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Abstract 

 

Project Code :  MRG4980074 

 

Project Title :  The study of influence of copper and its interaction with other 

additive on copper electrodeposition in sulphate plating solution 

 

Investigator :   Dr. Nisit Tantavichet 

 Department of Chemical Technology, Faculty of Science, 

Chulalongkorn University 

 

E-mail Address : nisit.t@chula.ac.th 

 

Project Period : July 1, 2006 – 30 December, 2009 

 

The interaction between chloride and thiourea in copper electrodeposition in a 

sulfate-plating bath was investigated. The sole addition of thiourea to the bath increased 

the polarization of the electrode potential during copper deposition, leading to very fine and 

smoothly structured deposit but with microscopic nodules distributed over the surface. 

When chloride was added to a plating solution containing thiourea, the copper deposition 

mechanism was changed, showing a depolarization of the electrode potential, and the 

copper deposits were found to have a relatively rougher microstructure, but without the 

formation of microscopic nodules. However, rough deposit surfaces having no distinct 

pattern were formed at the macroscopic scale. Observations of roughening evolution show 

that the rough surface was initiated from small holes formed across the deposit surface 

during the initial stage of deposition that eventually developed into visibly rough deposits. 

The copper deposition inside these holes and at other areas was expected to undergo 

different deposition mechanisms. Copper deposition in the areas that ultimately developed 

into holes was almost totally inhibited by the thiourea-Cu(I)-chloride complex film, not just in 

the grain growth process, but over practically the entire electrodeposition process. 

Conversely, copper deposition occurred in other areas under conditions where nucleation 
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proceeded, but grain growth was inhibited to produce a fine, homogeneous microstructure. 

An uneven deposit surface that had different microscopic structures in different areas was 

then formed. The structure of the thiourea-Cu(I)-chloride film was strongly affected by the 

current density and appeared to break down completely if sufficiently high current density 

was applied  to yield a fine and homogeneous microstructure that was also macroscopically 

smooth. 

 

Keywords : copper electrodeposition; thiourea; chloride; synergetic effect; morphology 
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The study of influence of copper and its interaction with other additive on copper 

electrodeposition in sulphate plating solution 
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Introduction  

In electrodeposition, it is well known that the addition of small amounts of certain 

substances into the plating bath results in significant changes in the properties and 

throwing power of the deposit. The added substances are expected to modify the 

deposition mechanism depending on their functions during the electrodeposition process. In 

copper electrodeposition in a sulfate-plating bath, various additives such as gelatin [1,2], 

benzotriazole [3-9] and thiourea [2,7,8,10-21] have been widely used to improve the surface 

finish of metal deposits.   

 

Besides these additives, chloride has also been found to play a significant role during the 

electrodeposition of copper in a sulfate-plating bath. The presence of chloride as the sole 

additive has been reported to have inconsistent results in influencing copper deposition, 

where some researchers find improvements in copper deposition properties [22,23] while 

others find the opposite [24-26]. Moreover, the presence of chloride in plating baths 

containing other additives such as polyethylene glycol (PEG), bis(3-sulfopropyl) disulfide 

(SPS) or 3-mercapto-1-propanesulfonate (MPSA) and their combinations has been found to 

alter deposit properties relative to those in the absence of chloride, and a number of 

extensive studies on the interactions of chloride and those additives have been reported 

[23,25,27-29]. On the other hand, although thiourea has been commonly used as a 

brightening agent for copper electrodeposition [7,14,18,19,30,31], to date very few studies 

on electrodeposition in a solution containing thiourea and chloride have been conducted 

[15,32,33].  

 

Previously, we reported the tendency of the combination of thiourea and chloride to 

improve the copper deposit structure [26]. In this study, we extensively investigate the 

synergetic effects of thiourea and chloride on the morphology of the copper deposit during 

direct current (DC) electrodeposition. The experiments were initially conducted on copper 

disc electrodes rotating at 500 rpm using DC electrodeposition at 0.04 A cm
-2
. The 

influences of the fluid-flow conditions and the applied current density were also studied. 

The deposit morphologies were characterized by scanning electron microscopy (SEM) and 

ex situ atomic force microscopy (AFM). Cyclic voltammetry was used for Cu
2+

 reduction, 

and electrode potentials were monitored during electrodeposition to provide better insight 
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into the synergy between the effects of thiourea and chloride during copper 

electrodeposition.   

 

 

Experimental  

The electrodeposition experiments were conducted using a rotating disc electrode (RDE) 

(MetroOhm) immersed in a cylindrical electrolytic cell containing 50 cm
3
 of a plating 

solution. DC electrodeposition and voltammetry experiments were carried out using a 

�AUTOLAB II Potentiostat (Eco Chemie) with a three-electrode system. The working 

electrode was a 0.43-cm diameter (0.1452 cm
2
 area) copper disc polished with SiC-type 

abrasive paper (1200 grade), followed by silicon carbide grinding paper (P4000) (Buehler) 

and 0.3 and 0.05 �m Al2O3 powder (Buehler), to a mirror finish. A copper disc, placed at 

the bottom of the cell about 2 cm from the working electrode, was used as the counter 

electrode. A mercury/mercurous sulfate electrode (MSE, Radiometer analytical) was used 

as the reference electrode. All potentials reported herein correspond to the MSE scale. 

 

An acidic sulfate-plating bath containing 0.1 M CuSO4 and 1 M H2SO4 was used for all 

experiments. The concentrations of HCl (Aldrich Chemical) and thiourea (Aldrich Chemical) 

used to study the effect of additives on copper deposition were 10
3
 �M and 20 �M, 

respectively. Stock thiourea solutions were prepared freshly before the electrodeposition 

experiments. The presence of these additives in the concentration ranges used in this work 

did not have a noticeable effect on the open circuit potential.  

 

DC electrodeposition experiments were conducted at a current density of 0.04 A cm
-2
 on 

copper disc electrodes rotating at 500 rpm to achieve a charge density of 6 C cm
-2
. 

However, later in the study, the rotational speed and the applied current density were 

varied in order to investigate the correlation between those parameters and deposit 

topographies during the copper electrodeposition in the presence of thiourea and chloride. 

Experiments were conducted several times under identical conditions to assess 

repeatability and consistent results were obtained from run to run. Deposit morphology was 

characterized using ex situ atomic force microscopy (AFM) (Veeco, NanoScope IV) and 
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scanning electron microscopy (SEM) (JOEL, JSM-5410LV). AFM studies were carried out 

in contact mode using a Si3N4 tip to acquire images of different sizes. The root mean 

square (RMS) microroughness of the deposited surfaces was also obtained by AFM. 

Measurement of the RMS microroughness was intended to complement the information 

provided by the AFM images to determine the topography of the copper deposits produced 

under different conditions. To obtain the cross-sectional images, the deposited copper disc 

was mounted in Bakelite and cut through the disc center using a diamond wafering blade 

on a low-speed saw. The cross-sectional deposited copper disc was then polished using 

SiC-type abrasive paper (1200 grade) followed by 0.3 and 0.05 �m Al2O3 powder and was 

etched in a solution of NH4OH and H2O2 in water [28]. The cross-sectional images showing 

the deposit profiles were obtained by SEM. 

 

 

Results and discussion  

1. Cyclic voltammetry – To investigate the synergetic effect of the combination of thiourea 

and HCl for copper electrodeposition, a series of cyclic voltammetry experiments for Cu
2+

 

reduction were carried out in the absence and presence of additives. The voltammograms 

for the rotational speeds of 500 and 2,000 rpm are shown in Fig. 1a and b, respectively. As 

shown in Fig. 1a and b, the voltammograms obtained in the same plating solution indicate 

similar trends for different rotational speeds, except that the voltammograms for Cu
2+

 

reduction obtained at 2,000 rpm reach a higher level of limiting current density for the 

forward scans (i.e., 0.12 A cm
-2
) than those obtained at 500 rpm (i.e., 0.06 A cm

-2
). The 

forward scans in Fig. 1 confirm the findings from previous studies showing that Cu
2+

 

reduction is accelerated in the presence of HCl alone [25-27,34,35]. Conversely, the 

voltammograms obtained in the presence of thiourea alone confirm that copper deposition 

is strongly suppressed at lower overpotentials before being abruptly activated at a critical 

potential (approximately –0.77 V MSE) [18,26,36]. Detailed discussions of the 

voltammograms in the presence of HCl alone and in the presence of thiourea alone can be 

found in the previous work [26] and in the literature [18,25,27,34-37].  
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Fig. 1 Cyclic voltammograms for Cu

2+
 reduction on rotating disc electrodes immersed in 

various 0.1 M CuSO4�1M H2SO4 solutions at rotational speeds of (a) 500 rpm and (b) 

2,000 rpm using a scan rate of 10 mV s
-1
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When both HCl and thiourea are present in the solution, the forward scans are polarized 

relative to those observed in the absence of additives, whereas the reverse scans are 

depolarized with respect to those obtained in their absence. In fact, the forward scans 

almost follow those obtained in the solution containing thiourea alone, except that they 

establish a more well-defined limiting current density plateau.  The reverse scans show the 

opposite results. In the presence of thiourea alone, the reverse scans still indicate an 

inhibition of Cu
2+

 reduction over the entire scan. They closely follow the corresponding 

forward scans until reaching the critical potential (below –0.77 V) where they do not show 

the almost complete inhibition of Cu
2+

 reduction. The inhibiting film formed during the 

forward scan for Cu
2+

 reduction in the presence of thiourea alone partially breaks down at 

high potentials or completely breaks down, but is gradually restored during the reverse 

scan (from the critical potential to approximately –0.6 V) and is completely restored when 

the potential reaches –0.6 V. In contrast, the reverse scans in the presence of thiourea and 

chloride indicate the acceleration of Cu
2+

 reduction; here they tend to follow those obtained 

in the solution containing HCl alone, despite the substantial discrepancy shown for the case 

of 2,000 rpm. The significantly higher current density of the reverse scan at 2,000 rpm 

when HCl alone is present compared to that when both thiourea and HCl are present is 

likely due to the considerably rougher deposit formed at this rotational speed when HCl is 

the only additive. The inhibiting film formed during the forward scan in the presence of 

thiourea and chloride is mostly destroyed at high potentials and is not restored quickly 

enough to cover the copper substrate. Since the reverse scans show acceleration similar to 

that in the presence of HCl alone, it is possible that only thiourea detaches from the 

inhibiting film, leaving chloride alone on the copper surface during the reverse scan. The 

reverse scan results suggest that, in the presence of thiourea and chloride, thiourea should 

attach on the copper surface through chloride to form the inhibiting complex, whereas, in 

the absence of chloride, thiourea attaches directly onto the copper surface to form the 

inhibiting complex. The voltammogram results indicate that the addition of HCl in the plating 

solution containing thiourea changes the structure of the inhibiting complex adsorbed on the 

copper surface and hence the mechanism of copper electrodeposition. 
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2. Microscopic study – To study the synergetic effect of the combination of thiourea and 

HCl on the deposit morphology, electrodeposition experiments were carried out in the 

absence and presence of additives using a current density of 0.04 A cm
-2
 on copper disc 

electrodes rotating at 500 rpm as the standard conditions. The current density of 0.04 A 

cm
-2
 was chosen based on the response in Fig.1a, showing that it is sufficiently high to 

maintain a high nucleation rate without causing electrodeposition to be mass transfer 

limited. The electrodeposition of copper at the rotational speed of 2,000 rpm is discussed in 

section 3.4. The AFM images of the copper deposits obtained in the absence and presence 

of additives after passing a charge density of 6 C cm
-2
 are shown in Fig. 2. The AFM image 

of the bare copper substrate is included (Fig. 2a) for comparison. Each AFM image was 

obtained ex situ of a deposit produced from a separate deposition experiment. The 

electrode potentials monitored during the electrodeposition are shown in Fig. 3.  

 

Similar to the results reported previously [26], the copper deposit structure produced in the 

presence of HCl alone (Fig. 2c) contains bigger grains and becomes coarser and rougher 

(roughness = 79.37 nm) compared to that obtained in the absence of additives (Fig. 2b) 

(roughness = 60.55 nm), whereas the copper deposit structure produced in the presence of 

thiourea alone (Fig. 2d) consists of very fine grains and a mostly very smooth surface. The 

deposit surface produced in the solution containing thiourea alone appears brighter than 

that produced in the absence of additives or in the presence of HCl alone. However, the 

surface is not as reflective as the polished uncoated copper surface since it appears to 

already have a very thin cloudy film overlay when a charge density of 1 C cm
-2
 has been 

passed. The thin cloudy film is expected to be due to microscopic nodules protruding from 

the flat deposit surfaces, which are locally found on the deposit structures when a charge 

density of 1 C cm
-2
 has been passed (data not shown) and become larger and denser as 

the electrodeposition proceeds, eventually merging altogether to form an entirely rough 

deposit structure [38]. The influence of chloride alone and thiourea alone on the 

electrodeposition of copper has been discussed in our previous work [26,38] and in the 

literature [8,16,17,25,26,29,31,38-41].  
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Fig. 2 AFM images (15 mm � 15 mm) of (a) bare copper surface, and copper deposits 

obtained from the 0.1 M CuSO4-1M H2SO4 solution containing (b) no additive, (c) 1×10
3
 �M 

HCl, (d) 20 �M thiourea, (e) 20 �M thiourea and 1×10
3
 �M HCl at a current density of 0.04 

A cm
-2
 and a rotational speed of 500 rpm after passing a charge density of 6 C cm

-2
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Fig. 3 Electrode potentials monitored during DC electrodeposition in 0.1 M CuSO4–1 M 

H2SO4 solutions in the absence and presence of different additives until a charge density of 

6 C cm
-2
 is passed 

 

The microroughness of the deposit obtained in the presence of thiourea is found to be 

lower (45.19 nm) than that in the absence of additives (60.55 nm), but it strongly depends 

on the location of the image taken since the surface of the deposit obtained in the 

presence of thiourea consists of a very smooth and fine structure, with nodules distributed 

randomly across the surface (Fig. 2d). It should be noted that although the nodule 

formation was observed in the 3-D images using AFM, the deposit surface still appears to 

be very smooth macroscopically since no rough surface features were observed by SEM at 

a magnification of 50X.  

 

When both HCl and thiourea are present in the plating solution, the combination of these 

two additives shows a synergetic effect. Fig. 2e shows that the deposit structure obtained 

from a solution containing 20 �M thiourea and 1×10
3
 �M HCl is substantially different from 

that obtained in the presence of thiourea alone (Fig. 2d) or HCl alone (Fig. 2c), as it has a 

slightly bigger-grained structure than that obtained in the presence of thiourea alone, but 
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still has much smaller and finer-grained structure than that obtained either in the absence 

of additives or in the presence of HCl alone. Thiourea and chloride are expected to form a 

complex and adsorb at the solid-liquid interface and block the surface diffusion process of 

copper adatoms. However, the inhibition mechanism of the thiourea-Cu(I)-chloride complex 

should differ from that of the thiourea-Cu(I) complex since the deposit structure obtained in 

the presence of both additives is obviously not as smooth as the flat regions (i.e., the 

smooth areas excluding the nodule spots) of the deposit produced in the presence of 

thiourea alone and more importantly no nodules are formed. No cloudy film is formed on 

the deposit surface, which leads to more reflective surface. The disappearance of nodules 

leads to a more uniform structure, lower overall microscopic deposit roughness (roughness 

= 20.36 nm) and a more reflective surface compared to the deposits obtained in the 

presence of thiourea alone.  

 

As shown in Fig. 3, the electrode potential for the copper deposition in the presence of 

thiourea alone, as for the voltammogram results (Fig. 1a), is polarized toward a higher 

cathodic potential (~ -0.83 V) relative to that in the absence of additives (~ -0.74 V). On the 

other hand, the electrode response for copper deposition in the presence of thiourea and 

HCl is depolarized toward a lower cathodic potential (~ -0.69 V) which is closer to the value 

attained during the reverse scan in Fig. 1a than to that reached during the forward scan at 

the same current. These indicate the difference in electrocrystallization mechanisms of 

these two systems, which leads to different deposit structures. The polarization condition for 

the deposit in the presence of thiourea alone indicates that the Cu
2+

 reduction is strongly 

inhibited and the nucleation rate is enhanced compared to the surface diffusion rate, 

resulting in a fine-grained deposit structure (Fig. 2d). The depolarization of the electrode 

potential indicates an acceleration of Cu
2+

 reduction, which normally results in a coarse-

grained deposit structure, like the copper deposition in the presence of HCl alone (~ -0.61 

V; Fig. 2c). However, the opposite is observed for copper deposition in the presence of 

thiourea and HCl, as a fine-grained deposit structure is produced (Fig. 2e), although the 

electrodeposition proceeds under the depolarization condition (~ -0.69 V). This indicates 

that the normal influence of the electrode potential on the nucleation rate may not apply in 

this case, and the electrodeposition in the solution containing thiourea and chloride 

undergoes a very complicated electrodeposition mechanism that is not well understood.  



17

 

Compared to the more well-studied system of copper deposition in the presence of PEG 

and HCl, the thiourea/chloride system possesses different behavior. PEG is considered an 

inactive or low-activity inhibitor by itself since, when added alone, the deposit morphology 

and voltammograms change only slightly compared to the additive-free system [29,40,42-

46]. When a suitable amount of chloride is added to a solution containing PEG, dramatic 

changes are then observed in the deposit morphologies and voltammograms [40,44-51]. It 

is widely accepted that the PEG is bound to the copper surface by chloride to form the 

inhibiting film [51,52]. In contrast, for the thiourea/chloride system, thiourea exhibits the 

inhibiting effect by itself and the addition of chloride changes the way the electrodeposition 

mechanism proceeds. In the absence of chloride, thiourea is bound directly onto the copper 

surface via its unsaturated sulfur atom to form the complex film. In the presence of chloride, 

as discussed in section 3.1, thiourea is likely to be bound to the copper surface by chloride 

and the copper deposition proceeds through a different mechanism.  

 

On a microscopic scale, the AFM results show that the synergetic effect of thiourea and 

chloride tends to improve the overall microscopic deposit structure since the nodules are 

eliminated and no thin cloudy film is observed, which leads to more reflective surface. 

However, similar to what we found in the previous study [26], the deposit surface becomes 

rough on a macroscopic scale, which can easily be seen under SEM at 50X or with the 

naked eye when the deposits are thick enough, as discussed in the next section. These 

results indicate that the addition of chloride to a plating bath containing thiourea improves 

the morphology of the copper deposit on the microscopic scale, but worsens the copper 

deposit surface on the macroscopic scale.  

 

3. Macroscopic study – The macroscopic study considers the formation of rough deposits 

that are easily noticeable with bare eyes or under SEM at a magnification of 50X. Here, we 

attempted to closely investigate the roughening evolution of the deposit surfaces when the 

electrodeposition took place in the solution containing thiourea and HCl. SEM was used to 

monitor a series of deposits to investigate the evolution of roughening of the surfaces over 

a range of deposition times.  
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(a) (b)

(c) (d)

(e)

Fig. 4 SEM images (at 50X) of deposit macrostructures obtained from the 0.1 M 

CuSO4�1M H2SO4 solution containing 20 �M thiourea and 1×10
3
 �M HCl at a current 

density of 0.04 A cm
-2
 and rotational speed of 500 rpm for coverages of (a) 1 C cm

-2
, (b) 2 

C cm
-2
, (c) 3 C cm

-2
, (d) 6 C cm

-2
, (e) 12 C cm

-2
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The macroscopic images (at 50X) of the copper deposits obtained in the solution containing 

thiourea and HCl at different charge densities are shown in Fig. 4. Fig. 4a shows that after 

passing 1 C cm
-2
, no obvious features, except very small white spots distributed on the 

surface, are observed. After passing higher charge densities, the white spots become 

bigger and more noticeable, as shown in Fig. 4b and c for 2 C cm
-2
 and 3 C cm

-2
, 

respectively. As these white spots are not found on the bare copper substrate prior to the 

electrodeposition and they are not observed in every deposition condition, as will be shown 

later, they should be associated with a deposition feature rather than pre-existing defects 

on the substrate. We hypothesize that the white spots are shallow holes, not nodules, 

initiated during electrodeposition. The formation of locally irregular spots during the initial 

stage of electrodeposition could be due to a non-uniformity of the thiourea-Cu(I)-chloride 

complex film. It is also possible that the thiourea-Cu(I)-chloride complex film could be rather 

homogeneous, but it may not form uniformly across the entire depositing surface. Thus, the 

electrodeposition in different areas proceeds via different mechanisms. The 

electrodeposition taking place on the areas that develop white spots proceeds at a slower 

rate compared to the rest of the surface. After the deposit is thick enough (after passing a 

charge density of 6 C cm
-2
), the white spots appear to develop into holes on the deposit 

surfaces, as shown in Fig. 4d, and eventually develop into very rough surface, as shown in 

Fig. 4e (after passing 12 C cm
-2
). The rough surface, in the form of pits, starts to be 

noticeable by eye after passing a charge density 6 C cm
-2
. As the deposition proceeds 

further, these pits tend to merge together and form an unpatterned-rough surface.  

 

Fig. 5 shows the SEM images, at a higher magnification (5,000X), focused on a white spot 

(or hole) (Fig. 5a and c) and on the flat area (Fig. 5b and d) of the deposits obtained after 

passing charge densities of 2 C cm
-2
 (Fig. 5a and b) and 6 C cm

-2
 (Fig. 5c and d). The 

SEM images show that the deposit structures at these two areas are substantially different. 

After passing 2 C cm
-2
, the deposit structure at the flat area consists of uniform, fine-

grained crystals (Fig. 5b), whereas the deposit structure at the white spot is made of 

irregular crystals (Fig. 5a). This indicates that two different electrodeposition mechanisms 

may occur in these two areas. Alternatively, it may also be possible that a single 

mechanism occurs in both of these areas, and that the white spots, consisting of irregular 

crystals, are generated at defects as deposition proceeds. As higher charge density is 
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passed (6 C cm
-2
), the difference in the deposit structures of these areas appears to be 

more pronounced, as shown in Fig. 5c and d.   

 

(c)

(a) (b)

(d)

Fig. 5 SEM images at higher magnification (5,000X) of deposits obtained from the 0.1 M 

CuSO4�1M H2SO4 solution containing 20 �M thiourea and 1×10
3
 �M HCl at a current 

density of 0.04 A cm
-2
 and rotational speed of 500 rpm (Fig. 4b and d): (a) focused on the 

white spot after passing 2 C cm
-2
, (b) focused on the flat area outside white spots after 

passing 2 C cm
-2
, (c) focused in the hole after passing 6 C cm

-2
, (d) focused on the flat 

area outside holes after passing 6 C cm
-2
 

 

To obtain a new insight into the evolution of roughening, AFM was used to acquire the 

topographies over an image size of 50 × 50 �m. The AFM was scanned to cover the white 
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spots revealed in SEM images. Fig. 6 shows the AFM images, including the sectional 

analysis, of the deposits obtained in the presence of thiourea and HCl after passing charge 

densities of 1, 2 and 3 C cm
-2
, corresponding to the deposit thicknesses of 370, 740 and 

1100 nm, respectively. The AFM information obtained for thicker electrodeposits is not 

available since the surfaces are too rough to scan for such a large area (50 × 50 �m). AFM 

images indicate that the white spots observed in the SEM image as early as 1 C cm
-2
 has 

been passed (Fig. 4a) are, in fact, holes, as we originally hypothesized. The holes become 

deeper as the electrodeposition proceeds, as shown in Fig. 6. For a closer look in each 

figure, the sectional analysis indicates that the depth of the hole is close to the thickness of 

the copper deposit corresponding to each respective charge density (i.e., the measured 

depths of 374, 715 and 1018 nm after passing 1, 2 and 3 C cm
-2
, respectively). The bottom 

of the holes contains a few layers of irregular-grained deposit (as shown in Fig. 5a and c). 

The AFM image of the deposit obtained in the solution containing thiourea and HCl 

presented in Fig. 2e is obtained from the flat area outside the holes. 

 

The above results reveal that electrodeposition taking place in two areas may have different 

mechanisms. On the flat area, the thiourea-Cu(I)-chloride complex inhibits the surface 

diffusion of adatoms and enhances the nucleation process to form the new nuclei so that 

uniform, fine-grained structures are produced on this region, as shown in Fig. 5b and d and 

Fig. 2e. On the other hand, electrodeposition in the holes is almost completely inhibited or 

proceeds at very slow rate. The structure at the bottom of the holes tends to be a few 

layers of irregular-grained coating, as shown in Fig. 5a and c.    
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Fig. 6 AFM images (50 �m � 50 �m) and section analysis of copper deposits obtained 

from the 0.1 M CuSO4�1M H2SO4 solution containing 20 �M thiourea and 1×10
3
 �M HCl at 

a current density of 0.04 A cm
-2
 and rotational speed of 500 rpm for coverages of (a) 1 C 

cm
-2
, (b) 2 C cm

-2
, (c) 3 C cm

-2
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Fig. 7 shows SEM images of a cross-section of the copper-deposited disc produced in the 

solution containing thiourea and HCl after passing 27.2 C cm
-2
, which corresponds to an 

average thickness of 10 �m. Fig. 7a indicates that the copper deposit obviously does not 

have a uniform thickness. More importantly, some areas almost have no copper or very few 

copper layers deposited, whereas other regions have copper over-plated (i.e., a thicker 

deposit than 10 �m), as shown in Fig. 7b. These results indicate that, in the areas having 

no or very few layers of coating, the adsorbed complex film can completely inhibit the 

whole electrocrystallization process, where not only surface diffusion of copper adatoms but 

also the formation of new nuclei is inhibited. Furthermore, while the electrodeposition is 

almost completely inhibited in some regions, the applied charge is used to deposit copper 

in other regions where over-plated areas are obtained, as a current efficiency of almost 

100% is found in every experiment.   
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17 �m

~ 0 �m

(a)

(b)  
Fig. 7 SEM images for the cross-section of copper deposit obtained from the 0.1 M 

CuSO4�1M H2SO4 solution containing 20 �M thiourea and 1×10
3
 �M HCl at a current 

density of 0.04 A cm
-2
 and rotational speed of 500 rpm for coverage of 27.2 C cm

-2 
: (a) 

500X, (b) 1,000X 
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4. Effect of operating parameters – In this section, the effect of operating parameters – the 

rotational speed of RDE and the current density – on the copper deposits in the presence 

of thiourea and HCl were studied. First, the effect of the rotational speed was investigated 

by increasing it from 500 rpm to 2,000 rpm in incremental steps of 500 rpm. All deposition 

experiments were still conducted at the current density of 0.04 A cm
-2
. The deposits 

obtained at higher rotational speeds after passing the charge density 6 C cm
-2
 (data not 

shown) were basically similar to that obtained at 500 rpm. The microscopically fine 

structures with macroscopic rough deposits were still produced. This indicates that the 

stronger hydrodynamic environment of the solution does not affect the complex thiourea-

chloride film formation or its properties.     

 

Next, the effect of current density was investigated over a range from 0.004 to 0.08 A cm
-2
 

at the rotational speed of 500 rpm. Fig. 8 shows the SEM images of the deposits obtained 

at various current densities after passing the charge density of 6 C cm
-2
. Unlike the deposit 

produced at 0.04 A cm
-2
, the copper deposit produced at 0.004 A cm

-2
 appears to be 

relatively smooth, without rough spots or holes distributed on the surface (at 50X), as 

shown in Fig. 8a. This observation indicates that the thiourea-Cu(I)-chloride complex film 

formed on the surface is affected by the applied current density. The thiourea-Cu(I)-chloride 

complex film does not show a local effect on the electrodeposition when the low current 

density of 0.004 A cm
-2
 is used. However, the overall deposit surface appears dull 

compared to that produced at 0.04 A cm
-2
. The deposit consists of a fine structure, but has 

irregular-grained crystals distributed across the surface, as shown in Fig. 8b (at 5,000X), 

which is similar to the deposit structure at the bottom of the holes when the current density 

of 0.04 A cm
-2
 is used (Fig. 5a and c). This implies that the deposition mechanism taking 

place at the lower or bottom parts of the deposit when the current density 0.04 A cm
-2
 is 

used is similar to the overall deposition mechanism when the low current density of 0.004 A 

cm
-2
 is used.  
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(a) (b)

(c) (d)

(e) (f)

Fig. 8 SEM images of copper deposits obtained from the 0.1 M CuSO4�1M H2SO4 solution 

containing 20 �M thiourea and 1×10
3
 �M HCl for coverage of 6 C cm

-2 
at (a) a current 

density of 0.004 A cm
-2
 and rotational speed of 500 rpm (50X), (b) a current density of 

0.004 A cm
-2
 and rotational speed of 500 rpm (5,000X), (c) a current density of 0.02 A cm

-2
 

and rotational speed of 500 rpm (50X), (d) a current density of 0.02 A cm
-2
 and rotational 

speed of 500 rpm (5,000X), (e) a current density of 0.08 A cm
-2
 and rotational speed of 500 

rpm (5,000X), (f) a current density of 0.12 A cm
-2
 and rotational speed of 2,000 rpm 

(5,000X) 
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When the current density is increased to 0.02 A cm
-2
, a rough surface is produced (at 50X), 

as shown in Fig. 8c. Like the rough surface obtained at 0.04 A cm
-2
, the lower flat part 

constructs of fine grains with small irregular particles distributed across the surface (at 

5,000X), as shown in Fig. 8d. When the current density is increased to 0.05 A cm
-2
, a 

rough surface having the same deposit structure as those produced at 0.02 and 0.04 A cm
-

2
 is obtained (data not shown). When the current density is increased further to 0.06 A cm

-

2
, relatively inconsistent results are obtained. For the most part, smooth deposits that do 

not appear rough at 50X magnification, but are also not highly reflective, are obtained at 

this current density. However, in some experiments, rough surfaces are obtained, but to a 

lesser degree compared to those produced at 0.02 and 0.04 A cm
-2
. It is possible that the 

current density may be high enough to allow the thiourea-Cu(I)-chloride complex adsorbed 

on the surface to be reduced or break down completely, so that the relatively smooth 

surface is produced. However, under this high current density the mass transfer limitation is 

expected to play the major role. When the current density is increased beyond the limiting 

current density to 0.08 A cm
-2
, the rough surface is no longer obtained, but the brick-red 

deposit having the structure shown in Fig. 8e is produced.  

 

The above results indicate that the current density used has a strong influence on the 

thiourea-Cu(I)-chloride complex film formed on the surface during electrodeposition, which 

leads to different deposition mechanisms. It is possible that applied current density affects 

the thiourea-Cu(I)-chloride complex film adsorbed on the substrate and eventually affects 

the nucleation process. The almost complete suppression of the current in the low potential 

range of the voltammogram, shown in Fig. 1a, indicates the inhibitory effect of the thiourea-

Cu(I)-chloride complex film. Within this region, the current density is limited to lower than 

0.01 A cm
-2
, followed by a steep rise in the current density, from 0.01 to 0.05 A cm

-2
. Most 

complex film formed in the low current density range is still intact on the surface, resulting 

in strong suppression of the surface diffusion process and the production of a deposit with 

relatively small-grained crystals. The complex film formed in the critical potential range can 

be reduced or break down, but not uniformly. Thus, the electrodeposition proceeds at 

different rates in various areas leading to a macroscopically uneven surface, as shown 

previously. When the current density is increased, the deposit surfaces tend to become 

more even. However, when the current densities are too high (i.e., 0.06 A cm
-2
 or higher), 
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the mass transfer limitation starts to affect the electrodeposition process and dominates the 

effect of additives (0.08 A cm
-2
).    

 

In order to investigate the effect of a higher current density on the copper electrodeposition 

in the presence of thiourea and HCl, the rotational speed must be increased to avoid the 

mass transfer limitation effect. Based on the voltammograms shown in Fig. 1b, we carried 

out the copper deposition experiment using a current density of 0.08 A cm
-2
 and a 

rotational speed of 2,000 rpm.  

 

The deposits produced under these conditions appear to be very smooth and featureless 

(at 50X), similar to Fig. 8a. No rough spots are observed for a copper deposit as thick as 

10 �m (charge density of 27.2 C cm
-2
). As discussed previously, when the applied current 

density is increased, the thiourea-Cu(I)-chloride complex film tends to have a more uniform 

property or to break down, allowing the Cu
2+

 from the solution to be reduced. This 

experiment shows that if the applied current density is high enough, all the complex film on 

the surface may form evenly across the surface or may break down completely. The 

electrodeposition then proceeds at the same rate for the entire surface and a smooth 

deposit is obtained.  

 

While the macroscopic structures show a significant improvement, the microscopic 

structures do not show a substantial change. AFM (Fig. 9a) and SEM (Fig. 8f) images 

indicate that the deposit morphologies are similar to those of the upper-flat areas of the 

deposits obtained at the current density of 0.04 A cm
-2
 (Fig. 2e and Fig. 5b and d) where 

compact and fine-grained crystals with no irregular grains are produced. In addition, the 

deposit structure still retains very uniform and fine-grained structures, even after passing 

the charge density of 27.2 C cm
-2
, as shown in Fig. 9b. However, it should be pointed out 

that although the macroscopic analysis suggests the complete breakdown of the complex 

film and, as observed in Fig. 1, the reverse voltammograms in the presence of thiourea and 

chloride after the complete breakdown of the complex film tend to follow the reverse 

voltammogram in the presence of chloride alone, the deposit structures in the presence of 

thiourea and chloride are totally different from, in fact much better than, that obtained in the 

presence of HCl alone or in the absence of additives. These results suggest that the state 
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of the surface after the complex film breaks down during the copper deposition differs from 

that prevailing just before the reverse scans in the voltammogram study. The complex film 

adsorbed on the surface during the copper deposition may still contain intact thiourea within 

its structure, which helps improve the deposit morphology, but, during the reverse scans in 

the voltammogram study, thiourea is expected to detach from the complex film leaving only 

chloride on the copper surface (Fig. 1). However, the information obtained from a surface 

analytical technique such as XPS or SIMS would be needed to support this statement.      

 

 

 

Fig. 9 AFM images (15 mm � 15 mm) of copper deposits obtained from the 0.1 M CuSO4-

1M H2SO4 solution containing 20 �M thiourea and 1×10
3
 �M HCl at a current density of 

0.08 A cm
-2
 and a rotational speed of 2,000 rpm for coverages of (a) 6 C cm

-2
, (b) 27.2 C 

cm
-2
 

 

 

10

+300

�300

nm

RMS �=�20.65�nm

(a)

μm

+300

�300

nm

5

μm

10

RMS �=�22.86�nm
(b)

5



30

Conclusions  

The results of examination by AFM, SEM and electrochemical methods indicate the 

synergetic effects of chloride and thiourea during copper electrodeposition in a sulfate-

plating bath. The copper deposition mechanism in the presence of thiourea and chloride 

was found to be different from that in the present of thiourea alone. Copper deposition in 

the presence of thiourea alone requires increased polarization relative to that in an additive-

free solution, whereas deposition in the presence of thiourea and chloride requires less 

polarization, similar to the situation when chloride alone is added. On the microscopic level, 

the addition of chloride to a plating bath containing thiourea makes the deposit morphology 

a little rougher, but nodules disappear from the structure. The disappearance of nodules 

makes the overall structure of the deposit smoother and more homogeneous, which results 

in a more reflective surface. However, the presence of chloride leads to a macroscopically 

rough surface with no distinct pattern since the thiourea-Cu(I)-chloride complex film 

adsorbed on the surface does not respond to the applied current evenly. Then, copper 

deposition in different areas proceeds at different rates and an uneven surface is produced. 

Those areas are found to undergo different deposition mechanisms. In the lower parts or 

holes of the rough deposit, the thiourea-Cu(I)-chloride complex inhibits both the grain 

growth and nucleation processes, and the deposition mechanism similar to that using a 

very low current density (0.004 mA cm
-2
) is expected since the deposit structures are 

similar. In the flat areas, the thiourea-Cu(I)-chloride complex inhibits only the grain growth 

process, while nucleation is enhanced, leading to the formation of thicker deposit with a 

uniform, fine-grained structure. The roughening effect due to the complex film is minimized 

at high applied current densities since a high enough applied current density can break up 

the complex film completely across the entire surface. As a result, the smooth deposit on 

both microscopic and macroscopic levels is obtained. 
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a b s t r a c t

The interaction between chloride and thiourea in copper electrodeposition in a sulfate-plating bath was

investigated. The sole addition of thiourea to the bath increased the polarization of the electrode poten-

tial during copper deposition, leading to very fine and smoothly structured deposit but with microscopic

nodules distributed over the surface. When chloride was added to a plating solution containing thiourea,

the copper deposition mechanism was changed, showing a depolarization of the electrode potential, and

the copper deposits were found to have a relatively rougher microstructure, but without the formation

of microscopic nodules. However, rough deposit surfaces having no distinct pattern were formed at the

macroscopic scale. Observations of roughening evolution show that the rough surface was initiated from

small holes formed across the deposit surface during the initial stage of deposition that eventually devel-

oped into visibly rough deposits. The copper deposition inside these holes and at other areas was expected

to undergo different deposition mechanisms. Copper deposition in the areas that ultimately developed

into holes was almost totally inhibited by the thiourea–Cu(I)–chloride complex film, not just in the grain

growth process, but over practically the entire electrodeposition process. Conversely, copper deposition

occurred in other areas under conditions where nucleation proceeded, but grain growth was inhibited to

produce a fine, homogeneous microstructure. An uneven deposit surface that had different microscopic

structures in different areas was then formed. The structure of the thiourea–Cu(I)–chloride film was

strongly affected by the current density and appeared to break down completely if sufficiently high cur-

rent density was applied to yield a fine and homogeneous microstructure that was also macroscopically

smooth.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In electrodeposition, it is well known that the addition of small

amounts of certain substances into the plating bath results in signif-

icant changes in the properties and throwing power of the deposit.

The added substances are expected to modify the deposition mech-

anism depending on their functions during the electrodeposition

process. In copper electrodeposition in a sulfate-plating bath, vari-

ous additives such as gelatin [1,2], benzotriazole [3–9] and thiourea

[2,7,8,10–21] have been widely used to improve the surface finish

of metal deposits.

Besides these additives, chloride has also been found to play a

significant role during the electrodeposition of copper in a sulfate-

plating bath. The presence of chloride as the sole additive has

been reported to have inconsistent results in influencing cop-

per deposition, where some researchers find improvements in

∗ Corresponding author. Tel.: +66 2 218 7677; fax: +66 2 255 5831.

E-mail address: Nisit.T@chula.ac.th (N. Tantavichet).

copper deposition properties [22,23] while others find the oppo-

site [24–26]. Moreover, the presence of chloride in plating baths

containing other additives such as polyethylene glycol (PEG), bis(3-

sulfopropyl) disulfide (SPS) or 3-mercapto-1-propanesulfonate

(MPSA) and their combinations has been found to alter deposit

properties relative to those in the absence of chloride, and a num-

ber of extensive studies on the interactions of chloride and those

additives have been reported [23,25,27–29]. On the other hand,

although thiourea has been commonly used as a brightening agent

for copper electrodeposition [7,14,18,19,30,31], to date very few

studies on electrodeposition in a solution containing thiourea and

chloride have been conducted [15,32,33].

Previously, we reported the tendency of the combination of

thiourea and chloride to improve the copper deposit structure [26].

In this study, we extensively investigate the synergetic effects of

thiourea and chloride on the morphology of the copper deposit dur-

ing direct current (DC) electrodeposition. The experiments were

initially conducted on copper disc electrodes rotating at 500 rpm

using DC electrodeposition at 0.04 A cm−2. The influences of the

fluid-flow conditions and the applied current density were also

0013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2009.08.045
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studied. The deposit morphologies were characterized by scanning

electron microscopy (SEM) and ex situ atomic force microscopy

(AFM). Cyclic voltammetry was used for Cu2+ reduction, and

electrode potentials were monitored during electrodeposition to

provide better insight into the synergy between the effects of

thiourea and chloride during copper electrodeposition.

2. Experimental

The electrodeposition experiments were conducted using a

rotating disc electrode (RDE) (MetroOhm) immersed in a cylin-

drical electrolytic cell containing 50 cm3 of a plating solution. DC

electrodeposition and voltammetry experiments were carried out

using a �AUTOLAB II Potentiostat (Eco Chemie) with a three-

electrode system. The working electrode was a 0.43 cm diameter

(0.1452 cm2 area) copper disc polished with SiC-type abrasive

paper (1200 grade), followed by silicon carbide grinding paper

(P4000) (Buehler) and 0.3 and 0.05 �m Al2O3 powder (Buehler),

to a mirror finish. A copper disc, placed at the bottom of the cell

about 2 cm from the working electrode, was used as the counter

electrode. A mercury/mercurous sulfate electrode (MSE, Radiome-

ter analytical) was used as the reference electrode. All potentials

reported herein correspond to the MSE scale, which has a standard

potential of +0.679 V vs. SHE.

An acidic sulfate-plating bath containing 0.1 M CuSO4 and 1 M

H2SO4 was used for all experiments. The concentrations of HCl

(Aldrich Chemical) and thiourea (Aldrich Chemical) used to study

the effect of additives on copper deposition were 103 and 20 �M,

respectively. Stock thiourea solutions were prepared freshly before

the electrodeposition experiments. The presence of these additives

in the concentration ranges used in this work did not have a notice-

able effect on the open circuit potential.

DC electrodeposition experiments were conducted at a current

density of 0.04 A cm−2 on copper disc electrodes rotating at 500 rpm

to achieve a charge density of 6 C cm−2. However, later in the study,

the rotational speed and the applied current density were varied in

order to investigate the correlation between those parameters and

deposit topographies during the copper electrodeposition in the

presence of thiourea and chloride. Experiments were conducted

several times under identical conditions to assess repeatability and

consistent results were obtained from run to run. Deposit mor-

phology was characterized using ex situ atomic force microscopy

(AFM) (Veeco, NanoScope IV) and scanning electron microscopy

(SEM) (JOEL, JSM-5410LV). AFM studies were carried out in con-

tact mode using a Si3N4 tip to acquire images of different sizes. The

root mean square (RMS) microroughness of the deposited surfaces

was also obtained by AFM. Measurement of the RMS microrough-

ness was intended to complement the information provided by the

AFM images to determine the topography of the copper deposits

produced under different conditions. To obtain the cross-sectional

images, the deposited copper disc was mounted in Bakelite and

cut through the disc center using a diamond wafering blade on a

low-speed saw. The cross-sectional deposited copper disc was then

polished using SiC-type abrasive paper (1200 grade) followed by 0.3

and 0.05 �m Al2O3 powder and was etched in a solution of NH4OH

and H2O2 in water [28]. The cross-sectional images showing the

deposit profiles were obtained by SEM.

3. Results and discussion

3.1. Cyclic voltammetry

To investigate the synergetic effect of the combination of

thiourea and HCl for copper electrodeposition, a series of cyclic

voltammetry experiments for Cu2+ reduction were carried out in

Fig. 1. Cyclic voltammograms for Cu2+ reduction on rotating disc electrodes

immersed in various 0.1 M CuSO4 −1 M H2SO4 solutions at rotational speeds of (a)

500 rpm and (b) 2000 rpm using a scan rate of 10 mV s−1.

the absence and presence of additives. The voltammograms for

the rotational speeds of 500 and 2000 rpm are shown in Fig. 1a

and b, respectively. As shown in Fig. 1a and b, the voltammo-

grams obtained in the same plating solution indicate similar trends

for different rotational speeds, except that the voltammograms

for Cu2+ reduction obtained at 2000 rpm reach a higher level of

limiting current density for the forward scans (i.e., 0.12 A cm−2)

than those obtained at 500 rpm (i.e., 0.06 A cm−2). The forward

scans in Fig. 1 confirm the findings from previous studies show-

ing that Cu2+ reduction is accelerated in the presence of HCl

alone [25–27,34,35]. Conversely, the voltammograms obtained

in the presence of thiourea alone confirm that copper deposi-

tion is strongly suppressed at lower overpotentials before being

abruptly activated at a critical potential (approximately −0.77 V

MSE) [18,26,36]. Detailed discussions of the voltammograms in

the presence of HCl alone and in the presence of thiourea alone

can be found in the previous work [26] and in the literature

[18,25,27,34–37].

When both HCl and thiourea are present in the solution, the for-

ward scans are polarized relative to those observed in the absence

of additives, whereas the reverse scans are depolarized with respect

to those obtained in their absence. In fact, the forward scans almost

follow those obtained in the solution containing thiourea alone,

except that they establish a more well-defined limiting current

density plateau. The reverse scans show the opposite results. In

the presence of thiourea alone, the reverse scans still indicate an

inhibition of Cu2+ reduction over the entire scan. They closely

follow the corresponding forward scans until reaching the criti-

cal potential (below −0.77 V) where they do not show the almost
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complete inhibition of Cu2+ reduction. The inhibiting film formed

during the forward scan for Cu2+ reduction in the presence of

thiourea alone partially breaks down at high potentials or com-

pletely breaks down, but is gradually restored during the reverse

scan (from the critical potential to approximately −0.6 V) and is

completely restored when the potential reaches −0.6 V. In con-

trast, the reverse scans in the presence of thiourea and chloride

indicate the acceleration of Cu2+ reduction; here they tend to fol-

low those obtained in the solution containing HCl alone, despite

the substantial discrepancy shown for the case of 2000 rpm. The

significantly higher current density of the reverse scan at 2000 rpm

when HCl alone is present compared to that when both thiourea

and HCl are present is likely due to the considerably rougher deposit

formed at this rotational speed when HCl is the only additive. The

inhibiting film formed during the forward scan in the presence of

thiourea and chloride is mostly destroyed at high potentials and is

not restored quickly enough to cover the copper substrate. Since

the reverse scans show acceleration similar to that in the presence

of HCl alone, it is possible that only thiourea detaches from the

inhibiting film, leaving chloride alone on the copper surface dur-

ing the reverse scan. The reverse scan results suggest that, in the

presence of thiourea and chloride, thiourea should attach on the

copper surface through chloride to form the inhibiting complex,

whereas, in the absence of chloride, thiourea attaches directly onto

the copper surface to form the inhibiting complex. The voltammo-

gram results indicate that the addition of HCl in the plating solution

containing thiourea changes the structure of the inhibiting complex

adsorbed on the copper surface and hence the mechanism of copper

electrodeposition.

3.2. Microscopic study

To study the synergetic effect of the combination of thiourea

and HCl on the deposit morphology, electrodeposition experiments

were carried out in the absence and presence of additives using

a current density of 0.04 A cm−2 on copper disc electrodes rotat-

ing at 500 rpm as the standard conditions. The current density of

0.04 A cm−2 was chosen based on the response in Fig. 1a, show-

ing that it is sufficiently high to maintain a high nucleation rate

without causing electrodeposition to be mass transfer limited. The

electrodeposition of copper at the rotational speed of 2000 rpm is

discussed in Section 3.4. The AFM images of the copper deposits

obtained in the absence and presence of additives after passing a

charge density of 6 C cm−2 are shown in Fig. 2. The AFM image of

the bare copper substrate is included (Fig. 2a) for comparison. Each

AFM image was obtained ex situ of a deposit produced from a sep-

Fig. 2. AFM images (15 �m×15 �m) of (a) bare copper surface, and copper deposits obtained from the 0.1 M CuSO4 −1 M H2SO4 solution containing (b) no additive, (c)

1×103 �M HCl, (d) 20 �M thiourea, (e) 20 �M thiourea and 1×103 �M HCl at a current density of 0.04 A cm−2 and a rotational speed of 500 rpm after passing a charge

density of 6 C cm−2.
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Fig. 3. Electrode potentials monitored during DC electrodeposition in 0.1 M

CuSO4 −1 M H2SO4 solutions in the absence and presence of different additives until

a charge density of 6 C cm−2 is passed.

arate deposition experiment. The electrode potentials monitored

during the electrodeposition are shown in Fig. 3.

Similar to the results reported previously [26], the copper

deposit structure produced in the presence of HCl alone (Fig. 2c)

contains bigger grains and becomes coarser and rougher (rough-

ness = 79.37 nm) compared to that obtained in the absence of

additives (Fig. 2b) (roughness = 60.55 nm), whereas the copper

deposit structure produced in the presence of thiourea alone

(Fig. 2d) consists of very fine grains and a mostly very smooth

surface. The deposit surface produced in the solution containing

thiourea alone appears brighter than that produced in the absence

of additives or in the presence of HCl alone. However, the sur-

face is not as reflective as the polished uncoated copper surface

since it appears to already have a very thin cloudy film over-

lay when a charge density of 1 C cm−2 has been passed. The thin

cloudy film is expected to be due to microscopic nodules protrud-

ing from the flat deposit surfaces, which are locally found on the

deposit structures when a charge density of 1 C cm−2 has been

passed (data not shown) and become larger and denser as the

electrodeposition proceeds, eventually merging altogether to form

an entirely rough deposit structure [38]. The influence of chloride

alone and thiourea alone on the electrodeposition of copper has

been discussed in our previous work [26,38] and in the literature

[8,16,17,25,26,29,31,38–41].

The microroughness of the deposit obtained in the presence of

thiourea is found to be lower (45.19 nm) than that in the absence

of additives (60.55 nm), but it strongly depends on the location of

the image taken since the surface of the deposit obtained in the

presence of thiourea consists of a very smooth and fine structure,

with nodules distributed randomly across the surface (Fig. 2d). It

should be noted that although the nodule formation was observed

in the 3D images using AFM, the deposit surface still appears to be

very smooth macroscopically since no rough surface features were

observed by SEM at a magnification of 50×.

When both HCl and thiourea are present in the plating solu-

tion, the combination of these two additives shows a synergetic

effect. Fig. 2e shows that the deposit structure obtained from a

solution containing 20 �M thiourea and 1×103 �M HCl is substan-

tially different from that obtained in the presence of thiourea alone

(Fig. 2d) or HCl alone (Fig. 2c), as it has a slightly bigger-grained

structure than that obtained in the presence of thiourea alone,

but still has much smaller and finer-grained structure than that

obtained either in the absence of additives or in the presence of HCl

alone. Thiourea and chloride are expected to form a complex and

adsorb at the solid–liquid interface and block the surface diffusion

process of copper adatoms. However, the inhibition mechanism

of the thiourea–Cu(I)–chloride complex should differ from that of

the thiourea–Cu(I) complex since the deposit structure obtained in

the presence of both additives is obviously not as smooth as the

flat regions (i.e., the smooth areas excluding the nodule spots) of

the deposit produced in the presence of thiourea alone and more

importantly no nodules are formed. No cloudy film is formed on

the deposit surface, which leads to more reflective surface. The dis-

appearance of nodules leads to a more uniform structure, lower

overall microscopic deposit roughness (roughness = 20.36 nm) and

a more reflective surface compared to the deposits obtained in the

presence of thiourea alone.

As shown in Fig. 3, the electrode potential for the copper depo-

sition in the presence of thiourea alone, as for the voltammogram

results (Fig. 1a), is polarized toward a higher cathodic potential

(∼−0.83 V) relative to that in the absence of additives (∼−0.74 V).

On the other hand, the electrode response for copper deposition

in the presence of thiourea and HCl is depolarized toward a lower

cathodic potential (∼−0.69 V) which is closer to the value attained

during the reverse scan in Fig. 1a than to that reached during

the forward scan at the same current. These indicate the differ-

ence in electrocrystallization mechanisms of these two systems,

which leads to different deposit structures. The polarization con-

dition for the deposit in the presence of thiourea alone indicates

that the Cu2+ reduction is strongly inhibited and the nucleation

rate is enhanced compared to the surface diffusion rate, result-

ing in a fine-grained deposit structure (Fig. 2d). The depolarization

of the electrode potential indicates an acceleration of Cu2+ reduc-

tion, which normally results in a coarse-grained deposit structure,

like the copper deposition in the presence of HCl alone (∼−0.61 V;

Fig. 2c). However, the opposite is observed for copper deposition in

the presence of thiourea and HCl, as a fine-grained deposit struc-

ture is produced (Fig. 2e), although the electrodeposition proceeds

under the depolarization condition (∼−0.69 V). This indicates that

the normal influence of the electrode potential on the nucleation

rate may not apply in this case, and the electrodeposition in the

solution containing thiourea and chloride undergoes a very com-

plicated electrodeposition mechanism that is not well understood.

Compared to the more well-studied system of copper deposi-

tion in the presence of PEG and HCl, the thiourea/chloride system

possesses different behavior. PEG is considered an inactive or low-

activity inhibitor by itself since, when added alone, the deposit

morphology and voltammograms change only slightly compared to

the additive-free system [29,40,42–46]. When a suitable amount of

chloride is added to a solution containing PEG, dramatic changes are

then observed in the deposit morphologies and voltammograms

[40,44–51]. It is widely accepted that the PEG is bound to the copper

surface by chloride to form the inhibiting film [51,52]. In contrast,

for the thiourea/chloride system, thiourea exhibits the inhibiting

effect by itself and the addition of chloride changes the way the

electrodeposition mechanism proceeds. In the absence of chloride,

thiourea is bound directly onto the copper surface via its unsat-

urated sulfur atom to form the complex film. In the presence of

chloride, as discussed in Section 3.1, thiourea is likely to be bound to

the copper surface by chloride and the copper deposition proceeds

through a different mechanism.

On a microscopic scale, the AFM results show that the syner-

getic effect of thiourea and chloride tends to improve the overall

microscopic deposit structure since the nodules are eliminated and

no thin cloudy film is observed, which leads to more reflective sur-

face. However, similar to what we found in the previous study [26],

the deposit surface becomes rough on a macroscopic scale, which

can easily be seen under SEM at 50×or with the naked eye when the

deposits are thick enough, as discussed in the next section. These

results indicate that the addition of chloride to a plating bath con-

taining thiourea improves the morphology of the copper deposit
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on the microscopic scale, but worsens the copper deposit surface

on the macroscopic scale.

3.3. Macroscopic study

The macroscopic study considers the formation of rough

deposits that are easily noticeable with bare eyes or under SEM at a

magnification of 50×. Here, we attempted to closely investigate the

roughening evolution of the deposit surfaces when the electrode-

position took place in the solution containing thiourea and HCl. SEM

was used to monitor a series of deposits to investigate the evolution

of roughening of the surfaces over a range of deposition times.

The macroscopic images (at 50×) of the copper deposits

obtained in the solution containing thiourea and HCl at different

charge densities are shown in Fig. 4. Fig. 4a shows that after passing

1 C cm−2, no obvious features, except very small white spots dis-

tributed on the surface, are observed. After passing higher charge

densities, the white spots become bigger and more noticeable, as

shown in Fig. 4b and c for 2 and 3 C cm−2, respectively. As these

white spots are not found on the bare copper substrate prior to the

electrodeposition and they are not observed in every deposition

condition, as will be shown later, they should be associated with a

deposition feature rather than pre-existing defects on the substrate.

We hypothesize that the white spots are shallow holes, not nodules,

initiated during electrodeposition. The formation of locally irregu-

lar spots during the initial stage of electrodeposition could be due

to a non-uniformity of the thiourea–Cu(I)–chloride complex film.

It is also possible that the thiourea–Cu(I)–chloride complex film

could be rather homogeneous, but it may not form uniformly across

the entire depositing surface. Thus, the electrodeposition in differ-

ent areas proceeds via different mechanisms. The electrodeposition

taking place on the areas that develop white spots proceeds at a

slower rate compared to the rest of the surface. After the deposit is

thick enough (after passing a charge density of 6 C cm−2), the white

spots appear to develop into holes on the deposit surfaces, as shown

in Fig. 4d, and eventually develop into very rough surface, as shown

in Fig. 4e (after passing 12 C cm−2). The rough surface, in the form

of pits, starts to be noticeable by eye after passing a charge den-

sity 6 C cm−2. As the deposition proceeds further, these pits tend to

merge together and form an unpatterned-rough surface.

Fig. 5 shows the SEM images, at a higher magnification (5000×),

focused on a white spot (or hole) (Fig. 5a and c) and on the flat area

Fig. 4. SEM images (at 50×) of deposit macrostructures obtained from the 0.1 M CuSO4 −1 M H2SO4 solution containing 20 �M thiourea and 1×103 �M HCl at a current

density of 0.04 A cm−2 and rotational speed of 500 rpm for coverages of (a) 1 C cm−2, (b) 2 C cm−2, (c) 3 C cm−2, (d) 6 C cm−2, (e) 12 C cm−2.
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Fig. 5. SEM images at higher magnification (5000×) of deposits obtained from the 0.1 M CuSO4 −1 M H2SO4 solution containing 20 �M thiourea and 1×103 �M HCl at a

current density of 0.04 A cm−2 and rotational speed of 500 rpm (Fig. 4b and d): (a) focused on the white spot after passing 2 C cm−2, (b) focused on the flat area outside white

spots after passing 2 C cm−2, (c) focused in the hole after passing 6 C cm−2, (d) focused on the flat area outside holes after passing 6 C cm−2.

(Fig. 5b and d) of the deposits obtained after passing charge den-

sities of 2 C cm−2 (Fig. 5a and b) and 6 C cm−2 (Fig. 5c and d). The

SEM images show that the deposit structures at these two areas are

substantially different. After passing 2 C cm−2, the deposit structure

at the flat area consists of uniform, fine-grained crystals (Fig. 5b),

whereas the deposit structure at the white spot is made of irregular

crystals (Fig. 5a). This indicates that two different electrodeposition

mechanisms may occur in these two areas. Alternatively, it may

also be possible that a single mechanism occurs in both of these

areas, and that the white spots, consisting of irregular crystals, are

generated at defects as deposition proceeds. As higher charge den-

sity is passed (6 C cm−2), the difference in the deposit structures of

these areas appears to be more pronounced, as shown in Fig. 5c and

d.

To obtain a new insight into the evolution of roughening,

AFM was used to acquire the topographies over an image size of

50 �m×50 �m. The AFM was scanned to cover the white spots

revealed in SEM images. Fig. 6 shows the AFM images, including

the sectional analysis, of the deposits obtained in the presence of

thiourea and HCl after passing charge densities of 1, 2 and 3 C cm−2,

corresponding to the deposit thicknesses of 370, 740 and 1100 nm,

respectively. The AFM information obtained for thicker electrode-

posits is not available since the surfaces are too rough to scan for

such a large area (50 �m×50 �m). AFM images indicate that the

white spots observed in the SEM image as early as 1 C cm−2 has

been passed (Fig. 4a) are, in fact, holes, as we originally hypothe-

sized. The holes become deeper as the electrodeposition proceeds,

as shown in Fig. 6. For a closer look in each figure, the sectional anal-

ysis indicates that the depth of the hole is close to the thickness of

the copper deposit corresponding to each respective charge density

(i.e., the measured depths of 374, 715 and 1018 nm after passing 1,

2 and 3 C cm−2, respectively). The bottom of the holes contains a

few layers of irregular-grained deposit (as shown in Fig. 5a and c).

The AFM image of the deposit obtained in the solution containing

thiourea and HCl presented in Fig. 2e is obtained from the flat area

outside the holes.

The above results reveal that electrodeposition taking place in

two areas may have different mechanisms. On the flat area, the

thiourea–Cu(I)–chloride complex inhibits the surface diffusion of

adatoms and enhances the nucleation process to form the new

nuclei so that uniform, fine-grained structures are produced on

this region, as shown in Fig. 5b and d and Fig. 2e. On the other

hand, electrodeposition in the holes is almost completely inhib-

ited or proceeds at very slow rate. The structure at the bottom of

the holes tends to be a few layers of irregular-grained coating, as

shown in Fig. 5a and c.

Fig. 7 shows SEM images of a cross-section of the copper-

deposited disc produced in the solution containing thiourea and

HCl after passing 27.2 C cm−2, which corresponds to an average

thickness of 10 �m. Fig. 7a indicates that the copper deposit obvi-

ously does not have a uniform thickness. More importantly, some

areas almost have no copper or very few copper layers deposited,

whereas other regions have copper over-plated (i.e., a thicker

deposit than 10 �m), as shown in Fig. 7b. These results indicate

that, in the areas having no or very few layers of coating, the

adsorbed complex film can completely inhibit the whole electro-

crystallization process, where not only surface diffusion of copper

adatoms but also the formation of new nuclei is inhibited. Further-

more, while the electrodeposition is almost completely inhibited

in some regions, the applied charge is used to deposit copper in

other regions where over-plated areas are obtained, as a current

efficiency of almost 100% is found in every experiment.

3.4. Effect of operating parameters

In this section, the effect of operating parameters – the rotational

speed of RDE and the current density – on the copper deposits in

the presence of thiourea and HCl were studied. First, the effect of
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Fig. 6. AFM images (50 �m×50 �m) and section analysis of copper deposits obtained from the 0.1 M CuSO4 −1 M H2SO4 solution containing 20 �M thiourea and 1×103 �M

HCl at a current density of 0.04 A cm−2 and rotational speed of 500 rpm for coverages of (a) 1 C cm−2, (b) 2 C cm−2, (c) 3 C cm−2.

the rotational speed was investigated by increasing it from 500 to

2000 rpm in incremental steps of 500 rpm. All deposition experi-

ments were still conducted at the current density of 0.04 A cm−2.

The deposits obtained at higher rotational speeds after passing the

charge density 6 C cm−2 (data not shown) were basically similar

to that obtained at 500 rpm. The microscopically fine structures

with macroscopic rough deposits were still produced. This indi-

cates that the stronger hydrodynamic environment of the solution

does not affect the complex thiourea-chloride film formation or its

properties.

Next, the effect of current density was investigated over a range

from 0.004 to 0.08 A cm−2 at the rotational speed of 500 rpm. Fig. 8

shows the SEM images of the deposits obtained at various current

densities after passing the charge density of 6 C cm−2. Unlike the

deposit produced at 0.04 A cm−2, the copper deposit produced at

0.004 A cm−2 appears to be relatively smooth, without rough spots

or holes distributed on the surface (at 50×), as shown in Fig. 8a.

This observation indicates that the thiourea–Cu(I)–chloride com-

plex film formed on the surface is affected by the applied current

density. The thiourea–Cu(I)–chloride complex film does not show
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Fig. 7. SEM images for the cross-section of copper deposit obtained from the 0.1 M

CuSO4 −1 M H2SO4 solution containing 20 �M thiourea and 1×103 �M HCl at a

current density of 0.04 A cm−2 and rotational speed of 500 rpm for coverage of

27.2 C cm−2: (a) 500×, (b) 1000×.

a local effect on the electrodeposition when the low current den-

sity of 0.004 A cm−2 is used. However, the overall deposit surface

appears dull compared to that produced at 0.04 A cm−2. The deposit

consists of a fine structure, but has irregular-grained crystals dis-

tributed across the surface, as shown in Fig. 8b (at 5000×), which is

similar to the deposit structure at the bottom of the holes when the

current density of 0.04 A cm−2 is used (Fig. 5a and c). This implies

that the deposition mechanism taking place at the lower or bottom

parts of the deposit when the current density 0.04 A cm−2 is used is

similar to the overall deposition mechanism when the low current

density of 0.004 A cm−2 is used.

When the current density is increased to 0.02 A cm−2, a rough

surface is produced (at 50×), as shown in Fig. 8c. Like the rough

surface obtained at 0.04 A cm−2, the lower flat part constructs of

fine grains with small irregular particles distributed across the sur-

face (at 5000×), as shown in Fig. 8d. When the current density is

increased to 0.05 A cm−2, a rough surface having the same deposit

structure as those produced at 0.02 and 0.04 A cm−2 is obtained

(data not shown). When the current density is increased further

to 0.06 A cm−2, relatively inconsistent results are obtained. For the

most part, smooth deposits that do not appear rough at 50× mag-

nification, but are also not highly reflective, are obtained at this

current density. However, in some experiments, rough surfaces are

obtained, but to a lesser degree compared to those produced at 0.02

and 0.04 A cm−2. It is possible that the current density may be high

enough to allow the thiourea–Cu(I)–chloride complex adsorbed on

the surface to be reduced or break down completely, so that the

relatively smooth surface is produced. However, under this high

current density the mass transfer limitation is expected to play the

major role. When the current density is increased beyond the lim-

iting current density to 0.08 A cm−2, the rough surface is no longer

obtained, but the brick-red deposit having the structure shown in

Fig. 8e is produced.

The above results indicate that the current density used has

a strong influence on the thiourea–Cu(I)–chloride complex film

formed on the surface during electrodeposition, which leads to

different deposition mechanisms. It is possible that applied cur-

rent density affects the thiourea–Cu(I)–chloride complex film

adsorbed on the substrate and eventually affects the nucleation

process. The almost complete suppression of the current in the

low potential range of the voltammogram, shown in Fig. 1a, indi-

cates the inhibitory effect of the thiourea–Cu(I)–chloride complex

film. Within this region, the current density is limited to lower than

0.01 A cm−2, followed by a steep rise in the current density, from

0.01 to 0.05 A cm−2. Most complex film formed in the low current

density range is still intact on the surface, resulting in strong sup-

pression of the surface diffusion process and the production of a

deposit with relatively small-grained crystals. The complex film

formed in the critical potential range can be reduced or break down,

but not uniformly. Thus, the electrodeposition proceeds at different

rates in various areas leading to a macroscopically uneven surface,

as shown previously. When the current density is increased, the

deposit surfaces tend to become more even. However, when the

current densities are too high (i.e., 0.06 A cm−2 or higher), the mass

transfer limitation starts to affect the electrodeposition process and

dominates the effect of additives (0.08 A cm−2).

In order to investigate the effect of a higher current density on

the copper electrodeposition in the presence of thiourea and HCl,

the rotational speed must be increased to avoid the mass transfer

limitation effect. Based on the voltammograms shown in Fig. 1b,

we carried out the copper deposition experiment using a current

density of 0.08 A cm−2 and a rotational speed of 2000 rpm.

The deposits produced under these conditions appear to be very

smooth and featureless (at 50×), similar to Fig. 8a. No rough spots

are observed for a copper deposit as thick as 10 �m (charge density

of 27.2 C cm−2). As discussed previously, when the applied cur-

rent density is increased, the thiourea–Cu(I)–chloride complex film

tends to have a more uniform property or to break down, allowing

the Cu2+ from the solution to be reduced. This experiment shows

that if the applied current density is high enough, all the complex

film on the surface may form evenly across the surface or may break

down completely. The electrodeposition then proceeds at the same

rate for the entire surface and a smooth deposit is obtained.

While the macroscopic structures show a significant improve-

ment, the microscopic structures do not show a substantial change.

AFM (Fig. 9a) and SEM (Fig. 8f) images indicate that the deposit mor-

phologies are similar to those of the upper-flat areas of the deposits

obtained at the current density of 0.04 A cm−2 (Figs. 2e and 5b, d)

where compact and fine-grained crystals with no irregular grains

are produced. In addition, the deposit structure still retains very

uniform and fine-grained structures, even after passing the charge

density of 27.2 C cm−2, as shown in Fig. 9b. However, it should be

pointed out that although the macroscopic analysis suggests the

complete breakdown of the complex film and, as observed in Fig. 1,

the reverse voltammograms in the presence of thiourea and chlo-

ride after the complete breakdown of the complex film tend to

follow the reverse voltammogram in the presence of chloride alone,

the deposit structures in the presence of thiourea and chloride are

totally different from, in fact much better than, that obtained in

the presence of HCl alone or in the absence of additives. These

results suggest that the state of the surface after the complex film
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Fig. 8. SEM images of copper deposits obtained from the 0.1 M CuSO4 −1 M H2SO4 solution containing 20 �M thiourea and 1×103 �M HCl for coverage of 6 C cm−2 at (a) a

current density of 0.004 A cm−2 and rotational speed of 500 rpm (50×), (b) a current density of 0.004 A cm−2 and rotational speed of 500 rpm (5000×), (c) a current density

of 0.02 A cm−2 and rotational speed of 500 rpm (50×), (d) a current density of 0.02 A cm−2 and rotational speed of 500 rpm (5000×), (e) a current density of 0.08 A cm−2 and

rotational speed of 500 rpm (5000×), (f) a current density of 0.12 A cm−2 and rotational speed of 2000 rpm (5000×).

Fig. 9. AFM images (15 �m×15 �m) of copper deposits obtained from the 0.1 M CuSO4 −1 M H2SO4 solution containing 20 �M thiourea and 1×103 �M HCl at a current

density of 0.08 A cm−2 and a rotational speed of 2000 rpm for coverages of (a) 6 C cm−2, (b) 27.2 C cm−2.
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breaks down during the copper deposition differs from that prevail-

ing just before the reverse scans in the voltammogram study. The

complex film adsorbed on the surface during the copper deposi-

tion may still contain intact thiourea within its structure, which

helps improve the deposit morphology, but, during the reverse

scans in the voltammogram study, thiourea is expected to detach

from the complex film leaving only chloride on the copper surface

(Fig. 1). However, the information obtained from a surface analyti-

cal technique such as XPS or SIMS would be needed to support this

statement.

4. Conclusions

The results of examination by AFM, SEM and electrochemical

methods indicate the synergetic effects of chloride and thiourea

during copper electrodeposition in a sulfate-plating bath. The cop-

per deposition mechanism in the presence of thiourea and chloride

was found to be different from that in the present of thiourea

alone. Copper deposition in the presence of thiourea alone requires

increased polarization relative to that in an additive-free solu-

tion, whereas deposition in the presence of thiourea and chloride

requires less polarization, similar to the situation when chloride

alone is added. On the microscopic level, the addition of chloride

to a plating bath containing thiourea makes the deposit morphol-

ogy a little rougher, but nodules disappear from the structure.

The disappearance of nodules makes the overall structure of the

deposit smoother and more homogeneous, which results in a more

reflective surface. However, the presence of chloride leads to a

macroscopically rough surface with no distinct pattern since the

thiourea–Cu(I)–chloride complex film adsorbed on the surface does

not respond to the applied current evenly. Then, copper deposition

in different areas proceeds at different rates and an uneven surface

is produced. Those areas are found to undergo different deposition

mechanisms. In the lower parts or holes of the rough deposit, the

thiourea–Cu(I)–chloride complex inhibits both the grain growth

and nucleation processes, and the deposition mechanism simi-

lar to that using a very low current density (0.004 mA cm−2) is

expected since the deposit structures are similar. In the flat areas,

the thiourea–Cu(I)–chloride complex inhibits only the grain growth

process, while nucleation is enhanced, leading to the formation of

thicker deposit with a uniform, fine-grained structure. The rough-

ening effect due to the complex film is minimized at high applied

current densities since a high enough applied current density can

break up the complex film completely across the entire surface. As

a result, the smooth deposit on both microscopic and macroscopic

levels is obtained.
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