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Electroless Deposition of Amorphous Iron-Alloy Coatings

Abstract

by

Jacob K. Blickensderfer

Amorphous iron alloys are a potentially benign alternative for replacing nickel-
phosphorus films commonly used in electronics and surface finishing applications. In
addition to being environmentally friendly, the amorphous iron alloys provide excellent
corrosion resistance, solderability and micro hardness. In this work, electroless deposition

of two such iron alloys, i.e., iron boron (FeB) and iron phosphorus (FeP), is investigated.

A process for electroless deposition of FeB without the use of substrate activation
is developed. Mixed potential behavior and polarization behavior of individual half-
reactions occurring during electroless FeB deposition are characterized, and then used to
elucidate the process conditions necessary for activation-free electroless FeB deposition.
Corrosion resistance of amorphous FeB films deposited using this newly developed
process is tested and the corrosion current is determined to be 31.1 uA/cm?, which is an

order of magnitude lower than that typical of crystalline Fe deposits.

Unlike FeB deposition, electroless FeP plating critically needs substrate activation
by palladium (Pd). The role of substrate (Cu) activation by Pd in enabling electroless FeP
deposition is studied in depth. Specifically, it is demonstrated that a critical Pd surface

coverage of 10.6% is essential for spontaneous electroless FeP deposition to commence.
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Below this critical Pd coverage, the surface is catalytically inactive for FeP deposition. A
mechanistic model that incorporates surface heterogeneity due to partial Pd coverage of Cu
and the effect of this heterogeneity on electrocatalysis of the reductant oxidation reaction
during electroless deposition is presented. Model predictions are compared to experimental
observations of the electroless surface mixed potential to gain insights into the mechanism
by which Pd catalyzes electroless FeP deposition. Implications of these findings to the
optimization of pretreatment and activation processes commonly used in electroless

deposition systems is discussed.
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CHAPTER 1. Introduction

1.1 Amorphous Nickel Alloys — Use and Future Outlook

Amorphous nickel is widely used as a coating layer in the surface finish and
electronics industries. Amorphous nickel films are usually deposited using
electrodeposition or electroless deposition. One particular application of interest is the use
of amorphous nickel in printed circuit boards (PCB) where it is used to prevent the
formation of intermetallic compounds due to the intermixing between the copper substrate
and the tin-alloy solder layer during subsequent heat treatment. The prevention of
intermetallic compound formation is critical in these PCBs as their formation leads to large
stresses in the tin solder layer. Over time, compressive stress caused by intermetallic
formation combined with other sources of stress leads to the formation of tin whiskers.!
These whiskers can cause shorts in the PCB, which has been known to create failure in

electronics devices in numerous critical applications.>”

In addition to preventing intermetallic compound formation, amorphous nickel

alloys also provide a highly solderable surface that protects the underlying layers of the
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PCB from mechanical and chemical damage due to their high micro-hardness and
corrosion resistance.®® The amorphous characteristic of the Ni-alloys (that provides the
aforementioned desirable properties) is achieved through the co-deposition of secondary

elements such as boron or phosphorus.

Nickel and nickel-compounds are strong allergens with 28.0% of the adult
population suffering from contact allergies with nickel.}”® In addition, nickel and nickel
compounds have also been shown to be both toxic and carcinogenic.!®?° Due to this, the
use of nickel is regulated in the European Union under the ‘Nickel Directive’.?! Regulation
of nickel is likely to become more stringent with time and thus a benign alternative material

must be investigated to replace amorphous nickel in PCB applications.

1.2 Amorphous Iron-Alloys for Potentially Replacing Nickel-Alloys

Iron, which is both benign and inexpensive, is one possible candidate to replace
amorphous nickel. In spite of the fact that iron itself corrodes spontaneously, some iron-
alloys show excellent resistance to corrosion. This corrosion resistance of iron-alloys has
been a topic of much interest due largely to the Iron Pillar of Delhi. This iron pillar, shown
in Figure 1.1, has had very little corrosive attack despite having existed for over sixteen
centuries in a climate where corrosive attack on iron is expected.?> Numerous studies have
investigated this iron pillar and the general consensus among material scientists is that its

corrosion resistance is due to the high phosphorus content of the iron pillar.2>? Studies of
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this pillar have inspired development of corrosion resistant amorphous iron-alloys for

industrial applications.

Figure 1.1: The Iron Pillar of Delhi. The chemical composition of this iron pillar,
specifically its P-content (0.15 at. %), has rendered its resistance to corrosion for
approximately sixteen centuries. The excellent corrosion resistance has spurred interest in
the corrosion behavior of various iron-alloys.

Analogous to nickel alloys, it has been shown that alloying iron with a secondary
element such as boron or phosphorus leads to iron films that are amorphous and exhibit
high micro-hardness, corrosion resistance and solderability.?®-3 These secondary elements

are usually incorporated via reactions involving the reducing agent in an electroless plating
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process. For example, phosphorus incorporation in electroless iron phosphorus deposition
(FeP) results from the use of sodium hypophosphite (NaH2PO-) as the reducing agent. The

electroless process chemistry is described below.

Electroless iron plating on a copper substrate was first demonstrated by Ruscior
and Croiala using an aluminum sacrificial anode in electrical contact with the substrate.3®
The sacrificial anode shifts the potential of the substrate surface to which it is contacted
such that electroless Fe plating commences.®®=° In this process, aluminum is oxidized and

dissolves into the solution:

Al® > APt + 3e” [1.1]

The electrons from this oxidation reaction are then used in the plating of iron onto the

desired substrate:

Fe?* +2e™ - Fe® [1.2]

The net reaction for this system is shown in Eq. 1.3:

2A1° + 3Fe?* — 2A13" + 3Fe° [1.3]

This process of Fe deposition via the use of a sacrificial anode is summarized in Figure 1.2.

Using a sacrificial anode is not ideal for many processes because it requires an electrical
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connection to all surfaces that are to be plated. Such an arrangement utilizing a sacrificial
anode contact is not practical in processes which require plating of many small electrically
isolated features, such as metallization of PCBs. This process (Figure 1.2) also does not
work when using non-conductive substrates. Therefore, there is a need for the development
of true electroless processes mediated by solution-phase reducing agents, as discussed

below.

be

(Oxidation) (Reduction)

6€" «— 2Al) — 2A1* 3Fe?*

Bulk Al T Cu

Figure 1.2: Schematic for the deposition of Fe on Cu using an Al sacrificial anode.®® As
Al dissolves, electrons released by the oxidation reaction travel from the sacrificial anode
through an external circuit into the Cu substrate. At the Cu substrate, these electrons are
consumed in the iron plating reaction.
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1.3 Electroless Iron Deposition using Borohydride and Hypophosphite Reductants

In recent years, the use of sodium borohydride as a reducing agent has been studied
in the context of electroless Fe deposition. Borohydrides are strong reducing agents and
can enable electroless Fe plating without the use of sacrificial anode contacts as discribed
by Ruscior and Croiala.***? In this borohydride-based electroless Fe deposition process,

borohydride is oxidized on a catalytic palladium (Pd) activated substrate:

BH,” + 80H™ — BO; + 6H,0 + 8e~ [1.4]

The electrons produced in this reaction are then consumed in iron deposition via the same
reaction shown in Eq. 1.2. Thus, the net reaction for the electroless borohydride system is

shown in Eq. 1.5:

BH,” + 80H™ + 4Fe*" - BO; + 6H,0 + 4Fe° [1.5]

The borohydride-enabled electroless Fe deposition process is summarized in Figure 1.3.
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(Oxidation) (Reduction)

4Fe?t

BH, +80H  BO, +6H,0

Pd Activated Cu

Figure 1.3: Schematic representation of the deposition of Fe on Pd-activated Cu using
sodium borohydride (BH4) as the reducing agent. Borohydride is oxidized on the
catalytically active substrate and electrons from this oxidation travel through the substrate
to be subsequently used in iron deposition.

Unfortunately, due to the toxicity of boron and boron-containing compounds, boron
is another element that is under scrutiny and regulation by the European Union, with the
Scientific Committee on Consumer Safety proposing regulation of boron by 2010.%% Thus
an electroless process utilizing a hypophosphite-based reductant that provides amorphous

FeP alloys is in much demand from the industry.

Electroless FeP deposition without the use of a sacrificial anode has not been
achieved to date. The main challenge here is that hypophosphite-based reducing agents are
not effectively oxidized on surfaces such as the substrate (typically Cu). Even if palladium-
activation is applied, the resulting iron deposit (formed in the initial stages of growth) shuts
down further plating because iron is a weak catalyst for the hypophosphite oxidation

reaction. Chapter 3 of this thesis describes a new electrolyte formulation for the sustained
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electroless deposition of FeP. In a typical hypophosphite-mediated electroless Fe

deposition process, hypophosphite is oxidized on a catalytic Pd-activated substrate:

H,P0,” + 30H™ — HPO?™ + 2H,0 + 2e~ [1.6]

The oxidation step provides electrons for the deposition of iron (shown in Eq. 1.2). The net

reaction for this hypophosphite-based electroless system is shown in Eq. 1.7:

Fe?* + H,P0,” + 30H™ - Fe® + HPO2™ + 2H,0 [1.7]

The hypophosphite-based electroless iron deposition process is summarized in Figure 1.4.
It will be shown in Chapter 3 that, by optimal design of the plating electrolyte composition,
reaction 1.6 proceeds favorably both on the Pd-activated substrate as well as the Fe

deposited during early stages of the film growth.
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H,PO, HPO,

Pd Activated Cu

Figure 1.4: Schematic representation of the deposition of Fe on Pd-activated Cu using
sodium hypophosphite as a reducing agent. Hypophosphite is oxidized on the catalytically
active substrate and electrons from this oxidation travel through the substrate to be
subsequently used in iron deposition. If the electrolyte composition is optimally chosen,
the oxidation half reaction also proceeds rapidly on the deposited Fe surface. This allows
sustained electroless plating for thick-film fabrication.

1.4 Fundamentals of Palladium Activation

For electroless deposition, it is imperative that the substrate be catalytic towards the
oxidation of the reducing agent. Palladium activation is a common technique used to impart
catalytic activity to an otherwise catalytically inactive substrate. During palladium
activation, the substrate (e.g., Cu) is immersed in an acidified Pd?*-containing electrolyte.
The less noble copper then dissolves and is spontaneously replaced by the more noble

palladium. Copper oxidation proceeds via:

Cu® - Cu?t + 2e~ [1.8]
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The electrons released by the copper oxidation reaction are then used in the reduction of
the Pd?* from the activation electrolyte. This results in the formation of Pd° that gradually

covers the substrate surface:

Pd?* + 2e” — Pd° [1.9]

The net reaction for palladium activation is thus shown in Eq. 1.10:

Pd?** + Cu® - Pd° + Cu?* [1.10]

The entire palladium activation process is summarized in Figure 1.5.

(Oxidation) (Reduction)

Cu?t Pd%*

Cu Substrate

Figure 1.5: Schematic of the Pd-activation process. The copper substrate is immersed in
an acidified PdCl> electrolyte where the Cu spontaneously dissolves. Electrons from this
dissolution (oxidation) reaction are subsequently used to reduce Pd?* to metallic Pd. This
process continues until the substrate is physically removed from the activation electrolyte
or the substrate surface is completely covered by Pd so that dissolution of the underlying
Cu is no longer possible.

28



Ideally, the use of Pd-activation in an electroless process should be limited. Pd-
activation adds an additional process step that increases the overall electroless process
complexity, decreases throughput and substantially increases the raw material costs. The
PdCI> used for activation is produced by dissolving Pd metal in aqua regia and reacting it
with excess chlorides. Pd metal is a platinum group metal that has had an average price of
$19,000-$26,000 USD per kg.*4*> Additionally, the price of this metal is very volatile.*34
The volatile nature of the price of palladium stems from its production being primarily
limited to just two countries, Russia and South Africa, with each country controlling
approximately 40% of the palladium produced in any given year.* 475! While trade deals
and national politics may affect the price of palladium to some extent due to the limited
number of large scale producers, an even greater possibility for sudden decrease in the
supply of Pd can be due to the instability of the mining industry in South Africa. A lack of
safety and economical regulations of the mining industry in South Africa leads to very
frequent strikes by miners.>>®* This, coupled with frequent loss of power from South
Africa’s inconsistent electric grid often results in decreased Pd production in one of the
world’s top Pd producers.>? In addition to supply risks, it is also expected that the demand
for Pd will increase as more stringent requirements are made for automobile catalytic
converters due to environmental concerns.*® Increase in demand with a decrease in supply
could cause the price of Pd to rapidly increase. As such, in application of surface coatings
via electroless deposition (where materials and manufacturing cost must be tightly
controlled), the use of PdCl> in the Pd-activation step must be minimized or ideally
completely eliminated. Activator chemistries that minimize Pd use are in fact being

developed by major chemical suppliers such as Atotech GmbH.
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1.5 Objectives

The specific objectives of the present work are:

1) Develop a process for the electroless deposition of amorphous iron boron
(FeB) and iron phosphorus (FeP) alloys as potential replacement for
amorphous nickel which is currently used in the electronics and surface
finish industries.

2) Use electrochemical polarization measurements to characterize the
kinetics of oxidation and reduction reactions, thereby enabling a process
for electroless deposition of FeB on copper without the use of a Pd-
activation step or a sacrificial anode.

3) Characterize the critical role of Pd-activation in enabling electroless FeP
deposition and develop a mechanistic understanding of the effect of
substrate activation on the partial reactions during electroless FeP
deposition.

4) With the aim of minimizing the Pd utilization during activation needed to
catalyze electroless FeP deposition, develop a mathematical model for
predicting the minimum Pd surface coverage necessary to catalyze
sustained electroless iron deposition.

These objectives are addressed in Chapters 2-4 and key conclusions are summarized in

Chapter 5.

In Chapter 2, electrochemical polarization measurements of the oxidation and

reduction reactions in the electroless FeB system are reported and these are used to develop
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optimal conditions for electroless deposition of FeB without the use of Pd-activation or a
sacrificial anode. Films fabricated using this optimized electroless process are
characterized via scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS) and X-ray diffraction to understand their composition and amorphous character. In

addition, the corrosion resistance behavior of these FeB films is characterized.

In Chapter 3, mixed potential measurement during electroless FeP deposition
combined with XPS analysis is used to characterize the role of Pd-activation in enabling
electroless FeP deposition. Polarization measurements of oxidation and reduction reactions
are used to show how hypophosphite oxidation is effectively catalyzed by Pd-activation.
Mixed potential theory is then applied to characterize the effect of Pd-activation time on
the surface mixed potential and the ability to initiate electroless Fe plating and sustain its

growth.

In Chapter 4, a mathematical process model is developed to correlate the surface
Pd coverage and the electroless mixed potential. Relevant kinetics and mass-transport
parameters are determined from experimental polarization data. The model predicts the
minimum Pd-activation time needed to impart sufficient catalytic activity to a Cu substrate
S0 as to initiate electroless plating. Model predictions of the variation of the electroless
mixed potential and critical activation time are compared with experimental data presented

in Chapter 3. Reasonable agreement between model predictions and experiments is noted.
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CHAPTER 2. Direct Electroless Deposition of

Iron Boron on Copper

As was discussed in Chapter 1, electroless-deposited iron boron (FeB) is one
possible alternative material for replacing nickel phosphorus (NiP). When Fe is alloyed
with a suitable alloying element such as boron (B) at concentrations in excess of 18 at. %,
the resulting alloy has an amorphous character.>*" During electroless deposition of FeB,
the reducing agent present in the electroless bath, i.e., sodium borohydride, provides the
means for incorporation of B into the Fe deposit. The amorphous nature of the deposited
FeB alloy leads to desired physical properties including superior wear resistance, corrosion

resistance, and solderability.?%34

During electroless deposition, Fe?* is reduced to metallic iron on the surface of the

substrate via the reaction:

Fe?* +2e™ - Fe® [2.1]
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In order for this reaction to proceed, electrons must be supplied by an oxidation

reaction. This oxidation reaction involves the reducing agent borohydride (BH4") and is

shown below:

BH,” + 80H™ — BO; + 6H,0 + 8¢~ [2.2]

Thus, the net reaction for electroless FeB deposition is shown in Eq. 2.3:

BH,” + 80H™ + 4Fe?* - BO; + 6H,0 + 4Fe° [2.3]

This reaction (Eg. 2.3) must occur spontaneously for electroless FeB deposition to proceed.
The electroless process is summarized in Figure 2.1, which also depicts the means for

measuring the surface mixed potential during electroless deposition.
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BH, + 8OH-

(Oxidation)

BO, + 6H,0 Calomel
Qe Reference

N pa1eAdy pd

(Reduction)

4Fe 4Fe?*

Figure 2.1: Schematic for of the electroless deposition of FeB on Cu. Borohydride (BH4)
is oxidized to form metaborate ions (BO>), releasing electrons (7). These electrons are
subsequently used to reduce Fe?* to metallic iron (Fe®) on the copper substrate. The
potential at which these reactions occur is called the mixed potential (Emix) and is measured

with respect to a reference electrode in a two-electrode configuration.

The kinetics of the borohydride oxidation reaction (Eq. 2.2) are highly dependent
on the electrode surface on which it occurs. In order for electroless deposition to proceed,
the substrate must be catalytic towards this reaction. In previous studies of electroless Fe
deposition, increased substrate catalytic activity needed for electroless FeB has been

achieved via the use of palladium (Pd) activation. Pd surface activation is known to
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catalytically activate the surface by accelerating the kinetics of the borohydride oxidation
half reaction (Eq, 2.2).4%4! Use of Pd-activation, however, adds an additional process step

leading to an increase in overall cost and complexity of the electroless FeB process.

In this chapter, an electroless process for directly depositing FeB on Cu is
described. Unlike previous studies, our electroless process eliminates the need for Pd-
activation of the Cu substrate. Electrochemical polarization measurements of the oxidation
and reduction half-reactions are used to optimize process parameters leading to activation-
free FeB deposition. The physical properties of the FeB films deposited using our
electroless process are characterized using various surface analysis and electrochemical

techniques and these results are reported.

2.1 Experimental Procedure

2.1.1 Materials

Electroless deposition was performed from an aqueous electrolyte containing 0.05
M ferrous ammonium sulfate [Fe(NH4)2(SOa4)2:6H20, Pulver], sodium borohydride
[NaBH4, Acros] as reducing agent, and 0.13 M potassium sodium tartrate
[C4H12010KNa-4H20, Acros] as complexing agent. A range of sodium borohydride
concentrations (0.02-0.30 M) was tested. Electrolyte pH was adjusted to pH 11 using

sodium hydroxide [NaOH, Fisher], and 0.05 M boric acid [H3zBOs, Acros] served as pH
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buffer. Millipore spec (18.2 MQ) deionized (DI) water was used to prepare all aqueous

solutions. The DI water was purged with high purity argon for 1 hour before use.

High purity (99.98%) copper foil was used as the substrate for electroless plating.
Prior to experimentation, the substrate copper foil was degreased with acetone, immersed
in 2 M sulfuric acid (H2SOs) and rinsed with DI water. In cases where an iron substrate
was required, iron was electroplated onto the Cu foil from an electrolyte containing 0.05
M ferrous ammonium sulfate, 0.13 M potassium sodium tartrate, 0.05 M boric acid at pH
=11 and 41 °C. For electroplating Fe, the Cu foil was held at a potential of —1.05 V vs
Standard Hydrogen Electrode (SHE) for 20 min, yielding an iron deposit of ~1 um. After

experiments, substrates were rinsed with DI water and dried in argon.

2.1.2 Methods

A three-electrode configuration placed in a jacketed electrochemical cell was used
to measure polarization characteristics. The working electrode was either Cu foil or Cu foil
pre-plated with Fe (using conditions described in section 2.1.1). The reference electrode
was a saturated calomel electrode (SCE, Radiometer Analytical) and the counter electrode
was a platinum wire electrode (Encompass). Hot water was circulated through the jacketed
cell using a recirculating bath to ensure a constant temperature of 41 °C and the electrolyte

was continuously purged with argon.
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To measure polarization of the borohydride oxidation half-reaction, a ‘Fe?*-free’
bath was used. This bath contained only the reducing agent (sodium borohydride), the
complexing agent (sodium potassium tartrate) and the pH buffer (boric acid) with pH
adjusted to 11 using sodium hydroxide. Polarization of the hydrogen evolution reaction
was studied from a similar electrolyte except that this electrolyte did not contain the

reducing agent (sodium borohydride).

To collect polarization of the two predominant reduction half-reactions, i.e. iron
deposition and hydrogen evolution, a ‘borohydride-free’ half bath was used with an
electrolyte containing all species except for the reducing agent (sodium borohydride).
Thus, this electrolyte contained the iron salt (ferrous ammonium sulfate), the complexing
agent (sodium potassium tartrate) and the pH buffer (boric acid) with pH adjusted to 11
using sodium hydroxide. All polarization scans were measured using a slow scan rate of 2

mV/s.

Mixed potential during electroless Fe deposition was also measured. The
electrolyte for such measurements was the complete electroless bath described in the
materials section (2.1.1). For mixed potential measurements, a two electrode set-up was
employed. The copper foil served as the working electrode and SCE was used as the

reference electrode.

Upon electroless deposition of FeB coatings, their corrosion resistance was

evaluated. Corrosion resistance was measured in a 3.5 wt.% sodium chloride salt solution
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(NaCl). The deposited material to be corrosion tested was immersed into the salt solution
and polarization measurements were carried out at 2 mV/s over a 600 mV potential window

centered around the corrosion potential of the FeB deposit.

All electrochemical testing, including corrosion resistance measurements were
performed using a Versastat 4 potentiostat. Agitation was provided using a magnetic stir

bar.

Deposit characterization was performed using Nova NanoLab 200 and Helios
NanoLab 650 scanning electron microscopes (SEM). X-Ray photoelectron spectroscopy
(VersaProbe XPS) was used to measure film composition. A Scintag X-ray diffractometer

(XRD) was used to characterize film crystallinity.

2.2 Development of Activation-Free Electroless FeB Process

2.2.1 Limitations of Previously Reported Electroless FeB Process

Preliminary activation-free electroless plating experiments were conducted using a
previously reported® FeB electroless solution containing 0.13 M ferrous ammonium
sulfate, 0.14 M sodium potassium tartrate and 0.05 M potassium borohydride at pH=11
and at 41 °C. However, these attempts were largely unsuccessful because we found this
electrolyte to be highly unstable, leading to large amounts of dark precipitate. The

precipitate was determined via XPS to be iron oxide. To alleviate the problem of

38



precipitation, 0.05 M boric acid was added as a pH buffer. In addition, the concentrations
of ferrous ammonium sulfate and sodium potassium tartrate were decreased to 0.05 M and
0.13 M, respectively. Finally, potassium borohydride was replaced with sodium
borohydride at the same concentration. With these adjustments, the electrolyte stability was
markedly improved. A Cu foil (without Pd-activation) was then placed in this electrolyte.
No electroless FeB plating occurred. This was confirmed both visually and via weight gain

measurements, both taken after 60 minutes of immersion of Cu in the electroless solution.

Mixed potential theory®® was then used to characterize the previously reported
electrolyte® and its inability to provide FeB deposition. Mixed potential theory postulates
that when multiple redox reactions occur spontaneously on a surface, the net current via
charge conservation must be zero under open circuit conditions, thereby allowing the
oxidation and reduction reactions to be treated and analyzed separately. The potential at
which the oxidation and reduction currents balance each other is called the mixed potential.
Generally speaking, if the oxidation and reduction half reactions polarization curves are
measured in their respective half baths (bath compositions described in section 2.1.2 as
‘Fe?*-free’ and ‘borohydride-free’ half baths), then the potential at which these two
polarization curves have equal magnitudes of current should correspond to the mixed
potential measured during electroless deposition. However, in many electroless systems,
the stipulation that half-reaction polarization characteristics can be used to accurately
describe the electroless mixed potential and deposition rate does not hold true.>®-%° This is
due to the fact that many electroless systems experience an autocatalytic effect whereby

the oxidation and reduction half reactions are interdependent and catalyzed by one another.
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Since the electroless FeB system discussed herein does closely obey the mixed potential
theory (because mixed potential theory reliably predicts the surface potential and plating
rate in the complete electroless solution as shown below), we can conduct polarization

studies of the individual oxidation and reduction reactions.

Polarization measurements were used to investigate the half reactions in electroless
FeB deposition using a bath reported in literature (bath compositions described in 2.2.2).%
Results are shown in Figure 2.2. Since it is known that borohydride (BH) oxidation is
affected by the catalytic activity of the substrate, measurements were conducted on both
Fe and Cu foil substrates. The potential at which the magnitude of the oxidation current
equals the magnitude of the net reduction current corresponds to the mixed potential for
the system. For the electroless system where borohydride oxidation occurs on Cu this
potential is -0.90 V vs. SHE and for the electroless system where borohydride oxidation
occurs on Fe this potential is -0.50 V vs SHE. At pH 11, the Fe?*/Fe® reduction potential is
close to -0.78 V vs SHE. Plating of iron is possible only at potentials more cathodic than
this reduction potential. Thus, from a thermodynamics viewpoint, it is not possible for iron
to spontaneously electroless-deposit onto itself because the mixed potential is positive with
respect to the Fe reduction potential. During the early stages of electroless Fe deposition
on the Cu substrate, the mixed potential begins at a more cathodic value (-0.90 V vs. SHE)
because initially the borohydride oxidation is effectively catalyzed by the Cu substrate.
This should facilitate Fe deposition; however, after iron begins to deposit and cover the
electrode surface, borohydride oxidation is not effectively catalyzed. This causes the mixed

potential to drift in the anodic (positive) direction, eventually reaching -0.50 V vs. SHE
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where iron deposition is no longer possible. This behavior is consistent with the
observation that, regardless of how long the Cu substrate is allowed to remain in the
aforementioned electroless electrolyte, no Fe deposition is visually observed. Such a *self-
terminating’ process is undesirable in practical applications that require thick (micron-
scale) Fe coatings. This inability to deposit thick iron layers has been reported by a few

other investigators as well.3%37
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Figure 2.2: Polarization curves for borohydride (BH) oxidation on Cu (blue) and on Fe
(red), as well as the polarization curve for the net reduction current (black). Borohydride
(BH) oxidation was studied using a ‘Fe?*-free’ bath containing low (0.05 M) borohydride
content, and the net reduction current was studied using a ‘borohydride-free’ bath and
consists of iron deposition and hydrogen evolution. Application of the mixed potential
theory to the oxidation and reduction half-reactions indicates that electroless Fe nucleation
on the Cu substrate is thermodynamically possible, but growth on the freshly nucleated
iron layer is thermodynamically prohibited because the non-catalytic iron surface shifts the
mixed potential into an anodic region where iron deposition does not occur.®*
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2.2.2 Development of Activation-Free Electroless FeB Deposition Process

From the polarization studies in Figure 2.2, it is clear that the mixed
potential during electroless FeB deposition must be cathodically shifted in order to enable
sustained deposition. It was thus postulated that by accelerating the borohydride oxidation
rate it might be possible to shift the final mixed potential into a range where sustained
electroless FeB deposition is feasible. One practical means of affecting the borohydride
oxidation is through the concentration of sodium borohydride. A range of sodium
borohydride concentrations were tested, keeping all other parameters of the electroless FeB
electrolyte same as the electrolyte described in section 2.1.1. The steady-state electroless
mixed potential for several sodium borohydride concentrations is shown in Figure 2.3. It
IS observed that the mixed potential shifted cathodically from —0.52 V vs SHE for 0.02 M
borohydride concentration to —0.95 V vs SHE for 0.30 M borohydride concentration. This
cathodic shift in mixed potential is desired as it leads to mixed potentials at which iron
deposition is thermodynamically possible. Furthermore, a higher borohydride
concentration (0.30 M) did not de-stabilize the bath. A mixed potential of -0.95 V vs SHE
(at 0.30 M borohydride concentration) is very close to the potential reported for systems
utilizing a sacrificial aluminum anode, thereby offering promise for a ‘activation-free’

electroless FeB process at this higher borohydride concentration.
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Figure 2.3: Effect of varying borohydride concentration on the mixed potential during
electroless FeB plating. Increasing borohydride concentration shifts the mixed potential
cathodically as desired.5!

Electrochemical polarization studies of the anodic and cathodic half-reactions were
performed for the bath containing the higher borohydride concentration (0.30 M). As
shown in Figure 2.4, the higher borohydride concentration produced a substantial cathodic
shift in the polarization behavior of the borohydride oxidation reaction on an Fe-coated Cu
foil substrate, i.e., Ered =-0.91 V vs SHE as compared to Ered = -0.5 V vs SHE for the low

(0.05 M) borohydride concentration bath adapted from literature reports (Figure 2.2).°
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There is also a slight cathodic shift of Ereq for borohydride oxidation on Cu at this higher
(0.30 M) borohydride concentration, leading to a new Eo = -1.17 V vs SHE. Upon
application of the mixed potential theory to the polarization curves of Figure 2.4, the mixed
potential during growth when borohydride oxidation occurs on Fe is Emix = -0.90 V vs
SHE. This mixed potential is now cathodic of the Fe?*/Fe° reduction potential at ~ -0.78 V
vs SHE. This implies that sustained electroless Fe plating is achievable from a high
concentration borohydride bath. In addition, this calculated mixed potential (i.e., by
applying mixed potential theory) matches well with the actual mixed potential measured
during electroless plating, providing evidence that the mixed potential theory as described
in the previous section applies to the electroless FeB system. As shown below (also in
Figure 2.5), electroless FeB deposition from a stable bath containing 0.30 M borohydride
concentration indeed yields thick FeB films, consistent with predictions of the polarization

study discussed in this section.
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Figure 2.4: Polarization curves for borohydride (BH) oxidation on Cu (blue) and on Fe
(red), as well as the polarization curve for the net reduction current (black). Borohydride
(BH) oxidation was studied using a ‘Fe?*-free’ bath containing high (0.30 M) borohydride
content, and the net reduction current was studied using a ‘borohydride-free’ bath and
consists of iron deposition and hydrogen evolution. Application of the mixed potential
theory to the oxidation and reduction half-reactions indicates that electroless Fe deposition
can now be sustained as the borohydride begins to oxidize on freshly plated iron. This is
due to the cathodic shift of the mixed potential compared to the previous low (0.05 M)
borohydride concentration electrolyte. This puts the mixed potential on iron in a region
where iron deposition is thermodynamically permitted.5*
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2.3 Materials Characterization of Electroless FeB Films

As discussed in Chapter 1, for applications in printed circuit boards, electroless FeB
films must meet several requirements, including high deposition rate, boron incorporation
leading to amorphous structure and suitable corrosion resistance. In this section, the films
fabricated using the high borohydride (0.30 M) concentration bath developed in section

2.2.2 are evaluated to ensure that they meet these requirements.

To determine the electroless plating rate, FeB films were deposited on a silicon (Si)
wafer pre-coated with silicon dioxide (SiO2), a sputter-deposited tantalum nitride (TaN)
barrier layer, and a 70 nm sputter-deposited Cu seed layer (Figure 2.5). Such a stack enables
preparation of clean focused ion beam (FIB) cross-sections, which can then be imaged
using SEM. A FeB film thickness of ~120 nm was measured after 30 min of electroless
plating, corresponding to an average deposit growth rate of ~0.24 um/hr. The ‘blister’ in
the FIB cross-section is evidence of parasitic hydrogen evolution which is also evidenced
by the observation of gas bubbles during deposition. Similar “blisters’ in films have been

reported in previous studies.®?
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Figure 2.5: FIB cross-section of an electroless FeB film plated over a PVD-Cu substrate,
imaged using SEM. Electroless plating time is 30 min leading to an average plating rate of
0.24 um/hr. The electroless bath contained 0.30 M sodium borohydride, 0.05 M ferrous
ammonium sulfate, 0.13 M potassium sodium tartrate and 0.05 M boric acid. Bath pH was
11 and bath temperature was 41 °C.5!

The presence of Fe and B in the electroless films was confirmed via XPS (Figure
2.6). The average composition was B = 30.8 at. % and Fe = 69.2 at. % in the bulk deposit.
As evidenced by XPS, the FeB film surface showed moderate quantities of oxygen most
likely due to surface oxidation upon air exposure. XRD of the FeB films confirms that the
electroless FeB films had an amorphous character (Figure 2.7). The presence of small peaks
due to iron oxide® and boron oxide®* (inset in Figure 2.7) is attributed to surface oxidation
upon air exposure. The XRD peaks detected at 20 = 43.6, 50.7 and 74.3 are attributed to

the polycrystalline Cu substrate used to grow the electroless FeB films.®°
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Figure 2.6: XPS of electroless FeB films obtained from the same bath as in Figure 2.5, i.e.,
using a high (0.30 M) concentration of borohydride. XPS confirms Fe (at 69.2 at. %) and
B (at 30.8 at. %). The oxygen peak is likely due to surface oxidation upon air exposure.®!
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Figure 2.7: XRD of electroless FeB films obtained from the same bath as in Figure 2.5,
i.e., using a high (0.30 M) concentration of borohydride. The lack of an iron peak is
indicative of amorphous structure. The strong XRD peaks detected at 26 = 43.6, 50.7 and
74.3 are attributed to the polycrystalline Cu substrate used to grow the electroless FeB

films. The weak XRD peaks detected at 26 = 45.6 and 48.4 (inset) are attributed to iron and
boron surface oxides, respectively.®

Corrosion properties of electroless FeB films were tested and compared to
conventional NiP films. The NiP films were prepared using a procedure described by
Agarwala et al.%®®’. Corrosion tests were conducted in a 3.5 wt.% sodium chloride (NaCl)
salt solution. Polarization measurements were conducted at a scan rate of 2 mV/s over a

600 mV window (Figure 2.8). Polarization curves indicate a corrosion potential of —0.56
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V vs SHE for FeB, which is cathodic to the corrosion potential of —0.18 V vs SHE for NiP.
Consistent with the corrosion potential shift, a corrosion current density of 31.1 pA/cm?
(for FeB) was measured, which is about an order of magnitude larger than that observed
for NiP (3.6 pA/cm?). The higher corrosion current density is attributed to the intrinsically
higher activity of Fe compared to Ni. Nonetheless, the corrosion current density of FeB is
still within acceptable range for application as a solderable finish in electronics and is more
than an order of magnitude less than typical corrosion current density of pure iron (~600

HA/cm?).%8
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Figure 2.8: Electrochemical corrosion tests comparing electroless FeB films produced
from the same bath as in Figure 2.5, i.e., using a high (0.30 M) concentration of
borohydride. Polarization tests were conducted in a 3.5 wt.% NaCl solution. Tests indicate
a corrosion current density of 31.1 uA/cm? for FeB compared to 3.6 pA/cm? for NiP. As
comparison, the corrosion current density of pure Fe metal is typically ~600 pA/cm? and
thus FeB has acceptably high corrosion resistance.5!
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2.4 Conclusions

An electroless process for “direct’, activation-free plating of FeB on Cu substrates
is developed. This process, unlike prior attempts, does not require a sacrificial aluminum
anode or palladium activation pretreatment. Electrochemical polarization studies and
mixed potential analysis provide valuable optimization tools enabling a “direct’ electroless
FeB plating process on Cu substrates. Resulting FeB films exhibit the desired composition,
amorphous structure and adequate corrosion resistance making them attractive as potential

Ni-free coatings for application as solderable finish in PCBs.
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CHAPTER 3. Role of Palladium Activation in
Electroless Deposition of Iron Phosphorus

Coatings

In Chapter 2, a process for achieving electroless deposition of iron boron films
directly on copper without the use of any activation step was described.®* This greatly
reduces the complexity and the number of process steps required in applying the coatings
via electroless deposition. However, due to the potential toxicity of boron and boron-
containing compounds, boron is another element that is under scrutiny and regulation by
the European Union.%® Thus, a hypophosphite-based method of electroless deposition of
iron that provides amorphous FeP alloys is of great interest to the electronics and surface

finishing industries.

Iron phosphorus (FeP) plating on a copper substrate was first demonstrated by
Ruscior and Croiala using an aluminum sacrificial anode in electrical contact with the
substrate.®® The sacrificial anode provided the reducing conditions necessary for enabling
the deposition of iron on the substrate surface.®3° Use of a sacrificial anode is not ideal
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for many practical applications because of the difficulty to establish an electrical contact
with all surfaces that need to be plated. Such is the case for plating onto micro-patterned,
electrically isolated features present on a printed circuit board. Furthermore, the use of a

sacrificial anode is not practical when plating onto an insulator substrate.

In this chapter, a process for electroless iron phosphorus deposition without the use
of a sacrificial anode is described. To achieve this, the substrate must be catalytically
activated. Catalytic activity of the substrate is achieved through palladium (Pd) activation.
Pd-activation refers to the deposition of palladium onto the substrate via a spontaneous,
surface-limited redox reaction. When a substrate (e.g., copper — Cu) is immersed in a PdClI»
solution, the surface of the less noble Cu is oxidized and Cu dissolves into solution via the

reaction:

Cu® - Cu?t + 2e~ [3.1]

The electrons from this reaction are then spontaneously consumed to reduce Pd?*

ions present in the solution to Pd° particles on the substrate surface via the reaction:

Pd?* + 2e” - Pd° [3.2]

This redox chemistry occurs spontaneously upon placement of the Cu substrate in
the PdCI> electrolyte and the net reaction for the entire Pd-activation process is shown in

Eqg. 3.3:
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Pd?** + Cu® - Pd° + Cu?* [3.3]

After Pd-activation of the substrate, Fe is deposited via electroless plating. The

cathodic half-reaction during electroless plating is shown:

Fe?* +2e™ - Fe® [3.4]

This reduction reaction requires electrons which are provided by the oxidation of a
reducing agent. The reducing agent for FeP deposition is the hypophosphite anion (H2PO

) and its oxidation reaction is shown:

H,P0,” + 30H™ — HPO% + 2H,0 + 2e™ [3.5]

The net reaction for electroless FeP deposition is shown in Eq. 3.6:

Fe?* + H,P0O,” + 30H™ - Fe® + HPO3™ + 2H,0 [3.6]

In addition to providing electrons for the reduction of Fe?* ions, the electrons
released via oxidation are also consumed in parasitic reduction reactions such as the oxygen
reduction reaction (ORR) and the hydrogen evolution reaction (HER). The hydrogen

evolution, being the predominant parasitic reaction, occurs as shown Eq. 3.7:

2H,0 + 2e~ — H, + 20H" [3.7]
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The operating conditions during Pd-activation, i.e., the activation time, and the
composition of the activation electrolyte, determine the Pd coverage of the substrate after
activation. The Pd coverage plays an important role in determining if spontaneous iron
deposition is facilitated in the subsequent electroless step or not. This role is investigated

in further detail herein.

3.1 Experimental Procedure

3.1.1 Materials and Electrolyte Composition

Electroless deposition was performed from an electrolyte containing 0.05 M
ferrous ammonium sulfate [Fe(NH4)2(SO4)2:6H20, Fisher], 1.0 M sodium hypophosphite
[NaH2PO2-H20, Sigma Aldrich] as reducing agent, and 0.13 M potassium sodium tartrate
[CsH12010KNa-4H,0, Acros] as complexing agent. Electrolyte pH was adjusted using
2.0 M sodium hydroxide [NaOH, Fisher]. Millipore spec (18.2 MQ) deionized (DI) water
was used to prepare all electrolytes. This electrolyte was developed through empirical
trials, changing species concentrations until sufficiently cathodic mixed potential,

necessary to deposit iron, were achieved.

Electroless deposition was performed on copper or platinum rotating disk

electrodes (Pine). When a platinum electrode was used, it was pre-plated at 1 mA/cm? for
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150 s in an acidified (pH = 2) electrolyte containing 0.1 M copper sulfate and 500 ppm
PEG-4000 additive. The pre-plated Cu thickness was ~0.1 um. All substrates were polished
with alumina micro-slurry and degreased with acetone for five seconds before use. The
copper substrates were then activated in a 2.8 mM palladium chloride (PdCI>) solution for
varying activation times. During Pd-activation, the nobler Pd replaces the Cu on the
substrate surface through a spontaneous displacement reaction, as shown in Eq. 3.3. Pd-

activation was followed by a DI water rinse before electroless FeP deposition.

X-ray photoelectron spectroscopy (VersaProbe XPS) was used to measure the film
composition. All electrochemical measurements were performed using a Versastat 4-FRA

model potentiostat.

3.1.2 Mixed Potential Measurements During Electroless FeP Deposition

A jacketed electrochemical cell with a two-electrode configuration was used for
measurements of the mixed potential during electroless FeP plating. The working electrode
was a copper rotating disk electrode (RDE) prepared as described above in section 3.1.1.
This working electrode was then activated in the 2.8 mM PdCI; electrolyte for varying
amounts of time (0 — 3600 s) in order to achieve various degrees of substrate Pd coverage.
The RDE working electrode was rotated at 2000 RPM. The reference electrode was a
saturated calomel electrode (SCE, Fisher). The electroless bath was maintained at 75 °C

by passing hot water through a recirculating water jacket around the cell. The open circuit
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potential, i.e., the electroless mixed potential, was recorded. All electrode potentials below

are referenced with respect to the standard hydrogen electrode (SHE).

3.1.3 Polarization Measurements of Hypophosphite Oxidation

A jacketed electrochemical cell with a three-electrode configuration was used for
polarization measurements of the hypophosphite oxidation half-reaction during electroless
FeP plating. The working electrode was a copper rotating disk electrode (RDE) prepared
as described above in section 3.1.1. This working electrode was then activated in the 2.8
mM PdCI; electrolyte for varying amounts of time (0 — 3600 s) in order to achieve various
degrees of substrate Pd coverage. The RDE working electrode was rotated at 2000 RPM.
The counter electrode was a platinum wire (Encompass) and the reference electrode was a
saturated calomel electrode (SCE, Fisher). Oxidation of hypophosphite was studied in the
complete electroless solution, but in an electrode potential range (-0.90 to -0.81 V vs SHE)
where other reactions (hydrogen evolution and iron deposition) were minimal. The
electroless bath was maintained at 75 °C by passing hot water through a recirculating water

jacket around the cell. Scan rate during electrochemical polarization was 10 mV/s.

3.1.4 Polarization Measurements of the Hydrogen Evolution Reaction

Hydrogen evolution polarization measurements were collected similar to

hypophosphite oxidation measurements. However, in this case, the electrolyte contained
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only the tartrate complexant and sodium hydroxide, i.e., the electrolyte did not contain
dissolved iron or sodium hypophosphite reductant. Collecting polarization data in a partial
electrolyte is acceptable for hydrogen evolution because it is the only reaction in the
electroless iron system that, as far as we know, is not interdependent on other reactions
occurring on the electrode surface. Thus, the HER polarization measured in the partial
electrolyte should represent that in the complete electroless system. The working electrode
was a copper rotating disk electrode (RDE) prepared as described above in section 3.1.1.
This working electrode was then activated in the 2.8 mM PdClI; electrolyte for varying
amounts of time (0 — 3600 s) in order to achieve various substrate Pd coverages that
represented the ‘initial’ state of the substrate before electroless FeP plating could
commence. All other conditions were kept the same as those used for hypophosphite

oxidation polarization measurements described in section 3.1.3.

3.1.5 Polarization Measurements of Iron Deposition

To collect polarization data on the iron plating reaction, iron was first plated
potentiostatically on a platinum RDE for 1 hour from the electroless FeP electrolyte
described is section 3.1.1. After deposition, the electrode was immersed in acidified DI
water (0.6 M H2SOg4, pH = 0.2). While some iron was oxidized due to air exposure during
sample transfer, the polarization measurement was not affected as discussed below. In the
acidic electrolyte, the iron layer was oxidized potentiostatically at an applied potential of
0.45 V vs SHE to Fe?*. In addition, any iron (II) oxide formed during air exposure

spontaneously dissolved as Fe?* ions. The acid electrolyte was purged continuously with
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argon gas to eliminate any dissolved oxygen that could spontaneously oxidize the Fe?* to
Fe® in solution. The dissolved iron (Fe?*) was then oxidized to Fe3* potentiostatically at
1.15 V vs SHE and the mass-transport limited oxidation current was measured. The entire
process is summarized below in Figure 3.1. This process was repeated for iron deposits

formed at various applied potentials.

(a) (b) (c) (d)
w w w
—_— _— _—
¢! e ‘l'e Lo
Pt RDE plated with
@ iron transferred to @ @ @ @ e
Potentiostatically acid electrolyte @ @ Oxidize dissolved
plate iron from Fe?* to Fe** and
complete electroless Dissolve iron in collect the limiting
FeP electrolyte acidic electrolyte current of this
reaction

Figure 3.1: Schematic of the process used to obtain iron deposition polarization in the
complete electroless FeP system. First, iron was deposited potentiostatically on a platinum
RDE from a complete electroless FeP electrolyte (a). The RDE with deposited iron was
then removed from the complete electroless FeP electrolyte and placed in an acid
electrolyte (b) where all of the plated iron was dissolved into Fe?* potentiostatically (c).
The Fe?* was then further oxidized to Fe* and the limiting current of this reaction was
measured to determine the initial amount of iron plated (d).

In step (d) of Figure 3.1, the limiting current was related to the bulk Fe?*

concentration via the Levich equation:
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I, = 0.62nFAD* 3w 21" s, [3.8]

In Eq. 3.8, I, is the limiting current of Fe?* oxidation, n is the number of electrons, F is
Faraday constant, A is the area of the electrode, D is the diffusion coefficient, w is the
angular rotation rate, v is the kinematic viscosity, and C, is the bulk concentration of Fe?*.
Since step (d) in Fig. 3.1 provides a measured value of I, and all other parameters are

known, the bulk Fe?* concentration C,, can be determined.

Knowing the volume of the acid electrolyte and the concentration of the iron C,
dissolved in it, it was possible to determine the mass of iron (m) dissolved in the acid
electrolyte. The mass of iron dissolved in the acid electrolyte is equal to the amount of iron
deposited in the initial plating step and thus could be related to the plating current of iron

in the deposition step via Faraday’s law of electrolysis, as shown in Eqg. 3.9:

Mt [3.9]

In Eq. 3.9, m is the mass of iron, M is the molar mass of iron, t is the iron deposition time,

n is the number of electrons, F is the Faraday constant and I is the iron deposition current.

This electrochemical method provided the iron deposition rate (current) as a

function of the electrode potential during iron deposition step (a), i.e., the iron plating
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polarization behavior. A confirmation of the validity and accuracy of this newly developed

method is found in section 3.3.2.

3.2 Critical Role of Pd-Activation in Enabling FeP Deposition

When deposition of electroless FeP was attempted on a Pd-activated surface, a
variety of Pd-activation times were tested, ranging from 0 s to 3600 s. These Pd-activated
substrates were then placed in the FeP electroless bath and the electroless mixed potential
was measured. The results of these measurements are shown in Figure 3.2a. As the Pd-
activation time increased, the mixed potential during electroless deposition became
increasingly negative, i.e., cathodic. This is an important observation because, at low
activation times (i.e., below 100 s), the mixed potential measured is anodic in comparison
to the reduction potential of iron according to the Pourbaix diagram depicted in Figure
3.2b. From Figure 3.2a and 3.2b, it is clear that low activation times (~100 s) do not result

in iron deposition, while high activation times (>1000 s) enable iron deposition.
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Figure 3.2: (a) Mixed potential of a Pd-activated substrate in an electroless FeP electrolyte
as a function to the substrate Pd-activation time. As activation time increases, the mixed
potential shifts in the negative (cathodic) direction. The Pourbaix diagram for iron (b)
indicates that at mixed potentials anodic to -1.01 V vs SHE (at pH~15, red dot), metallic
iron deposition is thermodynamically not possible [red region of (a)]. With sufficient
activation time, the mixed potential shifts cathodic enough [blue region of (a)] to be in the
region where metallic iron deposition is favored. RDE rotation speed = 2000 RPM.

The observations made from Figure 3.2 were supported by deposit analyses using XPS.
Figure 3.3 shows XPS analysis of a Fe-containing film electroless-deposited after a short
(60 s) Pd-activation step. This sample resulted in an anodic mixed potential of 0.99 V vs
SHE and was found to contain a very thin (~20 nm, Fig. 3.3) iron oxide film with large
portions of exposed substrate (Cu). For such low activation times, no evidence of metallic
Fe was present in the XPS analysis. In contrast, Figure 3.4 shows XPS analysis of an Fe-
containing film electroless-deposited after prolonged (1000 s) Pd-activation of the
substrate. This sample resulted in a cathodic mixed potential (-1.05 V vs. SHE) and showed
metallic iron in the bulk deposit. Only the near surface region was oxidized perhaps during

air exposure. From these results, it is apparent that the length of the Pd-activation step is a
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critical variable in controlling the catalytic activity of the substrate, which in turn
determines whether spontaneous electroless iron deposition proceeds or not. To understand
and more importantly quantify the mechanism underlying this observation, it is essential
to examine the process through which the Pd-activation influences the electroless half-

reactions and thereby the electroless mixed potential during early stages of electroless

deposition.
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Figure 3.3: XPS depth profiling of an electroless FeP film (mixed potential = -0.95 V vs
SHE) deposited after activating the substrate with Pd for a short activation time (60 s). XPS
analysis shows that the film is a surface iron oxide layer with a thickness in the range of
about 20 nm. The lack of any metallic iron plating is consistent with the analysis presented
in Figure 3.2b. Electrode area = 0.196 cm?; RDE rotation speed = 2000 RPM. Electroless
bath composition is provided in section 3.1.1.
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Figure 3.4: XPS depth profiling of an electroless FeP film (mixed potential = -1.05 V vs
SHE) deposited after activating the Cu substrate with Pd for 1000 s. XPS analysis shows
that, while there is a surface oxide present due to air exposure, the bulk of the film is
metallic iron. This result is consistent with the analysis using the Pourbaix diagram
presented in Figure 3.2b. Electrode area = 0.196 cm?; RDE rotation speed = 2000 RPM.
Electroless bath composition is provided in section 3.1.1.
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3.3 Polarization Studies to Characterize the Effect of Substrate Pd-Activation on the

Electroless FeP Mixed Potential

3.3.1 Hypophosphite Oxidation on Pd-Activated Cu Substrates

It is hypothesized that hypophosphite oxidation is poorly catalyzed by copper, but
strongly catalyzed by Pd after substrate is activated. As the substrate is activated with Pd,
the surface coverage of Pd increases gradually with the Pd-activation time. At low
activation times, the Pd coverage is not large enough to catalyze sufficiently the
hypophosphite oxidation reaction. As this Pd coverage increases, the hypophosphite
oxidation current also increases because of increased availability of catalytic sites on the
substrate surface. The dependence of hypophosphite oxidation current on Pd-activation
time is confirmed via electrochemical polarization shown in Figure 3.5. It is observed that
the catalytic activity of the substrate towards hypophosphite oxidation increases with Pd-

activation time because of enhanced coverage of the Cu substrate with catalytic Pd.
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Figure 3.5: Hypophosphite oxidation polarization on a Cu substrate after activating it with
Pd for various activation times. As Pd-activation time increases, the coverage of Pd on the
substrate increases. This increase in Pd coverage leads to a higher hypophosphite oxidation
current. Electrode area = 0.196 cm? RDE rotation speed = 2000 RPM. Electrolyte
composition is discussed in section 3.1.1.

3.3.2 Polarization Behavior of the Iron Deposition Half-Reaction

Iron deposition occurs in the potential range where both hypophosphite oxidation

and hydrogen evolution currents are not negligible. Thus, iron deposition polarization
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cannot be obtained using measurements of the current in the complete electroless bath
similar to measurements of the hypophosphite oxidation (Figure 3.5). Often mass
measurements are used to determine the amount of deposited material, but for electroless
FeP the plating rate is too slow to collect measurable masses before the plating rate changes
due to evaporation. In such circumstances, another common technique used is one in which
the metal is first deposited potentiostatically and then selectively dissolved at a different
applied potential. The dissolution charge can be used to compute the amount of iron plated
and thus the iron plating current. Iron presents a key challenge for implementing such a
dissolution-based method. First, iron does not dissolve when an oxidizing potential is
applied. In the electroless FeP electrolyte (alkaline, pH = 15.3), oxidation leads to iron
oxide surface passive film formation. This hindrance can be alleviated by dissolving the
iron in an acidic media; however, iron oxidizes in air during sample transfer from the
alkaline electroless bath to the acidic solution leading to discrepancies in the measured
mass. Thus, a new method for collecting polarization information of iron deposition was

devised and this method was described in detail in section 3.1.5.

We first ascertained the accuracy and reliability of this new method (Figure 3.1) for
determination of iron deposition polarization behavior. For validation, acidic solutions (0.6
M H2S04, pH = 0.2) with known concentrations of Fe?* ranging from 0.01 mM to 250 mM
were first prepared. With these known concentrations, it was possible to apply the Levich
equation (Eg. 3.8) to determine the expected (theoretical) limiting current density on an
RDE for the oxidation reaction: Fe?* = Fe3* + e. The expected limiting current densities

are shown in red in Figure 3.6. The limiting current density was then measured
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experimentally using the procedure described in section 3.1.5. These experimentally
measured limiting current densities are shown in blue in Figure 3.6. The good agreement
between the expected and measured limiting current values confirms that this is a reliable
method to quantify the Fe?* content of acidic solutions. While the discrepancy between the
Levich equation prediction and the experimentally measured current grows larger as the
bulk Fe** concentration increases, the discrepancy is rather small (only 15 %) in the
concentration range (0.1 mM to 1 mM) applicable to the solutions prepared by dissolving

iron deposits in step (c) of Figure 3.1.
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Figure 3.6: The expected limiting current density, determined via the Levich equation, as
a function of the Fe?* concentration (red) is compared to that experimentally measured on
an RDE using an electrolyte containing the specified concentration of Fe?* (blue). Good
agreement between the two is noted. Electrode area = 0.196 cm?; RDE rotation speed =
2000 RPM. Electrolyte contained 0.6 M H2SO4 (pH = 0.2) with Fe?* concentrations ranging
from 0.01 mM to 250 mM.

In addition to the above confirmation, the method developed herein for quantifying
the iron deposit mass was validated against conventional weight gain measurements. Iron
was first deposited onto an RDE from an electroless FeP electrolyte at an applied potential

of -1.05 V vs SHE for 8-12 hours. The change in mass of the RDE electrode was
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determined using a weighing balance and this data is shown in blue in Figure 3.8. The same
electrode was then transferred to the acid bath where the deposit mass was determined
using the Fe** - Fe®* limiting current method (section 3.1.5). Reasonable agreement

between the two deposited masses was observed (Figure 3.7).
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Figure 3.7: For the three trials, iron was first deposited potentiostatically (-1.05 V vs SHE)
from a electroless FeP electrolyte and the weight gain of the working electrode was
measured (blue). The deposited iron was then dissolved in an acid electrolyte and the
limiting current of Fe?" oxidation was measured. Based on this limiting current, the plated
Fe mass was calculated (red). The two methods of mass measurement match reasonably
well. Electrode area = 0.196 cm?; RDE rotation speed = 2000 RPM.

72



With confidence in the newly developed technique for Fe mass measurement, it is
now possible to collect the actual iron deposition polarization curve. This polarization
curve is shown in Figure 3.8. From Figure 3.8, it is observed that the iron deposition very
quickly reaches a limiting rate as the potential is shifted cathodically. This occurs because
much of the Fe?" in the electroless FeP electrolyte precipitates out of solution, leaving only
a low concentration of dissolved Fe®* available for deposition. This behavior was
confirmed using inductively coupled plasma mass spectrometry (ICP-MS) of the
electrolyte, which revealed the dissolved Fe?" to be just about 4 mM. The low Fe?*
concentration imposes mass transport (diffusion) limitations, which restrict the plating rate
to ~ 4 pm/hr. The inability to have large amounts of dissolved Fe?" in the electroless FeP
electrolyte may prove problematic in the future as larger plating rates are desired for
practical applications. With the knowledge of iron polarization behavior (Figure 3.8), it is
now possible to look at the entire electroless FeP system and determine the mixed potential

at which electroless deposition takes place.
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Figure 3.8: Polarization behavior of iron deposition in an electroless FeP plating
electrolyte. The behavior was determined using the method described in section 3.1.5. Iron
deposition reaches a limiting current at cathodic potentials because of diffusion limitations.
Electrode area = 0.196 cm?. RDE rotation speed = 2000 RPM.

3.3.3 Predicting the Electroless FeP Mixed Potential by Applying Mixed Potential

Theory to Partial Polarization Curves

To predict the mixed potential during electroless FeP deposition, charge

conservation was applied to the cathodic and anodic reaction partial currents. Based on the
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mixed potential theory, the potential at which the net cathodic and anodic currents are equal
becomes the predicted mixed potential. This is shown for the lower Pd-activation time (i.e.,
100 s) in Figure 3.9. Hypophosphite oxidation currents near the mixed potential (in black)
were extracted from extrapolation of the data collected in the potential range -0.90 to -0.81
V vs SHE (Figure 3.5). For extrapolation, Butler VVolmer kinetics were used. In this case
of lower Pd-activation time, the anodic charge is balanced merely by the cathodic reaction
of hydrogen evolution, resulting in a predicted mixed potential close to -0.98 V vs SHE.
As seen, this potential is slightly more positive than the reduction potential of iron,
indicating that iron deposition at this potential is not thermodynamically favored (Figure
3.9). This prediction correlates well with the previous observations (Figures 3.2 and 3.3)

that such a low activation time does not facilitate plating of metallic iron.
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Figure 3.9: Polarization curves for all cathodic and anodic reactions on a substrate that
was Pd-activated for 100 s (i.e., low Pd coverage). In order to achieve charge conservation,
the net cathodic currents must match the net anodic currents. This occurs at -0.98 V vs
SHE, which is the estimated mixed potential of the system. This potential is not cathodic
enough to initiate the electroless deposition of Fe — a prediction consistent with
observations in Figure 3.2 and 3.3. Electrode area = 0.196 cm?; RDE rotation speed = 2000
RPM.

In the case of longer Pd-activation time (1000 s) resulting in a substrate that has
much higher Pd coverage, applying charge conservation results in a mixed potential
of -1.04 V vs SHE (Figure 3.10). Again, hypophosphite oxidation currents near the mixed
potential (black curve in Figure 3.10) were extracted from extrapolation of the data
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collected in the potential range -0.90 to -0.81 V vs SHE (Figure 3.5). For extraction, Butler
Volmer kinetics were applied. This mixed potential is cathodic compared to the reduction
potential of Fe, and thus electroless deposition of metallic iron is enabled. This again
correlates well with experimental data (Figure 3.2 and Figure 3.4) which confirms that a
1000 s Pd-activated Cu substrate can be coated with a thick electroless iron deposit.
Furthermore, at the mixed potential of -1.04 V vs SHE, a deposition rate corresponding to
3.0 mA/cm? is expected per Figure 3.10. This translates into a deposition rate of 3.9 pm/hr,
which too is consistent with experimental measurements of the electroless Fe deposition

rate on a 1000 s Pd-activated Cu substrate (4.1 um/hr based on weight gain measurement).
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Figure 3.10: Polarization curves of cathodic and anodic reactions on a Cu substrate
activated with Pd for 1000 s (i.e., high Pd coverage). Charge conservation requires that the
net cathodic current must be equal to the net anodic current. This occurs at -1.04 V vs SHE

which is the mixed potential of the electroless
potential is in a region where Fe?* reduction to Fe

Fe deposition system. Thus, the mixed
occurs, and thus electroless Fe deposition

is possible. Electrode area = 0.196 cm?. RDE rotation speed = 2000 RPM.

3.5 Conclusions

During electroless FeP deposition on

a Cu substrate from hypophosphite-

containing electroless baths, Pd-activation of the Cu substrate plays an important role in
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determining whether a sufficiently cathodic mixed potential is established for Fe deposition
to be initiated. As the Pd-activation time is increased, the Pd coverage of the Cu substrate
increases. This higher Pd coverage leads to higher substrate catalytic activity for
hypophosphite oxidation reaction. Using polarization curves measured for all cathodic and
anodic half-reactions, and applying the mixed potential theory to balance the cathodic and
anodic reaction currents, the mixed potential of the electroless FeP system was correctly
estimated as a function of the Pd-activation time. It was shown that, as the Pd-activation
time increases, the rate of hypophosphite oxidation also increases. This shifts the surface
mixed potential in the cathodic direction. For short Pd-activation times (~100 s), the mixed
potential is not cathodic enough for iron deposition to occur. However, after longer
activation times (e.g., 1000 s), the mixed potential shifts sufficiently cathodic to be in the
region where iron deposition can occur. These studies provide a mechanistic underpinning
for the variation of the electroless mixed potential with the Pd-activation time and the
visual observation of metallic Fe deposits on Cu substrates treated with Pd above a critical
activation time period. A quantitative mathematical process model for this interdependence

is developed below in Chapter 4.
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CHAPTER 4. Mathematical Model for the
Prediction of the Surface Mixed Potential
during Early Stages of Electroless Iron

Deposition

In chapter 2, a process for plating iron boron (FeB) without the need for palladium
(Pd) activation was developed. In chapter 3, a process was developed for deposition of iron
phosphorus (FeP) and the critical role of substrate activation by Pd was demonstrated.
While Pd-activation is critically needed to enable FeP plating, the amount of Pd used must
be minimized due to the high cost of this metal. Pd is a precious metal with price in the
range of $20,00-25,000 per kg.*4*¢ Moreover, this price is volatile*® as discussed in detail
in the introduction (section 1.4). Because PdClI; is produced using Pd metal as a reactant,
PdCl; also exhibits price instability. As a result of this price instability, the amount of PdCl.

used in an activation process should be kept at a minimum in order to reduce materials cost
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and reduce the dependency of the process on a commodity that is prone to large, sudden

fluctuations in price. 446523

In this chapter, a mathematical model is formulated for determining the ‘initial’
electroless mixed potential during FeP deposition. The model captures the dependence of
the electroless mixed potential on the Pd-activation time. Here, “initial’ refers to the early
stage process of electroless FeP nucleation on a Pd-activated surface. Note that this stage
precedes the FeP growth stage. In the nucleation stage, the surface mixed potential is
related to the surface composition, i.e., the Pd coverage of the underlying Cu substrate.
Model parameters are measured experimentally as discussed below. It is shown below that
the model correctly predicts the critical Pd-activation needed for electroless plating of FeP
to initiate. While the numerical parameters in the model are specific to the electroless FeP
system developed in chapter 3, the general model development can be applied to other
electroless systems which too require activation of a non-catalytic substrate before

electroless deposition can commence.87:6%7°

4.1 Experimental Procedure

4.1.1 Materials and Electrolyte Composition

Electroless deposition was performed from an electrolyte containing 0.05 M
ferrous ammonium sulfate [Fe(NH4)2(SO4)2'6H20, Fisher], 1 M sodium hypophosphite

[NaH2PO2'H-0, Sigma Aldrich] as reducing agent, and 0.13 M potassium sodium tartrate

81



[CsH12010KNa-4H20, Acros] as complexing agent. Electrolyte pH was set by adding 2 M
sodium hydroxide [NaOH, Fisher]. Millipore spec (18.2 MQ) deionized (DI) water was

used to prepare all electrolytes.

Electroless deposition was performed on copper rotating disk electrodes (Pine).
When a platinum RDE was used, it was first pre-plated at 1 mA/cm? for 150 s in an
acidified (pH = 2) electrolyte containing 0.1 M copper sulfate and 500 ppm PEG-4000
additive. The pre-plated Cu thickness was ~0.1 um. All substrates were polished with
alumina micro-slurry and degreased with acetone before use. The copper substrates were
then activated in a 2.8 mM palladium chloride (PdCl.) solution for varying activation times.
During Pd-activation, the nobler Pd replaces the Cu on the substrate surface through a
spontaneous displacement reaction. Pd-activation was followed by a DI water rinse before

electroless FeP deposition.

4.1.2 Methods

A jacketed electrochemical cell with a three-electrode configuration was used for
polarization measurements of the hypophosphite oxidation half-reaction during electroless
Fe plating. The working electrode was a copper rotating disk electrode (RDE) prepared as
described above in section 4.1.1. This working electrode was then activated in the 2.8 mM
PdCl; electrolyte for 10800 s (3 hours) to ensure that complete Pd coverage was achieved.
The RDE working electrode was rotated at 2000 RPM. The counter electrode was a

platinum wire (Encompass) and the reference electrode was a saturated calomel electrode
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(SCE, Fisher). Oxidation of hypophosphite was studied in the complete electroless
solution, but in an electrode potential range (-0.90 to -0.81 V vs SHE) where other reactions
(hydrogen evolution and iron deposition) did not proceed at appreciable rates, thereby
allowing reliable measurements of the hypophosphite oxidation rate. All electrochemical
tests were performed using a VersaStat Model 4 potentiostat. The electroless bath was
maintained at 75 °C by passing hot water through a recirculating water jacket around the

cell. Scan rate during electrochemical polarization was 10 mV/s.

Hydrogen evolution polarization measurements were collected similar to
hypophosphite oxidation measurements. However, in this case, the electrolyte contained
only the tartrate complexant and sodium hydroxide, i.e., the electrolyte did not contain
dissolved iron or sodium hypophosphite reductant. Working electrode was either a non-
activated Cu RDE or a Cu RDE activated with Pd (procedure described above) for 10800

s to ensure complete Pd coverage.

To collect polarization data for the iron plating half-reaction, iron was deposited
potentiostatically on a platinum RDE for 1 hour from the electroless FeP electrolyte
described is section 4.1.1. After deposition, the electrode was immersed in acidified DI
water (pH~0.2) and the Fe layer was stripped potentiostatically at an applied potential of
0.45 V vs SHE. The dissolved iron (Fe*?) was then oxidized to Fe** potentiostatically at
1.15 V vs SHE and the limiting oxidation current was measured. This measured limiting
current provided the bulk Fe*? concentration (via the Levich equation) and thus the amount

of Fe deposited initially on the Pt electrode could be determined. This electrochemical
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method provided the Fe deposition rate as a function of the electrode potential during Fe
deposition, i.e., the Fe plating polarization behavior. This method was described in more

detail in chapter 3 (section 3.1.5).

During the process of substrate activation by Pd (prior to electroless Fe deposition),
the surface mixed potential was measured with respect to a reference electrode. The
working electrode was the Cu RDE stub that was being activated by Pd. The reference
electrode was saturated calomel electrode (SCE) similar to that used in above polarization
experiments. Electrode potentials provided below are referenced to the standard hydrogen

electrode (SHE).

4.2 Mathematical Model for Predicting the Surface Mixed Potential during Early

Stage Electroless Fe Deposition on Pd-activated Cu

4.2.1 Rates of Anodic and Cathodic Reactions during Electroless Fe Deposition

When anodic and cathodic reactions occur spontaneously on a surface that is not
biased externally (i.e., at open circuit), the cathodic and anodic currents should be equal in
magnitude so that charge conservation is obeyed.>® Under such conditions, the surface
potential is called the ‘mixed potential’. During electroless FeP deposition, the surface
mixed potential was experimentally measured and reported in a previous chapter (Chapter

3, section 3.2). It was determined that at surface mixed potentials positive to —-0.99 V vs
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SHE, no iron deposition is observed. To determine the optimal activation time needed to
enable electroless FeP deposition, the critical Pd coverage necessary to activate the
electrode surface (i.e., to facilitate mixed potentials negative with respect to —0.99 V vs

SHE) must be determined.

In the electroless FeP deposition system, the sum of the cathodic (iron deposition,
hydrogen evolution and oxygen reduction) and anodic (hypophosphite oxidation) reaction
currents must be zero. Here, we use the sign convention that cathodic currents are negative
and anodic currents are positive. Furthermore, we assume that the oxygen reduction current
is negligibly small. At the electroless process temperature of 75 °C, the saturation
concentration of dissolved oxygen is very small (~10 pA/cm?) and thus the rate (current)
at which it is reduced can be neglected. The mixed potential range of interest being cathodic
to the reduction potential for hydrogen evolution suggests that H>O reduction to Hy gas is
thermodynamically possible and thus must be accounted for in current balance. We now
assume that the substrate surface during the initial stage of electroless Fe nucleation is
comprised of Pd-activated sites and exposed Cu sites. Assuming I, is the hypophosphite
oxidation current on Pd, I, is the hypophosphite oxidation current on Cu, I5 is the hydrogen
evolution current on Pd, I, is the hydrogen evolution current on Cu, and Is is the iron

deposition current, we can apply current balance:

11+12+I3+I4_+15=0 [41]
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It has been shown in a previous section (3.3.1) that the current due to hypophosphite
oxidation on Cu (I,) is very small (Figure 3.5) because Cu does not effectively catalyze the
hypophosphite oxidation reaction. Thus, we assume I,=0. The current (I) of any reaction
is the product of the local current density (i) and the portion of the electrode area over
which the current occurs. Because some electrochemical reactions are only catalyzed by
specific surface sites, the area over which these reactions occur can be related to the total
area of the substrate (A) multiplied by the surface coverage of the catalytic sites present on

the surface (6):

I = (48)i [4.2]

Applying Eq. 4.2, each of the relevant currents in Eq. 4.1 can be expressed in terms

of current density and the respective surface site coverage:

Ai191 + Ai391 + Ai492 + Als = O [4.3]

In Eq. 4.3, 6, is the surface coverage of Pd and 6, is the surface coverage of Cu. i, is the
hypophosphite oxidation current density on Pd, i is the hydrogen evolution current density
on Pd, i, is the hydrogen evolution current density on Cu, and is is the iron deposition
current density. Since all terms contain the total electrode area (A), this term cancels out

providing:

ilel + i391 + i492 + i5 =0 [44]
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Initially (t=0), the surface consists only of Pd and Cu sites. Thus:

91 + 82 = 1 [4'5]

Combining Eq. 4.4 and Eq. 4.5 leads to Eq. 4.6:

i191 + i391 + 14(1 - 91) + i5 S 0 [4.6]

Eq. 4.6 relates the Pd coverage (6,) to the current densities of the various anodic and
cathodic reactions prevalent in the electroless system. However, the ultimate goal of the
model development is to arrive at a relationship between the Pd coverage (or activation
time) and the surface mixed potential during electroless Fe nucleation. In order to
determine this relationship, the reaction current densities (i, i, i4, i5,) must be related to

the surface potential via established current-potential correlations as shown below.

4.2.2 Current Density — Mixed Potential Relationship

For electrochemical reactions, the general form of the current-overpotential

relationship is shown in Eq. 4.7:"

i Cp(0,t) p-af _ Cr(0,¢) o (n-a)f7

i ch o

[4.7]
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nF [4.8]

where i is the current density, i, is the exchange current density, C,(0,t) is the
concentration of the oxidized form of a species at the electrode surface, C2 is the bulk
concentration of the oxidized form of a species, « is the charge transfer coefficient, 7 is the
overpotential, Cx (0, t) is the concentration of the reduced form of a species at the surface,
CE is the bulk concentration of the reduced form of a species, and n is the number of
electrons. f is a constant that groups the invariant parameters, i.e., the number of electrons

(n), Faraday’s constant (F), the universal gas constant (R), and temperature (T'), as seen in

Eqg. 4.8.

When electrochemical reaction rates that are well below the mass-transport limit

associated with the system, we may neglect concentration gradients and thus assume:

Co(0,t Cr(0,t 4.9
00D _ 1 g OO [4.9]
CO CR
This assumption leads to the well-known Butler-Volmer equation:**
i [4.10]

— = e_afn —_ e(n_a)fn
Lo

During electroless Fe plating, the surface mixed potential (E,,;,) determines the

overpotential n for each partial reaction:
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N = Enix —E, [4.11]

where E,, is the equilibrium potential. Combining Eq. 4.10 and Eq. 4.11 leads to:

i = lO[ e_a’f(Emix_Eo) — e(n_a)f(Emix_Eo)] [412]

Eq. 4.12 applies to hypophosphite oxidation and hydrogen evolution reactions
during electroless Fe deposition because these reactions proceed at rates well below the
mass-transport limit. However, for the iron deposition reaction, mass-transport limitations
can be quite significant. While 50 mM ferrous ammonium sulfate is present in the
electrolyte, much of it precipitates out as solid ferrous oxide upon heating the electroless
solution to 75 °C. The result is that the actual concentration of Fe?* available in the
electrolyte is very low (estimated to be ~4 mM based on inductively coupled plasma mass
spectrometry). Thus, even small Fe deposition partial currents will cause substantial
concentration depletion within the boundary layer and the assumption made above
(Co(0,t) = Ck) will no longer be correct. In the case where mass transport effects are
dominant, we use the well-known Tafel equation that incorporates only the cathodic branch

in Eq. 4.7:

[4.13]

Current density is related to the gradient of concentration for the reacting species:
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i = —nFDVC(Cy [4.14]

where n is the number of electrons, F is Faraday’s constant, and D is the diffusion

coefficient. If a linear concentration gradient is assumed (under steady-state conditions),

then we get:

nFD (€5 - Co(0,1)) [4.15]
5

i =—

where § is the diffusion boundary layer thickness. In the specific case where the deposition

current equals the limiting current (i;), the surface concentration reaches zero, and thus:

- nFD(cg) [4.16]
15} 5
Dividing Eq. 4.15 by Eq. 4.16 yields:
i C(0,¢) [4.17]
- = 1 - b
15} CO
C(0,t) i [4.18]
p = 1—7
CO 13}

Equations 4.11, 4.13 and 4.18 can be combined to provide:
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i=—1i (1 — i) e M=) f (Emix—Eo) [4.19]
b
Combining both forms of the current-potential relationship (Eq. 4.12 for
hypophosphite oxidation and hydrogen evolution, and Eq. 4.19 for iron deposition) into

the current balance equation (Eqg. 4.6) yields an expression (Eq. 4.20) for the relationship

between the electroless FeP mixed potential (E,,;,) and the coverage of palladium (6,):

iO 1 [_e_alf(Emix_Eo,l) — e(n_al)f(Emix_Eo,l)]gl

+ iO 3[ e_asf(Emix_Eo,3) — e(n_as)f(Emix_Eo,3)]91

+ i04[ e_a4—f(Emix_Eo,4) — e(n_a4)f(Emix_Eo,4)](1 — 91) [420]
— i0,5 (1 — l_5> e(n_as)f(Emix_Eo,s) =0
L5

4.2.3 Experimental Determination of the Kinetics Parameters in Eq. [4.20]

To utilize Eqg. 4.20 to compute the electroless mixed potential, the various kinetics
parameters, i.e., for the hypophosphite oxidation on Pd (i 1, @), hydrogen evolution on
Pd (i3, a3), hydrogen evolution on Cu (i 4, @4) and iron deposition (iy s, as), must be
determined. Experimental polarization data (as shown in Figures 3.5, 3.8, 3.9 and 3.10)
must be used to determine these kinetic parameters. Experimental polarization curves for
each half-reaction were fitted in Origin to the Butler-VVolmer or Tafel expressions and the
kinetics parameters that provided the best fit were determined. The fitting results for the

hypophosphite oxidation reaction on Pd are shown in Figure 4.1. The exchange current
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density (io,) value that provided the best fit was 5.92 mA/cm? and the best fit charge

transfer coefficient (a;) was determined to be 1.76.
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Figure 4.1: Butler-Volmer kinetics for hypophosphite (HP) oxidation on Pd (blue).
Experimental polarization data (red) was collected on a rotating disc electrode (details
provided in section 4.1.2). The best fit parameters were: exchange current density (i, ;) of
5.92 mA/cm? and charge transfer coefficient () of 1.76.

The comparison between Butler-Volmer theory and experimental polarization data

for hydrogen evolution reaction on both Pd and Cu is shown in Figure 4.2. From this
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comparison, the exchange current density for Hz evolution on Pd (i 3) was determined to
be 0.102 mA/cm? and the corresponding charge transfer coefficient for Hz evolution on Pd
(a3) was determined to be 0.25. The exchange current density for Hz evolution on Cu (i 4)
was determined to be 0.059 mA/cm? and the corresponding charge transfer coefficient (a,)

was determined to be 0.24.
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Figure 4.2: Comparison between Bulter-Volmer theory (blue) and experimental data (red)
for the hydrogen (H2) evolution reaction on Pd and Cu substrates. Experimental
polarization data was collected on a rotating disc electrode (details provided in section
4.1.2). The best fit parameters in the Butler-Volmer equation are as follows: exchange
current density for Hz evolution on Pd (iy3) is 0.102 mA/cm? and charge transfer
coefficient (a3) is 0.25; exchange current density for Hz evolution on Cu (i 4) is 0.059
mA/cm? and charge transfer coefficient (a,) is 0.24.

A comparison between Tafel kinetics (Eg. 4.19) and experimental polarization data
for the Fe plating half-reaction is provided in Figure 4.3. The kinetics parameters that

provide the best agreement between theory and experiment were determined to be:
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exchange current density (ios) of 0.13 mA/cm? and corresponding charge transfer

coefficient (ag) of 1.80.
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Figure 4.3: Tafel kinetics (Eg. 4.19) for the iron deposition partial current during
electroless Fe plating (blue). Experimental polarization data points were collected on a
rotating disc electrode under conditions described in section 4.1.2. Following Kinetics
parameters provide the best agreement between theory and experiment: exchange current
density (i, 5) of 0.13 mA/ecm? and charge transfer coefficient (a5) of 1.80.
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4.2.4 Predicting the Electroless Mixed Potential as a Function of the Palladium

Surface Coverage

Once all the kinetic parameters were determined, it was possible to use Eq. 4.20 to
plot the relationship between the mixed potential during electroless FeP nucleation and the
initial Pd surface coverage. This relationship is depicted in Figure 4.4. It is known, based
on the Pourbaix diagram for iron (Figure 3.2b) that iron deposition occurs only if the mixed
potential is cathodic with respect to the reduction potential of Fe (-0.99 V vs SHE in
alkaline media). This cathodic region of iron deposition is marked in blue in Figure 4.4. It
is thus evident from Figure 4.4 that a minimum Pd coverage of 10.6% (6,=0.106) is needed
to enable metallic iron deposition. However, in practical applications, Pd surface coverage
during surface activation cannot be controlled directly. It can be indirectly controlled
through variation of the Pd-activation time and other activation bath parameters such as
Pd*? concentration. Thus, a mathematical relationship between the Pd surface coverage and
Pd-activation time is required, which can allow us to formulate a model that predicts the
minimum activation time needed to provide enough surface catalytic activity for electroless
Fe deposition, i.e., one that meets the criterion: Emix <-0.99 V vs SHE. This is developed

in the next section.
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Figure 4.4: Model prediction of the surface mixed potential during electroless FeP
deposition as a function of the Pd coverage provided by activation. Iron is deposited only
in the region where the mixed potential is cathodic to the reduction potential (—=0.99 V vs
SHE, blue region). When the mixed potential is anodic to the reduction potential (red
region), only iron oxide formation is possible as shown in Chapter 3. It is thus inferred that
a minimum Pd coverage of 10.6% is required for spontaneous electroless iron deposition
under the conditions employed in this study.
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4.3 Time Evolution of the Pd Surface Coverage during Activation Treatment

4.3.1 Mixed Potential Transients during Palladium Activation

Figure 4.5 shows the change in mixed potential of a Cu RDE substrate during the
process of activating it with Pd in a 2.8 mM PdCl. solution. During activation, the surface
mixed potential of the Cu RDE is established by the Cu oxidation reaction and the Pd*2-

reduction reaction. Both these reactions proceed simultaneously:

Cu® - Cu®t + 2e” [4.21]

Pd** +2e~ — Pd° [4.22]

As the Cu surface gets gradually covered with Pd, the surface mixed potential gradually
drifts in the anodic (positive) direction. From such potential transients, the magnitude of
change in the surface mixed potential (AEmix = Emix— Emix;t=0) could be determined. Typical

mixed potential changes over time during Pd-activation of Cu are shown in Figure 4.5.

It should be noted that, in addition to the reactions 4.21 and 4.22, parasitic reactions
such as oxygen reduction could also occur; however, these do not drastically alter the
mixed potential transients during Pd-activation. Mixed potential change measured during

Pd-activation from a de-oxygenated electrolyte showed similar trends as in Figure 4.5.
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Figure 4.5: Repeated trials showing the change of the surface mixed potential (AEmix) over
time during Pd-activation of Cu RDE. Results of several trials are shown to highlight the
noise associated with the mixed potential measurements. In spite of the noise, the general
trends (graduate drift in mixed potential in the positive direction) appear reproducible.

The mixed potential during Pd-activation is the potential at which the magnitude of
the oxidation current (for reaction 4.21) equals the magnitude of the reduction current (for

reaction 4.22). Thus, we can write:
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In Eq. 4.23, I is the Cu oxidation current and I, is the Pd?*-reduction current. Cu oxidation
takes places on exposed Cu sites whereas Pd*?-reduction has been observed to occur both
on exposed Cu portions as well as on freshly deposited Pd. Thus, Eq. 4.23 can be written

as:

A93i6 + A(93 + 84)1:7 = 0 [4.24]

where A4 is the total surface area, i, is the Cu oxidation current density and i, is the Pd?*
reduction current density. The surface coverage of Cu (6s) and that of Pd (6,) are related

as:

93 + 84 = 1 [4'25]

Eq. 4.25 and Eq. 4.24 can be combined to yield:
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Next, the current densities for each electrochemical reaction are related to the
surface mixed potential. The potential-current relationship of the Cu oxidation reaction can

be represented by the Tafel equation:’*"2

ic = ioﬁeaaf(Vmix—Eo,e) [4.27]

In this equation iy ¢ is the exchange current density, a, is the anodic charge transfer
coefficient, and f is the same parameter as defined in Eq. 4.8. V,,,;, is the mixed potential

during Pd-activation of Cu and E, ¢ is the equilibrium potential.

For the Pd deposition reaction (4.22), due to the fact that the bulk PdCl,
concentration is very low (2.8 mM), we assume that this reaction is mass transport limited.

Thus, the rate of this reaction is:

nFD[Pd?*] [4.28]
5

Iy =7 =~
This steady-state approximation is only valid at long times (t>62/D).”*"2 Taking the
boundary layer at the Cu RDE to be § ~ 0.01 cm, the diffusion coefficient of Pd?* to be D
~10"° cm? 5%, the time needed to achieve pseudo steady-state is t~10 s. Since the mixed
potential transient during Pd-activation develops over the course of ~10000 s, the

assumption of pseudo steady-state is valid.
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Eq. 4.27 and 4.28 can be inserted into the charge balance equation (Eg. 4.26) to

provide a relationship between mixed potential (V,,;,) and Pd surface coverage (6,):

(1= 6,)igge® (Vmix=Fos) 4, =0 [4.29]
oo/ Vmix—Fog) = 7 [4.30]
(1—-64)ige

i, [4.31]
6f (Vinix — Eoe) = In <m>
1 i, > [4.32]
Vinix = Eo6 + In —
e 06 aef <(1 —04)ioe

Vo= By ——|m (Z22) — a1 — 8 [4.33]
mix = Lo,6 aof n 06 n 4
Initially, i.e., at t=0's, 8,=0. Thus, the initial mixed potential is:
1 —i; 7 [4.34]
Vinixt=0 = E — | -
mix,t=0 06t acf I n( 0. )l
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It is important to determine how the mixed potential changes as a function of the Pd
coverage, so we define a parameter AVyy,i = Vinix — Vinix,e=0 Which, from Eq. 4.33 and Eq.

4.34, is given as:

R [4.35]
Ale’x - aﬁf[ l‘l’l(l 94)]

For small values of 6,, In(1 — 6,) can be approximated as —86,. This reduces Eq.

4.35 to that shown in Eq. 4.36:

1 [4.36]

This shows that the relationship between the change in the mixed potential and the Pd
coverage is linear for small 6, (typically 6, < 0.25). In the next section, we relate the Pd
coverage to time using a first-order reaction kinetics model. The time-dependence of
surface coverage together with Eq. 4.36 allows us to relate AV,,;, to Pd-activation time,
thereby facilitating a direct comparison of the model predictions to experimental data

(Figure 4.5).

4.3.2 Kinetics Model of the Pd Surface Activation Process
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Let us assume that the rate of Pd deposition during surface activation is linearly
proportional to the un-activated surface area fraction 1 — 6,. Thus, the rate of change of

Pd surface coverage during activation can be written as:

[4.37]

de,

F_
S dt

=kCs(1—6,)

where T is the saturation Pd surface concentration, k is the first order reaction rate constant

and C, is the concentration of Pd?* ions near the electrode surface.

The concentration of palladium ions at the electrode surface (C,) is not known a
priori. To determine the Pd ion surface concentration, the transport of Pd ions towards the
electrode surface must be considered. Pd ions diffuse from the bulk to the electrode surface
where they are consumed to produce metallic Pd. Assuming that there is no accumulation
of Pd ions at the surface, the two processes of diffusion and surface reaction must occur at

equal rates:

dc 4.38
D === kCs(1-6,) [4.38]

The left side of Eq. 4.38 is the diffusion flux of Pd ions to the surface with D being the
diffusion constant of Pd ions. The right side of Eq. 4.38 represents the rate of Pd ion

consumption (through deposition) and is thus the same as the right side of Eq. 4.37.
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It is assumed that a pseudo steady-state is reached during the Pd deposition process
so that after a short concentration relaxation time (typically 10 s), the concentration profile

becomes linear. Assuming a linear concentration profile, Eq. 4.38 thus becomes:

C,—C
D=2 > S = kC,(1-6,) [4.39]

In Eq. 4.39, C}, is the bulk concentration of Pd ions and 6 the boundary layer thickness. Eq.
4.39 can be rearranged to express the Pd ion surface concentration (C;) as a function of the

Pd surface coverage (6,):

DC,

C, = 5D—" [4.40]
1 + m - 94_

This function for Pd ion surface concentration (Eq. 4.40) can then be implemented into Eq.

4.37, resulting in Eq. 4.41:

DC
b, Tb(l —0,)

I, =
dt D
1+m_94

[4.41]

We now define two constants, A and B, as:
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A=—2 [4.42]

D
=1+ — 4.43
B=1+ 5T [4.43]

Given Eq. 4.42 and 4.43, Eq. 4.41 now becomes:

d84_A(1_84)
Sdt  B-6,

[4.44]

EQ. 4.44 can be integrated knowing that at the initial time (t=0) there is no Pd on the surface,

i.e., 94 = O

1943—94 " Affd [4.45]
= — | dt

0 1-0, ! Is 0

6, — (B —1)in(1-6,) =t [4.46]

For small changes in Pd coverage (less than 25%), In(1 — 6,) can be approximated

to —6,. With this approximation, Eq. 4.46 becomes:

106



A 4.47
64— (B~ 1)(~6,) =t 447l
S
A [4.48]
0, = BT, t=mt

Thus, the Pd surface coverage increases linearly with time when 6, is small (typically <

0.25), where m is the slope or constant of proportionality.

4.3.3 Modeling Pd Coverage as a Function of Pd-Activation Time

Eq. 4.36 established a proportionality between AV,,,;, and 6, as:

1 4.49
AVmix a6f 94 [ ]
Eq. 4.36 combined with Eq. 4.48 provides:
1 A [4.50]
AVoix HB—FS t=mt

System behavior consistent with Eq. 4.50 is seen in Fig 4.6 (experimental data). In Fig 4.6,
the potential changes linearly with time by ~8 mV in 700 s, i.e., a 20% change in the mixed
potential during the first 700 s of Pd deposition. During the first 700 s then, Eq. 4.48 would
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suggest that the Pd surface coverage should also increase to about 20%. This provides a

slope m of 3.1 x 10~* s such that we may write:

0,=mt=31x10"%t for6, < 0.25 [4.51]

Eq. 4.37 is shown by the model curve in Fig 4.6.

0.2

Experimental

Change in Mixed Potential (mV)
o
Corresponding Pd Coverage
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| Activation
2
1
0 . I . I . 0.0
0 250 500 750

Activation Time (s)

Figure 4.6: Experimental data for the change in mixed potential during Pd-activation is
shown (red, left y-axis). On the right y-axis, the corresponding Pd coverage is shown. Both
variables change linearly with respect to time per Eq. 4.48 and Eq. 4.50.
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4.4 Mathematical Model for Predicting the Mixed Potential during Electroless FeP

Initiation on a Pd-Activated Cu Substrate.

In section 4.2, a model was formulated for computing the mixed potential during
early stage electroless Fe nucleation as a function of the Pd coverage (Eq. 4.20) of the
underlying Cu substrate. In section 4.3, a model was developed for determining the Pd
coverage as a function of the Pd-activation time (Eg. 4.48). Combining these two models
provides a means for determining the mixed potential in the electroless FeP system as a

function of the Pd-activation time. This is shown is Eq. 4.52.

io 1[e—a1f(5mix—50,1) — e(n_al)f(Emix_Eo,l)]mt
+ iy 3[ e~ 3f (Emix—Eo3) — e(n—a’3)f(5mix—50,3)]mt

+ig 4] €%/ Emix=Eos) — o (1=@)f (Emix=Foa)]|(1 — mt) [4.52]
— iys (1 — l_5> e (M1=as)f (Emix—Eos) = ()
' L5
Eq. 4.52 can be used to evaluate the dependence of the mixed potential (Emix) on
the Pd-activation time (t). The parameters needed for computing Emix vs. t are provided in
Table 1, with i;s = 3.1 mA/cm? Figure 4.7 shows the Emix vs. t dependence. Iron
deposition is expected at a mixed potential cathodic with respect to the Fe?*/Fe° equilibrium
potential (-0.99 V vs SHE). Figure 4.7 indicates that the critical Pd-activation time (tcriticar)
needed to provide sufficient surface catalytic activity and enable electroless Fe deposition

IS teritical = 278 s. This point is marked with a red dot on Figure 4.7. In chapter 3 (section
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3.2), it was discussed that iron deposition is not visually observed on a Cu substrate until
it was activated by Pd for more than 300 s (black line on Figure 4.7). This observation of

critical Pd activation time agrees well with the model prediction.

-0.8
m
I .
w Experimentally Observed
g Minimum Activation Time
Ei -0.9 4
@
T
5O
O
(al
D -1.04 .
X Modeled :
= Critical 1
{Activation |
Time :
|
-11 T Il T T T

0 200 400 600 800 1000

Activation Time (s)

Figure 4.7: Model of the electroless FeP mixed potential as a function of Pd-activation
time. The model indicates that the minimum activation time needed to achieve iron
deposition is 278 s (shown as red dot). Experimental observations have indicated that the
minimum activation time necessary for iron deposition is 300 s (section 3.2). Good
agreement between model and experimental data is noted.
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Table I: System Parameters for Modeling the Initial Electroless FeP Mixed Potential as a
Function of Pd-Activation Time.

Half-reaction | HP Oxidation = Hz Evolution = H2 Evolution Iron
Parameter on Pd (1) on Pd (3) on Cu (4) Deposition (5)
iy (MA/cm?) 5.92 0.102 0.059 0.13
a 1.76 0.25 0.24 1.80
E, (V vs SHE) -1.15 -0.80 -0.80 -0.99
m 3.1x10* 3.1x10% 3.1x10% 3.1x10*

4.5 Conclusions

A mathematical model for the ‘initial’ mixed potential, i.e., that during the
nucleation stage of electroless FeP deposition was developed. Model parameters, such as
electrochemical kinetics and mass-transport properties associated with the various half-
reactions, were first measured and then applied in the model. The model provides the
quantitative dependence of the surface mixed potential during Fe deposition as a function
of the substrate’s Pd-activation time. Higher the activation time, more cathodic is the
surface mixed potential. At a critical Pd-activation time, the electroless mixed potential
enters the regime where metallic Fe deposits are formed. For the conditions employed
herein, this critical Pd-activation time was determined to be 278 s, very similar to that
observed experimentally (300 s). The model developed herein may be used to design
optimal activation treatments of the substrate before electroless Fe deposition.

Furthermore, the model can be applied to other electroless systems (e.g., Ni and Co) where
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Pd-activation is a necessary surface treatment step to impart catalytic activity to an

otherwise non-catalytic substrate.
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CHAPTER 5. Conclusions and Future Work

5.1 Conclusions

Investigations into the polarization and the mixed potential behavior of the
electroless iron boron (FeB) system showed that increasing the concentration of the
reducing agent (sodium borohydride) accelerated the kinetics of borohydride oxidation on
iron. This enabled the development of an electroless FeB deposition process that required
neither palladium (Pd) activation of the substrate nor the use of a sacrificial anode. FeB
films deposited using the electroless process developed in this work were characterized
using scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction (XRD). These studies confirmed that the films contained boron and were
amorphous in nature. Electroless plating rate was 0.24 um/hr. Electrochemical corrosion
testing showed reasonable corrosion resistance which was somewhat inferior to that of
amorphous nickel films yet the FeB corrosion resistance was acceptable for practical

applications in PCBs.
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A process for deposition of electroless iron phosphorus (FeP) films without the use
of a sacrificial anode was developed. By observing the dependence of the mixed potential
on the Pd-activation time and by measuring the deposit composition via XPS, it was
demonstrated that Pd-activation plays a critical role in enabling sustained iron deposition.
Through polarization measurements it was determined that, as the Pd-activation time
increased, the kinetics of the hypophosphite oxidation reaction increased due to the larger
Pd coverage of the underlying copper substrate. This increased catalytic activity of the
substrate enables a cathodic shift in the electroless mixed potential thereby facilitating

growth of electroless Fe deposits.

A mathematical model was then formulated to determine the minimum or critical
Pd-activation time (t.;+icq1) NECESSAry to achieve iron deposition. Charge conservation was
applied as a basis for relating the electroless FeP mixed potential to the Pd coverage (and
thus the Pd-activation time) of the Cu substrate. Knowing how cathodic the mixed potential
must be for electroless Fe deposition, we could compute the critical Pd-activation time to
be t.iticar = 278 s for the conditions used in the present work. The critical activation time

determined based on the model matched well with experimental data.

5.2 Outlook and Future Work

Electroless FeP shows promise as a candidate material to replace electroless
amorphous nickel-alloys. The processes for electroless iron deposition developed herein

eliminate the use of a sacrificial anode and minimize the use of palladium activation. This
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allows for the possibility that electroless iron could be used in many applications such as
printed circuit boards. However, for electroless FeP in particular, there are still two key

shortcomings that must be addressed before process implementation.

The first issue that must be resolved is the slow electroless FeP plating rate. The
electroless FeP electrolyte is highly alkaline since the kinetics of hypophosphite oxidation
are fast only at high pH. Unfortunately, this alkalinity also makes the electrolyte susceptible
towards precipitation in the form of FezOs, which is a dark-colored mixed iron oxide. Due
to this precipitation, the actual concentration of Fe?* in the electrolyte is very low, i.e., in
the ~4 mM range as measured via inductively coupled plasma mass spectrometry. Limited
by this low concentration of Fe?*, the electroless Fe plating rates are usually low. This is
apparent in the low transport-limited currents seen in the polarization curve in Figure 3.8.
In order to increase the plating rate of electroless FeP, the concentration of Fe?* dissolved
in solution must be increased. To increase the Fe?* concentration, new complexing agents
are desired. Tartrate is a good complexant for Fe**; however, above pH 8, its ability of
complex Fe?* decreases with increasing pH.” In order to increase the availability of Fe?*
for deposition, an alternative complexing agent that forms stable iron complexes at high
pH (>14) should be investigated. The release of Fe?* from the complex should also be
relatively fast, so that the electroless FeP deposition does not encounter kinetic hindrances.
Some complexing agents common to other electroless systems that may improve Fe?*

include citrate, ethylenediaminetetraacetic acid, acetate, and succinate.
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A second complication with electroless FeP is that the phosphorus content of the
films is not sufficiently large for the desired amorphous characteristic to be present. The
FeP films fabricated herein had only 1.2 wt.% of P as measured using energy-dispersive
X-ray spectroscopy. Investigations into electroplated FeP films confirmed amorphous
characteristic after incorporation of ~10 wt.% phosphorus. In order to increase the
phosphorus incorporation during electroless FeP deposition, a better understanding of the
mechanism through which phosphorus is incorporated will be required. For the analogous
system of electroless nickel phosphorus (NiP), numerous mechanistic studies on
phosphorus incorporation have been performed and yet there is no consensus on the
incorporation mechanism.”" It is possible that the mechanism for phosphorus
incorporation in the electroless FeP system is different than that for the electroless NiP
system. It is thus proposed that an electrochemical study be undertaken in future work to
unravel first the mechanism of P incorporation in electroless FeP deposition. Once such
mechanistic knowledge is available, the process may be modified or optimized to facilitate
high-P films with desired amorphous characteristics and improved corrosion resistance,

micro-hardness and solderability.
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APPENDIX A. Corrosion Resistance of

Electrodeposited Amorphous Iron Phosphorous

Efforts to produce electroless amorphous iron phosphorous (FeP) deposits have up
to this point been unsuccessful due to low phosphorus incorporation. In order to show that
amorphous FeP film have improved corrosion resistance over metallic iron, FeP films with
high concentrations of P can be electrodeposited from an electrolyte containing
hypophosphite. In this appendix, the corrosion resistance of amorphous electrodeposited

FeP films is shown to be higher than that of metallic iron.

A.1 Experimental Procedure

A.1.1 Materials and Electrolyte Composition

An electrolyte adapted from the work of Vitkova et al. was used for the

electrodeposition of amorphous FeP.8 The electrolyte contained 0.72 M ferrous
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ammonium sulfate [Fe(NH4)2(S0a4)2:6H20, Fisher], 0.66 M sodium hypophosphite
[NaH2PO2'H-0, Sigma Aldrich], and 0.20 M boric acid [H3BO3, Acros] which served as a

pH buffer. Electrolyte pH was adjusted to 1.6 using sulfuric acid [H2SOa, Fisher].

Electroless nickel phosphorus (NiP) was deposited using an electrolyte containing
0.10 M nickel sulfate [NiSO4-6H20, Sigma Aldrich], 0.20 M sodium hypophosphite
[NaH2PO2-H.0O, Sigma Aldrich] as reducing agent, and 0.30 M sodium citrate
[NazCsHs07-2H.0, Fisher Chemical] as complexant. The pH was adjusted to 9 using

sodium hydroxide [NaOH, Fisher].

To determine the corrosion rate, both deposits were tested in a 3.5 wt.% sodium
chloride [NaCl, Fisher] solution that contained 0.30 M sodium citrate [NasCsHs07-2H20,
Fisher Chemical] in order to facilitate dissolution and prevent the buildup of a passivating
oxide layer. Millipore spec (18.2 MQ) deionized (DI) water was used to prepare all

electrolytes.

Gold plated quartz crystal microbalance (QCM) substrates (Fil-Tech) were used.
The QCM quartz crystal electrodes were degreased with acetone and rinsed with DI water
before use. The reference electrode was a saturated calomel electrode (SCE, Radiometer

Analytical) and the counter electrode was a platinum wire electrode (Encompass).
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A.1.2 Methods

Electrodeposition of FeP was performed on the gold plated quartz crystals in the
FeP electrolyte described in section A.1.1 above. Films were deposited at a constant
average current density of 100 mA/cm? for 15 minutes. NiP films were deposited via
electroless deposition on the gold plated quartz crystal in the electrolyte described in
section A.1.1. Electrolyte temperature was maintained at 90 °C using a heated jacketed cell.

Electroless deposition time was 120 minutes.

Both prepared films, FeP and NiP, were corrosion tested at room temperature in the
salt electrolyte described in section A.1.1. During dissolution, the mass loss of FeP and
NiP was measured using the QCM. Phosphorus content was measured using energy-
dispersive X-ray spectroscopy (EDS) and determined to be 10.1 at. % for FeP and 16.0 at.

% for NiP. Both films were determined to be amorphous using X-ray diffraction (XRD).

A.2 Corrosion Rate of Electrodeposited Amorphous FeP

The mass loss of FeP submerged in a 3.5 wt. % sodium chloride solution is
shown in Figure A.1. This rate of mass loss corresponds to a corrosion current density (icorr)
of 2.6 pA/cm?. The mass loss for FeP is compared to the mass loss of NiP in the same test
electrolyte (Figure A.1). The rate of mass loss of NiP was equivalent to icorr = 0.9 pA/cm?.

Thus, the corrosion current of amorphous FeP is within the same order of magnitude as
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amorphous NiP. Also, the FeP corrosion current is two orders of magnitude lower than

typical corrosion current density of crystalline (pure) iron, i.e., ~600 pA/cm?.8

10

oo
L

FeP Mass Loss

icorr = 2.6 HA/Ccm?

NiP Mass Loss

Mass Loss (ug)
»

icorr = 0.9 pA/cm?

2 ! | ! |
60 80 100 120
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Figure A.1: Mass loss of amorphous FeP (blue) and NiP (red) in a 3.5 wt. % sodium
chloride electrolyte measured using a QCM. Mass loss with time is converted into
corresponding corrosion current densities (icorr). The corrosion current density of FeP (icorr
= 2.6 pA/cm?) is within an order of magnitude of the corrosion current density of NiP (icorr
= 0.9 pA/cm?).
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A.3 Conclusions

The corrosion resistance of electrodeposited (high P-content) amorphous FeP films
was measured and shown to be similar to that of electroless-deposited amorphous NiP
films. The corrosion resistance of amorphous FeP is markedly improved over typical
corrosion resistance of pure iron. This high corrosion resistance renders these FeP films
suitable for use in many processes where amorphous nickel is currently in use such as

printed circuit boards.
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