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1. Abstract 

 

The highly conductive silver is widely used in the electronics industry, especially in microwave 

systems [1]. A silver-plated part will reduce loss at the highest microwave frequencies. In 

addition to this, it will carry extremely high current load. Surface roughness which distorts the 

propagation of electromagnetic waves is known to affect the uniformity of the current distribution 

of very good conductive metals such as silver [1]. The effects of duty cycle, frequency and 

average current density, which are pulsed silver-plating parameters, on the surface quality of 

coating have been investigated in this study. These effects have been examined by comparing the 

return loss (S11). S11 comparisons were made according to a reference gold plate. When S11 

comparisons have been made, increasing return loss appears with increasing surface roughness. 

These effects have been characterized by SEM and XRD. 

 

2. Introduction 

 

It is known that although there were no patent for silver plating until 1840, silver plating has been 

applied since the 19th century and mainly used to produce mirrors. Compared to other metals pure 

silver has the highest thermal and electrical conductivity. This property is also valid for the 

electroplated thin film forms. Therefore, many printed circuit systems include electroplated silver 

because of the highest thermal and electrical conductivity of silver among other metals [2]. Pulse 

wave rectifiers more expensive compared to DC rectifiers have been presented with the 

developments in electronics. Although, pulse techniques primarily were used in electronic 

industries, the advantages of this technique have been started to be observed in different 

industries. In addition to alloys, electrodeposition of single metals can also be performed by this 

technique. There are many application areas of pulse techniques like anodizing, amorphous alloys, 

semiconductor and composite plating [3,4,5,6]. DC plating is the mainly applied and known form 

of electrodeposition. This electrodeposition can be modified to pulse electrodeposition form by 

applying current interruption and reversal of current [7]. In contrast to pulse plating, when using 

direct current, there will be limited parameters. These parameters are current and potential. There 

are several other variables like duration, duty cycle and current of pulse in the case of pulse 

plating [8].  The porosity and rough deposits are the main undesirable forms of direct current 



deposition [9]. However, these limitations can be overcome by pulse application. In addition to 

these benefits, this technique enhances many properties which are not possible to gain by DC 

plating. The properties like lower porosity, ductility, hardness, finer grain size, electrical 

conductivity, plating thickness distribution, anti-tarnishing, coating life time improvement, 

immense saving in the consumption of raw material and enhancement in surface property may be 

achieved by pulse plating. In pulse electrodeposition, metal electroplating costs can be decreased 

by increasing current efficiency [10]. The pulse parameters are mainly consisted of three 

variables. The first one is peak current density, the second is current on time and the third one is 

current off time. The sum of on and off time related to one pulse cycle as shown in equation below. 

The coating with pulsating current seems more reasonable, considering the deposits in 

conventional coatings, yielding inhomogeneous thickness distributions, and the high costs to 

homogenize them [11]. The relationships for average current density, ia, peak current density, ip, 

and frequency are given below. 

 

 

 
 

 
m=Theoretical yield (current efficiency) 

M=Molar mass (weight of displaced element in grams) 

I=Amperes 

T=Time in seconds  

N=Oxidation state (number of displaceable electrons per atom)  

F = Faraday's constant (96500 Coulombs) 

 

In traditional DC and pulse electroplating average current density is similar. There are many 

alternatives of different pulse current densities and duty cycle range can be changed from 1 to 

100%. On and off times can also be varied from microseconds to milliseconds [12-13]. 

 

 
 

A typical pulse waveform shown in Figure 1 [15] where, on time is the cathodic time and average 

current density is the cathodic current density. One cycle is the sum of on time and off time. 

 



 
Figure 1: A typical pulse waveform 

 

Coating quality depends on pulse parameters in pulse coating. Several morphologies of silver 

particles with several properties may be obtained by pulse current [14].  Therefore, these 

parameters should be optimized to make a better coating with a certain objective goal. The effects 

of pulse parameters were used to improve the return loss of the waveguides in this study [16]. 

Waveguides can be mentioned that having their high power carrying capacities, thermal stability, 

low loss and high quality factor so they are preferred in satellite communication, military 

applications and mobile communication systems. The performance of these waveguides can be 

compared with the S-parameter [16]. The input-output correlation among ports in an electrical 

framework decribes S-parameters. For example, when there are two ports ( Port 1 and Port 2), 

then S12 symbolizes transfering  power from Port 2 to Port 1. So, S21 symbolizes  the transfering 

power from Port 1 to Port 2 [15]. In fact S11 is the most commonly used parameter for 

wavequides. S11 exemplify the reflected amount of  power  from the wavequide, and therefore it 

can be  accepted as the reflection coefficient or return loss. When S11=0 dB, then all the power is 

reflected from the antenna and nothing is radiated. This can be considered as excellent 

conductivity only when the antenna is not considered as a whole [16]. For example, when  S11=-

5 dB, this means that if 2 dB of power is given to the antenna, -3 dB is the power that comes from 

reflecance [17]. The last amount of power is "absorbed" or given to the antenna. This accepted 

power is either radiated or absorbed as losses within the antenna. Antennas are usually designed 

to have low return loss. In this case, most of the power supplied to the antenna is emitted. 

Waveguides can also be considered similarly. Transmission and routing are important in these 

systems. The transmission must be at a minimum loss [17]. The scattering parameter was 

measured relative to a gold-plated sheet and the results were compared according to gold plate in 

this study. The relation between the scattering parameter and the coating quality will be examined 

in terms of surface roughness. The origin of all loss usually comes from the surface roughness, it 

has been observed that if roughness comes to the skin depth, attenuation of trasnsmission lines 

increase. 

 

 

 



3. Experimental 

 

A typical cell used during silver electroplating can be seen elsewhere [18]. A solution containing 

only potassium and silver cyanide salts was used for this pulse plating. Brighteners were not 

added. Therefore, any organic addition was not made to attain white silver deposits. The presence 

of silver coating of antenna was sufficient since the coating was not applied for decorative 

purpose. Anti-tarnish coating for Silver Plating was applied to prevent atmospheric attack. High-

purity copper coupons were plated by changing the pulsed silver-plating parameters during 

experiments. The silver plated coupons were connected to the input of a waveguide which works 

at high-frequency so that the S11 could be measured. S11 were calculated according to the 

reference gold sheet. S11 measurements were done using a Vector Network Analyzer (VNA), 

which can plot S11 against frequency. The surfaces of all substrate coupons were prepared under 

identical conditions for comparison of surface roughness measurement after coating. The surface 

roughness was compared with scattering parameter measurements and the surface coatings were 

characterized by XRD and SEM in this research. 

 

4. Results and discussion 

 

Average current density is an important parameter of pulsed silver coating [19]. The average 

current density can be considered as the current density of the coating if it were made by direct 

current [19]. The average density is found by multiplying peak current density and the duty cycle. 

Therefore, the average current density will increase when the on time of the current increases at a 

constant peak current density. As illustrated in Figure 2, it is observed that when there is an 

increase in the average current density, frequency and duty cycle nucleation rate increases [20]. 

Furthermore, a fine-grained structure was achieved as the overpotential was increased due to 

higher average current density. In addition, increase in the number of nucleation sites, decreased 

the average grain size of coatings. 

    
Figure 2: Grain structures of coatings at different pulse parameters 



The high average current density may provide a dendritic structure, but the frequency and duty 

cycle as well as the current density are important for controlling the dendritic growth [21]. On 

time and off time are effective about grain growth, because nucleation occurs during the on time 

and grain growth continues during the off time [21]. However, a raise in average current density 

at constant pulse charge and at constant off time leads to the reduction in grain size. For this 

reason, an inadequate on time hinders grain growth and enhances the nucleation rate. In order to 

understand the effect of frequency on grain structure, filling and unloading of the double layer 

should be considered [21]. There is not enough time for this double layer to fill or unload at high 

frequencies. When the frequency decreases, this double layer filling can be realized, and larger 

granular structures can be seen. Moreover, crystal structure is a native property of a material and 

cannot be altered. However, crystallite size and grain size are alterable, and depend on the 

production process [21]. All kinds of defects including grain boundaries restrict electron motion 

and negatively affect the conductivity. Usually, the electrical conductivity decreases with 

increasing porosity.  Although pulse parameters may affect the conductivity by changing porosity 

and grain size, these effects may not be measured, or very sensitive devices are necessary to 

measure [21]. The surface roughness in the waveguide structures can be more effective in 

comparison to the transmission and spread of the material surface [16]. The grain size decrease 

when the frequency increases, as can be seen in Figure 2. Surface roughness value was 0.12 µm 

at % 10 duty cycle, 40 Hz frequency and 1.5 A/dm2 average current density. It became 0.201 µm 

at % 50 duty cycle, 10 Hz frequency and 1 A/dm2 average current density. Duty cycle reduces the 

surface roughness when frequency and average current density increase. Figure 3 shows the 

effect of three different pulse parameters on the reflection coefficient. It is observed that when 

grain structure of coating is homogenized, surface roughness decreases so return loss was 

decreased. It is also observed that the losses in the pulsed current are reduced compared to the 

direct current coating. As can be seen from Figure 3, when the surface roughness increased (no 2) 

the return loss was increased. 

 
Figure 3: Return loss relative to the reference gold plate: 75 % Duty Cycle, 40 Hz Frequency and 1.5 A/dm2 

Average Current Density (no 1); 100 % Duty Cycle (no 2); 50 % Duty Cycle, 10 Hz Frequency, and 1 A/dm2 

Average Current Density (no 3) 



5. Conclusions 

 

The effects of frequency, duty cycle, and average current density of pulse electroplating of silver 

on the roughness of the coating and return loss have been determined. It was observed that the 

surface roughness decreased when the duty cycle frequency and average current density was 

increased. In addition, the pulse parameters did not change the conductivity too much, but they 

affected the surface roughness and S11 scattering parameter.  When surface roughness increases, 

return loss also increases. The results of the present work may be used to develop silver coating 

procedures to improve transmission quality of waveguides or reflector type antennas. 
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