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Abstract 

As technologies are developing, the design of multilayer printed-circuit boards gets increasingly 

complicated, and requirements for their quality become increasingly stringent. To manufacture 

state-of-the-art high-accuracy printed-circuit boards with small aspect ratio1 values, copper 

plating electrolytes with high throwing power are required. We are developing an electrolyte 

for copper plating of through-holes in multilayer printed-circuit boards that enables the 

production of uniform bright plating both inside the holes and on the printed-circuit board 

surface. The effect of inhibiting, leveling, and brightening additives on the throwing power of 

electrolytes and copper plating distribution in the holes and on the surface of a printed-circuit 

board and the plating gloss have been studied. It has been found that adding polyethylene glycols 

to the electrolyte enhances the throwing power by 5% on average and, if the solution contains 

both polyethylene glycol and a leveler (a nitrogen-containing surface active agent), the throwing 

power increases by more than 10%. It has been shown that if PEG 4000 polyethylene glycol is 

added to a sulfuric acid copper plating electrolyte together with leveling agents, methyl violet 

or safranine Т, copper reduction is significantly inhibited (polarization is ~200 mV), and the 

process polarizability increases in the entire range of current densities. It has been determined 

that a combination of the PEG 4000 inhibitor, Janus Green B leveling agent or 

polyethylenimine, and the MPS accelerating agent in the electrolyte provides bright and uniform 

plating both inside the holes and on the surface of printed-circuit boards.  
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1 The aspect ratio is the ratio of the diameter of the smallest metallized hole and the thickness of the printed-

circuit board [1]. 
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Introduction 

Printed-circuit boards are an integral part of modern devices and equipment intended for 

various purposes. A printed-circuit board (PCB) is a board made of a dielectric (glass-fiber 

laminate, paper-based laminate, etc.), on the surface and in the bulk of which conducting 

elements of an electronic circuit are made to connect electronic components in electric and 

mechanical ways [2]. 

Given the modern requirements for the dimensions and compactness of products, 

multilayer printed-circuit boards (MPCBs) enjoy the highest demand in the industry and 

make the major part of production. An MPCB consists of pressed-in alternating layers of a 

dielectric with a current-conducting pattern (CCP) applied. The electric connections between 

the CCPs that are located on the outer board surfaces and on the surface of inner dielectric 

layers are provided by metallizing the through-holes in the PCB.  

Metal plating of PCB through-holes includes preparation (cleaning and conditioning, 

etching, and activation), chemical copper plating, and subsequent copper electroplating. 

These processes determine the quality of printed-circuit boards [3]. 

With the development of technologies, the production of high-accuracy printed-circuit 

boards becomes increasingly important. The PCB accuracy class is determined by the so-

called aspect ratio, i.e., the ratio of the hole diameter and the board thickness. GOST (Russian 

national standard) 23751-86 [4] sets the ratio of the smallest hole diameter and the printed-

circuit board thickness equal to 0.2. However, manufacturing capacities have been 

significantly enhanced since 1986, and the aspect ratio values attainable now are 0.125, 

0.100, 0.083, and less [1]. Metal plating in such holes is a challenging problem that requires 

advanced technologies and high performance of copper plating.  

The majority of Russian PCB manufacturers currently use foreign formulations for 

copper plating of PCB holes, since standard solutions produced in Russia (GOST 23770-79) 

and their later versions are inferior to foreign-made ones in the throwing power of 

electrolytes, service life and stability of solutions, plating gloss, etc. The list of known 

disadvantages of foreign-made formulations includes high cost, necessity of warehouse 

stocks, and sanction risks. 

It should be noted that the scant published data about foreign technologies for copper 

plating of PCB holes contain know-how due to which these technologies cannot be used. 

In view of the above, the development of a domestic technology of copper plating of 

printed-circuit board holes is an important research and engineering problem. Our work 

attempts to find a solution to this problem. 

Experimental 

We prepared copper plating electrolytes using “pure” and “chemically pure” grade reagents 

and distilled water. The freshly made copper plating electrolyte was treated to remove 

impurities by passing 2 A·h/L electricity at a cathodic current density of ic = 2 A/dm2, 

t = 25°С, with mechanical mixing on a magnetic stirrer at 750 rpm. 
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The throwing power (TP) of the electrolyte was estimated using two methods: the 

Haring – Blum cell and cross-sections. 

Haring–Blum cell method 

The Haring – Blum cell (Figure 1) is a bath with a rectangular cross-section which contains 

a 5-plate copper anode and two flat copper cathodes installed at different distances from the 

anode [5].  

 
Figure 1. The Haring–Blum cell: 1 – anode; 2 – far cathode; 3 – near cathode; ln – distance 

between the anode and the near cathode; lf – distance between the anode and the far cathode [6]. 

Such a cell simulates the unequal accessibility of various segments of the plated surface 

from anodes, for example, segments of printed-circuit board holes in the case of galvanic 

copper plating. The near cathode is located in the Haring–Blum cell 4 times closer to the 

anode than the far one; therefore, the voltage drop in the second case is, according to Ohm’s 

law, also 4 times larger. The larger the electrolyte TP, the smaller the difference in the weight 

gain of the near and far cathodes after electroplating, which is taken into account in the 

formula used to calculate TP:  

 100%
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m
=  is the secondary, actual, distribution of the metal 

equal to the ratio of the masses deposited on the near, mn, and far, mf, cathodes [6]. 

Electrolysis was carried out at ic = 1 A/dm2 and was continued for τ = 60 min.   

Cross-section method 

In assessing the throwing power of the electrolyte by this method, test coupons were 

employed as plating samples. The coupons were plates of 1.5-mm-thick FR-4 film-clad 
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dielectric (glass – fiber laminate, copper foil thickness 12–15 μm) with a set of holes whose 

diameters ranged from 0.2 to 0.8 mm (Figure 2a). Such coupons are widely used to control 

the production quality in manufacturing printed-circuit boards. The plating distribution was 

assessed in holes with the smallest diameter (0.2 mm) and an aspect ratio of 0.13. 

The surface of holes in the test coupons does not conduct current; therefore, for copper 

plating a thin layer of chemical copper (1–3 μm) was deposited at the first stage using the 

PERFEKTO technology currently utilized by some Russian manufacturers. Copper plating 

was carried out using the deposition regime currently used at plants where the reference 

electrolyte chosen by us is used: current density 2 A/dm2; the process time was calculated 

with consideration for the required plating thickness (25 μm). The electrolyte temperature 

was maintained at 25±3°С, and the electrolyte was mechanically mixed using a magnetic 

stirrer (750 rpm). Immediately prior to copper plating, the chemical copper coating was 

activated for 15 s in 10% H2SO4. 

To make cross-sections, after copper plating the test coupon was mounted in a bath in 

the orientation perpendicular to the bath bottom (section line 1 in Figure 2b). The bath was 

then filled with an epoxy resin with a hardener in a ratio of 2.5:1 and was slightly shaken 

for the resin to fill the through-holes. To harden the resin, the cross-section was maintained 

for 24 hours at 18–22°C, and for the next 24 hours, in a drying cabinet at 40–70°С. To make 

a cross-section, the sample was subject to 6-stage treatment with an abrasive wheel (400 –

2000 grit) down to section line 2, the hole diameter (Figure 2b). The sample was then 

polished on a felt wheel using the GOI No. 2 polishing composition (fine: 74% chromium 

oxide, 26% binding agent, and auxiliary additives). Etching was then performed to determine 

the plating boundaries and remove copper sediments that emerged during grinding and 

polishing. The etching solution composition was: 10 mL of 25% NH4OH, 1 mL of 37% 

H2O2, and 10 mL of distilled water [7].  

  
Figure 2. a) test coupon; b) test coupon cross-section, where 1 and 2 are the section lines. 

The surface of the prepared cross-section was examined and its images were obtained 

using a LOMO RV-21 metallographic microscope and a Levenhuk M1400 PLUS digital 

camera under 500x magnification (Figure 3). The built-in plotting scale was used by the 
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camera software to determine the plating thickness on the images obtained. Since the hole 

in its entirety cannot be fitted into a single frame under the selected magnification, the image 

of the hole was compiled using six fragments, 4 of which were located near the hole edges 

and 2, in the hole center.  

The coating distribution in the PCB holes was estimated quantitatively using the 

equations for TPmin and TPmax used by foreign and Russian developers and manufacturers of 

PCBs [8–11]. 

 3 4
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Figure 3. Schematic representation of the test coupon cross-section: d is the diameter of the 

PCB through-hole [8]. 

TPmin reflects the coating distribution uniformity both on the board surface and inside 

the hole, taking into account the plating thickness at two points in the hole center (B3, B4) 

and at 4 points on the PCB surface (S1 – S4). TPmax, which only represents the coating 

distribution inside the through-hole itself, only involves the coating thickness at 6 points 

inside the hole (B1 – B6).  

Cathodic polarization curves were recorded in potentiostatic mode using an IPC-Pro 

MF potentiostat (Russia) connected to an YaSE-2 three-electrode cell. A saturated silver-

chloride electrode was used as the reference electrode. A copper foil sample 1 cm2 in area 

with 10 μm thick electroplated copper was used as the working electrode. All measurements 

were conducted at ambient temperature, 25°С. 
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The gloss of electroplated copper was measured by an Elcometer 480 gloss meter using 

the GU (Gloss Unit) scale. Current standards set two reference values for the gloss 

measurement angle of 60° (which is the most universal value for measurements): 0 GU and 

1000 GU. The zero GU value corresponds to a matt surface with zero reflection, while 1000 

GU, to a black glossy surface [12]. The plating gloss was measured using flat copper-plated 

samples of foil-cladded FR-4 dielectric 20×20 mm in size, no less than 5 times for each 

sample. The gloss of the initial copper foil on the foil-cladded dielectric was 70–85 GU. 

For comparison we employed Cupracid TP3, an electrolyte for copper plating of PCB 

holes produced in Germany, which is used by many Russian manufacturers of PCBs. 

Results and Discussion 

The main requirements for a galvanic copper coating inside the holes and on the PCB surface 

are continuity and uniformity of the coating, including the absence of the so called “dog 

bone”, i.e., an excessive deposit of the metal at the hole entry. In addition, the copper coating 

should be glossy, and the thickness of the glossy coating in the holes should be no smaller 

than 75–80% of that on the PCB surface [13]. Given the small aspect ratios on modern 

boards, a mandatory requirement for the copper plating electrolyte is its high throwing power 

that provides continuous and uniform plating in PCB holes. 

Modern foreign-made electrolytes feature a high throwing power. For example, the 

throwing power of a foreign-made analog that we determined experimentally was TP = 55% 

(the Haring–Blum method) and TPmin = 91%, TPmax = 95% (the cross-section method).  

It is known that the most promising electrolytes for copper plating of PCB holes are 

sulfuric acid electrolytes, which contain Cu2+ and H2SO4 in a proportion of 1:10, Cl– ions, 

in some cases Fe2+ ions, and several types of functional additives [14].  

As a base electrolyte, we have chosen for our study a sulfuric acid electrolyte containing 

(g/L): 100 CuSO4·5H2O, 200 H2SO4 (96%), and 0.11 NaCl.  

Preliminary studies have shown that a loose flaky coating is deposited in the absence 

of chloride ions in the solution, so we were unable to measure the electrolyte TP value. If 

chloride ions are available in the electrolyte, compact coatings are deposited; however, the 

TP of such an electrolyte is too small compared with that of a foreign-made analog (27% vs 

55%).  

To enhance TP, we added some compounds, such as functional additives, to the base 

electrolyte and studied their effect on the electrolyte TP, copper coating distribution in holes 

and on the MPCB surface, and the plating gloss. 

Foreign publications report three main types of functional additives to the electrolyte 

for copper plating of PCBs: inhibiting, leveling, and brightening ones (sometimes referred 

to as “accelerating” in literature) [15]. The concurrent presence of the additive types 

described above in the electrolyte provides the required uniformity and gloss of the copper 

coating.  

It is known that an inhibiting additive is a polymeric compound whose large molecules 

are adsorbed on the surface to be coated and form a barrier for penetration of copper ions, as 
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a result of which it inhibits copper deposition both in the holes and on the PCB surface and 

thus facilitates the formation of denser and finer deposits [16–18].  

Non-ionogenic or cation-active surface agents that contain a charged nitrogen atom are 

used as levelers. It is believed that for this reason, these compounds are electrostatically 

adsorbed on the negatively charged cathode surface, predominantly in areas with a higher 

density of electric field lines, i.e., on protruding cathode parts (for example, at a hole entry). 

Due to the adsorption of the leveler in these areas, additional suppression occurs, which 

enables the plating in the lower density areas to be levelled with that in the areas with a 

higher density of current [19–21]. It is also known that inhibiting and leveling additives are 

not consumed and do not undergo chemical conversion of the metal surface [16]. 

We used the Haring–Blum method to examine the effect of some polymeric organic 

compounds and nitrogen-containing surface-active agents on the electrolyte TP. We studied 

polyethylene glycols, polypropylene glycols, and polyvinyl alcohol as inhibiting additives, 

and methyl violet (MV) (methyl violet is an organic dye that contains alkyl (primarily, methyl) 

derivatives of fuchsine and whose chemical formula is C24H28N3Cl) and safranine Т (ST) (3,6-

diamino-2,7-dimethyl-10-phenylphenazynehydrochloride) is an organic basic diazyne dye, a 

member of the safranine class, whose chemical formula is C20H19N4Cl) as leveling agents 

[22, 23]. It has been found that polyethylene glycols (PEGs) most favorably affect the 

throwing power of the sulfuric acid copper plating electrolyte. Our studies have shown that 

adding PEG (with molecular masses of 400, 1000, 1500, 4000, or 8000 g/mol) to the 

electrolyte enhances TP by 5% on average; however, if the solution contains both PEG and 

a leveler, whether methyl violate or safranine Т, TP increases by more than 10% (Figure 4a 

and 4b).  

Although the electrolyte that contains PEG 400 exhibits the highest TP at some 

concentration, we believe that PEG 4000 is more promising as an inhibitor if combined with 

the methyl violet leveler, inasmuch as it provides higher TP values in a broader range of 

concentrations, which is more suitable for industrial production (Figure 4а). PEG 4000 was 

also found to be most efficient in combination with safranine Т (Figure 4b). 

Polarization studies have shown that suppression of copper reduction in the presence 

of PEG 4000 is comparable to that of a foreign-made analog (Suppressor TP3): in both cases, 

the polarization curve is shifted to negative values approximately by 100–200 mV (curves 2 

and 3 in Figure 5а). The process polarizability also increases by a comparable value for both 

compounds in the entire range of current densities. The effect of the levelers is manifested 

in a small shift of potentials to negative values (100–150 mV) and a slight increase in 

polarization (curves 4–6 in Figure 5а). 
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Figure 4. Electrolyte TP vs molecular mass and PEG concentration in the presence of a leveler 

(0.003 g/L): a) methyl violet; b) safranine Т. 

Taking the results obtained into account, polyethylene glycol with a molecular mass of 

4000 was selected as the inhibitor for further studies. The dependence of the TP on the leveler 

concentration in the electrolyte was examined at the optimal content of PEG 4000 in the 

electrolyte (1.0 g/L). With consideration for published data, such compounds as Janus Green 

B (JGB) (2-diethylamine-3,6-dimethyl-9-phenylphenazonium-7-azo-4′-dimethylaniline 

chloride) is an organic dye, a diazotized safranine, the chemical formula of which is 
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C32H35N6Cl), brilliant green (BG) (tetraethyl-4,4-diaminetriphenylmethane oxalate) is a 

synthetic aniline dye of triphenylmethane series, the chemical formula of which is 

C27H34N2O4S), and polyethyleneimine (PEI) (polyethyleneimine Mw = 25000 g/mol 

([СН2СН2NH]n) is a polymer with a repeating link consisting of an amino group and a two-

carbon aliphatic spacer CH2CH2) [22, 24, 25] were studied along with methyl violet and 

safranine Т. 

 
Figure 5. Polarization curves of copper reduction in the solution: a) 1. Base electrolyte; 2. 1 + 

foreign-made inhibitor; 3. 1 + PEG 4000; 4. 1 + foreign-made leveler; 5. 1 + safranine Т; 6. 1 

+ methyl violet; b) 1. Base electrolyte; 2. 1 + foreign-made brightening agent; 3. 1 + MPS; 4. 

1 + foreign-made inhibitor and leveler; 5. 1 + PEG 4000 + PEI; 6. foreign-made electrolyte; 7. 

1 + PEG 4000 + PEI + MPS. 



 Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1661–1676 1670 

    

 

The data displayed in Figure 6 show that the largest TP values in the entire examined 

concentration range are attained if the following substances are used as the levelers: JGB, 

PEI, and BG. 

 
Figure 6. Effect of the nature and concentration of the leveling additive on the electrolyte TP 

in the presence of PEG 4000 (1 g/L). 

The TP values correlate with the images of the PCB hole cross-section displayed in 

Figure 7, which were obtained using an optical metallographic microscope. Table 3 presents 

the values of TPmin and TPmax calculated using Eqs. (2) and (3).  

It can be seen that the best coating distribution in the holes and on the board surface is 

attained in the electrolyte containing PEG 4000 if Janus Green B, brilliant green, or 

polyethylenimine is used as the leveler. Addition of these compounds to the electrolyte made 

it possible to improve the coating distribution significantly; however, the ratio of the plating 

thicknesses inside the holes and on the test coupon surface does not comply with modern 

requirements, according to which the plating thickness inside the hole should not be 

significantly smaller than that on the PCB surface: the TPmin value should be no less than 

75–80%. 

To improve the coating distribution, yet another functional substance, an accelerating 

(brightening) agent, is added to copper plating electrolytes. Sulfur-containing compounds 

such as bis(3-sulfopropyl)disulfide (SPS) or its reduced monomer, 3-mercaptopropyl 

sulfonate (MPS), and others were reported in publications as accelerating (brightening) 

agents [16].  
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Figure 7. Images of cross-sections of test coupons with holes 0.2 mm in diameter (500х) with a 

copper coating obtained in an electrolyte containing PEG 4000 (1 g/L) and a leveler (0.006 g/L). 

Table 1. Coating distribution in the holes and on the PCB surface. 

No. Electrolyte TPmin, % TPmax, % 
*
δ
− , μm 

*

| |
δ , μm 

1. Base electrolyte  47 76 23 11 

2. 1 + PEG 4000 + methyl violet 48 87 21 10 

3. 1 + PEG 4000 + safranine Т 59 58 27 16 

4. 1 + PEG 4000 + Janus Green B 68 60 28 19 

5. 1 + PEG 4000 + brilliant green 64 117 24 15 

6. 1 + PEG 4000 + polyethylenimine 63 70 25 16 

*δ_ is the coating thickness on a test coupon surface; δ|| is the coating thickness inside a hole in a test coupon. 
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It is assumed that an accelerating agent concentrates on the profile segments located far 

from the anode and thus rises or displaces the adsorbed inhibitor from the surface, and as a 

result, ensures a higher rate of copper deposition on these surface areas [26]. In the authors’ 

opinion, the assumed mechanism by which the accelerating agent reactivates the surface 

involves the removal of the inhibitor from a surface microindent either by displacing it 

(competitive adsorption) or by breaking the inhibitor-surface bonds [16]. 

We studied in this work the option to use the following compounds of the thiol or 

sulfonic acid class as the accelerating agents: MPS, UPS,2 MSA,3 p-TSA,4 and m-NBS5 [27–

29]. For each additive, measurements were made at 5 concentrations ranging from 0.001 to 

0.1 g/L. Polarization studies have shown that MPS alone affects copper reduction as a 

depolarizer (curves 2 and 3 in Figure 5b). 

The results presented in Table 2 also indicate that the most uniform coating distribution 

in the holes and on the PCB surface is attained if PEG, PEI (or JGB), or MPS is present in 

the electrolyte.  

It has been found as well that adding MPS along with PEG and PEI (or JGB) to the 

electrolyte provides plating with the largest gloss value (315-350 GU), which is comparable 

with that obtained using a foreign-made analog (Table 3). 

Table 2. Coating distribution in the holes and on the PCB surface. 

No. Electrolyte TPmin, % TPmax, % 
*
δ
−

, μm 
*

| |
δ , μm 

1 Base electrolyte 47 76 23 11 

2 1 + PEG 4000 + JGB + MPS 82 95 25 21 

3 1 + PEG 4000 + PEI + MPS 88 97 23 20 

4 1 + PEG 4000 + PEI + UPS 65 75 22 14 

5 1 + PEG 4000 + PEI + MSA 60 79 24 14 

6 1 + PEG 4000 + PEI + p-TSA 59 65 22 13 

7 1 + PEG 4000 + PEI + m-NBS 71 73 23 16 

8 Foreign-made electrolyte 91 95 22 20 

 

2 UPS – 3-(aminoiminomethyl)-thio)-1-propanesulfonic acid. 
3 MSA – methanesulfonic acid. 
4 p-TSA – para-toluenesulfonic acid. 
5 m-NBS – Na salt of meta-nitrobenzenesulfonic acid. 
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Table 3. Dependence of coating gloss (GU) on the nature and concentration of leveling and accelerating 

agents. 

 MPS concentration, g/L Foreign-made analog 

JGB concentration, g/L 0.001 0.005 0.01 0.05 0.1 

350–400 

0.001 2 3 4 7 7 

0.003 330 340 20 4 3 

0.006 315 350 7 3 2 

0.010 20 35 13 4 7 

0.015 5 4 3 3 2 

PEI concentration, g/L 0.001 0.005 0.01 0.05 0.1 

0.001 6 13 10 9 9 

0.003 320 348 21 8 8 

0.006 351 376 91 8 9 

0.010 15 27 14 5 6 

0.015 6 12 10 9 7 

Figure 8 shows images of plating cross-sections obtained using a combination of PEG 

4000 inhibitor, Janus Green B or polyethylenimine leveler, and MPS accelerating agent in 

the electrolyte (at the concentrations displayed in a frame). It is evident that the uniformity 

of the coating in the holes and on the test coupon surface provided by the electrolyte is 

comparable to that of the foreign-made analog.  

   

Figure 8. Images of cross-sections of test coupons with holes 0.2 mm in diameter (500x) with 

a copper coating obtained in the electrolyte containing (g/L): a) 1 PEG 4000; 0.006 JGB; 

0.005 MPS; b) 1 PEG 4000; 0.006 PEI; 0.005 MPS; c) foreign-made electrolyte. 
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Conclusions 

1. It has been shown that if polyethylene glycol PEG 4000 combined with a nitrogen-

containing surface-active agent, methyl violet or safranine Т, is added to a sulfuric-acid 

copper plating electrolyte, copper reduction is inhibited significantly (polarization is 

~200 mV), and the process polarizability increases in the entire range of current densities. 

2. It has been found that if PEG 4000 inhibitor and a leveler, either methyl violet or safranine 

Т, are added, the TP value increases by more than 10%.  

3. It has been found that if MPS (along with PEG and PEI or Janus Green B) is added to the 

electrolyte, a coating with the largest gloss value can be obtained (315–350 GU), which 

is comparable with that provided by a foreign-made analog. 

4. A domestic electrolyte for copper plating of through-holes in MPCBs has been developed 

that contains (g/L): 100 CuSO4·5H2O; 200 H2SO4 (96%); 0.11 NaCl; 1 PEG 4000; 0.003–

0.006 Janus Green B or 0.003–0.006 polyethylenimine and 0.001–0.005 MPS. This 

electrolyte makes it possible to obtain at a cathodic current density ic = 2 A/dm2, t = 25°С 

and with mechanical mixing by a magnetic stirrer a coating, both inside the holes and on 

the MPCB surface, whose uniformity and gloss are comparable to those provided by a 

foreign-made analog. 
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