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Hocnioxceni anooni noaspusauitini 3anexncnocmi
MiOHO20 enexmpooda y ocamno-cnupmosux pozuu-
nax. Qdepiicani 3aneHcHOCMi MONCHA PO30iaumu Ha
0inanKu, KoxcHA 3 AKUX 610nosidaec npomikannio nee-
HUX eNeKmpoXiMiMHux peaxuiii y zadanomy oianaso-
Hi nomenyianis. Ilepwa dinanxa ionosioae aroonomy
po3uunennio mioi, opyea — opmyeaniio na nosepxui
Mi0i nacueyrouoi oxcuoHo-convo8oi naiexu i oudysii-
HoMmy pesicumy posuunenns memany. Ilicns docsaenenns
nomenyiany po3KAA0AHHA 600U POIUUHEHHSA MIOH020
enexmpooa cynpoBooHCYEMvCA OKUCTICHHAM MONEKYJL
H,0. Bcmanosaena 6ionosionicms ocooausocmeii pos-
YUHeHHA MI0i NOAAPUIAUITIHUM 3ATLEHCHOCMAM eNleKm-
pooa. Exexmpoximiunomy mpasaennio mioi 8ionoeioae
dianason nomenyianie enexmpooa 0—0,8 B. Ymeopenns
0KCUOHO-CONb080T niieKu npu nomenyiarax 1-2 B 06y-
MO6I0€ i0HIZayi10 MiOi Y Quysiiinomy pescumi i npueo-
Jumv 00 nepeeasrcHozo0 Po3UUHEHHS MIKpOHepieHoCmell
Memany 3 Popmyeannam 6auUCKy10i noGepxHi eneKxmpo-
da. 3mimennsa nomenyiany anooa 00 Geaurun, GiIvWUX
3a 2 B, npusodums 00 nos6u moux08020 mpasiennsa na
nogepxmi midi 6HACIO0K MiCYe8020 NOPYULEHHI CYULILb-
nocmi nacuenoi nuiexu. [Joodasanns 0o po3uunie oc-
damnoi xucaomu emanony 3HUNCYE 2Yycmuny cmpymy
anoonozo posuunenns mioi 6 cmayionapuiu oénacmi
00 3uauens 0,2—-2 A-0om=2. Emanon cnpuse odepicannio
onuckyuoi nosepxui mioi. Ilpu ¢ (CoH;0H) >30 % epexm
noaipyeanns 3uuxae. bymunosuii cnupm € epexmus-
HuM in2iGimopom mpaenenns mioi i 6 tiozo npucymmo-
cmi j, snuncyemoca 0o 0,1—1 A-om=2. lobaexa C;HyOH
00YyM087110€ POPMYBAHHA NOBEPXHI 3 CUTILHUM OUCKOM
i MIHIMAAbHOW KiAbKicmio mouox mpaeaenus. Ilpu
emicmi ¢(C,HyOH)>50 % nosepxus mioi mae 3nauny
Kivkicmo mowox mpasaenns. Ineioyroua oisa enivepu-
Hy 6ausvka 0o 0ii 6ymanony. Dopma noaapusauitinoi
sanexcrnocmi odymosmoemocs emicmom C3HgOs3 y pos-
yuni. Ipu nideuwenni c(CsHg03) >20 % nonipyeanns
He 6100Y8AEMbCA | NOBEPXHA eNeKmPoo0a MAE Mamo-
euil guznsd. Ompumani oani nokazyromo, wWo amoona
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3a7edcHO 610 HeoOXI0HOCMI, MONCHA BUKOPUCTMOBY6AMU
0151 po3podKU eneKkmponimie noaipYeanns ado po3mip-
1ot 00poOKU MiOi
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1. Introduction

Electrochemical polishing implies the dissolution of the
surface layer of a metal during anode polarization in the
electrolyte solution.

The result of polishing is the removal from a metal sur-
face of the outer layer and the formation of a new surface
with smooth topography, characterized by the lack of thick
oxide films, foreign inclusions, and defects. The deformed
layer forms at the surface during mechanical and thermal
treatment to which a workpiece is exposed in order to obtain
a product or semi-finished product.

Electrochemical polishing of copper is industrially used
for brightening the copper coatings or treating the massive
products made of copper or brass. In research, the electro-
chemical polishing method is employed for the size treatment
of copper wire to obtain thin needles that served as cathodes
in the study of the effect of electro-chemical microcontact
commutation [1]. Apparently, electrochemical polishing is
a necessary condition for obtaining reproducible results in
the study of the long element. Such a treatment of copper
conductors would make it possible to obtain a uniform metal
surface, which is essential when conducting accurate mea-
surements of the distribution of potential and current [2].




Also desirable is to perform polishing for the pretreatment
of articles’ surface in the case of applying multilayer coatings
or coating the products with a complex composition [3—6].
Even though the first work on electrochemical polishing
of copper in solutions of H3PO,4 was performed more than
80 years ago, these solutions are a good base for creating
polishing electrolytes. The attractiveness of applying a phos-
phoric acid is predetermined by the universality and economic
efficiency of phosphoric-acid solutions. When using them, it
is possible to polish not only copper but also its alloys. Copper
that dissolves during anodic polarization of metal deposits at
the cathode and partially precipitates at the bottom of the
bath, which facilitates the regeneration of electrolyte. The
scientific literature describes many compositions of solutions
for electrochemical polishing of copper and its alloys, how-
ever, in most cases, similar to ferrous metals, the main compo-
nent is the phosphoric acid. The difference comes down to the
introduction of additives of inorganic or organic compounds
that favorably influence the quality of treatment. This is the
way to try to eliminate the main disadvantage — the etching
of metal when the current density exceeds the limit and when
potentials are higher than that of oxygen evolution.

2. Literature review and problem statement

Many studies focused on instructions about the favorable
impact of adding certain organic compounds (carboxylic
acids or their salts, aldehydes, amines, alcohols) on the pro-
cess of electrochemical polishing of copper in phosphoric-
acid solutions [7-17]. The most commonly used as additives
are the saturated, unsaturated and aromatic alcohols whose
introduction reduces the limiting current density, prevents
point etching and metal etching. It is also noted that in some
cases the additives of alcohols contribute to improving the
resistance of polished copper against atmospheric corrosion,
which is linked to the formation of chemisorbed films of or-
ganic origin at its surface.

For example, the positive effect is observed when adding
to phosphoric-acid solutions glycerin and organic acids [11],
ethanol, ethylene glycol or glycerol [12], methanol [13, 14],
which ensures the uniform dissolution of metal at polishing,
decreases the number of etching points and reduces the
limit anode current. The influence of additives of aromatic
alcohols during copper electropolishing in H3PO, solutions
was investigated in [15]. It is shown that the introduction to
polishing solutions of phenols reduces the rate of copper cor-
rosion, which contributes to the better treatment of metal.

In studies [16, 17], the electropolishing of copper in phos-
phoric-acid solutions containing alcohols was investigated us-
ing a rotating disk electrode. It is shown that the introduction
to the composition of electrolytes of additives of alcohols pre-
determines a slowdown in the rate of anode dissolution of cop-
per and promotes a more uniform dissolution of the metal. The
results obtained are explained by the fact that the introduction
of alcohols reduces the concentration of water molecules in
a near-anode layer, which reduces the rate of copper dissolu-
tion, which is limited by the transport of acceptor particles
(water to the surface of copper) [16] or by a change in the
physical characteristics of electrolyte, which alter the condi-
tions for stirring a solution near the surface of the anode [17].

Thus, the cited studies highlight only specific cases of
copper polishing regarding the treatment of products in
electronic industry [11, 14], the adsorption phenomena when

investigating corrosion processes on copper [13, 15]. Of in-
terest is the research aimed at establishing the influence of
additives of alcohols on the technical indicators of polishing
process, such as the relative smoothing of surface unevenness,
coefficient of reflectance, specific metal removal. Many arti-
cles made use of the procedure for the rotating disk [12, 16, 17]
or cylindrical electrode [15]. The results obtained are cer-
tainly interesting, however, they are not always applicable to
the industrial process of polishing, which is often conducted
employing the fixed anodes. The difference in the electrolyte
mixing conditions in this case may affect the features of metal
dissolution.

3. The aim and objectives of the study

The aim of this work is to establish the influence of al-
cohols on the patterns in anode behavior of copper in the
solutions of phosphoric acid.

To accomplish the aim, the following tasks have been set:

— to derive the polarization dependences of copper elec-
trode in solutions of phosphoric acid in the acidic-alcohol
solutions;

— to determine, based on an analysis of the polarization
dependences, conditions for the electrochemical polishing
and to establish the effect of alcohols on indicators of the
polishing process.

4. Procedure for deriving the polarization dependences

We used, as working electrodes, copper of grade M00 in
the form of plates of rectangular shape, made from a rolled
ribbon with a thickness of 0.5 mm. Preparation of the samples
involved sanding with sandpaper, degreasing with a Na,COs3
aqueous suspension, and etching in a 10 % solution of HCI.
The samples were washed with water between the cycles.

We applied, as an auxiliary electrode, a coaxially positioned
cylinder made of a copper rolled tape. Ratio S;:S,=100:1.

We measured potentials relative to the saturated sec-
ond-type electrode Ag/AgCl, reversible with respect to chlo-
ride ions. To fill the electrode, we used the saturated solution
of KCI. The electrode was placed in a container with the
saturated solution of KCI and connected to the cell using an
electrolytic key filled with a thickened solution of KCI (20 g
of salt per 100 cm?® of solution). All values for the potentials
are listed in the scale of a given electrode.

Stationary polarization dependences were derived using
a potentiometric circuit. The circuit included the power
source B5-43 (USSR), the ammeter M2038 (USSR), and
the multimeter Keithley-2000 (United States). The potenti-
ometric circuit allowed us to define conditions for polishing
(values of current densities and the range of potentials). De-
pendences were derived under a potentiometric mode, feeding
the cell with voltage in steps of 0.05 V. The values for current
and potential of the electrode were recorded after maintaining
the cell for 5 minutes at the predefined voltage, which made it
possible to determine their established magnitudes.

The reflectivity of copper surface was determined using
the photoelectric glossmeter BF5-60/60. Relative smoo-
thing AR, of the surface was determined applying the profi-
lometer-profilograph, model 202 (Caliber).

Composition of the examined electrolytes is given in
Table 1.



Composition of the

examined electrolytes

Table 1

No. of entry Component Components ratio

1 H3POy4 85 % H3POy 1:1 (HsPO4H,0) 1:3 (HsPO4H,0)

9 H3PO4 3:1 1:1 1:3
C4H90H (H5P04C4H90H) (H3P04C4H90H) (H3P04C4H90H)

3 H3P04 3:1 1:1 1:3
C3HgO3 (H3PO4:C3HgO3) (H3PO4C3HgO3) (H3PO4:C3HgO3)

4 H3PO4 3:1 1:1 1:3
C2H5OH (H3PO4:C2H5OH) (H3PO4ZC2H50H) (H3P042C2H50H)

The electrolytes were prepared using H3PO, and
C4HyOH of grade «chemically pure», CoH;0H and C3HgO3
of grade «pure».

5. Results of studying the dissolution of copper
electrode under conditions of anodic polarization

The anodic polarization dependences of the copper elec-
trode, derived in solutions of H3PO, without additives,
are shown in Fig. 1, a. The dependences contain three re-
gions, which correspond to certain electrochemical pro-
cesses that proceed at the electrode over a certain range of
potentials [16].

The initial region of the dependence is characterized
by the rise of current at an electrode potential shift from

stationary value E to point A. In this region, the only elec-
trode process is the dissolving of copper, which proceeds
with a current output close to 100 %. The electrolysis under
this mode is accompanied by the electrochemical etching
of metal. Surface of the samples after 1-2 minutes of such
a treatment becomes opaque and contains the sludge, which
is easily removed by a filter paper.

In the region of potentials AB, an oxide-salt film with
a complex composition forms at the surface of the electrode.
The dissolution of metal occurs under the mode of limit dif-
fusion current and has a complicated dependence on poten-
tial. The curves demonstrate a flat step or a maximum, after
which the power of current decreases. The anodic output in
terms of the copper dissolution current remains in this case
unchanged or has a tendency to decrease. A copper surface
after being treated under this mode becomes shiny.
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Fig. 1. Anodic polarization dependences of the copper electrode:
a — polarization dependences derived for solutions of H3POy4. H3PO4:H,0, share by volume: 85 % H3PO4(1); 1:1(2); 1:3(3);
b — polarization dependences derived for solutions of H3PO,4 with the addition of CoH50H. H3PO4:C,H50H,

share by volume: 3:1(1); 1:1(2); 1:3(3); ¢ — polari

zation dependences derived for solutions of H3PO4

with the addition of C3HgO3. H3PO4: C3HgOs3, share by volume: 3:1(1); 1:1(2); 1:3(3); d — polarization dependences derived

for solutions of H3PO,4 with the addition of C3HgO3.

H3PO4: C3HgO3, share by volume: 3:1(1); 1:1(2); 1:3(3)



Upon reaching point B, the surface of the electrode un-
dergoes the process of oxidizing water molecules with the
evolution of gaseous oxygen. In a given region of potentials,
there occur two combined reactions on the electrode; in this
case, increasing the current density leads to a decrease in
the output for copper current and an increase in the output
for oxygen current. The electrode surface becomes shiny.
At j,<20-25 A-dm~2, the surface demonstrates plots of point
etching in the form of pitting. The cause of pitting is the local
disruption of metal’s passivity due to the action of ions-acti-
vators [17, 18], chemical dissolution of the film due to the
local overheating near the surface of the anode or an oxygen
bubbles delay at copper surface [16].

Increasing the content of H3POy in a solution, all other
things being equal, leads to a decrease in current density, that
is, it causes the higher values of the electrode polarization of
the process (Fig. 1, a, curves 1-3). Smoothing the surface
profile of the electrode proceeds better in dilutes solutions
of H3POy, which confirms the relation between this process
and diffusion processes around the anode. Reducing the
concentration of H3POy results in its growing etching effect
on metal. Etching action does not stop in more concentrated
solutions if the electrolysis is carried out at high values j,,
accompanied by an intense release of oxygen. At j,>j,
a metal surface, although it becomes shiny, is covered with
small point pits.

The next phase of our work was to study the anode be-
havior of copper in solutions of H3PO, with the addition
of alcohols. Polarization dependences, derived for copper
in solutions containing ethanol, butanol and glycerol, are
shown in Fig. 1, b—d.

The dependences are characterized by the presence of
three conditional sections, corresponding to the dissolution
of copper under stationary and diffusion regimes, as well as
the progress of combined reactions on the electrode. Adding
an alcohol reduces the rate of electrode processes, and the
growth in its content leads to that the reduction becomes
more apparent.

The polarization dependences of copper derived for solu-
tions with the addition of CoH50H are shown in Fig. 1, b.
Ethanol decreases the rate of anode dissolution of copper in
the stationary region. The dissolution current density falls to
0.2-2 A-dm~2. Upon reaching the boundary of the diffusion
region, the curves demonstrate a sharp maximum, followed

by a decay in current (Fig. 1, b, inset). The further character
of curves is similar to those derived for solutions of H3POy
without additives. Increasing ¢(CoH5;0H)>30 % leads to the
disappearance of the effect of polishing. Copper is etched and
its surface becomes matte. In general, adding C,H;OH in
the concentrations not exceeding 30 % improves the gloss of
copper surface, though it is negligible.

Butanol is a more effective inhibitor of copper etching
(Fig. 1, ¢). The current density of electrochemical etching in
its presence reduces to 0.1—1 A-dm~2. The range of potentials,
corresponding to the passive state region, remains the same
and is 0.8—2 V. Adding C;HyOH causes a strong copper sur-
face gloss with a minimum number of etching points. Increas-
ing ¢(C4H9gOH)>50 % is impractical because the reduction
of j, predetermines a decrease in the layer of the dissolved
metal. In this case, the metal surface gloss reduces while the
number of etching points grows.

The overall effect of glycerol is close to the action of
butanol. Copper etching rate under stationary mode is
0.1-1 A-dm™2 The shape of dependence is determined by
the content of C3HgO3 in solution. At ratio H3PO4:C3HgO3
3:1 and 1:1 (Fig. 1, d), the curves demonstrate a maximum
of current, which corresponds to the formation of the passive
film. Increasing the ratio H3PO4:C3HgO3 to 1:3 causes the
disappearance of the maximum and the curve demonstrates
a plot of sloping rise in current across the whole range of
potentials. A metal surface after being treated in the elec-
trolyte with the addition of glycerol has an etched matte
appearance and contains the sludge that is easily removed by
a filter paper.

The introduction to the electrolyte composition of
ethanol and butanol has a positive influence on the gloss of
the surface of the metal. The point etching of the anode stops;
the reflectance of the surface increases. The extent of this
influence increases with an increase in the length of a hydro-
carbon radical of the alcohol molecule (Fig. 2, @). The most
intense gloss of copper surface is achieved when treating it in
the electrolyte containing butanol.

The positive influence of alcohols is less pronounced
when smoothing the roughnesses (Fig. 2, b). In this case, the
relative smoothing increases with an increasing length of the
alcohol molecule chain. Adding ethanol not only improves,
but even worsens, the relative smoothing, compared to treat-
ment in a phosphoric-acid solution.
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Fig. 2. Influence of alcohol additives to the phosphoric-acid electrolyte on characteristics of the process of copper polishing
at a different density current: 1 — electrolyte without the addition of alcohol, 2 — with the addition of ethanol,
3 — with the addition of butanol, 4 — with the addition of glycerol. The ratio of acid to alcohol is equal to 1:1; a — effect of
the nature of alcohol on the reflective property of metal; b — effect of the nature of alcohol on relative smoothing of metal’s
surface; ¢ — effect of the nature of alcohol on specific removal of metal



This might be due to the fact that at a given concentra-
tion of the additive, the etching process is not completely
suppressed, as indicated by the physical appearance of the
metal’s surface. A more positive effect is exerted by butanol,
which correlates with its influence on the surface gloss and
metal etching.

Increasing the length of the radical in a molecule of
alcohol leads to the increased removal of metal (Fig. 2, ¢).
This trend is increasingly evident with an increasing alcohol
concentration in the electrolyte.

Treating copper in the solution containing glycerol does
not produce the surface gloss. The relative smoothing in
solutions with the addition of C3HgOj3 reaches the higher
values compared to solutions with the addition of mono-
atomic alcohols, which causes a slight increase in the coef-
ficient of smoothing effectiveness due to a relatively high
metal removal.

6. Discussion of results of polarization
measurements of the copper electrode in
phosphate-alcoholic solutions

The emergence of gloss and smoothing of roughnesses at
the electrochemical polishing of copper in phosphoric-acid
solutions has several explanations. There are known theories
that link the emergence of the effect with the dissolution of
the most active regions of the anode, complicated transport
of acceptor particles to the anode and the formation, at the
surface of the anode, of an oxide-salt film with a complex
composition. The latter theory, according to which the dis-
solution of microscopic protrusions occurs due to a lesser
thickness of the passive film compared with its thickness in
pits, was put forward a long time ago, but now it is the most
common [ 18, 20, 22].

The dissolution of copper proceeds through the stage
of film formation, which consists of a mixture of oxides of
one- and bivalent copper [23-26]. It is not excluded that
the film at the surface of the anode can contain oxides with
a non-stoichiometric composition or consist of a mixture of
copper oxides and phosphates [27-31]. It is obvious that in
the case of adding alcohols they also participate in the for-
mation of the film by adsorbing at the surface of the anode.

The role of alcohols in the process of electrochemical
polishing manifests itself above all in preventing the point
etching and increasing the reflectivity of the metal.

Adding alcohols could reduce the surface tension of the
solution. This contributes to a reduction or even complete
cessation of metal etching and increases the gloss of its trea-
ted surface. Such a relation between the quality of polishing
and surface tension of the solution, observed when treating
other metals, suggests that this physical-chemical characte-
ristic directly affects the mechanism of the polishing process.

Indeed, a decrease in the surface tension of solution faci-
litates the detachment of oxygen bubbles from the surface of
the anode and prevents point etching. Aqueous solutions of
alcohols have low values of 6 compared with water and solu-
tions of phosphoric acid (Table 2).

The given values for ¢ indicate that the introduction to
the phosphoric-acid solutions of alcohols will reduce the sur-
face tension of the obtained mixtures, which should affect the
quality of copper polishing. However, the research has shown
that the magnitude of & is only one of the factors that affect
the quality of metal treatment.

Table 2
Surface tension of water, phosphoric acid,
and alcohols
Medium G-1073, N-m~! (20 °C)

Water 72.8

Phosphoric acid (85 %) 85.2 (28 °C)
Ethyl alcohol (100 %) 22.3
Butyl alcohol (100 %) 24.6
Glycerol (50 %) 69.6

Preliminary data from Table 3 show that the introduc-
tion to the electrolyte of conventional wetting agents, for
example, sulphonol or the commercially available deter-
gent «Progress» (OO0 «AMS Media», Russia), helps reduce
the surface tension even to the larger degree than when
adding butanol, however, the etching of copper does not stop
in this case.

Table 3

Effect of additives of the surface-active substances on
indicators of the copper polishing process

Additive 6'1(02 (j ’OI\CI;H 1 gﬁﬁ’ 5 | K, % | Metalsurface state
Butanol, %
25 26.5 0.50 | 86-99 | Gloss, point etching
50 23.0 0.55 86—99 | Gloss, point etching
75 20.0 0.70 | 96-99 Mirror shine
Preparation «Progress», g-1°!
10 35.0 0.80 | 62-99 | Gloss, point etching
25 29.0 0.82 62-99 | Gloss, point etching
50 18.0 0.68 90-99 | Gloss, point etching
Sulphonol, g1

1.0 20.0 1.0 75-80 | Gloss, point etching
2.8 18.0 0.95 68—80 | Gloss, point etching
5.5 16.0 0.88 | 70-90 | Gloss, point etching

It is obvious that the specified factor does not play a deci-
sive role by itself in the process of polishing; its positive effect
is evident in the cases when an organic compound is involved
in the formation of a passivating film at the surface of the
anode. It might be possible that the increased hydrophobicity
of an electrode surface facilitates the detachment of bubbles
of oxygen off it and prevents point etching.

Of course, to better understand the nature of the effect,
caused by adding the alcohols to phosphoric-acid solutions,
it is necessary to conduct research into the processes of their
adsorption by a copper surface. From this point of view,
it might be of importance to study the capacity of a dual
layer of the copper electrode, obtained under conditions of
its anodic polarization. Such information would be a useful
complement to the measurements of roughness, gloss and
metal removal, performed during electrolysis under statio-
nary conditions.



7. Conclusions

1. Anodic polarization dependences of copper electrode,
derived for phosphoric-acid-alcohol solutions, consist of
three regions, which correspond to the processes of electro-
chemical etching of copper, the formation of a salt-oxide film,
and the composite reactions of copper dissolution and oxygen
evolution. It is shown that the introduction to a phosphoric
acid solution of additives of ethanol, butanol and glycerol
causes a decrease in current densities over the entire exam-
ined range of potentials. This is probably due to the fact that
the additions of alcohols act as diluents, reducing the concen-
tration of water molecules in the near-anode layer, causing
a decrease in the rate of copper dissolution due to a lack of
acceptors particles, required for the transition of copper to
solution in the form of hydrated particles.

2. The electrochemical polishing, performed under a sta-
tionary galvanostatic mode, revealed that the introduction
to the composition of the bath of ethanol and butanol pre-
determines an increase in gloss of the treated surface and
dramatically reduces the number of etching points. The in-
troduction of glycerol to the solution does not produce any
visible effect. In addition, butanol causes surface smoothing
at polishing, however, the process is characterized by an ele-
vated metal removal. One possible explanation of the results
obtained is the data on surface tension, which indicate that
the addition of ethanol and butanol causes a drastic reduc-
tion in the magnitude of 6. The results obtained are inter-
esting, however, they require further research to establish
the effect of alcohols on physical-chemical characteristics
of solutions and the capacity of a dual-layer, which would
elucidate the results obtained.
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