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This study examined the effect of polyethylene glycol (PEG) with different molecular weights on the 

copper electrodeposition in acid copper sulfate plating solution containing bis-3-sulfopropyl-disulfide 

(SPS) and chloride ion. Quantum chemical study, cyclic voltammetry, and surface analyses (HP-thin 

film XRD, FE-SEM) were conducted to evaluate the adsorption nature, crystallographic 

characteristics, and surface morphology. In copper electrodeposition, the adsorption effect of PEG is 

dependent on its molecular weight regardless of the existence of SPS. The increase of suppression 

effect with high PEG molecular weight induced the SPS biasing action which causes the change of 

surface property such as roughness, glossiness, preferred plane and grain size. In addition, PEG 

activated SPS reactions. 
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1. INTRODUCTION 

Electrodeposition is an electrochemical process of metal coating onto a conductive substrate 

immersed in electrolyte solution by applying a current [1,2]. Among various electrodeposition 

materials, copper is utilized due to its high thermal and electrical conductivity. Copper has been 

traditionally used in electronic products such as printed circuit boards (PCBs) and semiconductor 

devices [3-5]. Recently, with the development in the electronic industry, ultra-high frequency (about 

10 GHz) is required for the transmission line. To get the ultra-high frequency, it is essential to reduce 

surface resistance and signal attenuation which are affected by surface roughness [6-9]. 
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mailto:kimjg@skku.edu
mailto:kimjg@skku.edu


Int. J. Electrochem. Sci., Vol. 11, 2016 

  

10068 

Copper sulfate plating solution is composed of inorganic and organic additives that can affect 

the surface roughness, morphology, and crystallographic property [1,5,10]. Its inorganic components 

include copper sulfate, sulfuric acid, and halogen ions. Chloride ion (Cl
-
) is an indispensable 

component of copper sulfate plating solution. It acts as an electron bridge for copper ion reduction and 

leads to interactions with organic additives in the solution [11-14]. The organic additives can be 

classified as accelerator, suppressor, and leveler based on their influence on copper electrodeposition 

kinetics. 

Bis-3-sulfopropyl-disulfide (SPS) is one of the typically used organic additives. Tan et al. [15] 

have reported that SPS can inhibit copper deposition in the absence of Cl
-
. In the presence of Cl

-
, the 

participation in the charge transfer process makes SPS an accelerator by increasing the rate of copper 

reduction. 

Polyethylene glycol (PEG) is a typical suppressor that can inhibit copper reduction rate. PEG 

has a wide range of molecular weight (MW). Therefore, several studies have been conducted on its 

MW and characteristics of electrodeposition. Ko et al.
 

[16] have studied suitable MW and 

concentration of PEG by electrochemical measurement. Manu et al. [17] have shown that the MW of 

PEG can affect the crystallographic orientations of deposited copper. Specifically, with increase in 

MW of PEG, the major plane measured by XRD is changed from 220 to 111. High MW PEG has a 

large adsorption capacity especially at plane 111 due to its low surface energy compared to other 

planes. Because adsorbed PEG can induce the cathode over-potential, the major plane is changed to 

111. However, the effect of PEG MW when PEG co-exists with other organic additives in the solution 

has not been determined yet. Organic additives are generally used in combination because acceleration 

reaction can induce bumpy surface while suppression reaction will retard the deposition of the copper 

[18]. PEG as a suppressor is used with SPS as an accelerator in industrial situation to control copper 

plating surface and rate. It is important to identify the inhibition effect of PEG MW when it co-exists 

with SPS to reflect industrial situation. Therefore, the objective of this study was to evaluate the effect 

of MW of PEG with SPS on deposited copper surface properties. For this objective, quantum chemical 

study and electrochemical cyclic voltammetry (CV) were conducted to evaluate adsorption nature of 

SPS and MW of PEG. Electrodeposition was performed in galvanostatic mode to apply current step-

by-step. After electrodeposition, the surface property was analyzed. Changes in preferential plane and 

grain size of electrodeposited copper were confirmed using high power thin film X-ray diffraction 

(HP-thin film XRD). The surface morphology was observed through field emission scanning electron 

microscopy (FE-SEM).  

 

 

 

2. EXPERIMENTAL 

The electronic properties of SPS and PEG with different MWs were evaluated to analyze the 

adsorption property of the copper surface. Calculations were performed using B3LYP with base set 6-

31+G(d,p) [19]. Quantum chemical calculations were carried out using GAUSSIAN-09 program. 

Molecular graphics were produced using Gauss-View 5.0 graphical package. 
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Cyclic voltammetry (CV) was measured to confirm the adsorption ability of different MW PEG 

with SPS using multi-potentiostat / galvanostat VSP-300. In CV test cell, a copper seed layer (0.49 

cm
2
), a saturated calomel electrode (SCE), and a platinum wire (1.507 cm

2
) were used as working, 

reference, and counter electrode, respectively as the three-electrode electrochemical system. The 

copper seed layer was produced using sputtering method with a thickness of 0.1~0.3 μm on polymer. 

The CV experiment was performed with potential range from -1.0 VSCE to 0 VSCE and scan rate of 50 

mV/s. The compositions of plating electrolyte were copper sulfate (CuSO4·5H2O), sulfuric acid 

(H2SO4), and Cl
-
. Organic additives, SPS as an accelerator, and PEG as a suppressor with different 

MWs (300, 1000, 3400) were added to the electrolyte in the same amount. CV measurement was 

carried out in 500 mL solution that was maintained at 39 °C. 

Copper foil was electrodeposited onto copper seed layer using galvanostatic mode. The 

experimental system of copper electrodeposition was composed of cathode, anode, electrolyte, 

thermometer, and air bubbling system. The cathode was a copper seed layer. The anode was an 

iridium-coated titanium plate. The distance between cathode and anode was fixed to maintain a 

constant current density. The concentration and temperature conditions of 2000 mL electrolyte were 

exactly the same as those used in the CV system. The electrolyte was agitated with air bubbling system 

to reduce the diffusion layer thickness (δ) for increasing electrodeposition efficiency. In order to reflect 

the condition similar to the actual electrodeposition process, the current was applied to the cathode 

step-by-step until a thickness of about 8 μm electrodeposited copper was achieved. After the 

electrodeposition of copper foil, electrodeposited copper was washed twice with distilled water to 

remove the remaining copper plating solution and dried using a drying machine. 

Electrodeposited copper is known to undergo self-annealing or recrystallization at room 

temperature and it makes the difference in microstructures and mechanical performance [20-23].
 
For 

this reason, all electrodeposited specimens were subjected to surface analysis after storing at room 

temperature for 48 hours. The surface roughness was examined using an illuminometer (Mitutoyo SJ-

210) with the sensitivity of 0.5 μm. Ten-point average roughness (Rz) was recorded. The glossiness 

was examined using a glossmeter (C.T YG-SM). Average values of surface roughness and glossiness 

were obtained from 5 times of measurements. HP-thin film XRD (Bruker D8 ADVANCE) was 

performed to measure the changes in preferential plane and grain size. The scan rate of XRD was 3° 

per min from 30° to 100° with an 18 kW Cu Kα X-ray. Top views and tilted views of electrodeposited 

copper were characterized using FE-SEM (JEOR JSM7500F) and FE-SEM (JEOR JSM7000F), 

respectively. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Quantum chemical analysis 

To simplify the investigation regarding the inhibition effect of PEG with different MW on 

copper electrodeposition, simulation was performed as shown in Figure 1 and Table 1. The quantum 

chemical analyses based on hard and soft acid and bases (HASB) principle were focused on the 
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following electronic structure parameters: energy of the highest occupied molecular orbitals (EHOMO), 

energy of the lowest occupied molecular orbitals (ELUMO), and energy band gap ( =ELUMO - EHOMO). 

Results are summarized in Table 2.  

 

 
 

Figure 1. Simulated molecular structures of PEG. 

 

Table 1. Simulated molecular weights of PEG 

 

n Molecular weight 

2 106 

4 194 

10 458 

 

Table 2. Quantum chemical parameters of PEG with different n: orbital energies of HOMO (EHOMO), 

LUMO (ELUMO), the LUMO-HOMO gap (E=ELUMO-EHOMO) 

 

n EHOMO (eV) ELUMO (eV) E (eV) 

2 -5.369 -3.009 2.360 

4 -4.824 -3.596 1.228 

10 -4.578 -3.649 0.929 

 

Table 3. Quantum chemical parameters of SPS: orbital energies of HOMO (EHOMO), LUMO (ELUMO), 

the LUMO-HOMO gap (E=ELUMO-EHOMO) 

 

 EHOMO (eV) ELUMO (eV) E (eV) 

SPS 0.664 1.631 0.967 

 

EHOMO is related to the electron-donating ability of the molecule. The higher the value of EHOMO, 

the more molecules with tendency to donate electrons to appropriate acceptor molecules with low-

energy empty molecular orbital. On the other hand, ELUMO is related to the electron-accepting ability. 

As a result, the lower absolute value of the energy gap, the higher electron sharing properties between 

inhibitors and metal surface, thus better inhibitor efficiencies [24-27].
 
When the PEG MW was higher, 

the EHOMO value was higher while the ELUMO and E values were lower. That is, the adsorption effect 

on copper layer is larger at higher MW of PEG. 
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When Cl
-
, SPS, and PEG co-exist, SPS and PEG are competitively adsorbed onto the copper 

seed layer. The SPS reacts as an accelerator after penetrating the PEG - Cu
+
 - Cl

-
 complex [12,20].

 

Therefore, quantum chemical analysis was conducted for SPS. Results are shown in Table 3. The 

EHOMO and ELUMO values of SPS were higher compared to PEG, indicating that SPS has a strong 

tendency to donate electron but a weak tendency to accept electron. This is the reason why SPS is 

adsorbed with sulfonic end group that is negatively charged [28,29].
 
Based on quantum chemical 

results, the SPS would not be absorbed onto the copper surface. Instead, it reacted with cation such as 

the copper ion. Thus, SPS can accelerate the reduction reaction of copper ions. The E value of SPS 

was lower except that when n was equal to 10, indicating that the degree of competitive adsorption 

between SPS and PEG is different according to the MW of PEG. Thus, the SPS adsorption is more 

difficult when the PEG MW is higher. However, because the adsorption mechanism of SPS is a 

chemical adsorption, it can be adsorbed onto copper [29]. 

 

3.2. Electrochemical measurements of PEG on copper surface 

The effect of adsorption on different MWs of PEG with SPS is shown in Figure 2.  

 

 
 

Figure 2. Result of CV with SPS and different MW of PEG in acid copper sulfate plating solution 

containing the chloride ion. 

 

The result is shown in accordance with the number sequences. At the starting point of CV, the 

length of the region that appeared to have constant current with potential change was different. Large 

MW PEG showed longer region. It signifies the adsorption of PEG because the constant current means 

the disturbance to copper electrodeposition. However, the regions are hardly appeared with the 

addition of only SPS and PEG 300. As the MW of PEG was increased, the first peak at about -150 mA 

was shifted to a more negative potential because the suppression effect was larger for higher MW. 

These results were similar to those of quantum chemical analysis, although the CV solution contained 

not only PEG, but also SPS. Thus, the adsorption of PEG is unrelated to the presence of SPS. In the 
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absence of PEG, peak potential was similar to that of PEG 300 because the difference of E between 

SPS and PEG 300 calculated by quantum chemical was very small. The suppression effect of PEG 300 

was hardly observed at low potential area. 

At high potential area (about -1.0 VSCE), the absolute values of peak current were getting 

smaller as the MW of PEG was increased. Since the current represents movement of electrons, the 

magnitude of the current means the amount of copper ions deposited onto the copper seed layer. Low 

MW PEG had a small effect on the copper electrodeposition suppression. Therefore, the amount of 

deposited copper ions was increased at low MW PEG compared to that at high MW PEG. At backward 

scanning region from -1.0 VSCE to 0 VSCE (the region marked as (4) and (5)), CV showed a different 

suppression effect with PEG at a constant current. At the constant current, different MWs of PEG show 

different potentials. Higher MW of PEG shows lower potential. With the injection of additives 

sequentially under constant current conditions, the additives can be classified into potential changes 

[30,31]. If the injected additive has greater inhibition effect, it shows more drop in the potential. 

However, acceleration effect shows an increased potential. Because lower potential means greater 

inhibition at the constant current, the higher MW of PEG will increase the inhibition effect. Because 

SPS is an accelerator, it showed the highest potential at the constant current.  

 

3.3. The surface roughness and glossiness 

 
Figure 3. Measured appearance features of electrodeposited copper foils with SPS and different PEG 

MW after 48 hours. (a) surface roughness and (b) glossiness. 
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Results of surface roughness and glossiness of electrodeposited copper foil are shown in Figure 

3. The presence and MW of PEG were found to be related to both glossiness and surface roughness. 

The surface roughness was reduced when the MW of PEG MW was increased. Changes in surface 

roughness according to the MW of PEG were clearly observed in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Degree of 70 tilted images of FE-SEM with various organic additives. (a) only SPS (b) SPS 

+ PEG 300, (c) SPS + PEG 1000, and (d) SPS + PEG 3400 

 

The glossiness is measured by the amount of light on the surface. Incident light from the 

glossmeter will be reflected to the surface. Only the regular reflection light is detected on a glossmeter 

[32]. As the surface roughness was reduced with increase in PEG MW, glossiness was increased. 

 

3.4. Preferred crystallographic plane and grain size 

In order to explain surface characteristics with organic additives, it is necessary to conduct 

microstructure analysis of the electrodeposited copper. XRD results of electrodeposited copper foils in 

plane 111 are shown in Figure 5a. In Bravais lattices, copper has a face-centered cubic (FCC) crystal 

(c) (d) (a) (b) 
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structure, of which plane 111 is a close-packed plane [33].
 
In consistent with this result, higher 

intensity of plane 111 compared to other planes was found in our study.  

As mentioned in Quantum chemical analysis, the action of organic additives in SPS and PEG 

has an order. Preferentially, PEG acts on copper seed layer.  
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Figure 5. XRD pattern which represents the crystallographic orientation with SPS and different MW 

of PEG. Each plane is (a) (111), (b) (200), and (c) (220). 

 

The inhibition reaction mechanisms of PEG have been reported in a number of studies 

[3,34,35].
 
The form of PEG - Cu

+
 - Cl

-
 is structured as follows: two oxygen atoms of PEG are 

connected with cuprous ion, one chloride ion links between cuprous ion and copper surface. The 

functional group that traps the cuprous ions is an ether group that can inhibit copper electrodeposition. 

Larger MW of PEG means higher degree of polymerization and more ether groups, thus improving the 

inhibition effect. In addition, PEG adsorption onto copper substrate without cuprous ions is possible as 

long as chloride ions exist [36].
 
Depending on the mechanism, the reduction reaction of copper ions in 

the electrodeposition solution is dependent on the distribution of Cl
-
. Because the atomic packing 

density is related to the adsorption reaction of Cl
-
, the preferential absorption of Cl

-
 is on plane 111 

[37,38].
 
Due to this adsorption of Cl

-
, there is a possibility to make more PEG - Cu

+
 - Cl

-
 complex on 

plane 111. Thus, the reduction reaction on plane 111 was more inhibited compared to that on plane 200 

or plane 220. As the MW of PEG was increased, the growth inhibition on plane 111 might have 

worked more effectively that the intensity of XRD peak on plane 111 was decreased in Figure 5. 

The PEG absorption reaction was followed by SPS acceleration reaction. This accelerating 

reaction improves the copper deposition rate on planes 111, 200, and 220. However, due to the PEG 

barrier, the SPS reaction on plane 111 was more delayed compared to that on plane 200 or plane 220. 

That is, the SPS reaction on planes 200 and 220 was more preferred than that on plane 111. Such plane 

preference was increased with higher MW of PEG due to difficulties in penetration. Among the three 

planes on FCC, the planar density was in an order of plane 111, 220 and 200. Consequently, higher 

MW of PEG changed the preferred crystallographic plane from 111 to 200. The relationship of 

electrodeposited copper surface feature with different MWs of PEG is shown in Figure 6b-d.  
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Figure 6. Top view images of FE-SEM with various organic additives. (a) only SPS (b) SPS + PEG 

300, (c) SPS + PEG 1000, and (d) SPS + PEG 3400. 

 

With higher MW, the cubic shape crystals were also increased. In FCC crystal structure, plane 

111 had a triangular shape while planes 200 and 220 had rectangular shapes. In the XRD results, the 

increase of MW changed the preferred plane 200 that the cubic structure was expected at planes 200 

and 220. 

To estimate the grain size, the XRD results was interpreted with Scherrer equation: 

θB

λ
τ

cos

9.0
=

           (1) 

where 0.9 is the shape factor, λ is the wavelength of Cu Kα, Β is the full width at half maximum 

(FWHM), and θ is the angle. The relationship between the grain sizes in a percentage and MW of PEG 

in different planes is shown in Figure 7. The grain size on plane 111 showed similar values for all 

MWs of PEG. However, the grain size on planes 200 and 220 tended to be increased when the MW of 

PEG was increased. This is also due to the biasing action of SPS. The SPS energy needed to 

penetration PEG complex on plane 111 is larger than that on planes 200 or 220. Therefore, the 

acceleration reaction of SPS occurred more on planes 200 and 220 with more deposition of copper ions, 
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thus more grains. When the MW of PEG was increased, more focused SPS reactions made more large 

grains. 

 

 
 

Figure 7. Calculated grain size ratio of SPS and different MW of PEG in (111), (200) and (220) 

planes. 

 

Based on the result of only SPS in Figure 5, the XRD intensity on plane 111 was similar to that 

of PEG-containing solutions or less. However, the XRD intensity on planes 200 and 220 was not 

revealed. Thus, in Figure 6a, crystallographic shape of rectangular was rarely observed. Figure 7 shows 

the grain size on plane 111 without PEG was smaller than that of PEG-containing specimens. These 

results mean that the absence of PEG can induce insufficient crystallographic growth and grain growth 

because the SPS-added solution is partially reacted during the copper electrodeposition. In this regard, 

the PEG worked as the suppressor while multiple amounts of SPS acted as the accelerator. 

Previous study on correlation between grain size and roughness has revealed that more 

suppression effect of PEG will reduce the surface roughness due to smaller grain size [39,40]. 

However, our XRD results revealed that the surface roughness was more influenced by the preferred 

plane than by the reduced grain size when accelerator and suppressor co-existed. 

 

 

 

4. CONCLUSION 

The influence of different MW PEG on the copper electrodeposition with SPS and Cl
-
 was 

investigated using quantum analysis, cyclic voltammetry, XRD, and SEM. It comes down to the 

following conclusions: 

1. Quantum analysis and cyclic voltammetry revealed that higher MW of PEG increased 
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the effect of inhibition regardless of the existence of SPS, indicating that the adsorption property of 

PEG is not related to other additives but to the increases of ether group in the form of PEG - Cu
+
 - Cl

-
. 

2. The increase of suppression capacity affected surface nature. When the MW of PEG 

was increased, the surface roughness is decreased while the glossiness was increased. Based on XRD 

analysis, the cause of this phenomenon was greatly influenced by the preferred plane rather than grain 

size. 

3. The difference in the PEG adsorption nature according to its MW affected the 

concentration of SPS. As the degree of adsorption was increased, the biasing of SPS on planes 200 or 

220 was accelerated because more PEG was adsorbed on plane 111 due to chloride ions. The number 

of cubic shape grain at planes 200 and 220 was increased as the PEG MW was increased. 

4. SPS without PEG resulted in insufficient crystallographic growth and grain growth. 

Therefore, PEG activated the SPS reaction by increasing the amount of working SPS. 
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