface changed the morphology.

Results of the MD simulation and AFM images showed that thiazolinyl-S-Cu and SH110 could
be adsorbed on the copper surface, which indicated that SH110 was a combination of accelerator and
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Figure 2. (a), (b) AFM 3D height and deflection image of the polished copper surface. (c), (d) AFM
3D height and deflection image of the copper surface treated with SH110.
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inhibitor. If accelerator-fragments (Cu-S-propane- sulfonate) and inhibitor-fragments (thiazolinyl-S-
Cu) have different concentration distribution at the mouth and the center of the TH under certain
conditions, the BFT and filling of the TH may be achieved using SH110 as the single additive.

3.2 Electrochemical evaluation

E-t curves, measured at the current density of 0.6A/dm? going with the addition of SH110 at
500s were shown in Fig.3a. The potential difference, 45, defined by 4n= » (100rpm) - # (1000rpm),
was used to characterize the different inhibition of copper electrodepositon at 100 and 1000rpm[2].
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Figure 3. (a) E-t curves at the current density of 0.6A/dm? at different rotation speeds. (b)
Potentiodynamic polarization curves of different formulae at different rotation speeds.
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The cathodic potentials both at 100 and 1000rpm increased suddenly when 20ppm SH110 was
added at 500s, which could be attributed to the adsorption of SH110 on the cathodic surface.
Moreover, the increase of the cathodic at 1000rpm was greater than that at 100rpm. This indicated that
stronger convection gives rise to stronger inhibition of copper electrodeposition. As time goes on, the
decomposed Cu-S-propane-sulfonate decreased the cathodic potential. An important phenomenon
appeared after the cathodic potentials were finally stable. The final cathodic potentials showed that the
addition of 20ppm SH110 decreased the cathodic potential at 100rpm, whereas it increased the
cathodic potential at 1000rpm. In other words, 20ppm SH110 was used as an accelerator at 100rpm,
whereas it was used as an inhibitor at 1000rpm. The electrodeposition rate of copper at the center(weak
convection) of the TH will be increased, whereas the electrodeposition rate at the mouth(strong
convection) will be decreased.

Potentiodynamic polarization curves of different formulae measured at 100 and 1000rpm were
given in Fig.3b. Significant reductive currents appeared at about -0.42V vs SSE using the basic bath.
In contrast, significant reductive currents appeared at about -0.55 and -0.58V vs SSE at 100 and
1000rpm using the bath containing 20ppm SH110. SH110 inhibited the appearance of the reductive
currents. Moreover, the inhibition at 1000rpm was stronger than that at 100rpm. It indicated that
stronger convection gives rise to stronger inhibition, which is consistent with the results of E-t curves.
As the increase of cathodic scan potentials, the reductive currents of the bath containing SH110
increased rapidly. According to the previous analysis, the increase of the current was attributed to the
decomposed Cu-S-propane-sulfonate. A current platform appeared when the currents increased to
about 1.3A/dm?. Moreover, curves were fluctuant. This was attributed to the interaction or competition
between the accelerator-fragment and the inhibitor-fragment. As the continue increase of cathodic scan
potentials, the reductive current decreased rapidly. It was because that more and more decomposed
thiazolinyl-S-Cu adsorbed on the cathodic surface. Moreover, the cathodic currents at 100 and
1000rpm began to decrease at -0.67 and -0.65V vs SSE, respectively. This indicated that more
inhibitor-fragments were adsorbed on the cathodic surface with stronger convection. These
electrochemical behaviors provide favorable conditions for the TH filling using SH110 as the single
additive.

3.3 Through-hole filling

The convection at the mouth and the center of the TH is not necessarily equal to 1000 and
100rpm in the actual TH electroplating process. Therefore the SH110 concentration used in the TH
filling may not be 20ppm. However, according to the analysis of the electrochemical behavior SH110,
there should be a concentration or concentration range of SH110 to achieve BFT. The typical results of
TH electroplating using electroplating bath with and without 10ppm SH110 were shown in Fig.4.

It can be seen from Fig.4d that the fastest copper deposition occured at the center of the TH
when 10ppm SH110 was present in the electroplating bath. A void, shown in Fig.4c, was formed in the
TH filling process using the basic bath. However, the TH filling without a void in the center was
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achieved using 10ppm SH110 as the additive. It indicated that SH110 can be used as the single
additive for BFT and TH filling.
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Figure 4. (a), (b) and (c) Cross-sectional pictures of the TH obtained from the basic bath. (d), (e) and
(f) Cross-sectional pictures of the TH obtained from the bath containing 10ppm SH110. (a), (d)
electroplating for 3h. (b), (e) electroplating for 10h. (c), (f) electroplating for 18h. (g) Model of
the TH.

4. CONCLUSION

The MD simulation showed that the decomposed thiazolinyl-S-Cu could be adsorbed on copper
surface. Moreover, thiazoline-ring in SH110 was approximately parallel to the copper surface. An
adsorbed layer could be formed on the copper surface when the copper surface was immersed in the
SH110 solution. The thiazolinyl-S-Cu can be considered as an inhibitor, therefore SH110 is a
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combination of accelerator and inhibitor. SH110 can inhibit the copper electrodeposition at the surface
with strong convection, whereas it can accelerate the copper electrodeposition at the surface with weak
convection. The TH filling without a void at the center of the TH was achieved using 10ppm SH110 as
the single additive.

References

1.
2.

ok w

14.

15.

Wei-Ping Dow, Yong-Da Chiu and Ming-Yao Yen, J. Electrochem. Soc., 156 (2009) D155.
Wei-Ping Dow, Chih-Chan Li, Yong-Chih Su, Shao-Ping Shen, Chen-Chia Huang, Cliff Lee, Bob
Hsu and Shar Hsu, Electrochim. Acta 54 (2009) 5894.

S.-K. Kim, D. Josell and T.P. Moffat, J. Electrochem. Soc., 153 (2006) C616.

T.P. Moffat, D. Wheeler, S.-K. Kim and D. Josell, Electrochim. Acta, 53 (2007) 145.

Wei-Ping Dow, Hsiang-Hao Chen, Ming-Yao Yen, Wei-Hsiang Chen, Kao-Hsuang Hsu, Po-Yao
Chuang, Hiroshi Ishizuka, Nobuo Sakagawa and Ryoichi Kimizukad, J. Electrochem. Soc., 155
(2008) D750.

Jong-Min Lee and Alan C. West, J. Electrochem. Soc., 152 (2005) C645.

Ja-Wern E. Chern and Huk Y. Cheh, J. Electrochem. Soc., 143 (1996) 3144.

K.F. Khaled, Mater. Chem. Phys., 124 (2010) 760.

Andreas Kornherr, Gerhard E. Nauer, Alexey A. Sokol, Samuel A. French, C. Richard A and
Catlow Gerhard Zifferer, Langmuir, 22 (2006) 8036.

. Tina Diiren, Youn-Sang Bae and Randall Q. Snurr, Chem. Soc. Rev., 2009, 38, 1237.

. Oleg Borodin, J. Phys. Chem. B, 113 (2009) 11463.

. K. C. Nicolaou and Christopher N. C. Boddy, J. Am. Chem. Soc., 124 (2002) 10451.

. Chong Wang, Maozhong An, Peixia Yang and Jingiu Zhang, Electrochem. Commun., 18 (2012)

104.

Min Tan, Clint Guymon, Dean R. Wheeler and John N. Harb, J. Electrochem. Soc., 154 (2007)
D78.

Wei-Ping Dow, Her-Shu Huang and Zack Lin, Electrochem. Solid-State Lett., 6 (2003) C134.

© 2012 by ESG (www.electrochemsci.org)

10651


http://www.electrochemsci.org/

