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Abstract: (3-naphthol was one of the first additives introduced for smooth and homogeneous
tin electrodeposition. Although it can be oxidized under the plating conditions, forming either
1,2-napthoquinone or polymeric materials based on naphthioxides, it is still in use. In this work,
an investigation of its more stable form, alkoxylated 3-naphthol (ABN), on tin plating is undertaken.
For this purpose, chloride based (pH ~5) and methane sulfonic acid (MSA, pH ~0.5) electrolytes,
including ABN, were prepared. Reaction kinetics were studied by polarization, Tafel measurements,
and cyclic voltammetry. Tin electrodeposits were obtained on flat brass substrates. Surface
morphology and preferred crystal orientation were studied by Scanning Electron Microscopy (SEM)
and X-ray Diffraction (XRD). In both studied electrolytes ABN acts as an inhibitor but in the case of
the chloride electrolyte it is more pronounced. In the MSA electrolyte this effect was overlaid by the
presence of tin-citrate complexes. In the chloride-based electrolyte, ABN has a grain refining effect,
while in the MSA electrolyte an increase of ABN concentration leads to a slight enlargement of the
average grain size. X-ray analysis shows a constant decrease of the (101) intensity with increasing
concentration of ABN for the sample deposited from both baths.

Keywords: tin electrodeposition; alkoxylated -naphthol; chloride; methane sulfonic acid; exchange
current density; grain size

1. Introduction

The electrochemistry of tin in an acidic electrolyte has been studied for several decades.
Nevertheless, both the role of organic additives for optimized brightness, gloss and hardness, and also
their effect on the electrochemical mechanism is still an open field of research. Due to their solderability
and chemical inertness, tin electrodeposits are industrially used in several applications. Tin is one of
few metals suitable in an unalloyed metallic form for contact with food, due to its non-toxicity and
corrosion resistance [1]. In addition, due to its solderability it is also extensively used in the electronics
industry [2].

Tin can be plated from both alkaline and acidic solutions [3]. Alkaline electrolytes are based on
sodium [4] or potassium stannate [5,6]. They have excellent throwing power and simple compositions,
and satisfactory deposits can be obtained from a wide range of tin concentrations. However,
the application of the alkaline electrolytes has several drawbacks. Due to the stannate form of
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tin present in the alkaline electrolytes, the electrochemical equivalent is only half of that in an acid
bath. Higher cathodic current densities can be achieved only at elevated temperatures (e.g. > 60 °C).
Moreover, no bright deposits can be obtained under direct current deposition without using a reflowing
post-treatment. Compared to the acidic electroplating solutions, alkaline electrolytes are used less
often for tin electrodeposition.
Electrodeposition of tin from acidic solutions is generally done from divalent stannous ions (Sn?*)
in a single step:
Sn?* +2e~ — Sn (1)

The electrochemical equivalent is twice that of the alkaline electrolytes. Furthermore, bright
coatings can be obtained by using organic additives. Electrolytes are operated at room temperature
using a soluble anode. Tin plating from acidic solutions [3] may be performed from sulfuric [7],
methane sulfonic [2,8-10] or chloridic [11,12] electrolytes. Sulfuric acid is widely used as the basis
for tin electrolyte. Usage of methane sulfonic acid (MSA) electrolytes has several advantages over
the sulfuric acid one. Methane sulfonic acid based electrolytes are versatile [13], biodegradable [14],
have excellent metal salt solubility [15], and they are less corrosive than sulfuric acid. A review of
the literature shows that the electrodeposition of tin from chloride baths has not been investigated
in detail.

Organic molecules must be added to the electrolytes for a homogenous, compact tin deposition
from an acidic solution. Electroplates, originating from pure acidic tin electrolytes, are dendritic
and often porous and non-compact [16]. One of the first surfactants and grain refiners introduced
to tin electroplating electrolytes, for the purpose of obtaining homogenous and compact layers, was
B-naphthol [16]. It is widely used despite the main disadvantage of being easily oxidized under
plating conditions. The oxidation of 3-naphthol takes place in two steps. In the first step a naphthyloxy
radical is created, which can react with water resulting in 1,2-naphthoquinone. A parallel reaction,
the creation of a polymeric material, takes place when naphthyloxy radicals react with each other
(Figure 1) [17]. A more stable form of this additive could be alkoxylated 3-naphthol (ABN, Figure 2),
where the hydroxyl group is replaced with the more stable alkoxy group.
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Figure 1. Two step oxidation process of 3-naphthol [16].
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Figure 2. Alkoxylated -naphthol (ABN) structural equation.

The use of ABN has several advantages over the original 3-naphthol. First of all, the absence of
the free hydroxy group assures higher resistance against oxidation. The second advantage is the higher
solubility due to the tensidic properties introduced by the hydrophilic polymeric chain. The effect of
ABN on tin plating has not been described in the literature so far.

The aim of this work is to investigate the influence of ABN on the electrodeposition of tin,
including the kinetic behavior of the chloride and MSA electrolyte for tin plating with different ABN
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concentrations, as well as the influence of the additive concentration on the deposit morphology and
crystallographic structure.

2. Materials and Methods

2.1. Electrochemical Characterization

To investigate the influence of ABN in the chloride and MSA electrolytes, polarization and Tafel
measurements were performed using an IPS PGU 20V-2A-E potentiostat. All the potentials were
measured against a Ag/AgCl reference electrode, with pure tin as a counter electrode. Rotating
disc measurements (IPS PGU 200148) were performed on a 1 cm? brass electrode polarising from ca.
+200 mV to —800 mV against open circuit potential (OCP) with a polarization rate of 10 mV/s. Tafel
measurements were made using 1 cm? stationary flat brass electrodes by scanning from —300 mV
to +300 mV versus OCP with the polarization rate of 10 mV/s. Electrode activation was done by
immersion for 30 s into 10% H»SO4 and 5% MSA for chloride and MSA electrolyte, respectively.

Cyclic voltammograms and potentiostatic deposition were carried out using a CHI 760C
electrochemical workstation in a closed cell under Ar atmosphere with a three electrode setup. A CHI
101 stationary gold disc electrode (¥ = 2 mm) was used as a working electrode. Gold wire was used
as a counter and Ag/AgCl as a reference electrode. Before usage, the gold cathode was polished
to a mirror bright finish with 0.05 pym alumina powder and rinsed with deionized water. Cyclic
voltammograms were measured at a scan rate of 10 mV /s from the open circuit potential (OCP) in
the negative direction. Current density transients were recorded for the chloride electrolyte at the
potential —0.8 V for 300 s and for the MSA electrolyte at —0.65 V for 150 s.

2.2. Sn Electrodeposition

Two different electrolytes (the chloride [11] and the MSA electrolyte) were prepared for tin
electrodeposition (Table 1). Coatings were deposited on 1cm? stationary flat brass substrates with
direct current for 15 min by an IPS PGU 20V-2A-E potentiostat/galvanostat. The electrode surface
activation step was the same as for the Tafel measurements. The electrolyte was kept static or it was
agitated by a magnetic stirrer at 250 rpm during the deposition. The chloride electrolyte was operated
at 60 °C (pH ~5), while the MSA electrolyte was operated at room temperature (pH ~0.5). In both
electrolytes the pH was left unadjusted. The deposition experiments were performed in the chloride
based electrolyte at a current density of -0.5 A/dm? and in the MSA based electrolyte at a current
density of 1.5 A/dm?. Tin coatings from both electrolytes containing ABN with a concentration of 0,
0.78,1.17,1.56, 2.5, and 3.12 mg/L were deposited and compared.

Table 1. Composition of the chloride based and methane sulfonic acid (MSA) electrolytes.

Electrolyte Composition Chloride (g/L) MSA (g/L)
5SnCl,-2H;0 (abcr, Karlsruhe, Germany) 25 -
NazC¢H50y (Sigma Aldrich, Seelze, Germany) 80 100
KNaC4H4Og4-6HO (Carl Roth, Karlsruhe, Germany) 25 -
(NH4),S04 (Sigma Aldrich, Seelze, Germany) 60 -
MSA (70%) (Carl Roth, Karlsruhe, Germany) - 157 mL/L
SnMSA (300 g/L Sn%*) (Atotech, Berlin, Germany) - 166 mL/L

2.3. Structural Characterization

The electrodeposited tin coatings from both chloride and MSA based electrolytes were
characterized using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The surface
topography of the electrodeposited tin was investigated by use of SEM imaging of the as-plated surface.
A Leo 1550 Gemini FEG-SEM (Zeiss, Oberkochen, Germany) was used to acquire the SEM micrographs.
The average grain size of the deposits (/) was estimated by use of the Heyn linear intercept method [18].
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Here the mean lineal intercept length, /, is calculated by dividing the line length by the number of
intercepted grains. SEM images were all taken at 2000 x magnification and a mesh of five vertical
and five horizontal lines per image was used. XRD patterns of the coatings were acquired with a
Bruker AXS D8 Advance (Bruker AXS Gmbh, Karlsruhe, Germany) using a grazing incidence geometry.
The samples were scanned at 40-150° 20 with CrKo radiation (A = 2.0821 A, 35 kV, 40 mA) with the
angle of incidence set at 3°. A detector scan mode with step size of 0.05° and a sampling time of 5 s
was used at a scan rate of 0.01° /s. The measured spectra were analyzed using Diffrac.suiteEva3.0 and
the phases formed identified using the standard PDF-4+ from the ICDD database.

3. Results

3.1. Electrochemical Characterization

Polarization curves of the electrodeposition of tin from the chloride electrolyte on a rotating
disk electrode (RDE) are depicted for various ABN concentrations (Figure 3a) and rotation speeds
(Figure 3b). The measured cathodic current density starts to increase at a potential of —700 mV until
a plateau, i.e., a limiting current density, is reached at ca. =880 mV in the electrolyte without ABN
addition at a rotation speed of 256 rpm. This can be associated with the diffusion-limited reduction
of Sn(II). At cathodic potentials higher than —950 mV the current density further increases due to
the hydrogen evolution reaction. Addition of ABN (Figure 3a) caused a suppression of Hy evolution
within the studied potential window and a decrease in the limiting current density (i ). This behavior
indicates that ABN molecules adsorb onto the cathode surface and interfere with the normal metal
deposition by blocking the attachment of tin ad-atoms and delaying hydrogen co-evolution.

RDE measurements at higher rotation speeds resulted in rather complex j-U behavior (Figure 3b).
The current density in the hydrogen evolution potential region (negative of ca. —900 mV) exhibits a
moderate plateau at 0 rpm. The Sn(Il) reduction is not strongly affected by the convection changes.
Only at the highest speed of 386 rpm, the hydrogen current density drastically increased indicating
also a change of pH in the electrode vicinity (not shown).

Potential (mV)

-1200 -1000 -800 -600
I . 1 . 1 M| 0

0 mg/L ABN
0.78 mg/L ABN
1.17 mg/L ABN

——1.56mg/iL ABN | | ¢
2.5 mg/L ABN
3.12 mg/L ABN

(@)

Current density (A/dm?)

Figure 3. Cont.
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Figure 3. Polarization curves measured with the rotating disk electrode (RDE) in the chloride based
electrolyte: (a) convection kept constant at 256 rpm and varying the ABN content. Cathodic current
and Hj evolution is suppressed with the increased additive concentration (b) with the optimum
concentration of ABN 1.56 mg/L, varying the electrolyte convection. Introducing of the convection
causes an increase in the limiting current densities.

Cyclic voltammograms (CVs) of the electrodeposited tin from the chloride based electrolyte are
depicted for different ABN concentrations in Figure 4a and for different cathodic return points in
Figure 4b. The forward cathodic scan exhibits a single current Sn deposition peak (~—0.7 V) followed
by the limiting current density plateau, as reported for the RDE results. The absence of the cross-over of
the forward and reverse scan (Figure 4a,b) shows that no overpotential was required for the nucleation
process of Sn on Au to be started and there is no bulk deposition [15,19]. In the anodic direction three
current peaks were detected (Figure 4a,b). According to the literature [20,21] tin in a slight acidic
media undergoes active dissolution and passivation during anodic polarization. The dissolution of tin
occurs in two steps:

Sn® — Sn?T 4 2e” < Sn*T 4+ 2e”

geruga and Metikos-Hukovi¢ [21] studied the oxidation process in citric buffer. With the
consideration that most of the dissolute Sn?* forms soluble chelate complexes Sn(HCit) in solutions
with pH = 5 and 6, they proposed several oxidation mechanisms which take place in two steps. In the
initial passivation step, Sn(OH); is generated, and with further anodic polarization insoluble Sn(OH),
is created. According to Seruga and Metikos-Hukovi¢ [21], the tin passivation process in weak acidic
electrolytes can be explained by the Miiller passivation model and the film formation process is under
ohmic resistance control. The creation of the passivation layer refers to peak I and II of the CV in
Figure 4. Considering the drop of the anodic current to 0, peak III refers to the dissolution of the bulk
Sn layer. This assumption was confirmed by the measurement with two different cathodic return
points —0.8 V and —1 V. When the electrode was polarized to the higher cathodic potential, -1V,
more Sn was deposited, and the Sn dissolution peak III was higher in comparison to that at 0.8 V.
The passivation peak heights were independent of the cathodic polarization potential (Figure 4b).
The current efficiency was calculated as the ratio between the charges that were used for oxidation
and reduction of Sn (Qox/Qreq)- It was estimated to be 85% for both electrolytes without and with the
3.12 mg/L ABN. On the other hand, the amount of charge used for reduction of Sn was lowered by
10% due to the presence of 3.12 mg/L ABN in the electrolyte. This might indicate that the adsorption
of ABN on the cathode surface results either in the specific blocking of the active sites for Sn reduction
or in creating a thin layer of ABN on the cathode.
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Figure 4. Cyclic voltammograms in the chloride electrolyte showing the creation of the oxide layer
(peak I and II) and bulk Sn dissolution (peak III) for: (a) different ABN concentration. With the
increased additive concentration both oxide and Sn layer are hindered, (b) for two different cathodic
return points —0.8 and —1 V. At the higher cathodic return potential, more Sn is deposited while the
oxide layer remains the same as for the —0.8 V.

In order to monitor the current for a longer period of time, current density transients were
recorded. Resulting j—t transients detected for the potential —0.8 V are different in the electrolytes
without presence of ABN and with 3.12 mg/L ABN (Figure 5). When no ABN is present in the
electrolyte, the current density has a value of about —0.44 A/dm? in the first 100 s which increases to
—0.56 A/dm? at 300 s. This slight increase might be caused by the increase of the surface area during
the deposition. On the other hand, with the presence of 3.12 mg/L ABN, a much lower current flows at
the potential of —0.8 V. This means that the addition of ABN to the electrolyte changes the composition
of the Helmholtz double layer. Current exponential decay reaches a plateau of —0.1 A/dm? after 100 s



Coatings 2018, 8,79 7 of 17

of electrodeposition. This indicates the inhibition effect of ABN and that the electrode blocking process
reaches equilibrium after 100 s of electrodeposition.

Time (s)
0 100 200 300

00 1 1 1
04
NE //’\\
e 1/
<
> 084
i) ‘
C
[}
©
o 124
3 —— 0 mg/L ABN

——3.12 mg/L ABN
1.6

Figure 5. Current density transients in chloride based electrolyte at —0.8 V. The ABN inhibition process
reaches equilibrium after 100 s of deposition.

The results from the Tafel measurements confirmed that ABN acts as a highly effective inhibitor
in the chloride electrolyte. The presence of 0.5 mg/L of the additive in the electrolyte decreases the
exchange current density (jo) to about 50% of its initial value, i.e., from 7.08 to 3.31 mA/cm?. At the
concentration of 0.78 mg/L, ABN acts as an inhibitor at the surface of the electrode and jj is one order
of magnitude lower than in the case when no ABN additive is present (Table 2). A significant decrease
of the cathodic slope, from —0.0007 to —0.0042 mV, was detected due to the addition of 0.78 mg/L
ABN into the electrolyte. With further increase of the ABN concentration, the cathodic Tafel slope
did not change significantly. The high values of the Tafel slopes in the additive-free-electrolyte were
described by Martyak and Seefeld [10] as a diffusion controlled reduction process. Moreover, they
observed a change of the reduction process from a diffusion controlled to a kinetically controlled
due to the adsorption of additives on the cathode surface and the decrease of the Tafel slope. This
would indicate, that in the case of MSA electrolyte, the threshold value of ABN concentration for
changing the character of the reduction process could be found in the range between 0.5 and 0.78 mg/L.
Parallel shifts in the linear logarithmic part of the Tafel lines with no change in the Tafel slopes were
detected with an ABN concentration higher than 0.78 mg/L. Based on the observation from Vracar
and Drazi¢ [22], such a shift indicates the blocking effect of the additive.

Polarization curves of the electrodeposition of tin from the MSA electrolyte on a RDE are depicted
for various ABN concentrations (Figure 6a) and rotation speeds (Figure 6b). Electrodeposition of tin
in this case sets in at a potential of —600 mV vs Ag/AgCl. Due to the higher Sn?* concentration and
high ion mobility in this electrolyte, a limiting current density plateau was found only in the case of a
static electrode at —5 A/dm? (Figure 6b). With the introduction of convection, the current density of
Sn deposition is shifted to more positive potentials (Figure 6b) and the limiting current density plateau
is no longer visible. With the addition of ABN, cathodic current is not suppressed as occurs in the
chloride based electrolyte (Figure 6a).
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Table 2. Influence of the alkoxylated 3-naphthol (ABN) concentration on the kinetics parameters in the
chloride electrolyte.

ABN Concentration 2 Tafel Slope Tafel Slope
(mg/L) Jo (mA/em?y Cathodic mV)  Anodic (mV) Uoc (mV)

0 7.08 —0.0007 0.0152 —734.1
0.5 3.31 —0.0022 0.0139 —734.6
0.78 0.79 —0.0042 0.0185 —722.9
1.17 1.12 —0.004 0.0161 —720.6
1.56 1.12 —0.0039 0.0179 —723.8
2.5 0.89 —0.0035 0.0185 —723.8
3.12 0.71 —0.0041 0.0217 —720.8
4.37 0.65 —0.0045 0.0201 —718.8

Potential (mV)
-900 -600 -300

r T / 0
4
)=
o
<
>
10 £
C
[
©
—— 0 mg/L ABN e
0.78 mg/L ABN e
1.17 mg/L ABN a3
1.56 mg/L ABN
2.5 mg/L ABN
3.12 mg/L ABN
L.20
(a)
Potential (mV)
-900 -600 -300
L . . ]
E
<
2
[7]
=
--10 8
€
[
5
(&)
;, —— 256 ipm
L -20
(b)

Figure 6. Polarization curves measured with the rotating disk electrode (RDE) in the MSA electrolyte:
(a) convection kept constant at 256 rpm and varying the ABN content. The addition of ABN has no
visible influence on the cathodic current. (b) with the optimum concentration of ABN 1.56 mg/L for the
chloride based electrolyte and varying the electrolyte convection by increasing the electrode rotation.
Similarly, to the chloride based electrolyte, current density is increased when the convection of the
electrolyte is introduced. However, the limiting current density plateau is no longer visible.
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For better understanding of the ABN in the MSA electrolyte, polarization, Tafel measurements
and galvanostatic deposition from the additive and citrate free Sn MSA based electrolyte system
were performed. The results were compared with the initial MSA electrolyte containing 100g/L of
tri-sodium citrate (Figure 7).

The effect of various organic additives e.g. Tritons and polyglycols, on the kinetics of Sn plating has
already been studied by Meibuhr et al. [23]. They observed an increment of the electrode polarization
due to the adsorption of nonionic additive on the surface of the cathode. In our case a 15 mV increase
in the electrode polarization was detected due to the presence of only 1.56 mg/L ABN in the citrate
free electrolyte (Figure 7). The polarization was not dependent on the rotation speed of the RDE
(not shown). This might indicate that ABN adsorption on the cathode is a kinetically controlled action.
The effect of the citrate ions in the MSA electrolyte appears to be rather diverse. It is known, that
citrate ions in the MSA electrolyte form several types of complexes with Sn(II) ions [24,25]. This might
indicate the formation of relatively stable citrate complexes that lead to an increase in the polarization
at the higher potentials for the deposition reaction of the active tin species (Figure 7). On the other
hand, the presence of citrate shifts the electrode polarization potential into the anodic direction, which
is in contradiction to the character of the complexing agent (Figure 7).

Potential (mV)
600 -580 -560 -540 -520 -500 -480 -460 -440 -420 -400

l...l...l...|...|.’_.’51.../1_._..1.77..1...|... 0
14 /
o
L -2
=
e}
-
P
‘®»
®
--6 ©
—— 0 g/L Citrate, 0 mg/L ABN S
0 g/L Citrate, 1.56 mg/L ABN 5
100 g/L Citrate, 0 mg/L ABN g O
—— 100 g/L Citrate, 1.56 mg/L ABN
--10

Figure 7. Role of the ABN additive in the MSA electrolyte without complexing agent and the MSA
electrolyte containing 100 g/L tri-sodium citrate. Inhibition effect of the ABN in the citrate-rich
electrolyte is covered by the presence of tin-citrate complexes.

Cyclic voltammograms of the electrodeposited tin from the MSA electrolyte are depicted for
different ABN concentrations in Figure 8. For the whole ABN concentration range studied, CVs
show a single peak in both cathodic and anodic direction only, which is in agreement with Seruga,
Metikos-Hukovié¢ [21]. According to their observation, tin passivation in acidic citrate solutions (pH =3
and 4) exhibits a single anodic peak and the passivation is possible because tin ions and tin-citrate
complexes undergo hydrolysis in solutions with lower pH. In this case, anodic process is under
diffusion control. The current efficiency for citrate and ABN free electrolyte, calculated as a ratio
between charges used for oxidation and reduction of Sn (Quxiq/ Qred), Was 68%. Due to the presence of
citrate in the MSA electrolyte, the current efficiency increased to 77%, confirming multiple effects of
the citrate in the electrolyte. The ABN in the studied concentration range has no further effect on the
current efficiency.
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Figure 8. Cyclic voltammograms in MSA electrolyte for different ABN concentrations.

Results from the Tafel measurements confirm the observation that the ABN additive also acts as
an inhibitor in the MSA electrolyte. However, in comparison to the chloride electrolyte, a higher ABN
concentration is needed for blocking of the electrode surface. A significant decrease of exchange current
density, jo, which indicates slower electron transfer across the tin-electrolyte interface, is reached with
the ABN concentration of 4.37 mg/L. Tables 3 and 4 show that the measured exchange current density
strongly depends on the electrolyte composition.

MSA electrolytes are known to be high-speed plating electrolytes [2,3] where high current densities
are used for fast deposition of tin. However, a tin deposit from an additive- and citrate-free MSA
electrolyte obtained with current density —1.5 A/dm? was dendritic and did not cover the whole
substrate surface homogeneously. This could be explained by dendritic growth theory [26], where
dendrites could grow at low current densities when the reaction has high exchange current density.
However, the results from the Tafel measurements show a decrease of jy with the addition of 100 g/L
tri-sodium citrate into the electrolyte from 51.29 to 25.12 mA /cm?, respectively (Tables 3 and 4). The
values of the cathodic Tafel slopes for both citrate free- and citrate rich-electrolytes, are approximately
constant within the studied ABN concentration range, indicating a kinetically controlled reduction.
The presence of the citrate in the electrolyte changes the character of the tin coating from dendritic to
compact-type. Additionally, it also increases the cathodic current efficiency and shifts the electrode
polarization potential into the anodic direction. Those findings indicate, that the citrate, apart from
being a complexing agent for Sn(II) ions, might also act as a surfactant. The anodic shift of the
polarization potential could be explained by the fact, that the surfactants, in general, decrease the
surface energy and with that also the activation energy [27]. The detailed role of the citrate in
this electrolyte is beyond the scope of this publication and should be a subject for further study.
Analogous to the polarization measurements results, the inhibition effect of ABN is evident in the
citrate-free electrolyte. An additive concentration of 3.12 mg/L slows down the ion transfer at the
electrode-electrolyte interface and reduces jg to 40.74 mA/cm? (Table 4). The surface morphology
changed from tree-like dendrites to compact layers with the addition of ABN.



Coatings 2018, 8,79 11 of 17

Table 3. Influence of the ABN concentration on the kinetic parameters in the MSA electrolyte.

ABN Concentration 2 Tafel Slope Tafel Slope

(mg/L) Jo (mA/em®) cathodic (mV)  Anodic (mV) Uoc (mV)

0 25.12 —0.0034 0.0044 —440.75

0.5 22.39 —0.0033 0.0039 —443.56

0.78 23.99 —0.0037 —0.0037 —456.25

1.17 23.99 —0.0034 0.0036 —460.34

1.56 23.99 —0.0030 0.0030 —458.75

2.5 2291 0.0033 0.0033 —464.06

3.12 20.89 —0.0038 0.0037 —460.58

4.37 15.14 —0.0038 0.0035 —462.17

Table 4. Influence of the ABN concentration on the kinetics parameters in the MSA citrate-free electrolyte.

ABN Concentration . 2 Tafel Slope Tafel Slope
(mg/L) jo mA/em®) ¢ thodic V) Anodic (mV) Uoc (mV)
0 51.29 -0.0036 0.0044 —457.66
1.56 52.48 —0.0037 0.0038 —466.81
3.12 40.74 —0.0036 0.0034 —471.69

The influence of the presence of ABN and citrate in the MSA electrolyte on the current density
transients for the potential —0.65 V is depicted in Figure 9. The horizontal line marks the current
density of —1.5 A/dm? at which the dendritic layer from citrate and ABN free electrolyte was obtained.
For the studied potential, there is an exponential increase in current as a function of time, indicating
the enlargement of the electrode surface area over time and with the deposition of a dendritic layer.
Slight retardation of this process was achieved with the presence of 3.12 mg/L ABN and 100 g/L
citrate in the electrolyte.

-10 4

-15 4

-20

Current density (A/dm?)

—— 0 g/L Citrate, 0 mg/L ABN
-25 4 - 100 g/L Citrate, 0 mg/L ABN

0 g/L Citrate, 3.12 mg/L ABN
—— 100 g/L Citrate, 3.12 mg/L ABN

-30 -

Figure 9. Current density transients in MSA electrolyte at —0.65V. Horizontal line marks current
density of —1.5 A/dm? at which denderitic layers from citrate and ABN free electrolyte were deposited.
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3.2. Surface Morphology

SEM micrographs of the as-plated surfaces were acquired to investigate the influence of the
concentration of ABN on the surface morphology of the deposited tin coatings, (Figure 10). In the
samples deposited from the chloride based electrolyte the addition of ABN leads to a change in
the grain structure. The surface of the tin film deposited without ABN appears rough; grains are
characterized by sharps edges with striation like substructure. In comparison, with the addition of
ABN, the surface appears smooth and the grains turn to a more defined polygonised shape with
distinguishable grain boundaries. This type of well-polygonised tin grain structure was reported in the
case of satin bright tin chemistry [28,29]. Adding ABN, the grain size is also reduced. The measured
average grain size (Table 5) shows that the smallest grains were obtained with an ABN concentration
of 1.56 mg/L. The observed changes in the grain structure can be inferred to the inhibition provided
with the addition of ABN. Inhibition is caused by the presence of substances different from the metallic
ions of interests. These substances can be present at the surface of the electrode, and they hinder
the cathodic process [30]. Different microstructures can be observed depending on the inhibition
strength [31]. Similar grain refinement effects of the additive were found on Sn electrodeposited from
chloride-based electrolyte [11].

Samples deposited from the MSA electrolyte show a different behavior. Independently of ABN
addition the surface appears rough, with more complex grain structure. Grain boundaries are not
clearly recognizable as in the case of the samples deposited from the chloride electrolyte with ABN.
Besides that, striations as a grain substructure were detected (Figure 10). The increased roughness
found in the samples can be related to the lower inhibition effects provided by ABN in the MSA
electrolyte. As suggested by Fischer and Winand, coatings deposited with low-moderate inhibition are
usually characterized by rough surfaces [30,31]. Furthermore, in contrast to the chloride electrolyte,
addition of ABN resulted in the enlargement of the average grain size (Table 5).

The stirring of the plating solutions does not influence the overall surface morphology and the
average grain size of the samples deposited from both electrolytes. A higher average grain size value
was measured for some of the samples deposited from the stirred electrolytes and is in accordance
with previous findings [32].

Figure 10. Cont.
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Figure 10. Surface topography of the samples deposited from non-stirred solution with increasing
ABN concentration: 0, 0.78, 1.56, 3.12 mg/L, from chloride based electrolyte in (a,c,e,g), and from MSA
electrolyte (b,d,f,h).

Table 5. Average grain size (I) with standard deviation (S.D.) for the samples deposited from chloride
based and MSA electrolytes.

Chloride Electrolyte MSA Electrolyte
Sample Cod From Stirred  From Non-Stirred Sample Cod From Stirred From Non-Stirred
ample Lode Solution Solution ample Lode Solution Solution
- I £ S.D. (um) I £ S.D. (um) - 1 £S.D. (um) [ £ S.D. (um)

0Cl1 6.1 £0.4 6.1 £0.6 oM 79+1 79409
0.78C1 4+03 3.8+0.3 0.78M 82+0.9 83 +0.6
1.56Cl1 24+0.3 234+0.2 1.56M 11+1.6 92+13
3.12C1 39+0.2 39+04 3.12M 11.8+1.7 9.7 +1.8

3.3. XRD Analysis

A comparison of the effect of ABN on the preferred crystal orientation of Sn films was conducted
by XRD analysis. The analysis was focused on coatings deposited from both chloride and MSA
electrolyte, from a stationary plating solution, and with three different ABN concentrations: 0, 1.56,
and 3.12 mg/L. To avoid the detection of the substrate peaks, the analysis was performed with a
grazing incidence configuration that allows the information depth of the measurements (limited to
~250 nm from the surface of the sample) to be reduced. Hence, a qualitative analysis of the texture
of the samples is provided. 3D plots of the XRD spectra of tin coatings deposited from both chloride
and MSA electrolytes are shown in Figure 11. From the analysis of the XRD spectra, all the Sn
films deposited from both electrolytes can be considered as randomly-textured. The X-ray spectra of
randomly-textured Sn films are commonly characterized by several minor peaks of high Miller-indexed
planes [33], as in the case of the XRD spectra shown in Figure 11a,b. Such random-textured Sn films
are obtained when the deposition is performed at relatively low current density resulting in a slower
film growth rate. Applying high current density favors the deposition of Sn coatings with different
texture, commonly along low Miller-indexed planes such as (200) or (220) planes [33]. Such coatings
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show weak or no diffraction peaks from higher Miller indexes planes, as also seen in previous studies
on Sn deposited from chloride based [11,34] and MSA based electrolytes [28]. However, independently
of the ABN addition in both electrolytes, the spectra shown in Figure 11 are characterized by the
same number of peaks. In the X-ray spectra of the sample deposited from the chloride electrolyte
with no ABN the (101) diffraction peak has the highest intensity. However, with increasing ABN
concentration a constant decrease of the (101) intensity is observed (Figure 11a). The same trend was
found for the samples deposited from the MSA electrolyte (Figure 11b) but less pronounced. This
finding strengthens the hypothesis of ABN acting as an inhibitor in both chloride and MSA electrolytes,
but to a different extent. The inhibition effect is more pronounced in the case of chloride based solution
where ABN modifies the grain structure and strongly reduces the intensity of the (101) peak. The
possible reason for the lower inhibition of ABN in the MSA electrolyte could be, that in the citrate-rich
electrolyte there is a competition between the effect of the citrate, as a possible surfactant, which lowers
the activation energy [27], and ABN as an inhibitor, which causes a rise in the activation energy [22].
Further experiments should be performed to confirm this assumption.
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Figure 11. (a) 3D X-ray diffraction profile of the Sn samples deposited from stationary chloride
electrolyte with increasing ABN concentration (b) and of the Sn samples deposited from non-stirred
MSA electrolyte.

4. Discussion

In the present work, the influence of alkoxylated 3-naphthol (ABN) on the tin electrodeposition
from chloride based and MSA electrolyte was studied. ABN was introduced as a more stable alternative
of the frequently used 3-naphthol which can undergo oxidation under plating conditions. Moreover,
ABN has a higher solubility due to the hydrophilic polymeric chain and introduces tensidic properties.
Electrochemical characterization of both electrolytes with different ABN concentration was performed
by polarization, Tafel measurements, and cyclic voltammetry on RDE and stationary electrodes.

In the case of chloride based solution, both polarization and Tafel measurements show a strong
inhibition effect of ABN. The limiting current density decreases and H; evolution is suppressed with
the increase of ABN concentration. Results from the Tafel measurements showed a sharp decrease of
the exchange current density jo to 0.79 mA /cm? at an ABN concentration of 0.78 mg/L indicating the
blocking of the electrode surface by the ABN. Development of the current density over time during
the j—t transient experiments is also influenced by the presence of ABN. In the solution without ABN a
slight increase of the current density was detected. On the other hand, the presence of 3.12 mg/L ABN
caused an exponential decay of the current density until a constant value of -0.1 A/dm? was reached
after 100 s. This finding indicates that the surface electrode blocking reaches equilibrium after 100 s
of electrodeposition. In the cyclic voltammograms there was no cross-over between the forward and
backwards scan detected, indicating that there was no overpotential required for the Sn nucleation on
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Au to be started. Analyses of the stripping efficiency showed 10% decrease in the amount of reduced
charge due to the presence of 3.12 mg/L ABN in the electrolyte. In the anodic regime, the formation of
a passive layer was detected by CV.

In the case of MSA electrolyte, the inhibition effect of ABN is not as pronounced as in the case of
the chloride based solution. For the studied ABN concentration range, polarization measurements
and cyclic voltammetry on the MSA citrate-rich electrolyte showed no significant difference in the
current density. In the citrate-free electrolyte a cathodic shift in the electrode polarization was detected
due to the presence of ABN. This behavior was not dependent on the rotation speed of RDE, which
indicates ABN adsorption on the cathode surface as a kinetically controlled process. On the other
hand, polarization measurements of citrate-free electrolytes show that the presence of tin-citrate
complexes has more influence on the electrolyte kinetics than the presence of ABN. Potentiostatic
electrodeposition at —0.65 V showed pronounced surface roughness with increasing layer thickness.
The combination of the citrate and 3.12 mg/L ABN in the electrolyte has a slight inhibition effect
on the current density over electrodeposition time. This was confirmed by the results of the Tafel
measurements where exchange current density jo decreased from 51.29 to 25.12 mA/cm? due to the
presence of tri-sodium citrate. Slower electron transfer at the electrode interface causes a change in
the deposit morphology. The tree-like dendritic structure turned to compact, non-dendritic layers
when the citrate was added, which is consistent with the dendritic growth theory, which states that the
creation of dendrites is favored by a high exchange current density. With the presence of the citrate in
the electrolyte an increase in the stripping efficiency was observed. The exact role of the citrate in the
MSA electrolyte is beyond the scope of this publication. A notable decrease of the exchange current
density jo from 25.12 to 15.14 mA/cm? due to the presence of ABN was observed only at relatively
high ABN concentration. This finding might indicate that the ABN acts as a blocker of the electrode
active area in both chloride-based and MSA electrolyte, but in the case of MSA electrolyte higher ABN
concentrations are needed.

The different influence of ABN in the two electrolytes was also confirmed by SEM micrographs
and XRD measurements of the deposited tin films. ABN strongly modifies the grain structure of the Sn
samples deposited from the chloride based plating solution: smooth surfaces were obtained with well
distinguishable grains of polygonal shape. The average grain size was reduced, and the smallest grains
were observed with an ABN concentration of 1.56 mg/L. A different trend was observed for the samples
deposited from the MSA electrolyte. The grain structure appears just slightly modified and there is no
grain refinement occurring with the ABN addition. The X-ray diffraction analysis showed no clear
texture development in the samples deposited from both electrolytes with ABN addition. However,
a constant decrease of the (101) intensity was observed with increasing concentration of ABN. The
trend was clearly more pronounced in the case of the sample deposited from the chloride electrolyte.
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