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Abstract 

We performed in-situ analysis of the initial process of copper 

electrodeposition in an ionic liquid (IL), 1-butyl-3-methylimidazolium bis-

(trifluoromethanesulfonyl)amide (C4mimTFSA), using electrochemical 

surface plasmon resonance (ESPR), where the SPR resonance angle (Δθ) 

was recorded simultaneously with cyclic voltammograms (CVs) at the gold 

interface of C4mimTFSA. Δθ shifted at the potentials where faradaic 

current appears in the CVs, indicating that SPR probes the redox processes 

of copper between Cu2+, Cu+, and Cu metal. In stark contrast to the fact 

that the CVs are not cycle dependent, the amount of the Δθ shift due to the 

copper electrodeposition decreased with increasing the CV cycle. A model 

reflectivity analysis using the Bruggeman effective medium approximation 

predicted that this decrease in Δθ is due to the decrease in the roughness of 
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the gold surface, and it was actually confirmed by ex-situ atomic force 

microscopy observation. Since the dissolution of gold was found to be 

negligible from the atomic absorption measurement of IL after the ESPR 

measurements, the roughness decrease of the gold surface is likely due to 

the surface diffusion of gold atoms promoted during copper 

electrodeposition and dissolution processes. It was found that ESPR can 

track the surface roughness change of the gold electrode in an in-situ 

manner in the order of Å. 

 

KEYWORDS: Deposition; EMA; Ionic liquid/gold interface; 

Underpotential deposition; Tf2N; Au 

 

Introduction 

Ionic liquids (ILs) are low-melting salts composed of cations and anions, 

and have characteristics such as wide potential window, ionic conductivity, non-

volatility, and flame retardancy, making them promising electrolytes for metal 

anode batteries [1,2] and electroplating [2]. For these applications, it is desirable 

to study the metal electrodeposition process and to monitor the change in the 

electrode surface roughness in an in-situ manner. Copper is widely used in the 

electronics industry due to its high electrical conductivity, for example, for 

electrical contacts on circuit boards. For industrial applications, it is necessary to 

investigate fine atomic-level electrochemical behavior at the electrode / electrolyte 

interface. In order to study the copper electrodeposition, mainly underpotential 

deposition (UPD), in aqueous electrolyte solutions, metal surface sensing 
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techniques such as scanning tunneling microscope (STM) [3–8], atomic force 

microscope (AFM) [6], electrochemical quartz crystal microbalance (EQCM) [9], 

and extended x-ray absorption fine structure (EXAFS) [3] have been  used in an 

in-situ manner, and those such as scanning electron microscope (SEM) [10], 

transmission electron microscope (TEM) [11,12], x-ray diffraction (XRD) [13], 

low energy electron diffraction (LEED), and reflection high energy electron 

diffraction (RHEED) [14] have been used in an ex-situ manner. In particular, in-

situ Scanning Probe Microscope (SPM) is a powerful method for electrodeposition 

studies in ILs to reveal morphological changes of the substrate surface at the 

atomic level [15–18]. The copper electrodeposition in ILs has also been 

investigated using several ex-situ techniques: SEM [2,19,28,20–27], TEM 

[19,29,30], and XRD [20–22,31], although there is a report of in-situ STM [15]. It 

has been reported that the surface roughness of the electrode increased with 

repeated cathodic deposition and anodic dissolution of copper in 1-etyl-3-

methylimidazolium chloride (C2mimCl) at 140 °C [28]. 

In the present study, we propose electrochemical surface plasmon 

resonance (ESPR) as a powerful in-situ method, to investigate the copper 

electrodeposition process in ILs.  Several previous studies have investigated 

electrodeposition using ESPR in aqueous electrolyte solutions, aiming at SPR 

sensitivity enhancement to Cu electrodeposition using Ag/Au bilayers as a metal 

film [32], SPR sensitivity enhancement to small biomolecules using biocatalyzed 

Ag deposition  [33], quantitative measurements of UPD of Cu using ESPR 

combined with chronoamperometry [34], and detection of a trace amount of heavy 

metal ions in water using ESPR combined with anodic stripping voltammetry [35]. 
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However, there are no ESPR reports focusing on the surface roughness of the 

substrate during electrodeposition. ESPR is a method that simultaneously performs 

electrochemical measurements and surface plasmon resonance (SPR), and can 

analyze various changes on the substrate of thin film of metal, which is gold in the 

present study. Our previous research has shown that ESPR can sensitively track 

the composition changes in the electric double layer [36,37] and in the diffusion 

layer of redox species [38], which is in contrast to SPM or many other methods 

that have been applied to analyze the IL/metal interface. In this study, we used 

ESPR to measure the process of Cu electrodeposition on a gold electrode in an IL. 

It was found that ESPR can track the roughness decrease of the electrode surface 

in the order of Å during successive electrodeposition and dissolution processes, 

which was confirmed with ex-situ AFM and a reflectivity simulation using the 

Bruggeman effective medium approximation. 

 

Experimental 

・Reagent 

1-butyl-3-methylimidazolium chloride (C4mimCl) was synthesized as 

previously reported [38]. 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)amide (C4mimTFSA) was prepared by mixing 

C4mimCl and LiTFSA (Kanto Chemical) in dichloromethane and washing the 

solution repeatedly with pure water to remove the byproduct LiCl. Cu(TFSA)2 was 

synthesized by dissolving CuO (Nacalai tesque) to HTFSA (70 wt% aqueous 

solution, Central Glass) until the pH of the solution reached 7, and then removing 
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water with an evaporator. The synthesized Cu(TFSA)2 was added to C4mimTFSA 

to obtain a 10 mM solution. 

 

・Electrochemical surface plasmon resonance (ESPR)  

SPRINGLE (Autolab) was used for ESPR measurements. A gold thin 

film (thickness: 50 nm) deposited on an SF15 glass substrate was used as the 

working electrode (surface area: 0.071 cm2). A Pt wire and an Ag / AgCl wire were 

used as the counter electrode and the quasi reference electrode, respectively. 

Before the measurement, the gold surface was cleaned by immersing the substrate 

in a piranha solution (concentrated sulfuric acid: hydrogen peroxide aqueous 

solution at a volume ratio of 3: 1) for 20 minutes followed by washing with Milli-

Q water five times and then drying with N2 gas. The Cu-containing IL was 

evacuated at 60 °C for 3 hours. Before the measurements, Ar gas was kept flowing 

at least for 1 hour, into the cell from the inlet needle on the silicone stopper on the 

cell, and out of the cell from the outlet needle. The flow rate of Ar gas was 

controlled at 30 mL / min using a Kofloc precision flow meter (50 mL / min). Ar 

gas was kept flowing into the cell during the measurements. ESPR measurement 

was performed at room temperature. The scan rate of CV was 10 mV s-1. The 

resonance angle shift (Δθ) at a wavelength of 670 nm was recorded simultaneously 

with the CV measurement, with Δθ = 0 when the CV measurement started. The 

measurement was repeated with a waiting time for 300 s at the initial potential for 

the scan before the next scan. 

 

・Ex-situ AFM observation of gold surface 
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The surface of the gold substrate was observed with AFM (SPM-9600, 

SHIMADZU). Prior to the AFM observation of the surface after ESPR 

measurement, the substrate was immersed in methanol to remove residual IL on 

the gold surface, and blown dry with N2 gas. The substrate before the ESPR 

measurement was immersed first in methanol, then in a piranha solution for 20 

minutes, last in Milli-Q water, and dried by blowing N2 gas. The surface roughness 

was evaluated from the root mean square of the height deviation (Rq) of the AFM 

image data. Several methods for estimating the roughness thickness (𝑑𝑑0) from Rq 

have been reported [39–42]. We used a relation (𝑑𝑑0 = (1.175 ± 0.285)𝑅𝑅q [42]) 

proposed for polycrystalline silicon since the Au film used in this study was 

polycrystalline. 

 

・Simulation of resonance angle shift during Cu electrodeposition 
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Resonance angle shifts associated with copper deposition and roughness 

changes were simulated for comparison with experimental data. Fig. 1 shows a 

schematic diagram of a four-layer structure consisting of a prism, a gold film, a 

mixed layer, and an IL, before Cu deposition (fCu = 0, Fig. 1a) and after Cu 

deposition (fCu > 0, Fig. 1b). The roughness of the gold surface was modeled as a 

mixed layer composed of gold, copper, and IL using the Bruggeman effective 

medium approximation [43]. The resonance angle shift was calculated as a 

function of the mixed layer thickness dmix and the fraction of copper fCu, which 

changed resulting from copper electrodeposition and dissolution. The surface 

roughness before the deposition, dmix,0, which is dmix at fCu = 0, was estimated by 

ex-situ AFM observation. The thickness of gold layer (dAu) was 𝑑𝑑Au  =  𝑑𝑑Au,0－

𝑑𝑑mix𝑓𝑓Au with dAu,0 = 50 nm. 

The refractive index 𝑛𝑛mix  of the mixed layer was obtained using 

Bruggeman's effective medium approximation formula (1) [43].  

 

 �𝑓𝑓i
𝑛𝑛i2 − 𝑛𝑛mix2

𝑛𝑛i2 + 2𝑛𝑛mix2i

= 0 (1) 

 

where i is either of Au, Cu, and IL, 𝑛𝑛i is the refractive index of i, fi is the fraction 

of i satisfying ∑ 𝑓𝑓ii = 1 . The refractive index values at 670 nm are 𝑛𝑛prism =

1.669, 𝑛𝑛Au = 0.1 + 4.0𝑖𝑖[44], 𝑛𝑛Cu = 0.2 + 3.6𝑖𝑖[44], and 𝑛𝑛IL = 1.425. 𝑛𝑛IL was 

measured with an Abbe refractometer (DR-M2, Atago, interference filter 656 nm). 
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For simplicity, 𝑓𝑓Au = 𝑓𝑓IL = 1−𝑓𝑓Cu
2

 was assumed. Since it is difficult to determine 

𝑓𝑓i independently, we have made the simplest assumption. 

Among the six solutions of nmix from eq (1), only one solution was 

adopted that had positive values for both the real and imaginary parts. The 

reflectance R due to the Fresnel reflection was obtained as follows [45]. 

 𝑛𝑛jcos𝜃𝜃j = 𝑛𝑛prismcos𝜃𝜃prism  

 𝑞𝑞j = cos𝜃𝜃j 𝑛𝑛j⁄   

 𝛽𝛽j =
2π
𝜆𝜆
𝑛𝑛j cos𝜃𝜃j𝑑𝑑j  

 𝑀𝑀j = �
cos𝛽𝛽j −i sin𝛽𝛽j 𝑞𝑞j⁄

−i 𝑞𝑞jsin𝛽𝛽j cos𝛽𝛽j 
�  

 𝑀𝑀 = 𝑀𝑀Au𝑀𝑀mix  

 𝑅𝑅 = �
�𝑀𝑀11 + 𝑀𝑀12𝑞𝑞IL�𝑞𝑞prism − �𝑀𝑀21 + 𝑀𝑀22𝑞𝑞IL�
�𝑀𝑀11 + 𝑀𝑀12𝑞𝑞IL�𝑞𝑞prism + �𝑀𝑀21 + 𝑀𝑀22𝑞𝑞IL�

�
2

  

where θj is the incident angle in the j-layer, λ is the wavelength (670 nm), d is the 

thickness, j is either prism, Au, mix, or IL. 

In the total internal reflection condition in the range of 

arcsin � 𝑛𝑛IL
𝑛𝑛prism

� ≤ 𝜃𝜃prism < 90°, 𝜃𝜃prism = 𝜃𝜃SPR was searched at which R takes a 

minimum value. 𝜃𝜃SPR  was obtained at various 𝑓𝑓Cu  and 𝑑𝑑mix  values, and the 

contour map of Δθ (𝑓𝑓Cu, 𝑑𝑑mix) was made (see Fig. 4).   
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Results and Discussion 

・ESPR 

 

Fig. 2 shows the CVs (Fig. 2a) and ESPR (Fig. 2b) recorded 

simultaneously. The CVs in Fig. 2a are similar to that in a previous report [19] for 

Cu electrodeposition on the GC electrode at 35 °C in C2mimTFSA. It has been 

reported that the reduction process from Cu2+ to Cu in IL occurs via Cu+ [2,19]. In 

Fig. 2a, the cathodic currents around 0.1 V and －0.35 V are ascribable to 

Cu2+→Cu+ and Cu+→Cu, respectively, and the anodic currents around －0.15 V 

and 0.2 V are ascribable to Cu→Cu+ and Cu+→Cu2+, respectively [19]. Both of the 

anodic currents show sharper peaks than the corresponding cathodic currents, 

which is due to the large difference in the mass transfer rate between the oxidation 
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and reduction, by stripping from the surface and by diffusion from the IL bulk, 

respectively. During the eight cycles, the CVs were almost the same as each other. 

The SPR resonance angle (Fig.2b) shifted corresponding to the redox 

processes shown in the CVs (Fig. 2a). In the negative scan, Δθ shifted negatively 

corresponding to Cu2+→Cu+ around 0.1 V. Both of Cu2+ and Cu+ are dissolved 

redox species, and the resonance angle shifts with a sigmoidal shape in such a 

redox process [36]. A narrower potential scan actually led to a sigmoidal shape 

(Fig. S1). Since Δθ negatively shifted during the Cu2+→Cu+ process, Cu+ 

complexed with TFSA－ is likely to have a lower polarizability than the Cu2+ 

counterpart [36]. In the further negative scan where Cu+→Cu occurs, Δθ shifted 

positively (Fig. 2), which is due to the deposition of metallic Cu as confirmed with 

the simulation below and agrees with a ESPR study in aqueous solutions [32]. In 

Cu+→Cu, Δθ shifts negatively first before the positive shift, which is caused by the 

depletion of Cu+ near the surface of the gold electrode. We performed the digital 

simulation to elucidate the depletion effect on Δθ (see Supporting Information for 

details). Fig. S2 shows the simulated CV (Fig. S2a) with the surface concentration 

of Cu2+ and Cu+ on the gold electrode (Fig. S2b) and ∆𝜃𝜃DL (Fig. S2c) during the 

CV. Note that ∆𝜃𝜃DL, the diffusion layer contribution to Δθ, from the simulation 

does not contain other contributions such as Cu deposition and the surface 

roughness change. Fig. S2b shows the depletion of Cu+ around －0.3 V in the 

forward negative scan and simultaneously Fig. S2c shows the negative shift of 

∆𝜃𝜃DL (red dashed line), indicating that ESPR tracks the depletion of Cu+ in the 

diffusion layer. 
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In the backward positive scan, Δθ shifted negatively in Cu→Cu+ and 

positively in Cu+→Cu2+. In Cu+→Cu2+, Δθ shifts negatively once before Δθ curves 

are flat, which is caused by the accumulation and diffusion of Cu+ near the surface 

of the gold electrode. This behavior is also confirmed by the simulation; Fig. S2c 

shows the negative ∆𝜃𝜃DL  shift around －0.1 V in the positive scan, which is 

caused by the decrease in the surface concentration of accumulated Cu+ due to the 

diffusion toward the bulk (Fig. S2b). 

The gray line in Fig. 2b shows the Δθ in the absence of Cu, i.e., in neat 

C4mimTFSA. One can see little Δθ shift, indicating that the behaviors of Δθ in the 

presence of Cu described above are definitely due to the redox process of Cu. It 

should be noted that even without Cu ions Δθ shows a slight negative shift around 

－0.5 V, the negative edge of the scan range. The negative shift is due to the ionic 

composition change in the electric double layer, which becomes non-negligible 

around the potential of zero charge of this system (－0.6 V at the gold/C4mimTFSA 

interface) [37]. 

Although the CVs did not depend on the number of cycles (Fig. 2a), the 

change in SPR resonance angle (ΔΔθ) due to the copper deposition (Cu+→Cu) 

decreased with each measurement (Fig. 2b). The decrease in ΔΔθ is apparently not 

due to the change in the amount of Cu deposited since there was no difference in 

CVs. Fundamental SPR studies in 1970s confirmed that the surface roughness of 

metal thin film contributes to positive shift in SRP angle [46,47]. This suggests 

that the surface roughness of gold decreased by the repeated electrodeposition of 

copper. At the same time, it suggests that a minute change in surface roughness 

that could not be detected by CV is observable in-situ by using ESPR. To check 
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the reproducibility of this behavior, we performed this 8-cycle ESPR measurement 

several times using a new substrate each time. The results in Fig. S3a show the 

same tendency; ΔΔθ decreases with increasing the cycle number. Since ΔΔθ is 

expected to be approximately proportional to the deposition amount of Cu, ΔΔθ 

was normalized by the charge for the Cu electrodeposition, q. Fig. S3b is a 

normalized version of Fig. S3a with q, which was calculated by integrating 

oxidation peak (Cu→Cu+) in the CVs with baseline subtraction. Fig. S3b shows 

better quantitative reproducibility than Fig. S1a, indicating that ΔΔθ certainly 

reflects the amount of Cu deposition. But since there is still some variability in the 

data even after the normalization, other factors such as the initial surface roughness 

should affect the absolute value of ΔΔθ. However, all the data in Fig. S3 show 

decaying tendency as the cycle number increases, revealing that the roughness of 

the gold surface decreased to a certain level by the successive electrodeposition 

and dissolution of copper. 

 

・Ex-situ atomic force microscope (AFM) observation of gold surface 

In order to examine the surface roughness change due to the successive 

electrodeposition and dissolution of copper, AFM observation was carried out in 

an ex-situ manner on the gold surface before and after the ESPR measurements, 
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and the AFM images are shown in Fig. 3a and Fig. 3b, respectively. Large particles 

observed in Fig. 3a disappeared in Fig. 3b, indicating the decrease in gold surface 

roughness. Table 1 lists Rq obtained from Fig. 3 and the surface roughness 

thickness dmix,0 calculated from Rq. This ex-situ experimental result clearly 

indicates that the surface roughness of gold decreased by copper electrodeposition. 

 

 

Possible reasons for the decrease of the surface roughness in the copper 

electrodeposition process include (i) that the surface diffusion of gold was 

promoted and (ii) that gold was dissolved by the copper electrodeposition. For (ii) 

to be examined, the amount of gold dissolved was measured by atomic absorption 

spectrometry (see SI for details) of the IL after ESPR measurement. Assuming that 

the gold film has the same density as the bulk, the amount of gold dissolved was 

estimated to correspond to a thickness of 0.06±0.12 Å (Fig. S4). Since this value 

is negligible, even smaller than the atomic diameter of gold (2.88 Å), we concluded 

that gold was not dissolved into IL during the ESPR measurement. This result is 
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contrary to a study where the surface roughness of Au electrode increased as a 

result of repeated cathodic deposition and anodic dissolution of copper via CV at 

140 °C in C2mimCl [28]. The difference is likely to be caused by the difference in 

the constituent anions of ILs and temperature. The high concentration of Cl－ in 

ref. 20 will facilitate the dissolution of gold from the electrode by forming AuCl4−. 

Furthermore, the alloying of Cu and Au is practically negligible at room 

temperature in the present study [48], while it is not negligible at 140 °C in ref. 20. 

Therefore, it is highly likely that in ref. 20 the Au dissolution is promoted by the 

alloying during the Cu cathodic deposition followed by dealloying and forming 

AuCl4− during the Cu anodic dissolution. 

 Since we confirmed that the dissolution of gold is negligible, the 

decrease in the roughness of the gold surface is highly likely due to the surface 

diffusion of gold atoms accelerated by copper electrodeposition. In a previous 

study [49], Cu electrodeposition on polycrystalline gold electrodes in 0.01 M 

H2SO4 + 0.01 CuSO4 aqueous solution was observed by in-situ STM. The authors 

reported that a Cu-Au alloy layer is formed because the morphology of the gold 

surface changes when copper is electrodeposited on the gold electrode [49]. Such 

a surface alloying process may be the cause of the diffusion acceleration. 

 

・Simulation of roughness dependence of SPR angle shift 

Fig. 4 shows the simulation results on SPR angle changes in the copper 

deposition process (Cu+→Cu) during the 1st (Fig. 4a) and 8th (Fig. 4b) cycles of 

Fig. 2b as the blue arrows. The dmix,0 value in Table 1, which is the surface 
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roughness before deposition (fCu = 0), was used as the starting point of the arrows, 

which is at Δθ=0.  

 

Since the CVs did not change during the eight cycles (Fig. 2a), the 

amount of copper electrodeposition does not change, and therefore Δdmix does not 

depend on the cycle number. Then, Δdmix was obtained as follows. By integrating 

the oxidation (Cu→Cu+) peak of the CVs (Fig. 2a) with baseline subtraction, the 

amount of charge 𝑞𝑞  used in the oxidation reaction was estimated to be 

6.9 μC cm−2 . The thickness Δ𝑑𝑑mix,max  of the total deposited copper was 

obtained  

 

 Δ𝑑𝑑mix,max =
𝑞𝑞𝑀𝑀Cu

𝐹𝐹𝐹𝐹
 (2) 
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where 𝑀𝑀Cu is the atomic weight (= 63.5 g mol−1) of copper, 𝐹𝐹 is the density 

(= 8.96 g cm−3)  of bulk copper, and 𝐹𝐹  is the Faraday constant. Δ𝑑𝑑mix,max 

from eq (2) was 0.51 nm. Further, the relation of fCu with Δ𝑑𝑑mix  may be 

represented as 

 

 𝑓𝑓Cu =
Δ𝑑𝑑mix
𝑑𝑑mix

=
Δ𝑑𝑑mix

𝑑𝑑mix,0 + Δ𝑑𝑑mix
 (3) 

 

The blue arrows in Fig. 4 is from eq (3), and the end point of the arrows was at 

Δ𝑑𝑑mix,max = 0.51 nm. The blue arrows in Fig. 4 indicates that the resonance angle 

shifts positively with copper deposition as observed in experiments. The Δθ change 

with Cu deposition is about 500 mdeg when the roughness is large as shown in Fig. 

4a whereas about 450 mdeg when the roughness was small in Fig.4b. That is, the 

smaller the roughness of the gold surface, the smaller the amount of change in the 

resonance angle when copper is deposited. These results confirm that ΔΔθ 

decreases with decreasing the surface roughness, supporting the ESPR results 

(Fig.2). However, these ΔΔθ values are much larger than the ΔΔθ associated with 

copper deposition obtained from ESPR measurements, ΔΔθ < 300 mdeg (Fig. 2b). 

This is probably because Δθ negative shift contribution (Fig. 2b), in which Cu+ and 

Cu2+ are depleted in the diffusion layer, cancels out the Δθ positive shift due to Cu 

deposition. 

 The dependence of the resonance angle change (ΔΔθ) on the initial 

roughness (dmix,0) at 0.51 nm deposition conditions was also investigated (Fig. S5). 

ΔΔθ shows a large initial (1st and 2nd, 2nd and 3rd) change, but converges to a 

value in a certain range when the measurement is repeated (Fig.S3). Therefore, it 
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is considered that the roughness of the gold surface rapidly changed in the initial 

stage of measurement. A small but noticeable ΔΔθ decrease still appeared in the 6-

8th ESPR measurement with a small roughness reduction, indicating that ESPR 

can distinguishes surface roughness difference in the Å order. 

Fig. S6a shows ESPR curves in Fig. 2b with Δθ set to zero only at the 

beginning of the 1st cycle and not the subsequent cycles. For each cycle, the 

resonance angle shifts positively at the end compared to the beginning. This is 

opposite to the simulation results where the resonance angle shifts negatively as 

the surface roughness decreases (Fig. 4). A model simulation assuming Cu-Au 

alloying in the gold film failed to explain the positive shift (data not shown). It is 

necessary to examine another model to explain this. This positive shift is not an 

artifact. Fig. S6b shows an example exhibiting an artifact, temperature drift, in 

similar ESPR measurement of IL without Cu. As shown in Fig. S6b, the resonance 

angle shifts not only during measurement, but also between measurements, so each 

SPR curve appears separately. On the other hand, in Fig. S6a, the successive SPR 

curves look continuous because there is no change in the resonance angle between 

measurements. Therefore, it is considered that the positive shift is not caused by 

the measurement conditions such as temperature drift. 

 

Conclusions 

Copper electrodeposition on a gold electrode in IL was measured in an 

in-situ manner using ESPR. ΔΔθ due to copper electrodeposition decreased with 

increasing the number of CV cycles. AFM ex-situ observations showed that 

repeated electrodeposition of copper at the IL / gold interface decreased the gold 
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surface roughness. It was also suggested by atomic absorption spectrometry that 

the roughness decrease in the gold surface was due to the surface diffusion of gold 

atoms. A model simulation showed that the ΔΔθ due to copper electrodeposition 

decreased with decreasing the surface roughness, and it was concluded that the 

ΔΔθ decrease in ESPR was due to the decreasing roughness of the gold surface. 

Through a series of measurements, it was found that ESPR can distinguish the Å 

order difference of the surface roughness of the gold electrode in the Cu 

electrodeposition process. 
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