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Abstract

The production of magnetic materials is of great interest for use in the micro-fabrication industry.
In particular, Permalloy (NigoFeq) is used in the production of micro-electromechanical systems
(MEMS) due to its favourable magnetic properties (high relative permeability, low coercivity and
high magnetic saturation). This leads to applications in devices such as inductors, transformers
and micro-actuators. The electrodeposition of NiFe is also of fundamental electrochemical inter-
est, as there is anomalous thermodynamic behavior, with the less noble (iron) metal depositing

preferentially to the more noble (nickel) metal.

To enable consistent alloy deposition nickel and nickel-iron baths are currently almost exclusively
based on boric acid. Boric acid has an important role in the deposition of NiFe films but its
role(s) in the electrodeposition mechanism is (are) not wholly understood. Recently (2011) boric
acid has been identified as a “substance of very high concern” based on the criteria established
by EU chemical regulation, REACH. In anticipation of increased regulation an alternative was
sought to provide a benign alternative to boric acid in the NiFe plating bath suitable for use in

micro-fabrication.

Initial work was performed to benchmark the performance of existing boric acid based electrode-
position baths. Cyclic voltammetry was performed, which demonstrated the deposition of nickel
and nickel-iron from boric acid baths. Coulombic efficiencies up to 93 % were measured for the
deposition of nickel using the electrochemical quartz crystal microbalance (EQCM) on platinum
electrodes. For nickel-iron deposition control of the film composition was demonstrated on copper
electrodes through varying the iron (II) concentration, current density and temperature. A citrate
bath for the deposition of nickel-iron was then developed and characterised. Cyclic voltammetry was

performed in these citrate baths demonstrating the deposition of nickel and nickel-iron. Optimal
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conditions for depositing NiggFeog were demonstrated to be an elevated temperature (60 °C) with

a current density of 20 mA cm? and a pH of 3.

Using the EQCM the efficiency for nickel deposition was measured to be > 80 %. The effects of
sodium saccharin and sodium dodecyl sulfate as additives were investigated; these were shown to
influence morphology but not the coulombic efficiency. Decreasing the pH was shown to lower the

efficiency of nickel deposition from the citrate bath.

Comparisons of key properties were made between NiFe films deposited from a boric acid bath
and the citrate bath developed in this work. Test structures were used to compare the strain in
the films; no significant difference was found. For 2.2 pm thick NiggFey films the sheet resistance
was measured using Greek cross structures as 0.078 + 0.004 /square for films deposited from
the boric acid bath and 0.090 £+ 0.006 €2/square from the citrate bath. The magnetic saturation,
M, was measured as 895 + 66 emu cm™ for deposits from the boric acid bath and 923 + 111
emu cm™ from the citrate bath. These again show no significant difference in these values within
experimental error. Coercivities for these films were measured to be between 20 and 120 A m™!.
In combination, this work demonstrates the development and characterisation of a new citrate
based electrodeposition bath for nickel and nickel-iron. Similar chemical, electrical, mechanical
and magnetic properties were found from films deposited from both baths, thus demonstrating the

suitability of the citrate bath for the deposition of nickel-iron films in microfabrication.



Lay Summary

Electrodeposition is a useful, potentially green and low carbon process which enables the extraction
of metals from a solution onto a surface using an electric current. Electrodeposition is commonly
used as decorative process, for example in the plating of gold and silver, but can also be used to
produce layers of material which exhibit certain functional properties. This thesis concerns the
electrodeposition of the useful magnetic alloy, Permalloy. Permalloy is an alloy of 80 % nickel and

20 % iron and is used extensively in electronic devices.

The solution or bath which is currently used to deposit Permalloy contains a number of chemicals
which improve the quality of the deposited metal. One of these additives is a chemical called boric
acid. Evidence suggests that boric acid may be harmful to fertility and the unborn child. For this
reason there is a desire to remove and replace this chemical in the bath. Additionally, the deposition
of nickel-iron alloys is of fundamental interest as the deposition of iron is disproportionally favoured
when compared to nickel. This results in the iron content in the metal being unexpectedly high

and hard to control.

In this thesis experiments were performed on an established boric acid-containing plating bath
to examine and identify key parameters required for the electrodeposition of the nickel-iron alloy.
There have been numerous suggestions for the role of boric acid in these baths. The identification
for the primary roles of boric acid was important and proved useful in the identification of a

replacement in the nickel-iron plating bath.

Citric acid and sodium citrate, which are both environmentally benign, have previously been
identified as potential alternatives to boric acid in nickel plating baths. However there is very
limited literature on the viability of their use in nickel-iron plating baths. In this work a boric

acid-free nickel-iron bath was developed using sodium citrate. Conditions were sought to optimise

iii
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the performance of the new electroplating bath and to make the deposits comparable to existing

baths.

The fundamental electrochemistry of citrate plating baths was examined for both the deposition
of nickel and nickel-iron with comparisons made between the new citrate bath and the existing
boric acid bath. For example, measurements for the efficiency of deposition were made to provide
insight into the effects of temperature, current density and pH. This enabled the selection of optimal

plating conditions for the desired Permalloy.

Comparisons were also made for the properties of deposits made from the existing boric acid bath
and the new citrate bath. One important property is the stress present in the film. High levels
of stress may cause the failure of the final device. Measurements were made showing the stress
in the films from the new citrate bath were comparable to that from the boric bath. Electrical
measurements were made to measure the resistance in the films. It was found that films made from
the citrate bath had a slightly higher resistance than those made from the boric acid bath. The
magnetic properties of the films were also compared. In general the magnetic properties displayed
by the two sets of films were shown to be comparable demonstrating the suitability for citrate to

be used as a replacement for boric acid in the deposition of nickel-iron films.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Integrated Circuits and Micro-Electromechanical Systems

The industries of integrated circuits (ICs) and micro electromechanical systems (MEMS) are closely
related through their dependance on microfabrication technologies. The basic microfabrication
processes of etching, patterning, doping and layer deposition are employed to fabricate devices
in both disciplines. A fundamental difference between IC and MEMS is that MEMS devices can
contain physically moveable elements alongside any electrical parts and are typically made with

dimensions between 1 and 100 ym.

In Richard Feynman’s 1959 lecture “There’s Plenty of Room at the Bottom” he envisioned the
miniaturisation of the computer and the ability to construct small machines [1]. With the advent
of microfabrication technologies this vision has been realised. Today MEMS devices enable a me-
chanical element to sense (eg. movement) and in turn provide an electrical function (eg. switching).
Typical applications of MEMS devices include accelerometers |2, 3], gyroscopes [4, 5] and pressure

sensors [6, 7).

Fundamental to MEMS are the materials used during fabrication. Metallic conductors, semiconduc-
tors and insulators are employed in microfabrication and are fundamental for constructing wires,
capacitors, resistors, inductors, beams, mirrors, and so forth. Different materials, of course, exhibit

different properties which can be exploited appropriately. Copper, due to its excellent conductivity,
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Figure 1.1: Schematic for a simple planar coil micro-inductor design. (a) Top view. (b) Cross section
through plane X—X.

is commonly used as an interconnect. Titanium and chromium are used as adhesion layers for
noble metals such as gold or platinum. Transparent conductors, such as indium tin oxide (ITO),
are critical in the production of displays or LEDs. Equally, materials may be chosen for their

favorable magnetic properties.

Principally, this thesis concerns the deposition of conducting magnetic materials for use in power
applications (inductors) and in MEMS devices (switches, actuators). Figure 1.1 shows a design for
a simple micro-inductor. A typical micro-inductor consists of copper coils which are encapsulated
within a suitable magnetic material [8, 9, 10, 11]. In this type of design the deposition of magnetic
films ranging in thickness from 1 to 10’s ym is required. To this end, the copper coils and conducting

magnetic cores are typically deposited using electrochemical methods.

1.1.2 Ferromagnetic Materials and Applications

Ferromagnetic materials are the most technologically important magnetic materials, with wide
ranging applications in motors, transformers, inductors, actuators, magnetic tape recording, elec-

tromagnets, compasses and data storage [12].
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The characteristic feature of a ferromagnetic material is spontaneous magnetisation below its Curie
temperature, T.. This occurs due to the the alignment of the material’s magnetic moments when
at its lowest energy state. Heating above the Curie point leads to a collapse of this ferromagnetic
behavior. Out of the entire periodic table only four elements display ferromagnetic behavior at
(or close to) room temperature; these are iron (7. = 1043 K), cobalt (7. = 1390 K), nickel
(T. = 629 K) and gadolinium (7. = 292 K) [13]. Luckily, one of the best ferromagnets, iron,
is readily available in the Earth’s crust (at 5 % by weight). Nickel and cobalt are available in
smaller quantities, (80 ppm and 23 ppm) [14]. It is from this pool of elements that the majority of

functional ferromagnetic material is drawn.

There are a plethora of magnetic materials available with many specialised uses depending on the
properties of any given material. This thesis concerns soft ferromagnetic materials which are desired

as inductor core materials for use in the microfabrication industry, specifically nickel-iron alloys.

The ideal soft magnetic material displays the greatest possible permeability, minimal hysteresis and
low magnetostriction. The permeability of a material, u, is the degree to which a material is mag-
netised in response to an applied magnetic filed. Given appropriate geometry where demagnetising
effects are negligible and in a suitable range, the magnetic flux density, B, is proportional to the

applied magnetic field, H.

B = puouH (1.1)

where the relative permeability of the material is p, = p/po, and pg is the permeability of free

space.

Hysteresis is characteristic of ferromagnetic materials and is epitomised by the irreversible response
of the magnetisation of a material, M, to an applied magnetic field. Soft ferromagnets display a
small coercive force, H., compared to hard ferromagents as shown in Figure 1.2. The area within
the hysteresis loop is proportional to the work required to cycle between the two fully magnetised
states. It follows that to minimise energy losses in an inductor core a soft material with a small

coercive force is desired.

Magnetostriction is where a material changes its dimensions when undergoing magnetisation. This

phenomena is responsible for the heating-up and humming noise heard from transformers.
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Figure 1.2: Typical M-H loops for a hard (left) and soft (right) ferromagnetic material.

Frequency Materials Applications
<1 Hz Soft iron, Fe-Co Electromagnets, relays
(permendur), Ni-Fe
(Permalloy)
1 Hz - 1kHz Si Steel, Permalloy, Transformers, motors,
finmet, magnetic glasses generators
100 Hz - 100 kHz Permalloy foils, finmet, Inductors, transformers

magnetic glasses, Fe-Si-Al
powder, Mn-Zn ferrite

0.1-1000 MHz Mn-Zn ferrite, Ni-Zn Microwave isolators,
ferrite, YIG, Li ferrite circulators, phase shifters,
filters

Table 1.1: Soft magnetic materials and their applications (from reference [13]).

Given the range of applications a summary of the most commonly used soft magnetic materials

and their applications is shown in Table 1.1.

Nickel-Iron Alloys

Nickel-iron alloys have been extensively used as a magnetic material. In particular the Permalloy
composition of 80 % wt. nickel and 20 % wt. iron (NiggFeqp) is of great technological significance.
First discovered in 1914 by Gustav Elmen at Bell Laboratories [15] it has been widely used as an
inductor core material [13], for magnetic shielding [16, 17] and in patterned magnetic recording

media [18, 19].
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Permalloy’s attractive properties include a high relative permeability and low coercivity. Figure 1.3
shows the variation in the initial permeability across the range of nickel-iron alloy compositions,

which demonstrates the benefit of the Permalloy composition.

A fundamental issue regarding the deposition of nickel-iron in microfabrication is the intrinsic stress.
Intrinsic stress can be compressive or tensile and occurs via numerous mechanisms including void
formation and the incorporation of foreign atoms [21, 22, 23|. High levels of stress can cause
delimitation and the failure of MEMS device. This has led to various methods to assess and
reduce stress in the Permalloy films. Methods for the determination of stress include wafer bow
measurements [24, 25|, the use of quartz resonators [26], cantilever measurements [27, 28|, and
Raman spectroscopy [29]. Within The University of Edinburgh, methods for the rapid spatial
mapping of deposited films using cantilever test structures have been developed and were available

for this work [30, 31, 32].

1.1.3 Deposition Methods

In the context of microfabrication there are two methods available for the deposition of nickel-iron
alloys: sputtering and electrodeposition (either electroless or electrodeposition). Nickel-iron films
can be deposited as blanket films or as patterned structures by combining these methods with

lithographic techniques.

1.1.3.1 Sputtering

Sputtering is one of the most widely used physical vapour deposition (PVD) methods. Typically
argon ions (Ar") are used to bombard a metal target which ejects target atoms. These atoms
then travel to the substrate in a vacuum and coat the wafer. For the deposition of alloys a target
quantitatively enriched in the metal which gives a lower sputtering yield, is used to produce a film

with the desired composition.

Sputtering is typically suitable for the deposition of films in the 10 to 1000 nm range. This is due
to the practical limitation of the deposition rate, which is typically up to 100 nm/min [23]. For
the deposition of thicker films liquid phase methods (electroless or electrochemical deposition) are

typically used.
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1.1.3.2 Electrodeposition

A commonly used approach for the deposition of nickel-iron films is electrodeposition. Electrode-
position is the deposition of a material (in this case a metal or metal alloy) onto a substrate via
the reduction of (metal) ions from an electrolyte. The reduction can be achieved by two different
methods: 1) Electroless deposition, where the electrons required to reduce a species are provided
by a reducing agent. 2) Electrochemical deposition, where the necessary electrons are provided

through an electrically connected cathode driven by an external power supply.

Electrodeposition can be an excellent method of deposition due to the ability to rapidly deposit
thick films (up to 100’s ym). Using this method deposition rates vary widely but rates of up to
10 ym/min can be achieved [33]. Electrodeposition methods also enable the bottom-up filling of

trenches during the fabrication process.

1.1.4 Regulation

REACH is a European Union regulation concerning the registration, evaluation, authorisation and
restriction of chemicals. This legislation originally came into force on the 1st of June 2007. Among

other objectives it aims:

“To provide a high level of protection of human health and the environment from the

use of chemicals.”

As part of this legislation the SIN (Substitute It Now) list was compiled by The International
Chemical Secretariat (ChemSec), Sweden, to identify substances of very high concern with the aim

to reduce the use of harmful chemicals [34].

Existing electrodeposition baths for nickel, nickel-iron and other nickel alloys contain the additive
boric acid (H3BOs, Figure 1.4). Following numerous toxicology studies and assessments |35, 36, 37,
38, 39, 40| boric acid currently appears on the candidate list for REACH status as it “may impair
fertility” and “may cause harm to the unborn child” [41]. For this reason it has been encouraged
that a suitable replacement for boric acid be sought in nickel and nickel-iron electrodeposition

electrolytes.
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Figure 1.4: Boric acid

1.1.5 Fundamental Electrochemistry

In addition to the practical applications of electrodepositing nickel-iron films there are some aspects
which are of interest to fundamental electrochemistry. The nickel-iron system exhibits a phenomena
known as anomalous deposition. This is where the less noble metal, iron, deposits preferentially
compared to the more noble nickel. Thermodynamically this is not expected as is discussed further

in Section 1.3.2.

To enable the rapid deposition of smooth and level films, additives are required in electrodeposition
baths. The function of these additives in the bath is of interest, particularly if there is a requirement
to replace them with benign alternatives. There are numerous postulated roles for boric acid in

these baths deposition bath which are discussed in Section 1.2.2.

If the fundamental role of additives and the deposition mechanisms are known then this enables
the identification of potential alternatives to boric acid as an additive in the electrolyte. With the
identification of an alternative a new deposition process can be then be designed and optimised to

give deposits with the desired physical properties.

The remainder of this chapter gives an overview of the electrochemical literature regarding the

deposition of nickel and nickel-iron alloys.

1.2 Electrodeposition of Nickel

The electrodeposition of nickel is used to give nickel films for a wide range of applications which are
usually based upon its non-corrosive or heat resistant properties. Significant use of nickel occurs
in the automotive industry, in the production of turbines and in the chemical industries. The
world wide production of nickel is approximately 2 400 000 tonnes p.a., with electrodeposition
accounting for approximately 150 000 tonnes p.a. [42]. Due to the technological importance of

nickel electrodeposition it has been widely studied in the literature.
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1.2.1 History of the Introduction of Boric Acid

One of the earliest recorded instances for the deposition of nickel was in 1837 by G. Bird [43]. He
claimed to have deposited a crust of nickel on a platinum cathode from chloride and sulfate salts
over the course of “some hours”. Soon after, in 1843, the first commercial electrolyte was developed
by Bottger consisting of an aqueous solution of nickel and ammonium sulfates [44]. This remained in
use for around 70 years. In 1869 Dr. Issac Adams Jr. patented a nickel electrodeposition bath that
involved deposition from nickel ammonium sulfate [45] which resulted in the first commercialisation

of nickel plating in the United States.

The next major advancement in the electrodeposition of nickel was the use of boric acid to aid
rapid nickel plating. In 1916 Oliver Watts first used boric acid to overcome excessive hydrogen
evolution on the cathode and found it led to “superior quality and adherence to ordinary nickel
plate” [46]. The Watts bath consisted of nickel chloride, nickel sulfate and boric acid and to this

day these components remain the foundation of most modern Ni electroplating baths.

Watts type electrolytes remain popular for decorative plating, generally with the addition of organic
additives. With the addition of these additives, modern baths result in the deposition of bright
deposits with good leveling properties and low internal stress over a range of current densities [33].

The nature of these additives and mechanism by which they function is discussed in Section 1.2.5.

Further types of nickel plating baths have been developed, most notably sulfamate containing
electrolytes [47]. Although not used for decorative plating, sulfamate baths are used for functional

plating and electroreforming [48].

For the purposes of rapid deposition there are advantages associated with an all-chloride bath.
All-chloride baths have been demonstrated to display different morphological properties [49, 50].
In addition, they have been shown to have improved throwing power (the ability to deposit a
uniform thickness over an irregularly shaped cathode) [51]. Deposits from all-chloride baths tend
to withstand the use of high current densities and have a finer grain size, be harder and be stronger
than deposits from the Watts bath. However, these deposits tend to result in higher stressed films
[33].
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1.2.2 The Role of Boric Acid

Since boric acid was introduced in the Watts bath its role has been studied and debated. There
have been numerous suggestions for the role of boric acid. With a view to replacing boric acid in the

electrodeposition bath the major roles suggested in the literature are now reviewed and assessed.

1.2.2.1 Action as a buffering agent

One of the suggestions for the role of boric acid is to act as a buffering agent [52]. This would
reduce the extent of hydrogen evolution by minimising the pH rise at the electrode surface [52].
However, the bulk pH for a nickel bath is maintained at approximately 4.0 where boric acid does
not make an effective buffer. The speciation diagram for boric acid is shown in Figure 1.5 which
demonstrates the lack of buffering capacity at the lower pH range. This is due to the dominant
reaction, H3BO3 = H,BO5 , having a pK, of 9.23. Therefore, all the boric acid would be present
as H3BOs.

To explain this discrepancy, the presence of a weakly bound nickel-borate complex has been
postulated [53]. Among other similar systems, it has been demonstrated that the buffering capacity
of a NiSO4 + H3BO3 + NaySO, solution is greater than that for H3BO3 + NasSO4 alone. From the
pH titration data Tilak suggests the presence of the species Ni(H2BO3)o with a log K between 3.8
and 4.9. Despite its suggested presence from pH titration data there is no additional experimental

evidence for the presence of such a species.

Furthermore, a species ability to buffer at an electrode surface is dependent on kinetics. The
dissociation of the acid must be able to take place quickly enough for protons to be available at the
electrode surface where there is a high pH. Horkans’ data [54] suggests that boric acid dissociates

too slowly to provide significant buffering effects at the electrode.

1.2.2.2 Action as a Catalyst

It has been claimed that boric acid acts as a homogeneous catalyst for nickel deposition [56, 57].
Hoare reported that the rate of nickel deposition, when compared to the hydrogen evolution
reaction, was directly proportional to the concentration of boric acid between 0.1 and 0.25 M

concentrations. He states that boric acid reduces the overpotential required to deposit nickel to
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Figure 1.5: Speciation diagram for 0.1 M boric acid. log K values from reference [55].

the extent that nickel is deposited instead of hydrogen. However, this could instead be due to the

suppression of the HER (see Section 1.2.2.3).

1.2.2.3 Suppression of the Hydrogen Evolution Reaction (HER)

It has been demonstrated that boric acid reduces the extent of the hydrogen evolution reaction
during deposition. The presence of boric acid has been shown to increase the coulombic efficiency

for the deposition of nickel [58].

Horkans claims that boric acid could be co-adsorbed onto the electrode surface which reduces the
effective area of the electrode [54]. In this study a comparison of boric acid’s effects on the HER
in sodium chloride and sodium sulfate solutions was made. In chloride solutions it was postulated
that boric acid must compete for sites on the electrode, whereas for the sulfate solution there is
little competition. Linear sweep voltammetry on a RDE showed that for the sulfate solution the
limiting current was reduced and there was a decrease in the slope suggesting the adsorption of

boric acid on the electrode.
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1.2.2.4 Reduction of Passive Film Formation (i.e. hydroxides)

The formation of hydroxides on the electrode is a significant issue during electrodeposition. The
formation of nickel hydroxide is due to an increase in the surface pH at the electrode which results
in the precipitation of Ni(OH)z. Yin claims boric acid adsorbs on certain active sites and stabilises
the nickel ion preventing passivation of the electrode [59]. In the absence of boric acid, deposits
on the electrodes were examined and shown to be nickel hydroxide [60]. However, the formation
of hydroxides may also be achieved by the reduction of the pH change through H" donation from
H3BO:s.

1.2.3 Nickel Deposition Mechanisms

The generally accepted mechanism for the deposition of nickel is two consecutive one-electron

transfers involving an adsorbed complex [61, 62, 63]. The general form of this mechanism is

Ni*T + X~ — Nix" (1.2)
NiXtT+e™ — NiXgus (1.3)
NiXggs+e- — Ni+ X~ (1.4)

where the species X~ has been suggested to be OH-, SO4% or CI". In the Watts bath it has been
demonstrated that the X~ anion is Cl” and the rate determining step is the first electron transfer

(Equation 1.3) [64].

Orindkova et al. examined electrochemical deposition from the Watts bath on paraffin impreg-
nated graphite electrodes (PIGE) [65], by using cyclic voltammetry, elimination voltammetry and
chronoamperometry. They concluded that in a sulfate electrolyte the hydrogen evolution reaction
enabled an increase in pH, the accumulation of OH™ and the formation of the NiOH ™" electroactive

species. For a chloride electrolyte the mechanism involved NiCl' as the charge transfer species.

There have been a number of studies of nickel deposition from unbuffered solutions [62, 66]. From
cyclic voltammetry it was shown there are two successive reduction reactions which take place. In
this case the deposition mechanism (Equations 1.5-1.8) is suggested to occur via a Ni(OH)" (or

chloride containing) species.
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Ni*t + H,O = Ni(OH)* +HT (1.5)

Ni(OH)" +e~ — Ni(OH)aas (1.6)
Ni(OH)gqs + Ni*T +2¢~ —  Ni+ Ni(OH),qs (1.7)
Ni(OH)q4s +€¢~ — Ni+OH™ (1.8)

In the presence of oxygen there is the precipitation of Ni(OH)s brought about by an enhanced
local pH change due to oxygen reduction (O + 4e~ 4+ 2H50 — 4(OH~)). The formation of nickel
hydroxide reduces the adsorption of the reactive intermediate, Ni(OH)" and therefore suppresses

reaction 1.6.

Epoelboin and Wiart have studied the mechanism for nickel deposition by applying electrochemical
impedance spectroscopy (EIS) [62, 61]. In these works they demonstrate that the electrode kinetics
are highly sensitive to the type of anion (either chloride or sulfate). In the chloride electrolyte there
was little dependance of the kinetics on the pH. An inductive loop at low frequencies indicated that
nickel deposition was slowly activated with an increase in potential. For the sulfate electrolyte the
kinetics were shown to be dependent on an interaction with hydrogen evolution. From this work

they mechanistically suggested the following reactions.

2HY +e7) — H, (1.9)

Nt +e” — Nif, (1.10)

Nit, +e” — Ni (1.11)

Nit, +HY+e” — Nif, +H,, (1.12)
2H:;,, — H (1.13)

Nit, +Hiy+e — Ni+ Hpp (1.14)

They proposed the generation of a strongly adsorbed form of hydrogen, H ., through the slow

a

reaction 1.12. The slow rate of this reaction essentially makes it act as an inhibitor for hydrogen
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evolution. H},. can then be consumed through hydrogen evolution (Equation 1.13) or be included

into the deposit (Equation 1.14).

Gomez et al. have studied the initial stages of nickel deposition on vitreous carbon [67] and then on
platinum, nickel and iron substrates [67, 68] using cyclic voltammetry and potential step methods.
In these studies, differing morphologies of nickel were found depending on the deposition potential.
In explanation they proposed two types of mechanisms resulting in the differing deposits. At
low overpotentials the first steps would involve the reduction of Ni?t to NiT followed by further
reactions leading to nickel deposition. This mechanism was suggested to lead to the compact,
uniform deposits. At higher overpotentials a disproportion mechanism was proposed. The initial
reduction of Ni?T would occur as previously and then disproportion could occur simultaneously

with reaction 1.17, which results in hydrogen evolution.

Ni*t +e” — Nit (1.15)
Nit + Nit  —  Ni+4 Ni*t (1.16)
Nit + H,O0O — NiOH" +H (1.17)

In their later study [68] it was concluded that the hydrogen evolution reaction in blank electrolytes
was mass transfer controlled. It was demonstrated that hydrogen atoms adsorbed strongly on the
electrodeposited nickel and that different metallic substrates influence the morphology over short
deposition times. Inhibition due to adsorbed hydrogen occurred across the range of potentials they
applied (-650 to -800 mV wvs. Ag/AgCl). With sufficient pH change, hydrogen evolution and nickel

hydroxide precipitation was apparent forming black, non-adherent deposits.

There have been attempts to model the electrode response and validate the model against exper-
imental data (steady-state polarisation curves and EIS). Santana and coworkers [69] derived their
kinetic model by considering two distinct species, [Ni(OH)| ™45 and [Ni(OH)]aqs, as described by
Equations 1.18-1.21.
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Nt + H,O+e” = Ni(OH)!, . +H (1.18)
Ni(OH)}, 4+ Ni** +2¢~ — Ni(OH)}, + Ni (1.19)
Ni(OH)}, .+ e = Ni(OH)qas (1.20)
Ni(OH)aqs + Ni** +2¢=  —  Ni(OH)uqs + Ni (1.21)

Using various assumptions such as electrochemical reactions follow Tafel’s law and the Langmuir
isotherm applies for adsorbed species their model matched well with experimental data in the pH
range 4 to 6. Above this pH range the model was seen to break down which they attributed to the

precipitation of hydroxides at the electrode which introduces additional kinetic factors.

In a separate study, by Vazquez-Arenas and Pritzker, a model was proposed based on reactions

1.22-1.25 [70].

Ni#t +e” — Nif, (1.22)
Nif, +e” — Ni (1.23)
H" +e  — Hus (1.24)

2H,4s — Hs (1.25)

In this model it was assumed that nickel reduction occurred through consecutive reductions (1.22
and 1.23) without defining the rate determining step. The HER was assumed to proceed via the
Volmer-Tafel mechanism (Equations 1.24 and 1.25). The adsorption and desorption of boric acid

was taken into consideration where boric acid blocked the formation of Hyqs but not Nit,qs.

This model was applied to the electrode response on an RDE and to EIS. Through comparison
with experimental data it was concluded that this model supported a mechanism of consecutive one
electron nickel reduction steps with the first reduction being the rate determining step. Additionally
the presence of boric acid was shown to have minimal effect on the electrode response for nickel
deposition and the HER. In their EIS model they fitted the rate constants and charge transfer

coeflicients reactions 1.22 to 1.25. The sensitivity of each parameter was examined by changing it’s
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Figure 1.6: Citric acid

value by 5 % with the remaining variables fixed. It was found the model was highly sensitive to
the rate constant and charge transfer coefficient for the the first electron transfer of nickel (reaction
1.22). This implies that for nickel reduction the rate determining step is the the first electron

transfer.

1.2.4 Studies of Citric Acid Electrodeposition Baths

With a view to eliminating the use of boric acid from the nickel-iron electrodeposition bath benign
alternatives must be sought. An important limitation is that the bath must be stable in the presence
of iron (II). For example, there are a number of studies using acetate baths for the deposition of
nickel [71, 72, 73]; however, iron (II) acetate is insoluble in water. One possible alternative is citric
acid (Figure 1.6). The use of citric acid in electrodeposition of nickel and its alloys can be split
into two distinct classes. The first is where citric acid or sodium citrate has been added to a bath
which still contains boric acid [74, 75, 76, 77]. In these cases it has generally been added as an
additional complexing agent to stabilise the bath (i.e. to prevent the precipitation of non-soluble
species). The other case is where nickel has been deposited in a bath not containing boric acid.

This is of course more relevant to our purposes.

Citric acid is a tri-protic acid. Each successive deprotonation (Equations 1.26-1.28) has pK, values
of 3.13, 4.76 and 6.39. Citric acid is then ideally placed to buffer around the pH of 3 where nickel-
iron baths are typically used due to the multiple species found present at this pH (as shown in

Figure 1.7).

H3Cit = H,Cit—+H*  pK,=3.13 (1.26)
HyCit~ = HCit>” +H"  pK,=4.76 (1.27)

HCit*~ = Cit3~ + H* pK, = 6.39 (1.28)
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Figure 1.7: Speciation diagram for 0.1 M citric acid. log K values from reference [55].

There have been studies of the behavior of citric acid or the citrate anion at electrode surfaces. One
area of focus is the electrochemical decomposition of citric acid. UV-spectral analysis demonstrated
the decomposition of citric acid during prolonged oxidative electrolysis [78]. Trettenhahn and Kéberl
studied the anodic decomposition of citric acid on gold and stainless steel electrodes and detected

the formation of carbon dioxide using FTIR-spectroscopy [79].

In the study of Berkh et al. they performed electrolysis at potentials between 0 and -1.4 V
vs. SCE. By using high resolution X-ray photoelectron spectroscopy (HR-XPS) to examine the
electrodeposited films produced at the electrode they found evidence for the formation of hydro-
carbons, esters, alcohols, ketones and carbonate groups [80]. Even under open circuit conditions

they suggested citrate underwent a catalytic reaction on a Pt electrode.

Citrate — Acetone — 1,3 — dicarboxylate + CO3 + 2e~ (1.29)

They concluded that citric acid not only acts as a complexing agent, but can form many, potentially

polymeric, species. By using time of flight mass spectroscopy (TOF-MS) they found evidence for
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higher mass species (C17H5019, C15HgO10Na, C19HgO7Na) which may partially block the electrode
surface during electrodeposition. This blocking of the electrode may lead to reduce the rate of

hydrogen evolution.

There are a number of examples where boric acid free, citric baths have been investigated. Doi et
al. demonstrated the deposition of nickel from a citric bath and compared the effects of additives
on the deposits [81]. In this work, they demonstrated the brightening effects of saccharin and
butynediol (separate and in combination) which showed a marked decrease in roughness when using
the butynediol additive. With the addition of additives they measured a decrease in efficiency of

the bath as well as changes in stress and hardness of the films.

In a second study Doi et al. examined the effects of pH on an additive free citric bath [82]. The
efficiency of deposition was demonstrated to decrease as the pH was lowered, particularly below pH
4. The deposit hardness was also shown to decrease at pH 4, although the hardness of the deposit
was always greater than that for the citric acid-free bath. A change in surface morphology and

crystallographic orientation favouring Ni <100> was also observed below pH 4.

The work of Li et al. compares the behavior and deposits of a citric bath to a traditional Watts bath
[83]. In this work they measure the coulombic efficiency against a number of parameters including
pH, NiSO, concentration, sodium citrate concentration and temperature. The efficiencies were
generally high, above 95 %. Lower pH (<4) was shown to decrease the efficiency. They measured
the efficiency for deposits made between 15 and 65 °C. Between 25 and 65 °C similar efficiencies

were measured whereas at 15 °C there was a sharp decrease in the efficiency.

Using linear sweep voltammetrey the polarization curves for different baths were compared. Their
buffer-free bath (containing no citric or boric acid) was shown to require the lowest overpotential
to deposit nickel. A more negative overpotential was required for the boric and citric baths, with
larger still required for a bath containing both boric acid and sodium citrate. The authors explained
this in terms of increased blocking of the electrode. Using XRD the dominant peak was shown to

be due to the Ni(111) orientation. SEM images showed large grain sizes in the region of 1 um.

There are even fewer examples where nickel-iron alloys have been deposited from a citric bath.
Shimokawa and coworkers investigated the structural and magnetic properties of NiFe films de-
posited from a citric bath [84]. They deposited films onto copper plate at a current density of
200 mA cm™2. The films they deposited exhibited acceptable magnetic properties with coercivities

below 50 A/m. However, the coulombic efficiency for the deposits was between 20 % (for NiggFes)
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and 50 % (for NisgFesp). With this quantity of hydrogen evolution the bath is unsuitable for use

in microfabrication.

1.2.5 The Role of Additional Additives

Further additives, in addition to boric acid, are added to nickel deposition baths to improve the
properties of deposited films and are commonly referred to as brighteners, levelers or carriers.
The use of these chemicals enables the deposition of bright, reflective and level films [85]. In
addition they can provide good leveling or scratch filling characteristics. Additives can be roughly
categorised (although not exclusively) according to their chemical nature, mechanism of adsorption

at the cathode, or effect on the deposit.

One classification of additives is species which display rapid adsorption and desorption on the
electrode, and are known as carriers or class I brighteners or control agents. The primary role of a
carrier is to reduce the grain size of the deposits, which commonly leads to them being referred to as
grain refiners. Reducing the grain size leads to increased lustre but does not provide mirror-bright
deposits on its own [86]. Carriers are typically aromatic organic compounds which adsorb on the
electrode. Examples include saccharin (Figure 1.8) [87, 88, 24, 89, 90], 2-butane-1,4-diol [91] and
p-toluene sulfonamide [92]. Additional benefits of carriers include stress relief, which is of acute
importance for MEMS device fabrication. The stress relieving properties of saccharin are widely
known [24, 93]. The main drawback from the use of carriers is co-deposition which is the principle
source of sulfur in deposits. Sulfur containing deposits lead to increased reactivity of the metal and
lessened corrosion resistance [94]. A study using sodium allyl sulfonate containing a radioactive
isotope S-35 demonstrated that the additive was preferentially incorporated into the deposit at high
points on an irregular surface [95]. This implies the mechanism involves the preferential adsorption
of the additive on peaks preventing deposition of the metal on these sites and is a mechanism by

which larger grain growth can be inhibited.

A second classification is additives which display specific adsorption to the electrode surface and are
known as levelers or class II brighteners or polarizers. These leveling agents help produce bright
deposits with good ductility. In addition they enhance the leveling ability over a wide range of
current densities. Examples include the use of thiourea [96] and coumarin [97]. Brighteners tend

to result in increased internal stress in films and also make them more brittle [33].
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Surfactants are often used as additives in electroplating baths. Commonly also known as wetting
agents, surfactants reduce the surface tension and help to prevent bubble formation on the electrode
surface. Surfactants also display specific adsorption on the electrode surface which enhances their
leveling properties. A commonly used surfactant in nickel plating is sodium dodecyl sulfate (SDS,

Figure 1.9).

1.3 Electrodeposition of Nickel-Iron

The electrodeposition of alloys enables the production of deposits with superior properties compared
to single metals. Alloyed deposits can be harder, more corrosion resistant, denser or have enhanced
magnetic properties. There are, of course, a huge number of possible alloys for deposition and for
this reason there is a large range of literature on the subject. In this section an introduction to
the principles of alloy deposition is made before an examination of the literature on anomalous

deposition with respect to nickel-iron.

1.3.1 Principles of Alloy Deposition

The deposition of an alloy requires a minimum of two metals to be deposited on the electrode.
At its simplest this can be envisioned through the potentiostatic codeposition of two metals (A
and B). Metals A and B both have their own polarisation curves where, if a potential, V, is
applied, then the current densities at which the metals deposit are i4 and ip. Provided the metals

deposit independently of each other they deposit in the compositional ratio ianp/ipna where n
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is the number of electrons. If a different composition is required the deposition potential and/or
concentration can be changed and the ratio i4/ip changes. It is important to note that due to the
difference in polarisation curves the species A and B in solution are consumed at different rates and
replenishment of the faster depositing species through mass transport is required to avoid depletion

at the electrode and thus maintain a uniform deposit.

The deposition of alloys can be further complicated by hydrogen evolution. Careful selection of
the deposition parameters (eg. potential) are required to avoid significant hydrogen evolution and
reduction in deposition efficiency.

Despite these complications the deposition of alloys (and indeed single metals) can be considered

to occur through three main steps:

1. Metal ion transport - The hydrated ion in the electrolyte must be transported to the
electrode. This can occur via diffusion due to a concentration gradient at the electrode or

convection.
2. Electron transfer - The hydrated ion reaches the cathode and is adsorbed.

3. Incorporation - The adsorbed ad-atom is physisorbed and traverses the surface of the

cathode until it encounters a stable chemical site and is incorporated into the growing lattice.

1.3.2 Anomalous Deposition

A number of alloy deposition systems display anomalous behavior, that is where a thermodynami-
cally less noble metal (with a lower reduction potential) is unexpectedly deposited preferentially to
a more noble metal (with a higher reduction potential). This behavior is most commonly observed
in the iron group (Fe, Co, Ni) alloys eg. Co-Fe, Zn-Co, Zn-Ni, Ni-Fe, Zn-Ni-Co, Ni-Fe-Mo and
Fe-Ni-Co [98, 71, 74, 99, 75, 100, 101].

Dahms and Croll proposed an early model for the anomalous deposition of nickel-iron [102]. Their
model was based upon the suppression of nickel deposition caused by hydroxide formation. The
explanation for anomalous deposition was based upon the observation that this only occurred when
the surface pH was increased enough for the formation of hydroxides and the suppression of nickel
deposition only occurred in the presence of iron. From this they attributed the suppression of nickel
deposition to the presence of Fe(OH)y which preferentially absorbed on the electrode and blocked

the deposition of nickel.
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Later work demonstrated anomalous behavior in systems with a lower surface pH than that required
by the model of Dahms and Croll [103]. Due to this, Hessami and Tobias constructed a mathematical
model to explain their experimental results on rotating disc electrodes [104]. This model was based
upon mass transport and interfacial kinetics determining the surface concentrations of metal ion,

metal hydroxide ions and the surface pH. The model considered the following homogenous reactions:

H,O = HT+OH~ (1.30)
FeOHY = Fe*t +0OH™ (1.31)
NiOHT = Ni** +0H™ (1.32)

with the metal atoms then being reductively deposited from the free (hydrated) metal ion or the

ion complex.

FeOH" +2¢~ = Fe+OH™ (1.33)
Fe* +e = Fe (1.34)
NiOH" +2~ = Ni+OH~ (1.35)
Ni*t +e~ = Ni (1.36)

Additionally, the hydrogen reaction was postulated as occurring by the reduction of a proton or

the splitting of water.

1

HY +e” = [H (1.37)
1

HyO+e” = Hy+OH™ (1.38)

The results of this model were compared to the observed effects of varying RDE rotation speed and
solution pH. With respect to agitation the model was in qualitative agreement with experimental
data; however, the effect on alloy composition appeared more complex. Increasing agitation at

low potentials decreased the iron content of the deposits, whereas at more negative potentials it
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enriched the iron content. At low potentials they attributed this to the build-up of FeOH™ while
maintaining the Fe?t concentration. Increasing the agitation reduced the buildup of hydroxide and
hence lowered the Fe content in the deposit. At more negative potentials both Fe?™ and FeOH™
became depleted. Increased agitation reduced the extent of depletion and resulted in a higher Fe

content.

An alternative model based upon competitive adsorption, as opposed to physical blocking on the
surface, was proposed by Matlosz [105]. Their mechanism was based around the two step irreversible

reduction of the metals:

M) +e = M(I)qas (1.39)

M(I)ags +e~ —  M(s) (1.40)

During codeposition of metals they proposed a mechanism based upon competitive rate of formation

of the adsorbed intermediate ion M (I),q4s. The free surface coverage, 6, during deposition is then

0o =1—On; — O (1.41)

The free surface coverage is the same for both metals and therefore the ratio of the deposition rates

is independent of the surface coverage.

TNi k1 NniCNi(rn (1.42)
TFe kl,FecFe(II) '

kT niCNi(T
= kiNi() exp[(b1,ni — b1,re)V] (1.43)
1,FeCFe(II)
where k; 57 is the potential dependent rate constant and by s is the Tafel slope for the reaction

1.39. Therefore, if by e > b1 n; the rate of nickel formation can decrease relative to iron resulting

in anomalous deposition.

Following this, they considered the effect of surface pH taking into account the formation of the

hydroxide complexes FeOH™ and NiOH™. They concluded that changes in surface pH had minimal
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effect on the iron composition and the difference in Tafel slope between nickel and iron deposition

was the dominate effect.

They then extended the model to include transport effects for comparison with RDE data [106].
They calculated the efficiencies and composition for deposits made on a RDE at different potentials
and rotation speeds. They calculated that the efficiency should increase with an increased current
density and there would be an increase in the iron composition at low current densities followed by
a slow decline at higher current densities. They also calculated that there would be an increase in

the iron content with increased agitation. These conclusions agreed with the experimental data.

The work of Zech and Podlaha built upon the model of Matlosz by including both inhibiting and
enhancing effects [107, 108]. Their experimental work has demonstrated that along with the known
decrease in reaction rate for the more noble metal there was an increase in reaction rate for the
less noble metal. To allow for this enhancing effect further catalytic reactions (1.44 and 1.45) were

included to improve the model.

My(IT)+ My(II) + e~ —  [MaMy(I11)] s (1.44)

[MoMy(IIT)]qas + €~ —  Ma(s) + M (II) (1.45)

Vaes et al. assessed the hydroxide model of Hessami and Tobias against the inhibition model of
Matlsoz (then built upon by Zech and Podlaha) [109]. With comparisons to polarisation curves they
determined that the hydroxide model was based upon two key characteristics: the Tafel parameters
were chosen to favour iron reduction and that hydroxide formation could take place to any extent.
The hydroxide model was therefore considered unrealistic. Additionally, they suggested that the
intermediate species were not hydroxides and the inhibiting role of iron hydroxide was widely

overstated.

In 2007 these models were examined again by Larson [110]. He wanted to investigate some of
the key assumptions made in these models. The first of these commonly held assumptions is that
the reactions taking place in solution occur infinitely fast compared to those on the deposition
surface stating that as increased potentials are applied the reaction rates at the surface are not

slow compared to that in solution. To test this approximation he repeated the calculations to
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include a full kinetic treatment of the homogeneous chemistry. In the bath examined (sulfate based

containing boric acid and sodium sulfate) this included the presence of 17 distinct species.

The second assumption to be addressed was the possibility of metal hydroxide formation. Where
hydrogen evolution leads to a increase in pH at the electrode surface it has generally been assumed
that this pH rise is insignificant or the buffering action negates any substantial pH change and
hence the precipitation of hydroxides has been largely ignored. Where hydroxides have been taken

into account (Dahms and Croll’s hydroxide model) it is only at the electrode surface itself.

Larson’s work focuses on the assumption of homogeneous equilibrium. From this it was put forward
that by applying finite-rate homogeneous kinetics the surface concentration of Ni?" would be
reduced and NiOH™ concentration would be further enhanced contradicting the conclusions of

Vaes et al.

These models present viable mechanisms to explain anomalous deposition. However some predictive
aspects of the models require further improvement. Quantitative prediction of the alloy composition
currently remains out of reach. Further critical evaluation for the deposition mechanisms for the
single metals with changing pH and solution composition is still required. It is also apparent that
a definitive evaluation for the role of the metal hydroxide species in anomalous deposition is yet to

be established.

In this thesis the mechanisms for anomalous deposition is not addressed directly. However, it is
appropriate to compare the implications of these models to the behavior of the new boric acid
free bath developed herein. The similarities and differences between deposits made in a boric bath
and a citric bath may pave the way to evaluate and validate the role of boric acid in anomalous

deposition.

1.4 Summary

Nickel and nickel-iron are functional materials with a wide range of uses across a large range of
industries. Electrodeposition currently provides an efficient method for the deposition of these
materials in a reliable manner. However, with the addition of boric acid on the candidate list
for REACH status alternative methods to deposit films of these materials must be sought. The
primary aim of this thesis is to develop an alternative electrodeposition bath to deposit nickel and

nickel-iron which contains an environmentally benign alternative to boric acid.
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In order to develop an alternative bath an understanding of the primary roles of boric acid should
be made. In this chapter some of the suggested roles of boric acid have been highlighted and
discussed. These roles include action as a buffer, action as a catalyst, suppressing the HER and
reducing film passivation. Given these key roles, citric acid has been identified as an alternative to
boric acid. However, a suitable bath for the production of high quantity nickel-iron films for use in

MEMS production has remained elusive.

In this thesis a new bath based upon citric acid as an alternative to boric acid was pursued. Initially
an existing boric acid bath can be used as a benchmark to enable the evaluation of any new plating
bath. With understanding of the properties of the boric acid bath a new bath can then be developed

and optimised.

Following the development of a new citric acid based bath to deposit nickel-iron investigation of the
electrochemical behavior of this bath can be pursued. In addition, the properties of the deposited
films should be characterised and compared to determine the suitability of the new bath as a direct

replacement for existing, industrial, boric acid based baths.



Chapter 2

Theoretical Aspects

The following chapter outlines the background theory for measurement techniques used within this
thesis. Initial focus is based on electrochemical methods. This is followed by a brief description
of the electrochemical quartz crystal microbalance (EQCM). With the desire to deposit magnetic
materials in this work there is finally a description of magnetic hysteresis in the context of ferro-

magnetic materials.

2.1 Electrochemistry

2.1.1 Electrolysis

An electrode can be induced to pass a current by the application of a potential (e.g. by applying a
voltage or potential difference between the electrode and a reference electrode of constant potential).
The current is a measure of the rate of exchange of electrons between the electrode and species
in solution. This transfer of electrons can be either from the electrode to the species in solution
(reduction) or from the species in solution to the electrode (oxidation). This is termed electrolysis.
The total charge, @, passed during electrolysis can then be measured by integrating the current, i,

with respect to time according to Faraday’s law.

Q= / idt (2.1)

27
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Assuming 100 % efficiency the mass, m, of species reacting at the electrode can then be calculated

as

- (3)(%)

where F is Faraday’s constant (96485 C mol™), M, is the molecular weight of the species reacting

at the electrode and n is the number of electrons required to convert the reactant to the product.

In the case where the reaction is not 100 % efficient due to an additional current (e.g. the HER)
the coulombic efficiency (CE) for the reaction(s) of interest can be calculated. In the case of metal
deposition the CE is simply obtained as a percentage from the ratio of mass deposited, mgep, vs.

the theoretically calculated value through Faraday’s Law, m.

Coulombic Efficiency = Mdep 10 (2.3)
m

2.1.2 Electrode Potentials
2.1.2.1 Equilibrium Potential

In this section the thermodynamics and kinetics of a general electron transfer reaction are consid-

ered.

O+ne” =R (2.4)

At thermodynamic equilibrium (where there is no overall current passing) the equilibrium potential,
FE, can be determined from the Nernst equation
RT ao

E=FE°+ """

2.
nF  ap (2:5)

where E° is the standard potential and apand agr are the activities for the oxidised and reduced
species. The activity of a species in solution is a; = 7;¢;/c® where ; is the activity coefficient, ¢;

is the concentration of the species in solution and ¢® is the standard concentration (1 mol dm™).
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Alternatively the potential can be described using the formal potential, £ , as

RT  [0O]
E=FE"+—In— 2.
+ oy n[ ] (2.6)
where
RT . 7o
EY =FE° + —1In— 2.7
+ nkF . YR (2.7)

[O] and [R] are the concentrations of the oxidised and reduced species. Most notably for the

deposition of a metal,

M"™ +ne” =M (2.8)

the Nernst equation can be simplified to

RT
E=E + — In[M™ ] (2.9)

as the activity of the deposited metal is, by definition, unity.

2.1.2.2 Non-Equilibrium Potentials

For a reversible (rapid) electron transfer and if a potential is applied to the electrode, FE, the
system will locally seek to achieve a new equilibrium where the concentration of the oxidised and
reduced species are changed at the electrode to fulfill the Nernst equation for the applied potential.
Thermodynamically this means that an increase in the potential from E°’ results in an anodic

(positive) current as R — O and a decrease results in a cathodic (negative) current as O — R.

If the reaction is under kinetic control (e.g. for an electrochemically irreversible reaction) there
is a limitation on the rate of reaction for oxidation/reduction. The rate of electron transfer (in
moles cm™ s71) is then determined as a product of the electrochemical rate constant, k, /e and the

concentration at the electrode surface, (co/r)z=0-
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Rateof oxidation = kq(cr)z—0 (2.10)

Rateof reduction = ke(co)z=o0 (2.11)

These rate constants each have a dependance on the electrode potential, generally of the form

aynF(E — E®)
ke = kPexpal i\ "=/ 2.12
ex T (2.12)
—a.nF(E - E*®)
k. = k° 2.1
exp BT (2.13)

where o, and «. are the anodic and cathodic transfer coefficients, where 0 < o < 1 and k° is the

standard rate constant and F is the applied potential [111].

To obtain the current density the rate of reaction can be multiplied by nF (to obtain A cm™). An
expression for the overall current density, j, at any potential can then be determined by combining

the anodic and cathodic current densities (note that j. is negative by convention).

j = ja + jc
a,nFE —a.nFFE
— nFk° e 7
e Co X o

= nFk,crexp (2.14)

Defining the overpotential as n = E — E, the exchange current density at equilibrium jy can be
defined where the overall current density is zero (at n = 0).
agnF(E. — E®)

jo = nFk°cRexp —fp —nFk°co exp

—a.nF(E. — E®)
RT

(2.15)

Equations 2.14 and 2.15 lead to the Butler-Volmer equation [111].

. a,nFn anFn
J = Jo (eXp{ RT } eXp{ BT D (2.16)

In the case where j, > j., as found at positive overpotentials the Butler-Volmer equation becomes
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. . . a,nFn
=4, = 2.1
j=1 JoeXp[ =T } (2.17)
Taking the logarithm of this equation results in the Tafel equation
agnF
Inj = Inj 2.18
n j njo + o7 (2.18)
agnkF agnkF
— Inj “ B iy ) 2.19
Mo F TR P TR e (2:19)

Therefore a plot of In|j| vs. n or E should provide a linear slope with gradient a,nF/RT for

oxidation and —a,nF'/RT for reduction.

In the case where j, < j., as found at negative overpotentials the Tafel equation becomes

—a.nk

In(~j) = Injo+ —7or (2.20)
—anF . —amF
— Injo+ ;;‘ E+ OI‘%;‘ E. (2.21)

and hence a plot of In|j| vs. 5 or F should provide a linear slope with gradient —a.nF/RT for

reduction.

2.1.3 Mass Transport

In general there are three different forms of mass transport to an electrode. These methods are

diffusion, convection and migration.

2.1.3.1 Diffusion

The transport of a species caused by a concentration gradient is called diffusion. Under diffusion
only conditions the simplest model is linear diffusion to a planar electrode. The rate of diffusion,

or flux, is described by Fick’s first law:

de
Flurx = —D— 2.22
ux . (2:22)
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where D is the diffusion coefficient (cm? s7!) and « is the distance normal to the working electrode.

Fick’s second law (2.23) describes the changing diffusion profile with time.

dc D%

Applying Fick’s law to a reaction at the electrode surface an expression for the current density is

obtained.

2.1.3.2 Convection

The mass transport of species to an electrode can be increased with the introduction of convection.
The rotating disc electrode provides a forced-convection system where the hydrodynamics can be
described precisely. Figure 2.1 shows a representation of the solution flow at the electrode. The
model used for mass transport to the electrode is the Nernst diffusion model. In this model the
solution can be seen to consist of two regions (see Figure 2.2). The bulk solution is strongly mixed
by stirring and maintains a constant, uniform bulk concentration. There is then a boundary layer
(the Nernst diffusion layer) where the solution is essentially stagnant in the z-direction and diffusion

is the only means of mass transport in this direction. This second layer has a thickness, d.

The boundary layer thickness is dependent on the rotation frequency of the disc, W in Hz. The

mathematical model predicts the thickness of the boundary layer to be:

0.61p/6p1/3

0= =7 (2.25)

where v is the kinematic viscosity (viscosity/density) of the solution in cm? s! and D is the diffusion

coefficient in cm? s
At a steady state the concentration gradient in the diffusion layer is considered linear across

thickness § and therefore the current density is written as
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Figure 2.1: Solution flow at a rotating disc electrode (RDE). Left: a view from below showing the
rotational movement of the solution at the electrode. Right: side view showing the flow
approaching the electrode. Adapted from Reference [111].
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Figure 2.2: Nernst diffusion model for the oxidation of R where there is no O in bulk solution at a
RDE.
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d
j = nFDp (CR)
dz /.,
= nFD% (2.26)

At high enough overpotentials the surface concentration of the reacting species, (¢g) =0, becomes
zero at the electrode. Any further increase in potential cannot decrease the surface concentration

further and the mass transport limiting current density then becomes

. nFDc
iim = ——5— (2.27)

Substituting Equation 2.25 in 2.27 one obtains the Levich equation [111].

1.554nF D/ *cpiWt/2
Jlim = 1/1/6

(2.28)

This demonstrates that the current density is proportional to the square root of the rotational

frequency.

2.1.3.3 Migration

Migration occurs due to the presence of charged species in a potential field. Migration is an
electrostatic phenomena and in many cases is not an important form of mass transport if there is a
large excess of inert electrolyte which effectively screens the electrode and provides little penetration
of the electric field from the electrode surface. If the reactant is present in high concentrations, as

occurs in an industrial electrolysis cell, then the effects of migration may become apparent.

2.1.4 Potentiostatic Methods

In this section we consider the current-time transient for a reaction at a planar electrode under
diffusion only conditions. In this example we consider a potential step from a value where the
current density is zero to a potential far away from the equilibrium value where either oxidation or

reduction occurs.



Chapter 2. Theoretical Aspects 35

Initially there is a large step in potential, this effectively causes the electrode to change the ratio of
cr/co so that essentially only O or R is present. For a reduction the electrode rapidly converts O
to R resulting in a large and negative current density and the concentration of O drops (almost to
zero) at the electrode surface. Over time diffusion will result in the minimising of the concentration
differences throughout the solution. This results in the flux (and hence current) of O to the electrode
surface decreasing over time and the thickness of the zone depleted through diffusion increasing as

the experiment continues.

From Fick’s first and second laws the shape of the current-time transient can be determined and is
known as the Cottrell equation. The current density at a time, ¢, is
nFDY?(cpur, — ca—o)

j= e (2.29)

for an electrode at a fixed potential.

2.1.5 Galvanostatic Methods

Galvanostatic methods are similar to a potential step method except in this case the current is
stepped from zero to an oxidative or reductive value. Under diffusion controlled conditions the

resulting potential-time transients can be explained as follows.

For current to flow a reaction must be taking place at the electrode. The electrode will therefore
apply the minimum potential required to pass the constant current required. If there is a redox
species present which will oxidise or reduce easier than the solvent then the potential will be driven
to its appropriate redox potential. As the concentration of this species is reduced towards zero the
potential will change, reflecting the change from the Nernst equation or the Butler-Volmer equation,
until the concentration of this redox species is such that it can no longer maintain the required
current density. Then the potential will move to the potential for the next, available reaction that

can maintain this current.

The transition time between the start of the experiment and this change in potential is predicted

by the Sand equation [112].

7T1/2CbulknFAD1/2

5 (2.30)

T =
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Figure 2.3: Triangular waveform used in cyclic voltammetry (left) and response for a one electron
reversible redox couple (right)

2.1.6 Cyclic Voltammetry

Cyclic Voltammetry (CV) is a technique extensively used to study electrochemical systems. In a CV
experiment a potential applied to a working electrode is changed linearly with time (at a constant
potential sweep rate). At a given potential limit, the direction of the potential scan is reversed,
whilst maintaining the sweep rate. This is the first cycle of a cyclic voltammogram. During the
experiment there is a linear relationship between the applied potential and time. The response

(current) is recorded and plotted against the applied potential. A typical wave form and response

is shown in Figure 2.3.

Important factors in the design of the experiment include:
e the starting potential
e the potential limit at which the scan is reversed
e the sweep rate

e the number of cycles.

For CV analysis, typically only the first cycle is used, as there can be assumed to be no reaction
before the onset of the scan. The shape of the CV curve can be explained in terms of the changing
state of diffusion to the electrode. Considering a linear sweep for the reaction O — R. If £ > E*®
there is no reaction. As the potential is swept to more reducing potentials the reduction of O
to R begins and a (negative) current begins to pass. This increases exponentially as implied by

Equation 2.13. During this initial part of a CV the diffusion is rapid and the reaction remains
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under electrochemical control. As the sweep progresses the surface concentration of the redox
species becomes zero and the concentration profile extends further into solution. The rising current
due to the increasing electrochemical reaction rate is then counterbalanced by a fall in current
due to the decreasing rate of diffusion to the electrode. Hence the current peaks, then falls in
magnitude as the reaction becomes diffusion controlled. Beyond this potential the current is under
mass transport control and decays toward the steady state limiting current density due to the small

amount of convective flow in an experimental measurement.

The potential is then swept in the reverse direction. At potentials far negative of the equilibrium
potential for the O/R couple the surface concentration of O is unaffected and remains zero. The
current continues to fall toward the steady state limiting current density. As the equilibrium
potential for the O/R couple is approached the presence of both O and R is required to fulfill the
Nernst equation for a reversible redox reaction. Therefore O is generated from R at the electrode
surface and the current density passes through the axis and changes sign. The response again peaks
as the oxidation reaction becomes diffusion controlled. Similarly to the forward scan, beyond this
potential the current density is under mass transport control and decays toward the steady state

limiting current.

During voltammetry for reactions involving phase formation (as for metal deposition) the shape is
significantly different. During the cathodic sweep the scan is a similar shape to before and peaks
as the reaction becomes diffusion controlled. On the reverse scan there may be the presence of a
nucleation loop (Figure 2.4). This occurs when it is difficult to form stable nuclei on the electrode
substrate and hence nucleation requires an increased overpotential. On the reverse scan the metal
phase being deposited already exists and deposition is more favourable, resulting in a nucleation
loop. Also in the reverse scan is a characteristic, sharp, stripping peak as there is no diffusion to
the electrode required for the reaction to occur. The charge for metal stripping is limited by the

amount of metal deposited on the electrode.
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Figure 2.4: Metal deposition/stripping CV showing a nucleation loop (adapted from [113])

2.2 EQCM

The electrochemical quartz crystal microbalance (EQCM) is an excellent tool for the measurement
of small mass changes at an electrode surface. The operation of a EQCM is described by the

Sauerbrey equation [114, 115].

Af=—Cyx Am (2.31)

where Af is the change in frequency, Cy is the sensitivity factor for the crystal and Am is the
change in mass per unit area. The Sauerbrey equation assumes any additional mass added to
the crystal has the same acousto-elastic properties as quartz. This assumption is reasonable for a

uniformly deposited, rigid, thin film.

The sensitivity factor (or Sauerbrey coefficient) is a fundamental property of the quartz crystal,

2n x f2

\/Pquartz X Wquartz

Cy (2.32)
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where f is the resonant frequency of the quartz crystal (Hz), pguare- is the density of quartz
(2.648 g cm™) and Kquart> 1s the shear modulus of quartz (2.947 x 10" g cm™ s72). Combining

Equations 2.31 and 2.32 gives

Am = _Af _ (fq - f)\/pquartz X Uquartz
Cy 2n x f2

(2.33)

A 5 MHz crystal, as used in this study, has a calculated sensitivity coefficient of C'y = 0.0566 Hz ng™! cm?.

Up to this point the EQCM has been considered as a true mass sensor. In reality the overall
frequency response of the EQCM is not solely dictated by the mass deposited on the surface but is

a combination of many effects [116, 111].

Viscosity effects, where additional loading of the crystal is present due to immersion in a viscous
medium, result in a decrease in the resonant frequency of the crystal. During typical electrochemical

experiments the viscosity of the solution remains constant and is a negligible effect [111].

The resonant frequency has been shown to increase linearly with pressure at pressures up to 50
MPa [117]. During electrochemical experiments the pressure generally remains constant so this is

a negligible effect.

The resonant frequency of the quartz crystal is dependent on the temperature. The change in
frequency due to variation in temperature is commonly reduced by the use of AT-cut quartz which
has a turn around point (or a point of inflection in the temperature vs. frequency plot) at 25 °C
and therefore has good thermal stability around this temperature. In addition, if the experiment is
performed at a constant temperature there should be minimal contribution to the frequency change
[118].

Surface stress can have an influence on the crystal response. The effects of stress in a thin surface
film have been discussed in literature [26, 119] and been shown to decrease the resonant frequency
according to the equation Af, = —K(fo/d)A~y where A~y is the change in surface tension, K is a
constant dependent only on the crystal properties, fy is the fundamental frequency and d is the

crystal thickness.

The surface roughness can drastically affect the frequency response [120]. Liquid can be incor-
porated into voids or trenches and become vibrationally coupled with the surface. If the surface

roughness remains constant this effect is removed or can be minimised using calibration [121].
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Figure 2.5: Equivalent circuit for a quartz crystal

Given that the frequency response of the EQCM can be dictated by a range of factors, a better

representation of the overall frequency response is therefore

Af:Afm+Afv+Afp+AfT+Afs+Afr (234)

Where Af,, is the mass response as described by the Sauerbrey equations, Af, is the viscosity
effect, Af, the pressure effect, Afr the temperature effect, Af, the stress effect and Af, the
roughness effect. Under certain conditions, as described previously, these effects can be minimised
and the EQCM can be considered a true mass sensor, however careful consideration must be made

when interpreting the frequency response.

Figure 2.5 shows the equivalent circuit for a quartz crystal. There are two branches to the circuit.
The shunt branch contains a single Cs element and represents the shunt capacitance in addition to
any capacitance from cables and fixtures. The motional branch contains R, C and L elements. It

is the motional branch which varies with loading of the quartz crystal.

2.3 Magnetism

2.3.1 Magnetic Hysteresis

Magnetic hysteresis is where the magnetisation of a ferromagnetic material is dependent not only
on the applied magnetic field but on the history of the magnet. This occurs when the dipoles in
the ferromagnetic material become aligned in an applied magnetic field. Once this field is removed
the dipoles remain aligned and the material remains magnetised. To demagnetise the material
a magnetic field can be applied in the opposite direction. The behavior of a magnetic material

can be represented by a plot of the magnetic induction, B, against the applied field strength, H.
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Alternatively the magnetisation, M, can be plotted against H (Figure 2.6). Each of these curves

present the same information as a hysteresis curve can be represented by the general formula

B = jio(H + M) (2.35)

For a soft ferromagnetic material the applied field,H, is much smaller than the corresponding
magnetisation values. Therefore B = poM and plotting B(H) or M (H) makes negligible

difference [122].

Figure 2.6 shows a typical hysteresis loop for a ferromagnetic material. If the material were initially
demagnetised and a magnetic field applied gradually the magnetisation, M, will follow the initial
magnetisation curve (dashed line). As the field increases the magnetisation will asymptotically
approach magnetic saturation, Mg. When the field is reversed the magnetisation follows a different
curve. On the return curve the point at which there is zero applied magnetic field is called the
remanence. The reverse field, applied to return the material to zero magnetisation, is the coercivity,
H,. If the field is further strengthened then saturation magnetisation is achieved again in the reverse

direction.

Another important property of a ferromagnet is the permeability. The permeability of a material
can be described as the ease in which a material can be magnetised. As a characteristic property,
the permeability of a ferromagnet is not overly useful, as the permeability can be measured at any
point on the hysteresis curve and a wide range of values obtained. The differential permeability
p' = dB/dH can be used however there is a dependance on the applied magnetic field. The most
appropriate quantity to characterise the material is the maximum differential permeability, p!. ...,
which usually occurs at the coercive points, H = H. and H = -H.. The relative permeability is a

dimensionless quantity which relates the permeability to the permeability of free space , ug.

tr = 1/ ko (2.36)
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Figure 2.6: Example hysteresis loop for a ferromagnetic material. The dashed line indicates the
initial magnetisation curve.

2.3.2 Magnetic Anisotropy

Another important feature is the directional dependance of magnetic properties. This is referred

to as the magnetic anisotropy. Different types of magnetic anisotropy include:

e Magnetocrystalline anisotropy (due to crystal structure)
e Shape anisotropy (due to grain and sample geometry)
e Magnetoelastic anisotropy (due to stress)

e Induced anisotropy (due to process treatments)

Magnetocrystalline anisotropy leads to the presence of “easy” and “hard” directions of magnetisation.
The energetically favourable direction for spontaneous magnetic alignment is the “easy axis”. It is
therefore easier to magnetise the sample in this direction compared to the “hard axis”. If there is no
preferential direction of magnetisation (unless under the influence of a magnetic field), the material

is anisotropic and will not display hysteresis.
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2.3.3 Magnetic Flux

The magnetic flux, ®, is the product of the average magnetic field, B, and the area perpendicular

to which it penetrates, A.

Magnetic Flux = & = BA (2.37)

In a B-H loop measurement, the magnetic flux can be measured at a pick-up coil. The magnetic

flux measured at this coil is termed the “pick-up flux”.
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Experimental Materials and Methods

This chapter details the materials and methods used in this thesis. This includes a description of
the electrodes used in this work and, when applicable, their fabrication methods and procedures

for electrode cleaning.

Calibration experiments are presented for various techniques and electrodes. EQCM calibration was
performed to ensure data obtained can be interpreted quantitatively. The collection efficiency for
the rotating ring disc electrode was also performed using ferricyanide for use in further experiments.
Various methods to determine coulombic efliciency were examined including dynamic measurements

on the EQCM and thickness measurements.

Methods to characterise the deposited films are discussed. Test structures can be used to evaluate
the strain in electrodeposited films and Greek cross test structure enable the measurement of the
sheet resistance. X-ray fluorescence is discussed as a method for the evaluation of film composition

and thickness.

3.1 Materials (chemicals)

The chemicals used in this thesis were provided from the following sources:

Sigma Aldrich: iron chloride (FeCly.4Ho0, >99.0 %), copper sulfate (CuSO4.5H20, 99 %),
lead acetate (PbC4HgO4, 99 %), ammonium persulfate ((NH4)2520s, 98 %), potassium nitrate
(KNOg3, 99+ %), sodium acetate (CoHzNaO9.3H20, >99.0 %), sodium hydroxide (NaOH, >98.0 %),

44



Chapter 3. Experimental Materials and Methods 45

silver nitrate (AgNOsz, 99+ %), sodium nitrate (NaNOs, >99 %), sodium saccharin hydrate
(C7H,NNaO3S.xH,0, >98.0 %).

Fisher Scientific: boric acid (H3BO3), citric acid (CgHgOr, 100.25 % assay), tri-sodium citrate
(Na3zCgH507.2H0, 99.0-101.0 % assay), sodium chloride (NaCl, >99.5 %), nitric acid (HNOg,

analytical reagent grade, s.g. 1.42).

Acros Organics: potassium ferricyanide (KzFe(CN)g, 99 %).
VWR: sulfuric acid (H2SOy4, 98 %).

BDH Chemicals: sodium dodecyl sulfate (C12Ho5504Na).

Rohm and Haas Electronic Materials (DOW): Intervia™ CU 8540 Carrier, Intervia™ CU
8540 Additive.

3.2 Electrodes

Several types of working electrodes were used throughout this work. Platinum electrodes were
purchased whereas copper electrodes were fabricated in-house. This section details the fabrication

of the electrodes (if applicable) and cleaning methods prior to use.

3.2.1 Platinum Disc Electrodes

Platinum rotating disc electrodes (RDE) were sourced from Oxford Electrodes Ltd. The disc
electrodes had an area of 0.387 cm?. Rotating ring disc electrodes (RRDE) (Oxford Electrodes
Ltd) with the same disc area were also used when appropriate. The collection efficiency for the

ring was measured as 0.203 + 0.002 as described in Section 3.3.1.2.

For cleaning, electrodes were polished mechanically with alumina paste of decreasing particle size
from 1 pm to 0.3 pm (Bruker). The electrodes were cleaned electrochemically prior to use in

0.1 M H5SOy4 using cyclic voltammetry. The potential was swept between -0.32 V and 1.40 V ws.
SCE (see Section 2.1.6 on voltammetry) at a scan rate of 100 mV s'!. A diagnostic voltammogram
of a clean electrode is shown in Figure 3.1. Peaks for the oxidation and reduction of adsorbed
hydrogen [111] are clearly visible at potentials of -0.08 V and -0.18 V for reduction and -0.17 V,
-0.09 V and -0.05 V. The electrodes were deemed to be clean when sequential scans coincided and

gave this diagnostic response.
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Figure 3.1: Cyclic voltammogram of a clean Pt electrode in 0.1 M H2SO4. The potential was swept
between -0.32 and 1.4 V vs. SCE at a scan rate of 100 mV s™'.

3.2.2 Platinum EQCM Electrodes

Platinum electrodes for use in the EQCM were sourced from Maxtek. This work uses AT-cut,
5 MHz, l-inch diameter crystals. The AT-cut gives increased thermal stability due to the turn
around point (or point of inflection) for the temperature coefficient at 25 °C. The electrode con-
figuration is shown in Figure 3.2. The electrode material was platinum with a titanium adhesion
layer. The exposed, working electrode, has an area of 1.37 cm?. The sensitivity factor, C¢, for this

crystal was calculated from the Sauerbrey equations (2.2) as 0.056 Hz ng™t cm?.

The electrodes were cleaned electrochemically prior to use in 0.1 M HySO4 by cyclic voltammetry.
The potential was swept between -0.38 V and 1.4 V at a scan rate of 100 mV s. On the EQCM the
change in frequency can be measured to determine when the electrode is clean in addition to the
voltammetry. Figure 3.3 shows the change in frequency across sequential scans during the cleaning
on an unused electrode measured at 1.4 V. The change in frequency during the voltammetry shows
the oxide formation and oxide reduction as the frequency decreases and increases respectively.

During sequential scans there was an overall increase in the frequency as mass is lost from the
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Figure 3.2: EQCM electrode configuration. Left: front side working electrode. Right: back side
contact electrode. Adapted from [123].

EQCM. Cleaning was performed for a limited time (25 - 50 scans) until the frequency change was

minimal.
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a) The net change in frequency from each CV cycle during the cleaning of a Pt EQCM
electrode in 0.1 M H2SO4. b) The change in frequency (dashed) during electrochemical
cleaning by cyclic voltammetry (solid) on the EQCM. The potential was swept between
-0.38 and 1.4 V vs. SCE at a scan rate of 100 mV s™'.
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3.2.3 Fabrication of Copper Square Electrodes

Copper 1 cm x 1 cm square electrodes were fabricated using lithographic techniques. Fabrication

was performed on 3 inch or 100 mm n-type <100> silicon wafers (IDB Technologies).

Isolation of the silicon carrier wafer was performed by depositing SiO5 using a Surface Technology
Systems (STS) plasma enhanced chemical vapor deposition (PECVD) tool. The deposition time

was 15 minutes which resulted in a layer of approximately 0.7 ym as measured by reflectometry.

The following steps were used to deposit the Ti-Cu-Ti layers (collectively referred to hereafter as
the seed layer) via sputtering using an OPT Plasmalab 400 magnetron sputtering system (Oxford
Instruments). For some devices the final protective layer of titanium was omitted. An Argon mill
was first performed for 10 minutes. Titanium was then deposited for 10 minutes (1 kW, 3 mTorr)
followed by copper deposition for 30 minutes (1 kW, 3 mTorr) and then titanium deposition for 10
minutes (1 kW, 3 mTorr). These deposition times result in 30 nm layers of titanium and 300 nm

layers of copper.

The wafer was then patterned using photo-lithographic techniques. Hexamethyl disilazane (HMDS)
was used as a primer to promote adhesion of the photoresist to the metal surface. The photoresist,
SPR-220-7 (MicroChem, Chestech), was then spin coated onto the wafer to obtain a layer of 6 to
10 pm thickness and then soft baked on a hot plate for 90 s. Using the appropriate mask, the wafer
was then exposed using a MA-BAS8 mask aligner (Karl Suss). The photoresist was then developed
in MF-26 A developer (MicroChem) to reveal the electrode design. The wafer was then diced to

obtain individual electrodes.

The mask design for copper square electrodes is shown in Figure 3.4. A single wafer produces a
total of 10 electrodes. A 1 cm x 1 cm square at the bottom of the device is the working electrode
area. At the top of the device is a smaller square for the bond pad to which a crocodile clip can be

attached. Between the working electrode area and the bond pad is the insulating photoresist.

The top titanium layer was removed using a bath of 1 % HF to expose the copper electrode upon
which deposition can be performed. Immediately prior to use the copper electrode was immersed
in 10 % H>SO4 to remove the surface oxide and then rinsed with deionised water. A cross section

of the final layers of the device is shown in Figure 3.5.



Chapter 3. Experimental Materials and Methods 50

L]
L]
L
L
L

1cm¢

Figure 3.4: Mask design used for fabrication of 1 cm X 1 cm square electrodes. The white squares
show the exposed area to make the bond pad (at the top of the electrode) and the
1 cm x 1 cm electrode area (at the bottom of the electrode) The grey area indicates the
area covered by photoresist in the final device.

Photoresist 6 um
Titanium (optional) = 30 nm
Copper 300 nm
Titanium =] 30nm
Silicon Dioxide 0.7 uym

Silicon Wafer

Figure 3.5: Cross-sectional representation illustrating the layers in fabricated copper electrodes (not
to scale).
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3.2.4 Fabrication of Copper Test Structure Chips

The fabrication process for copper test structure chips was designed to replicate the fabrication of
MEMS structures but on a smaller, beaker scale. This is described in more detail in reference [124].

A brief description of this fabrication procedure follows.

The chips were fabricated using a similar process as in Section 3.2.3 but on a 200 mm wafer.
Multiple lithography steps were used to pattern the chips using a combination of soda-lime glass
and laser printed acetate masks. The patterning of the test structure was performed from the soda-
lime mask. The acetate mask was then used to expose alternate rows of the test structures. Each
die (Figure 3.6) contained two types of test structure: 36 linewidth test structures for electrical
measurements and 64 rotating arm test structures (Figure 3.7) to indicate the strain in the film. Of
these 64 rotating arm structures, the geometry was varied so that the ratio of the beam width to
the beam offset, AY/W | was 1.75 for 32 structures, 1.5 for 16 structures and 2.0 for 16 structures.
When diced, a single 200 mm wafer resulted in approximately 190 electrodes of dimensions 13 x

17 mm . The exposed electrode area for each chip was 0.765 cm?.
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Figure 3.6: Layout for the test structure chip. The chip contains 64 rotating arms test structures
with varying beam offset (AY /W) and 36 linewidth test structures Detailed layouts for

the two test structures are shown in Figure 3.7.
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Figure 3.7: Detail of a) linewidth and b) rotating arm test structures showing the critical dimensions.
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3.2.5 Fabrication of Circular Electrodes

For magnetic measurements of electrodeposited films circular electrodes were fabricated to reduce
the effects of shape anisotropy. Electrodes were made using the same method as in Section 3.2.3
on 100 mm wafers with no top, protective, titanium layer. The mask used produced 14 chips from
a single wafer as shown in Figure 3.8. On each chip there were 4 exposed circles, of diameter
5 mm. This enabled the production of four equivalent circles during electrodeposition. After
electrodeposition, and the removal of the remaining photoresist, the chips were then diced to give

four equivalent circular deposits as shown in Figure 3.8.

0.0/00(00/00 0000 00
00000000 000000

L]
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00000000 0000 00

Figure 3.8: Mask design used for the fabrication of the circular electrodes. 14 equivalent chips were
produced following dicing, each with 4 equivalent circular electrodes.

3.2.6 Copper Seed Layer Etching

After electrodeposition of nickel or nickel-iron it was sometimes necessary to remove the copper seed
layer from the electrode. Some common copper etching solutions include ammonium persulfate,
FeCl3 or HNOj3. Etching solutions using solely these chemicals also attack the deposited NiFe films.
An etching solution which selectively removed copper without damage to the electrodeposited NiFe
film was required. A copper etch based on ammonium persulfate was developed. The etch was
made with a high pH (> 12) solution to protect the NiFe film and a complexing agent was added
to prevent the redeposition of copper from the solution. The etch solution composition is shown in

Table 3.1.
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Chemical Concentration / g L
(NH,)2S505 20
NasCit.2H,0 20

NaOH 20 (to obtain pH >12)

Table 3.1: Copper seed layer etching solution compatible with nickel and nickel-iron films.

The chemistry of the etch can be described through Equations 3.1-3.4. The persulfate anion oxidises
the copper film, producing soluble copper ions (Equation 3.1). The free copper cation is then free
to complex with ammonia (Equation 3.2). With citrate as a complexing agent in the bath a ligand
exchange reaction can occur to give a copper citrate complex (Equation 3.3). This reaction resulted
in the release of ammonia gas seen as bubbles during the etch. Alternatively the copper (II) cation
may directly bind with the citrate anion (Equation 3.4). The surface of Ni or NiFe film is likely to

oxidised due to the high pH which in turn prevents it from being attacked.

Cugs) + 52057 —  Cut +2(504)*" (3.1)
Cu** +4NH; — Cu(NH3)3" (3.2)
Cu(NHz)** + Cit>~ —  (CuCit)™ + 4N Hyy) (3.3)
Cu*T + Cit*~ —  (CuCit)~ (3.4)

A fresh solution of the copper etch was found to remove the 300 nm seed layer in approximately 5

minutes.

3.3 Electrochemistry

Throughout this work a three electrode system (Figure 3.9) was used to make electrochemical
measurements. This set up consists of a working electrode (WE), reference electrode (RE), and a
counter electrode (CE). A saturated calomel electrode (SCE) (Scientific Laboratory Supplies) was
used as a reference electrode unless otherwise stated. When required a Ag/AgCl double junction

reference electrode with 3 M KCl inner solution was used. Platinum gauze (Alfa Aesar, VWR) was
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Figure 3.9: Schematic of 3-electrode system.

used as a counter electrode and was flame cleaned prior to use. The working electrodes used in this

thesis have been described previously (Section 3.2).

Electrochemical experiments were performed using a computer controlled electrochemical measure-
ment system, the Autolab PGSTAT12 or PGSTAT30 (Eco Chemie). RRDE measurements required
use of the bipotentiostat module.

3.3.1 Rotating Disc and Rotating Ring Disc Methods

3.3.1.1 Experimental Set-up

Rotating disc experiments were performed using the Autolab PGSTAT12 system in conjunction
with a rotator and motor controller (Oxford Electrodes Ltd). A schematic of the system is shown

in Figure 3.10.

3.3.1.2 Collection Efficiency of the RRDE

The collection efficiency, N,, for the ring of a RRDE can be defined as

|iring| = No‘idisc| (35)

when there are the same number of electrons transferred in the disc and ring reaction. This is
appropriate as the ring electrode is often set to detect by performing the reverse reactions to the

disc. In addition both reaction must be under mass transfer control.



Chapter 3. Experimental Materials and Methods 57

I ring +i disc

3

CEO

Bipotentiostat
Edisc

Ering

disc O ring

ldisc

Figure 3.10: Schematic of RRDE electrochemical set-up.

The collection efficiency at the ring was determined using 10 mM K3Fe(CN)g in 1 M KNOj3. The
solution was degassed with argon first. The potential at the ring was held at 0.5 V to reoxidise
Fe(CN)g* under mass transport control and linear sweep voltammetry (LSV) performed on the
disc electrode at a scan rate of 10 mV s™'. This was performed and repeated at rotation frequencies

of 1, 2, 4 and 9 Hz.

An example of the measured currents on the disc and ring during LSV are shown in Figure 3.11.
The disc current displays a limiting current (measured at Eqjsc = -0.1 V) proportional to the square
root of the rotation frequency according the Levich equation (Equation 2.28). The limiting currents
were extracted from these data and the collection efficiencies calculated. Across all the rotation

frequencies the collection efficiency (iring/idisc) Was calculated to be 0.203 £ 0.002.
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Figure 3.11: Typical disc and ring currents measured on a RRDE during LSV at the disc electrode
vs. SCE. The ring potential, E;ing, was 0.5 V. The disc was swept between 0.5 V and
-0.1 V at a scan rate of 10 mV s™'. Varying rotation speeds are shown. The direction
of the arrow indicates increasing rotation speed.

3.3.2 EQCM
3.3.2.1 Experimental Set-Up

EQCM experiments were performed using a Research Quartz Crystal Microbalance (Maxtek) in
conjunction with an Autolab PGSTAT30 (Eco Chemie). Experiments were performed either at
room temperature or in a water bath. The temperature was monitored and recorded using a K-type
thermocouple to ensure there were minimal temperature fluctuations during experiments thereby
minimizing the effects of changing temperature on the frequency response. Electrochemical control
of the cell was performed through the GPES software. EQCM data acquisition was performed
through the RQCM software and simultaneous electrochemical logging was performed by using
the data acquisition card and analog inputs into the RQCM from the outputs of the Autolab

potentiostat. (see Figure 3.12).

The EQCM electrode (Figure 3.2) was mounted in a crystal holder (Maxtek CHC-100). The holder

provided electrical contact to the wrap around electrodes using spring loaded pin connectors and
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Figure 3.12: Schematic of EQCM set-up.

ensured the backside of the electrode was in contact with air in the cavity of the holder. The
electrode, held in the holder, was immersed into the electrochemical cell (see Figure 3.13) ensuring
no leaking of the electrolyte into the inner chamber. Before measurements were recorded the

electrode was held in the solution to stabilise for approximately 30 minutes.

3.3.2.2 Calibration of the EQCM

More commonly in EQCM the electrodeposition of thin films containing up to 100’s of monolayers
is studied. In this work the deposition of thick films is of interest as is deposition on to a foreign

substrate, therefore the response under these conditions require calibration.

Quantitative interpretation of EQCM data was made after calibration. As discussed in Section 2.2
the Sauerbrey equation linearly relates the change in frequency to the mass per unit area. In this
work the EQCM response to thick metal films is of interest. To determine the constant, C¢, a
rigid film of metal was deposited on the surface by electrodeposition and the change in frequency
measured. A well behaved electrochemical reaction was required to calibrate the EQCM. Typically

used reactions for calibration are the deposition of silver, copper or lead [125, 119, 116, 126, 127].
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Figure 3.13: Set-up of the electrochemical cell for use with the EQCM.

For calibration the reaction is required to deposit with 100 % coulombic efficiency and deposit

uniformly in a rigid film.

In this section calibration of the EQCM was performed experimentally to determine the best
calibration system and hence determine the Sauerbrey constant and compare it to the value derived
from Equation 3.6 (0.056 Hz ng™! ¢cm?). In addition, the effects of increasing temperature on the

EQCM and calibration was studied with experiments performed at different temperatures.

gnFA_ ﬁxlanA
Q M, dt i M,

Oy = (3.6)

Deposition of Ag Using CV

Calibration of the EQCM was performed using cyclic voltammetry. Using a silver nitrate solution,
50 mM AgNO;s in 0.5 M HNOj, voltammetry was performed across a range of scan rates (2 to
50 mV s7!) between 0.65 and 0.4 V vs. the Ag/AgCl double junction reference electrode with 3 M
KNOj3 in the outer chamber to prevent AgCl precipitation. Each scan rate was repeated for three

scans. A typical response for the change in frequency against the charge passed during a single
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Figure 3.14: Typical example for the change in frequency vs. charge passed during silver deposition
and stripping using cyclic voltammetry (between 0.65 and 0.4 V vs. Ag/AgCl) for a

silver nitrate solution (50 mM AgNOs in 0.5 M HNOs). Dashed line: theoretically

calculated gradient for C; = 0.056 Hz ng™' cm?.

CV is shown in Figure 3.14. This plot clearly shows the frequency returns to the initial value at
the end of the scan indicating that all the silver is removed during stripping. In general the plot
matches the gradient expected from the Sauerbrey equation. Deviations from this gradient were
observed during the initial and final parts of the scan where the frequency response may be affected

by changes in surface roughness or changes in stress.

To obtain an experimentally derived Sauerbrey constant the total change in frequency and the
charge passed was extracted from these data across the range of scan rates applied and is plotted
in Figure 3.15. From the best fit line the gradient was 46.1 £ 0.3 Hz mC~!. Using Equation 3.6,
C was calculated to be 0.0559 £ 0.0005 Hz ng™' cm? in remarkably good agreement with the
Sauerbrey equation. This demonstrates that the EQCM can be applied as a mass sensor for use
in cyclic voltammetry experiments although careful interpretation of the data is required as the

morphological properties of the film changes.
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Figure 3.15: Maximum change in frequency and charge passed for Ag deposition wvia cyclic
voltammetry. Points were determined from scan rates between 2 and 50 mV s™!. Each
scan rate was repeated 3 times. The best fit line is shown and has a gradient of
46.1 & 0.3 Hz mC™".

Deposition of Ag at Constant Current

An alternative technique for the calibration of the EQCM is galvanostatic deposition. Silver was
deposited from a solution of 50 mM AgNOj3 in 0.5 M HNOg at currents between 100 and 5000 pA
at the electrode for 60 s. Deposits were made on the bare platinum electrode with the deposit
removed and cleaned electrochemically in HoSO4 using the procedure in Section 3.3 before the next

deposit.

From a plot of the frequency change against time the gradient, df /dt, was calculated using linear
regression. The values for the Sauerbrey constant at each current applied was calculated using
Equation 3.6. A plot of Cf ymeasured/Cy theory 2gainst the applied current is shown in Figure 3.16(a).
At lower currents the magnitude of C'y was found to be large. The measured C; value was seen to
asymptotically approach the calculated value of 0.056 Hz ng! cm?. This deviation from the value
obtained from the Sauerbrey equation may arise from the effects of stress and surface roughness as

previously described.
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Separating the effects of changing surface roughness and stress is not trivial, however both may be
eliminated. To test whether these effects caused the over-estimation of Cy, a layer of silver was
pre-depositied on the electrode to nullify the effects of a changing substrate. An initial deposit
of silver was plated on to the Pt electrode at a current of 3 mA for 100 s (a current where prior
experiments appeared to show the expected value for Cf). This initial film was intended to give
a layer, with many nucleation points, from which further deposits could be made with no stress
or surface roughness effects due to the deposits being silver on silver. Silver was then deposited
on this layer at currents of 0.25 to 5 mA for 60 s with each current being applied sequentially to

deposit layers on top of each other.

Values for C; were calculated as previously described and are compared to the theoretical value
as shown in Figure 3.16(b). It was found that across the varying currents the measured value gave a
consistent response. The measured value for this electrode was found to be 0.0514 + 0.0006 Hz ng™! cm?.

This varies from the previous experiments, however this calibration experiment was performed on

a different electrode as the previous electrode had failed and a different value can be expected.
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Figure 3.16: Ratios for the measured value of Cy against the applied current during deposition. a)
Deposition on a clean Pt electrode. b) Deposition on a pre-depositied layer of silver

(on a different electrode).
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Calibration Using Alternative Metals

Calibration of the EQCM was also attempted using the potentiostatic deposition of copper and
lead onto the bare platinum electrode. Figure 3.17 shows the ratio of the measured calibration

constants against that calculated from the Sauerbrey equation.

The deposition of lead, from a solution of 8 mM lead acetate in 0.1 M sodium acetate, was performed
on the EQCM. Deposits were made galvanostatically on the working electrode of the EQCM at
currents between 50 and 1000 pA over 400 s. It was observed that the frequency change during
the deposition of lead was not always linear. Dendrite growth of lead was visually observed for
deposition at 1000 1A. As dendrite growth continued the deposited metal film was less rigid and the
frequency response became increasingly non-linear. Figure 3.17 shows that the calculated values
for the Sauerbrey constant at applied currents less than 1000 pA are considerably smaller than
expected. It was therefore concluded that this solution was not suitable for the calibration of thick

film deposits on the EQCM.

The galvanostatic deposition of copper, from 0.5 M CuSO4 and 0.5 M HySOy4, showed a similar
response to the deposition of silver. When the applied current was increased the measured Sauerbrey
constant approached the value calculated from Equation 3.6. However, from cyclic voltammetry,
the reaction was demonstrated not to be 100 % efficient. This was apparent due to the measured

charge during deposition being consistently greater than that required for stripping.

From these measurements silver was found to provide the most reliable calibration from the EQCM.
Furthermore, the simplest technique for monitoring the deposition of metals requires the deposition
of the metal onto a pre-deposited layer of the same metal to minimise the effects of changing
surface roughness or stress. Alternative experimental methods (eg. CV or deposition onto a foreign
substrate) may provide insight into stress, surface roughness, solution-metal interactions or other

potential dependent effects.
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Figure 3.17: Ratios of the measured apparent C'y against the theoretically calculated values for Pb,
Ag and Cu. Deposits were made at a constant current onto platinum electrodes

EQCM Calibration at Elevated Temperatures

The frequency response of the EQCM is temperature dependent. The effects of temperature can
be reduced by using a crystal with a “turn around point” close to the working temperature. This
minimises any effect of temperature variations on the frequency response. In this work AT-cut
quartz was used for the electrodes which has a turn around point at 25 °C. In air this is usually
modeled by a cubic function of the form A fr = asT>+a>T?+a1T +ag, where T is the temperature
and ap to a3 are the temperature coefficients [118, 128]. The overall response of the EQCM is the
result of numerous effects (see Equation 2.34) of which changing viscosity is also important. It
is therefore difficult to entirely predict the response of the EQCM due to increasing temperature.
The majority of EQCM experiments were performed at room temperature where there is little
temperature dependance on the frequency due to the AT-cut of the quartz used. However it was
also of interest to perform work at elevated temperatures up to 60 °C. Therefore it is best to

determine the extent of these effects experimentally.

To determine the change in the resonance frequency of the quartz crystal when immersed in solution
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Figure 3.18: Variation in frequency across a range of temperatures for an AT-cut quartz crystal in
D.I. water.

the frequency of a bare crystal was monitored as it was cooled from 60 °C. The crystal was immersed
in DI water (resistivity > 18.2 M{.cm) and was allowed to cool to ambient temperature over 150

minutes.

Figure 3.18 shows the measured frequency during cooling across the temperature range. The
frequency was seen to increase as the water temperature cooled. There is greatest noise in the
measurement at high temperatures. The effects of convection currents in the solution would be
greatest at the higher temperatures which could give rise to the greater noise observed. The overall
frequency change is roughly 20 Hz (the equivalent of 4 ppm). This change is small enough to have

minimal effects for the deposition of thick films on the EQCM.

To ensure there are no significant temperature related effects during the deposition of films, deposits
of silver were made between 17 and 60 °C. Silver was deposited galvanostatically for 100 s at 3 mA.

For each temperature the deposition was repeated 3 times.

Figure 3.19 shows the calculated calibration constant, C, for each temperature. It can be seen

that as the temperature was increased the variation (noise) increased significantly. This is not
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Figure 3.19: Variation of experimentally measured calibration constant, C¢, with temperature from
the deposition of silver. Silver was deposited at 3 mA for 100 s

unexpected for the reasons stated previously. For use as a microbalance it is reassuring that across

these temperatures Cy remains effectively constant within experimental error.

3.3.3 Methods to Measure Efficiency
3.3.3.1 Measuring Efficiency Using Film Thickness

A method to approximate coulombic efficiency (Equation 2.3) is to measure the thickness of the
deposit. The thickness of deposits in this thesis was measured using a Dektak surface profiler

(Veeco) or via X-ray fluorescence (XRF) (Thermo Electron Corporation, Micro XR).
A theoretical thickness, T', for 100 % efficient deposition can be calculated from the charge passed
using the equation

itM,,
= (3.7)
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where M, is the atomic mass of the metal or in the case of an alloy the average mass based upon
the fractional content of the metals (e.g. for NiggFeog My, = 0.8My; + 0.2Mp.). The density, p,
used for nickel was 8.90 g cm™ [129] for copper 8.96 g cm™ [129] and for NiggFeyo 8.447 g cm™
[130].

The coulombic efficiency was then calculated as a percentage given the measured thickness, t.

C.E. = % % 100 (3.8)

An efficiency measured from a thickness can only be as accurate as the thickness measurement
itself. Practical difficulties include non-uniform deposits where the thickness varies across the
film. Additionally variations in the composition change the deposit density and hence influence the
efficiency measurement. Further still, the bulk density values may not be appropriate if a porous

film is deposited.

Care must also be taken when interpreting thickness derived from XRF measurements. A com-
parison of thickness measurements made from surface profile measurements and XRF is shown
for nickel films of various thickness in Figure 3.20. There is a clear discrepancy between the two
measurements for thicker films as shown by deviation from the line of unity and zero intercept. A
fitted line for the data collected for films less than 6 um thick has a slope of 0.79 & 0.2. At larger

thicknesses the linear type relationship breaks down.

This is due to the limitation of the penetration depth for X-rays where electron scattering within the
material reduces the measurable signal. For example the penetration depth can be approximated
from the Beer-Lambert law,

I = Iyexp(—px) (3.9)

where [ is the intensity at distance z in cm, Iy is the intensity at x = 0 and p is the mass
attenuation coefficient. For the fluorescence of the K series in nickel p/p = 3.294 x 10? [131]. Given
the density of nickel (8.90 g cm™) the 1/e penetration depth (where the signal falls to 1/e ~ 37 %)
is 3.4 ym. Likewise at greater depths the signal from fluoresced X-rays is reduced further and
become more difficult to detect. These results indicate that for thickness measurements the surface

profile measurements should be used in preference to the XRF results.
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Figure 3.20: Thickness comparison measurements between surface profile measurements and XRF
measurements for nickel films. The solid line has a gradient of unity and passes through
the origin.

3.3.3.2 Measuring Efficiency Using Deposit Mass

Another technique to measure the efficiency of deposition is through the mass of the deposit.
Assuming 100 % efficiency, the expected mass, M, of a deposit for a given amount of charge can

be calculated as

itMy,
nk

M =

(3.10)

where M, is the atomic mass of the metal. This calculated mass can be compared to the measured

mass, m, to obtain the efficiency as a percentage.

CE.= % % 100 (3.11)

One advantage of this technique is that it is insensitive to the film morphology.

This method was applied dynamically to the EQCM. Assuming the EQCM behaves as a true mass
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balance with the Sauerbrey constant, C'¢, the change in frequency was used to measure the mass
of the deposit. For the EQCM the rate of change for the frequency, df /dt, is directly proportional
to the rate of change of mass, dm/dt, and was used to calculate the efficiency. For 100 % efficient

deposition the rate of change in frequency was calculated as

(df> =% —CiMy (3.12)
dt J 100% nk'A

The instantaneous coulombic efficiency can then be calculated as a percentage using the measured

rate of change of frequency.

sl

C.E.= M x 100 (3.13)

(dt 100%

&
~—

3.4 Test Structures Analysis

3.4.1 Copper Deposits on Test Structure Chips

To examine the uniformity of deposition across the test structure chips copper was deposited from a
commercial plating solution (see Table 3.2). Deposits were made with a current density of 5 mA cm
for 20 min. Under these conditions a film thickness of 2.20 ym was expected for 100 % efficient
deposition. Figure 3.21 shows the measured thickness of the deposits across different points of the
test structure electrode. The average thickness measured was 2.11 £ 0.15 ym. Thicker deposits
were found at the electrode edges where a higher current density resulted which may be expected
due to enhanced mass transport at the edge of the device. Optically the copper formed a bright

and uniform layer across the electrode as shown in Figure 3.22.

Chemical Concentration

CuS0O,4.5H,0 120 g Lt

HyS04 190 g Lt
NaCl 50 mg L
8540 Additive 5 mL/L
8540 Carrier 5 mL/L

Table 3.2: Contents of copper deposition bath
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Figure 3.21: Variation in deposit thickness across a test structure electrode. The copper film was
deposited at 5 mA cm™ for 20 minutes from a commercial Cu plating bath. Each

square represents the measured film thickness for the pointer arm test structure at that
location.

—
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Figure 3.22: Optical image of copper deposited onto the test structure electrodes showing bright,
uniform and flat deposits.
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Element Kocl KO(Q Kﬁl

Ni 748 7.46 8.26
Fe 6.40 6.39 7.06
Cu 8.06 8.03 891
Ti 4.51 4.50 4.93

Table 3.3: Energies for XRF K series lines for selected elements (keV)

3.4.2 Composition of NiFe Films Measured Using XRF

The composition of NiFe films was measured using X-ray Fluorescence (Thermo Electron Corpo-
ration, Micro XR). An example spectra measured for a nickel-iron sample deposited onto a copper
test structure electrode is shown in Figure 3.23. The major peaks are labeled on the spectra. The
K-series energies for elements used in the electrodes and for nickel and iron are shown in Table 3.3.

The composition of the film was calculated by the built-in software.

30000
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15000
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10000

Energy (keV)

Figure 3.23: XRF spectra collected for 120 s for NiFe film on test structure electrode.
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Figure 3.24: Greek cross test structure. Left: showing pad notation. Right: showing actual
measurement.

3.4.3 Pointer Arm and Electrical Test Structures

Measurements of the electrical and rotating-arm test structures were performed using a semi-

automatic probing system developed by Jeremy Murray [124].

3.4.3.1 Sheet Resistance

The sheet resistances of the deposited films were measured using Greek cross structures (Figure
3.24) [132, 133]. These structures were fabricated on the test structure chips as part of the line-
width test structure using lithographic techniques (Section 3.2.4). Each chip contained 32 test
structures. Resistance measurements were made by forcing a current of 10 mA chosen so not to
heat the structure significantly. Electrical measurements to obtain the sheet resistance were made
using a 4-point prober on the line-width test structures which systematically measures each test

structure [30, 124].

The sheet resistance, R, was be calculated from 4-point resistance measurements on a Greek cross

structure using Equation 3.14 [134].

R, = f(xR(£I))/(In2) (3.14)

For these structures it has been shown that no correction factor is required, i.e. f =1 [135, 133].
R(+1I) is the average value for the resistance taking into account current direction and the different
orientations current can be passed in the test structure. The resistance is measured by passing a

current from pads A to B, 45, and the voltage is measured between pads C and D, Vop. This is
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then repeated in the reverse direction so a current is forced from pad B to pad A, Ig4, and voltage
measured between pads D and C, Vpo. A value for Ry can then be calculated using Equation 3.15.

This process is repeated at a 90° orientation to obtain Rgg (Equation 3.16).

Vool + [Ven|
R, — YpcltVop| 3.15
0 |[Tag|+ |IBA] (8.15)
[Vap| + |Vpal
R 3.16
%0 pc| + os] (8.16)

An average value by combining both orientations, R(£I), can then be calculated using Equation

3.17.

R(£I) = (Ro + Roo) /2 (3.17)

3.4.3.2 Pointer Arm Rotation

To measure the strain in the electrodeposited films rotating arm test structures were used. Films
were first deposited onto the test structure chip. Following deposition, the photoresist and the
sacrificial layer below the structure were removed, shown schematically in Figure 3.25. The removal
of the layer underneath the expansion and pointer arms results in their suspension and are then free
to rotate. For the test structure chips, the copper seed layer was removed as the sacrificial layer,
using the copper etch detailed in Section 3.2.6. Figure 3.26 shows an SEM of a released structure,
using the wet etch, where the suspension of the structure is clearly visible. Once the rotating arm
structure is released the expansion arms can contract or expand depending on the intrinsic stress

in the film. Due to the offset of the two expansion arms this causes rotation of the pointer arm.

In the configuration shown in Figure 3.27, and because of the expansion arm offset, if the film is
under compressive stress the arms will rotate clockwise. If under tensile stress the pointer arm will
rotate anti-clockwise. Microscope images were then taken of the structure and pattern recognition
software was used to measure the angle of rotation, #. A more detailed description of this system

can be found in reference [124].

Figure 3.27 shows a simple schematic for the pointer arm structures. The strain, ¢, can be defined

as
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Figure 3.25: X-sectional representation of the fabrication process to release the rotating arm test
structures. After deposition the photoresist in removed using acetone then the sacrificial
layer (copper seed layer) is removed using a copper etch to release the structure.
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Figure 3.26: SEM of a released rotating arm test structure.

Figure 3.27: Schematic for the geometry of a rotating arm test structure
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N

Assuming the structure remains rigid and there is no out of plane twisting, basic geometry can then
be applied to give Equation 3.19. For small angles of rotation (<10°) the small angle approximation
can be applied (tanf =~ 0) and given that AL < Lo the angle of rotation is proportional to the

strain according to Equation 3.20.

2AL
0 = tan_l |:M:| (319)
L
EA—; (3.20)

The strain, €, can then be related to the stress, o, through the Young’s modulus of the material,

E.

c=Exe (3.21)

3.5 Magnetic Analysis

Magnetic measurements were performed on films deposited onto the circle electrodes (Section 3.2.5).
Each device was diced to separate the four circular electrodes and provide a single circular sample

on a 5 mm square substrate.

Magnetic saturation experiments were performed on a super conducting quantum interface detector
(SQUID) magnetometer (Quantum Design MPMS-XL, USA) at 300 K. Fields of 10, 25, 75, 100,

200 and 300 Oe were applied to ensure magnetic saturation of the sample had occurred.

B-H loop measurements were performed on a B-H looper (Shb Instruments Inc., California) at
Glasgow University. In-plane measurements were made at room temperature using a frequency of
10 Hz. Samples were placed in a custom mount to ensure reproducibility in positioning. To ensure
there was minimal magnetic effect from the substrate (or mount) B-H loops were also performed on
a blank electrode. No detectable magnetic response was observed as shown in Figure 3.28 compared

to sample measurements (see Section 8.5).
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Figure 3.28: B-H response measured for a blank electrode on the custom holder. The loop was
measured at a frequency of 10 Hz. The response did not change with the angle of the
substrate.

3.6 Summary

This chapter has described some of the methods used through the remainder of this thesis. The
fabrication and use of test structure electrodes has been presented as a method to evaluate the
electrical properties of deposited films and the strain in electrodeposited films. Similarly the
fabrication of circular electrodes was presented to enable magnetic measurements using a B-H looper
or SQUID magnetometer. The fabrication of simple 1 cm square electrodes was also described for

use in depositing blanket films on a copper seed layer.

Calibration experiments were performed using the deposition of silver on the EQCM and compared
with the calibration constant calculated from the Sauerbrey equation. In general the measured value
for Cy agreed well with the Sauerbrey equation (0.0514 + 0.0006 Hz ng™! cm? from galvanostatic
measurements). The EQCM was additionally tested at increased temperatures (up to 60 °C) where
despite increased variability consistent measurements can still be made provided the temperature

remains constant.
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Methods for measuring deposit thickness and hence the coulombic efficiency were evaluated. It was
demonstrated that XRF measurements for thickness were not reliable, particularly for thicker (>

4 ym) films. In preference surface profile measurements can be used to measure the film thickness.



Chapter 4

Electrodeposition of N1 and NiFe

from a Boric Acid Bath

4.1 Motivation

Currently nickel and nickel-iron are generally deposited from boric acid based electrolytes either
from a Watt’s type bath or variations upon this such as chloride, sulfate, or sulfamate baths [33,
62, 136, 137, 138, 139]. For the reasons detailed earlier in this thesis (Chapter 1) the development
of a boric acid free electrodeposition bath for nickel-iron is required. In order to benchmark any

replacement used the functions of boric acid in the bath should be assessed.

There are many possible suggested roles attributed to boric acid in the electrodeposition bath.

These include:

e suppressing the hydrogen evolution reaction (HER)
e acting as a buffering agent or a source of protons

e reducing passive film formation (i.e. hydroxides)

e acting as a catalyst

e being a co-adsorbate on the cathode

e accelerating deposit growth rates

81
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These roles are discussed previously in Section 1.2.2. This chapter sets out to attempt to define
the most important roles of boric acid in the nickel and nickel iron deposition bath and therefore
determine the properties required for a viable alternative. The development of a new electrodepo-
sition bath can then be guided by this information and improved upon to optimise conditions for

the electrodeposition of nickel-iron films.

4.2 Deposition of Nickel from a Boric Acid Bath

Boric acid is used extensively in the electrodeposition of nickel and nickel-iron films. In this section
nickel is first deposited from a boric acid based bath from chloride salts to avoid the complications of
alloy formation. This bath is based upon the nickel-iron plating bath as used by industrial partners
and in the microfabrication of MEMS devices [30, 31, 32] where the iron content has been removed.
The contents of this bath are shown in Table 4.1. The pH of the bath was adjusted to 2.8 using 10
% v/v. HCIL. This is not the ideal solution for the deposition of nickel on its own due to its low pH
but is more relevant when applied to the nickel-iron bath. At a lower pH the hydrogen evolution
becomes more favoured and the coulombic efficiency of deposition is reduced [140]. However, for
the deposition of nickel-iron this lower pH is required to stabilise FeCl,. At higher pH the bath is

unstable as iron (IT) hydroxide may form and precipitate from the bath.

4.2.1 Cyclic Voltammetry on Pt Disc Electrode

The electrochemical processes which occur in a boric acid based nickel electrodeposition bath were
examined using cyclic voltammetry. Using the bath as described in Table 4.1, cyclic voltamme-
try was performed on a Pt disc electrode in a stagnant solution. Figure 4.1 shows the typical

voltammetry of nickel deposition and stripping.

Chemical Concentration (g L)
NiCl,.6H-0O 110
H;BO3 25
sodium saccharin 2
SDS 0.1

Table 4.1: Contents of boric acid based nickel plating bath used in this work.
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As well as the deposition and stripping of nickel metal, in the cathodic sweep there are two additional
peaks observed at approximately -0.62 V and -0.88 V. Hoare associates these additional peaks with
hydrogen evolution on the platinum surface [57]. A significant difficulty in the deposition of nickel
arises from the fact that nickel reduces at a lower potential than hydrogen evolution. A suggested
role of boric acid is that it suppresses the reduction of hydrogen [58, 54]. Nickel reduction then
becomes the favoured reaction but now occurs simultaneously with hydrogen evolution. If boric
acid does suppress the HER then it is not clear that these peaks are indeed due to the reduction
of hydrogen. The assignment of these peaks is not possible solely from this information; however,
experiments on the EQCM (in Section 4.2.2) can determine whether a gaseous or solid material is

evolved during this part of the scan.

An indication of the coulombic efficiency of nickel deposition in this bath can be obtained from
the charges passed. For example at a scan rate of 100 mV s, the charge passed in the negative
part of the scan, Q, is 96.6 mC, whereas the charge passed in the positive part of the scan, Q™, is
87.9 mC. If the positive charge passed in the scan were assumed only to be due to nickel stripping
then the efficiency of deposition can be calculated to be 91.0 %. Using this technique information
was gained about the efficiency over the whole CV cycle but it does not give information about how
the efficiency changes with potential or with the current applied. The effects of current density on

the deposition of nickel are further discussed in Section 4.2.2.

To aid identification of the initial peaks in the outward scan additional voltammetry was performed
in a narrower potential range between 1.00 and -1.00 V. This provides a potential window for the
voltammetry in which there is less nickel deposited at the electrode. Figure 4.2 shows successive
voltammogram cycles where nickel deposition no longer dominates the voltammetry. These scans

show oxidation peaks which progressively reduce in size with each scan.

In this potential window the cathodic charge far outweighs the anodic charge passed. This implies
that the material being produced at the electrode is either entirely stable and therefore cannot be
removed from the electrode or that a species is evolved which shows no reverse reaction (due to
further chemical reactions or escaping the system as a gas). Given the evolution of hydrogen in
this system there are a number of reactions which may occur on the reverse scan. The oxidation of
adsorbed hydrogen on a nickel surface, the oxidation of adsorbed hydrogen on a platinum surface

and nickel stripping [56]. Additionally there may be the formation of NiOHz caused by an increase
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Figure 4.1: Cyclic Voltammetry of nickel deposition and stripping in the boric acid based bath
described in Table 4.1 Voltammetry was performed on a Pt electrode using a SCE
reference. The potential was swept from 1.0 V to -1.3 V at room temperature. The
scan was started at 1.0 V and the 5th scan is shown.

in pH due to hydrogen evolution [141]. Formation of hydroxide species would result in the electrode

becoming inert over time and decrease the stripping current observed.

For comparison, cyclic voltammetry of boric acid on a the platinum disc electrode was performed
in the potential range between 1.00 and -1.00 V. Five sequential scans were made under the same
conditions as Figure 4.2 and are shown in Figure 4.3. As expected, the current densities measured
in these scan were lower, as no metal deposition can occur. PtO formation was observed in the
cathodic scan at a potential of 0.14 V. The rate of the HER reaction increases rapidly form a
potential around -0.55 V. This is a potential similar to that seen for the HER from the nickel
plating bath. In the return scan the x-axis is intercepted at -0.4 V. Using the Nernst equation,
and for a pH of 2.8, the equilibrium potential for the HER is calculated as £ = -0.41 V vs. SCE.
These background scans demonstrate hydrogen evolution occurs in boric acid at a potential similar

to that for the first cathodic peak (at -0.62 V in Figure 4.1) in nickel plating bath. Furthermore,
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Figure 4.2: Series of cyclic voltammograms obtained from the boric acid based nickel electroplating
bath with a restricted potential window compared to Figure 4.1. Voltammetry was
performed on a platinum electrode at room temperature using a SCE reference.

the addition of SDS and saccharin to the bath is not expected to significantly shift the potentials

for hydrogen evolution.
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Figure 4.3: Series of cyclic voltammograms obtained from boric acid (25 g L™') at pH 2.8. Cyclic
voltammetry with a scan rate of 100 mV s was performed on a platinum electrode at
room temperature using the SCE as a reference.

4.2.2 Electrochemical Quartz Crystal Microbalance (EQCM)

Using the EQCM more detailed information about the nickel deposition process can be obtained.
The EQCM can determine what potential is required for material to be deposited on the electrode,
and distinguishing which peaks in the voltammetry lead to the deposition of solid material on the
electrode. The EQCM can also determine the efficiency and deposition rate of material on to the

electrode providing insight into the deposition mechanism.

Cyclic Voltammetry on the EQCM

A series of cyclic voltammograms with measured, associated frequency changes are shown in Figure
4.4. At slower scan rates more material is deposited resulting in the larger overall frequency
change. It’s interesting that the frequency does not return to its initial value after the scan taken

at 50 mV s™'. This implies that some material remains on the electrode. For a slower scan rate there
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is a longer time for the deposited metal, Ni, to form the more stable bulk material. It therefore
becomes more difficult to strip the metal from the electrode. This is reflected in the CV as a change
of shape of the stripping peak. During the outward scan the currents are larger than for the return
scan. In the outward scan there are contributions to the current from nickel and hydrogen which
are under diffusion control resulting in the increased current with scan rate. The reverse scan is

more representative of the nickel kinetics.

Using this data an increase of mass on the electrode can be determined. To obtain the rate of
solid material being deposited on the electrode the derivative of the frequency was taken and then
compared to the current being passed. The derivative of the frequency w.r.t. potential is shown in
Figure 4.5 at a scan rate of 50 mV s°!. The outward scan shows that material is being deposited on
the electrode from a potential of -0.41 V and initially matches well with the current. The efficiency
is highest during the initial stages of deposition. This shows that there was solid material being

deposited on the electrode and no significant region where hydrogen is evolved on its own.

On the reverse scan material stops being deposited at a potential of -0.70 V. During stripping the
current and rate of change of frequency were in good agreement indicating that no measurable

additional oxidative processes occur at these scan rates.
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Figure 4.4: Cyclic voltammetry of the boric acid based nickel plating bath and change in frequency
response measured on the EQCM. Scans were performed at room temperature, on a Pt
electrode and using a SCE reference. The responses shown are the 5th scan at each scan

rate.



Chapter 4. Electrodeposition of Ni and NiFe from a Boric Acid Bath 89

50
40 - - 0.004
30 4 |
20 4 - 0.002
S 104 1 .
o 1 <
T 0 o~ -0.000 «=
5 1 £
=  -104 1 S
© l O
-20 ' - -0.002
-30 4 4
-40 - -0.004
-50 — T T———1

12 10 -08 06 -04 -02 00 02 04 06
Potential (V)

Figure 4.5: The rate of change of frequency w.r.t. time (df /dt, red) during the cyclic voltammogram
in Figure 4.4 (black) at 50 mV s™.

The efficiencies in the potential window +1 to -1 V were measured to be low, less than 50 %.
To deposit more nickel on the electrode and better represent the bulk deposition of nickel further
experiments were performed extending the potential window and lowering the scan rate. Cyclic
voltammetry was performed between 0.5 and -1.2 V on the EQCM to deposit and strip nickel

1

at scan rates between 2 and 50 mV s*. An typical example for the voltammetry and frequency

response (df /dt) measured is shown in Figure 4.6.

There are some significant differences when comparing the voltammetry and frequency response
in the narrower potential window. At potentials further negative than -1.0 V there is a greater
efficiency and for the reverse scan the frequency response follows the current. Initially the stripping
peak follows the current. However, as more of the film is removed df /dt deviates from the current
before spiking rapidly as the last of the film is removed. It is possible that this could be caused
by an increase in the amount of intrinsic stress of the early deposit. The HER is more prevalent
during the initial stages of deposition and its increased incorporation into the film may result in a

higher stress resulting in the frequency response observed.
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Figure 4.6: The rate of change of frequency w.r.t. time (df /dt, red) during the cyclic voltammogram
(black) for an extended potential window of 0.5 V to -1.2 V. The scan shown is the 3rd
scan performed at 5 mV s™*.

To measure the overall efficiency across the potential window the charge passed for plating and
stripping was measured for each scan from integration of the current and plotted against the
frequency change for each scan (Figure 4.7). From this plot the gradient was obtained and an
overall efficiency across the potential window can be calculated. For deposition the gradient was
found to be 10.356 & 0.026 Hz mC™! and 11.038 + 0.032 Hz mC-! for the stripping portion. For a
C} of 0.056 Hz ng™! cm? (see EQCM calibration, Section 3.3.2.2) this results in overall efficiencies

for deposition and stripping of 83.9 + 0.2 % and 88.8 + 0.3 % respectively.
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Figure 4.7: Total plating and stripping current against change in frequency for the deposition of
nickel over scan rates of 2-50 mV s™lin the potential window 0.5 to -1.2 V. Three scans
were performed at each scan rate (2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 25 and 50 mV s™')

Galvanostatic Deposition on the EQCM

It is easiest to interpret EQCM data once steady state conditions have been achieved [115].
In galvanostatic experiments a steady-state (or close to) can be seen to be achieved when the
potential remains constant and there are no further changes in the concentration profile.To this
end the galvanostatic deposition of nickel was performed on the EQCM. From these experiments
the efficiency of nickel deposition can be measured across a range of currents once a steady potential

and hence frequency response has been achieved.

In the previous section it is demonstrated that the deposition of nickel onto platinum differs from
the deposition of nickel on to itself. To remove the effects of platinum an initial layer of nickel was
electrochemically deposited from the nickel bath (room temperature, pH 3.0) at a current of 20 mA
for 100 s. Subsequently deposits were made over 60 s at currents ranging from 0.5 to 25 mA. The
change in frequency was measured. The slope of the frequency-time plots was determined from a

linear regression. The fit of these linear plots was very good with R? values of 0.997 or better. The
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Figure 4.8: Measured efficiency for Ni deposition on to a nickel electrode from a boric bath using
galvanostatic methods.

efficiency at each current density was determined from the Sauerbrey equation using the previously

measured Sauerbrey constant for the crystal (0.0514 + 0.0006 Hz ng™! cm?).

Figure 4.8 shows the measured coulombic efficiency of deposition over the range of current densities.
At low currents the efficiency is at its lowest indicating increased hydrogen evolution. The efficiency
then peaks at approximately 5 mA at an efficiency of 93%. As the current is increased further the
efficiency begins to gradually decrease to approximately 90 %. When low currents (< 2 mA) were
applied the efficiency of deposition reduced significantly. When the current is increased the HER
cannot provide the necessary flux to the electrode and an increased proportion of nickel is then

deposited.

Galvanostatic experiments were also performed on the bare Pt electrode. Figure 4.9 shows the
change in frequency (a) and potential (¢) over time for deposition performed at 10 mA. In addition
a calculated plot for the change in frequency expected for 85 % efficient deposition has been added
as a guide for the eye (b) where the gradient is 105.7 Hz s. This was the efficiency measured from

the later stages of the experiment where the increase in frequency remains linear.



Chapter 4. Electrodeposition of Ni and NiFe from a Boric Acid Bath 93

There are three identifiable regions of the EQCM response during deposition. Initially there is
a linear increase in the frequency with time (or charge) and then, after approximately 3 s or a
frequency decrease of 290 Hz, the response deviates from linear. In this region the gradient is
-101 Hz s™! which corresponds to an efficiency of 81 %. A frequency change of -290 Hz corresponds
to approximately 30 layers of nickel deposition onto the platinum electrode (given the mass of
a monolayer of nickel is approximately 158 ng cm™). In this early phase of the experiment the
response can be associated with deposition of nickel with properties greatly influenced by the

underlying platinum electrode.

In the second region the frequency response was found to be slower until 250 mC of charge has been
passed after which the frequency response again becomes linear. This also aligns with the leveling
off of the deposition potential. As the thin film grows into a bulk film changes in the stress and
surface roughness can result in a shift of the frequency response. Once the film has grown further
the deposition of nickel occurs on a bulk nickel electrode the film properties no longer change and

a linear response is observed once again and gives a coulombic efficiency of 85 %.
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In summary this section has examined nickel deposition on to platinum disc electrodes and the
EQCM. It was shown that, in the boric acid bath, hydrogen is co-evolved with the deposition of
nickel. The extent of the HER can be lowered compared to nickel deposition by applying an optimal
current density. The influence of the substrate and potential changes must also be considered in

the interpretation of EQCM data.

4.3 Deposition of Nickel-Iron from a Boric Acid Bath

The introduction of iron to deposit a nickel-iron alloy further complicates the electrodeposition
mechanism. As discussed previously in Section 1.3.2 the nickel-iron system exhibits anomalous
behavior where the less noble metal, iron, deposits preferentially to the more noble metal, nickel.
This behavior makes the nickel-iron system of fundamental electrochemical interest. In this section
a boric acid based nickel-iron bath, as detailed in Table 4.2, was used to investigate the effects of
iron during deposition. This bath is based upon the nickel-iron plating bath as used by industrial
partners and in the microfabrication of MEMS devices [30, 31, 32]. Deposits were made at room
temperature and the bath adjusted to a pH of 2.8 with HCI prior to deposition. The electrochemical
behavior of the boric acid based nickel-iron bath would provide useful information for comparisons
with any new bath which is developed. The similarities and differences between baths may also
provide insight towards the deposition mechanism and provide a better understanding of the

anomalous behavior displayed in this system.

Chemical Concentration (g L)
NiCl;.6H,O 110
FeCly.4H, O 6

H3BO3 25
sodium saccharin 2
SDS 0.1

Table 4.2: Contents of the boric acid based nickel-iron plating bath.
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Figure 4.10: Cyclic voltammetry of nickel-iron boric acid electrodeposition bath. Voltammetry was
performed at room temperature, on a Pt electrode using a SCE reference. The scan was
performed from a stating potential of 1.0 V and swept negative to -1.0 V then positive
to return to 1.0 V. The 5th cycle is shown for each scan rate.

4.3.1 Cyclic Voltammetry on Pt electrodes

Using the boric acid based nickel-iron electrodeposition bath cyclic voltammetry was performed on
platinum electrodes. Figure 4.10 shows voltammetry between +1.0 and -1.0 V performed at scan

rates of 50, 100 and 200 mV s

Compared to the voltammetry of the nickel only bath (Figure 4.1) there are a number of additional
features observed due to the addition of FeCly. Fe(II) / Fe(III) redox chemistry is observed (peaks

b and c) centered around E;/, = 0.45 V.

At slow scan rates a single nickel-iron stripping peak (a) is found on the reverse scan. However,
at faster scan rates this peak changes shape as additional processes occur. The changing nature of
the peak (a) may be associated with hydrogen or the deposited film becoming more stable over a
longer period of time. The currents for peaks (d) and (e) are seen to increase in magnitude with
scan rate (more clearly seen at an extended potential window in Figure 4.11) although have little

effect on the stripping peak.
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Figure 4.11: Cyclic voltammetry of the nickel-iron boric acid electrodeposition bath with an extended
potential window of -1.3 V to 1.0 V. Voltammetry was performed at room temperature,
on a Pt electrode using a SCE reference.

With a wider potential window (Figure 4.11) nickel plating and stripping dominates the voltam-
metry. Interestingly, the currents during nickel deposition were found to be larger at a slower scan
rate. This may be due to larger bubbles of hydrogen being generated decreasing the overall area
of the electrode and hence the current. Durning stripping of the metal alloy it is interesting that
the it is removed in a single peak. Other alloy systems (Cu-Zn, Cu-Au, Au-Ag) have demonstrated
the removal of the less nobel metal prior to the more nobel metal [142, 143, 144|. Addtionally,
electrochemical dealloying of Ni-Cu films was demonstrated to produce nanopourous nickel due to
the formation of a passive oxide film on the nickel [145]. No similar effects for the nickel-iron system
were found in the literature. In this case the stripping potential for both components are similar

and, in practical terms appear to strip simultaneously as a single peak.
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4.3.2 Blanket Films on Cu Electrodes
4.3.2.1 Galvanostatic Deposition

Galvanostatic deposition is widely used to deposit films of metal in commercial applications. It
requires simpler circuitry than potentiostatic deposition to deposit in this manner since no feed back
is required from the reference electrode and it is therefore used widely in industrial processing [111].
To be commercially viable deposition must occur at a reasonable rate. For many systems current
densities upward of 100 mA cm™ can be used; however, NiFe deposition is usually performed at
current densities between 10 and 40 mA cm™ [33]. To determine the concentration of iron chloride
required to give the ideal composition (NiggFeso) deposits were made from baths with varying nickel

compositions. Square copper electrodes were used to replicate deposition onto a copper seed layer.

The plots in Figure 4.12 shows the potential during deposition of films at 20 mA cm™ under
agitation from a magnetic stirrer at 750 rpm. The deposition potential was found to become more
negative as the concentration of Fe?" was increased. It has been suggested that iron species inhibit
nickel deposition [102, 100, 109]. The addition of Fe?" would then require a larger potential to
drive the reaction at a given rate provided that the concentration of Fe?" is such that it cannot

provide the necessary current on its own.

The OCP was measured before and after deposition. It was found that prior to deposition, on the
copper electrode, the OCP was more positive with a higher concentration of Fe?*. After deposition
the OCP was more negative with an increasing Fe?" concentration. This change in order is due
to the electrode material changing from copper at the start of the experiment to Ni or NiFe after

deposition.

For the experiment where there is no iron in the bath, [Fe?] = 0 g L !, the OCP after deposition
can be analysed according to the Nernst equation (2.6). A number of reactions may determine the
OCP. If the reduction and oxidation of nickel (reaction 4.1) determined the OCP after deposition

the potential can be calculated.

Ni= Ni*t +2¢~  E°=-0.499V vs.SCE (4.1)
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T
E = E°+ f—Fln[Nz'?ﬂ
RT

= —0.51V vs. SCE

This shows for a concentration of 0.5 M Ni?T the OCP would be -0.51 V vs. SCE. Experimentally
the OCP is -0.2 V this implies that a different reaction is determining the open circuit potential.
Alternatively the OCP may be determined from the hydrogen evolution reaction (4.2). For a pH

of 2.8 the concentration [H| = 10"2® from this the potential can be calculated.

HY +e” =12H, E°=-0242Vvs.SCE (4.2)
RT
E = E°+——=in[H"
+ s in[HT]

T
= —0.242 + R?zn[m*“]

—0.41 V vs. SCE

These calculations do not satisfactorily explain the measured OCP but they do not take into account
use of additives in the plating solution. These additives, be it boric acid, saccharin or SDS, adsorb
on the electrode surface (see Sections 1.2.2 and 1.2.5) and therefore may have a role in determining
the open circuit potential. Indeed it is most likely a combination of these factors determine the

observed OCP.

The fraction of iron in these NiFe deposits was measured using XRF and was found to increase
linearly with the concentration of Fe?" in the bath (Figure 4.13). Further deposits were made at an
increased temperature of 60 °C. When the temperature of the bath was increased the iron content
in the film still increased in a linear manner; however, the proportion of iron in the film was found
to be less than that at lower temperatures. If the deposition of iron is mass transport limited then a

change in temperature should not increase the rate of deposition and hence the composition. From
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Figure 4.12: Potential-time plots for deposition of NiFe from the boric acid bath varying the iron
concentration. A current density of 20 mAcm™ was applied to deposit on copper square
electrodes. Deposition was performed under agitation from a magnetic stirrer at 750
rpm at room temperature.

this it is inferred that the change in composition is due to an increased rate of nickel deposition

which is not under mass transport control.

4.3.2.2 Varying Current Density

To examine the effects of current density on the deposition of nickel-iron from the boric acid bath
blanket films of nickel iron were deposited on square copper electrodes. Deposition was performed
with mild agitation (750 rpm) via a magnetic stirrer. The charge passed during deposition remained

constant at 7.2 C and the current was varied from 10 to 50 mA.

The potential-time transients are shown in Figure 4.14. A steady state response is achieved for
all current densities. The transition to this steady state is seen to take a longer time at the lower
currents. It can be expected that it takes longer to achieve a steady state diffusion regime at lower

currents. When compared to the voltammetry the potentials at low current are comparable to
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Figure 4.13: Measured film composition using XRF against the iron concentration in solution for
deposits made on to copper square electrodes at 20 mA cm™ with agitation from a
magnetic stirrer.

that of the hydrogen reduction peaks. The species required for this reaction may have to become

depleted before nickel deposition becomes the dominant process.

Scanning electron micrographs (SEMs) were taken of films deposited from the boric acid bath
at 50 mA cm™ and are shown in Figure 4.15. In these images the electrodeposited nickel iron
film is shown on the right hand side with the sputtered titanium layer shown on the left. High
magnification is required to see the surface texture on the film. In general the films appear smooth

and flat.

The composition of the films deposited at different current densities from the same bath was
measured using XRF and is shown in Figure 4.16. The composition was shown to vary with current
density. The error bars indicate the variation in composition across the electrode. A maximum
iron content was seen for a current density of 30 mA cm™. A greater variation in composition was

found at increased current densities.

From the deposition of nickel only it was shown that the efficiency of nickel deposition is lowest
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Figure 4.14: Potential-time plots for NiFe deposition at varying current densities

800

from boric acid

bath as described in Table 4.2. Deposits were made on to copper square electrodes at

room temperature under agitation from a magnetic stirrer.
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Figure 4.15: SEMs of a NiFe film deposited form the boric acid bath (50 mAcm™) left: high

magnification (17.55 K x) Right: low magnification (598 x).
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Figure 4.16: Composition of NiFe films measure using XRF deposited from the boric acid bath
(Table 4.2). Deposits were made on to copper square electrodes at room temperature
under agitation from a magnetic stirrer.

at low currents. For the deposition of the nickel-iron alloy it is shown that the film has a larger

proportion of nickel at these same low currents.

4.3.2.3 Controlling Film Thickness

Nickel iron films of varying thickness may be required for the fabrication of MEMS devices. It
is important to ensure that the deposition bath can reliably deposit films of varying thickness
according to the charge passed. Faraday’s law (Equation 4.3) dictates a linear relationship between
mass (and therefore thickness) and the charge passed. To ensure there was a linear type response
for nickel iron on the copper electrodes deposits were made at a current density of 20 mA cm™
over increasing time periods to deposit different quantities of nickel film. After deposition the
photoresist on the electrode was removed to measure the film thickness at the edge of the electrode

using surface profilometry.

- (3)(2)
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Figure 4.17: Measured film thicknesses from surface profilometry for nickel-iron films. Deposits were
made at a current density of 20 mA cm™ for varying lengths of time between 60 and
480 s onto copper square electrodes. Experiments were performed at room temperature,
under agitation from a magnetic stirrer (750 rpm).

A plot of the thickness of the deposit against charge passed, Figure 4.17, gives a linear plot with
a deposition rate of 470 £ 9 nm C! or 564 £ 11 nm min™!. The anticipated deposition rate of a
NiggFeqq film is expected to be 357 nm C* (100 % efficiency, p = 8.447 g cm™ [130]). The measured
deposition rate is 1.3 times larger that expected. There are two reasons for which this may occur.
The density of the polycrystalline film deposited may be less that for the bulk metal due to a
microporous structure. It is also known that a larger proportion of the current passes at the edge
of the electrodes where the thickness was measured. With an increase in the proportion of the
current passing at the edge a thicker film would be deposited. Therefore, although the measured

deposition rate appears too high, the linear relation indicates the electrodeposition of NiFe films

follows Faraday’s law.
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4.4 Conclusions

Using the boric acid based bath the deposition of nickel and nickel-iron has been examined. Using
cyclic voltammetry on platinum electrodes and on the EQCM the significance of the hydrogen
evolution reaction was emphasised particularly during the initial stages of deposition where an
increase in HER may increase the stress of the film. Additionally, at low currents of overpotentials

the HER is more prevalent.

As a benchmark for further work nickel-iron was deposited using galvanostatic techniques onto
fabricated copper electrodes and then characterised. The effects of key parameters (current den-
sity, iron concentration, temperature, deposition time) in the nickel-iron deposition process were

evaluated using these electrodes.

For the development of a new deposition bath there are a number of key lessons which can be

applied.

e The hydrogen evolution reaction displays a significant role in the deposition of nickel and

nickel-iron.

e During deposition the formation of hydroxide species can occur. The formation of these

species is not desired and deposition conditions should be modified to avoid this.

e The composition of NiFe can be controlled using a range of techniques including the current
density, temperature and the iron concentration however the effects on the coulombic efficiency

must be taken into account.

With the general behavior of this existing boric acid based bath examined work to develop a new

bath could be initiated.



Chapter 5

Development of the Nickel-Iron
Citric Bath

5.1 Motivation

The desire to develop a new bath for the deposition of nickel-iron is driven from concern about
the potential health impact of boric acid. Deposition of nickel and nickel-iron from boric acid
based baths have been widely studied in the literature due to commercial relevance and in an
attempt to fundamentally understand the processes behind anomalous deposition. In addition
to this, information obtained in the previous chapter gives an indication of the behavior to be
expected from nickel and nickel-iron plating baths. In the development of a new plating bath these

characteristics can guide and influence the process to produce an alternative bath.

Others have identified the citrate anion as a potential alternative to boric acid in the nickel
deposition bath. Fundamentally it has been suggested that citrate and its associated additional
polymeric species may partially block the electrode to act as an inhibitor for the HER, [80, 146].
This can, in turn, lead to more uniform deposits. The electrodeposition of nickel itself from a citric
bath has been demonstrated [81, 83, 82]; however, citrate has been more widely used as a stabilising

or complexing agent in addition to boric acid in electrodeposition baths [76, 77, 147, 74, 148].

The deposition of nickel-iron presents a larger challenge than the deposition of nickel alone due to

the requirement of dissolved iron (II) stability in the bath. The deposits must also be of suitable

106
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quality (uniformity, composition, etc.) for use in MEMS devices. It is also favourable if the new
bath could be used as a direct replacement for the boric acid bath, hence requiring minimal changes
in deposition equipment.

This chapter shows the development of a citric acid based nickel-iron electrodeposition bath suitable
for the replacement of existing boric acid based electrolytes. Investigations into the composition
of the electrolyte, the variation of current density, the effects of temperature, etc. were used to
guide the process of development. These also gave some insight into the fundamental mechanisms

of nickel-iron electrodeposition.

5.2 Initial Bath

The initial citric bath used was based around the existing boric acid based plating solution as
detailed in Table 4.2 of the previous chapter. Nickel (II) chloride was used as the source of nickel in
the bath. It is generally accepted that chloride salts have improved throwing power (for example over
the sulfate salt) as desired when filling trenches [33]. For a commercial plating bath a reasonable
deposition rate is required (20 mA cm™). In order to avoid the electrochemical reaction from
becoming mass transport limited due to concentration depletion, a high concentration of nickel
salt is desired. A high salt concentration also gives the advantage that during deposition there is
minimal effect from concentration changes over prolonged periods of plating. Similarly to boric acid
studies, iron (II) chloride was used to provide iron content. The concentration of Fe (II) among
other parameters is critical in achieving the desired film composition. Iron is required in smaller
quantities than nickel and even less than thermodynamically expected due to anomalous deposition

(see Section 1.3.2).

To prevent the formation of insoluble iron oxide in the bath, a low pH is required. Initially,
to maintain this low pH, a sodium citrate / citric acid buffer system was applied in this new
bath. The ratio of the salt and acid required to give a pH of 2.8 was approximated from the
Henderson-Hasselbalch equation (5.1) and then refined experimentally to give the required value.
The Henderson-Hasselbalch equation does not strictly apply to a tri-protic acid like citric acid
due to the small separation of it’s pK, values but the resulting value remains close enough as
an initial approximation therefore it is not surprising that the actual measured pH was lower

than the predicted value. This could be due to a variety of reasons including activity effects,
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Chemical Concentration / g L*
NiCly.6H20 110
FeCly.4H,0 8
Na3Cit.2H,0 15.69
H3Cit.H,O 3.75

sodium saccharin 2
SDS 0.01

Table 5.1: Contents of the initially proposed citric acid based NiFe plating bath.

high concentrations of salts (resulting in a high ionic strength) or hydrolysis caused by the high
concentrations of nickel (and iron) salts.
[A7]

pH = pK, + log ([HA]> (5.1)

The additives sodium saccharin and SDS were initially maintained at the same concentration as
for the boric bath. Saccharin (sodium salt) acts as a leveler and brightener enabling smooth flat
deposits and SDS is used to improve wetting at the electrode (Section 1.2.5). The initial composition
of the bath is shown in Table 5.1. pH is an important parameter during deposition and was further
decreased using HC1 (10 % vol). Increasing the pH is more difficult, as the local addition of NaOH in
high concentrations causes a high local pH change which then precipitates nickel and iron hydroxide
species as in Equations 5.2 and 5.3. The precipitation of these species is not desired and should be

avoided.

NiCly (aq) T+ 2NaOH(aq) — NiOH, (s) + 2N(J,Cl(aq) (52)

FeCly (aq) + QNaOH(aq) — FeOH, (s) + QNaCl(aq) (53)
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5.3 Citrate Concentration

An important parameter in the composition of the bath is the concentration of the citrate anion.
Initial studies to determine a suitable concentration of total citrate content at a fixed pH of 3.0

were performed to determine an optimal citrate concentration.

Galvanostatic deposition was performed at 20 mA cm™ onto test structure electrodes for 360 s
to assess the performance of varying citrate concentration. Solutions contained citric acid and
tri-sodium citrate in a molar ratio of 1:3 to obtain a pH of 3.0 + 0.1 at 25 °C. The total citrate
concentration in the solutions studied was 0.0714, 0.10, 0.15, 0.20 and 0.40 M with the remaining
bath contents as detailed in Table 5.1. Solutions were degassed with argon prior to deposition and

plating was carried out in a stagnant solution.

During deposition of the NiFe films hydrogen evolution was observed at the working electrode for
all concentrations of citrate, to varying degrees. The potential-time transients, shown in Figure 5.1,
show that when the concentration of citrate was 0.20 M and above run away’ hydrogen evolution
occurred and the electrode potential decreased to that diagnostic of the hydrogen evolving regime.
At lower citrate concentrations (0.07 to 0.15 M) a steady state potential was reached but bubbles
on the electrode were still observed. In this range increasing the citrate concentration was found to
decrease to more negative potentials to pass the applied current. When the citrate concentration
was increased further the HER became more favoured over nickel and iron deposition. At citrate
concentration of 0.4 M, there was visible excessive Hy production and films with a thickness of
only 0.2 ym were produced. The films also appeared dark in colour, consistent with an increase in

surface roughness. This clearly suggests an upper limit of citrate concentration for use in this bath.

At lower concentrations of citrate, 0.07 to 0.15 M, patterned dark lines and regions were seen
on both the pointer arm and electrical test structures (Figure 5.2). Despite this, the deposited
test structures were generally bright and reflective in appearance indicating an improved surface
roughness. An example of the surface profile across two rotating arm test structures with local film
composition is shown in Figure 5.3. These surface profile measurements show a variation in height
for the bulk film between approximately 500 and 2500 nm. The pointer arms for the test structure
were measured to have a thickness of 250 nm The target thickness for a NiggFeoq film deposited at

20 mA cm™ for 360 s was 2.6 um, similar to the thickness measured for the upper regions of the
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Figure 5.1: Potential-time plot for the first 60 s of NiFe deposition on test structure electrodes at 20
mA cm™ while varying citrate concentration.

electrode. The thicker portion of the film remained at the upper edge of the electrode, regardless

of orientation, indicating a gravitational effect on the plating.

The variation in the composition of the test structure follows the film thickness. At thinner, and
hence less efficient, regions the nickel content is reduced from approximately 85 % to 60 %. This
may indicate that in these regions the nickel deposition reaction was less favorable and the rate of
the HER increases. It is apparent the the prevention of the formation and growth of bubbles on

the electrode is essential in forming a uniform and flat film.

Figure 5.2: Images of the nickel-iron deposits on a test structure electrode showing patterned dark
lines and regions. The ’up’ arrow indicates the orientation at which the test structure
chip was held when deposition occurred, i.e. the chip was held vertically.
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Figure 5.3: Surface profile (line) of rotating arm test structures, as shown in Figure 5.2, with local
composition (points) measured from XRF. Distances are measured from the bottom of

the electrode. The horizontal solid line indicates the predicted thickness for a film of

composition NiggFezo deposited for 360 s at 20 mA cm™2.

The concentration of citrate in the nickel-iron plating bath has a significant effect on the nature
of the deposits. Too much citrate increases the overpotential required to deposit nickel-iron to
the extent that hydrogen evolution is the preferred process at the electrode. Variation of citrate
concentration by itself does not provide the desired uniformity of deposition but its presence does
enable the deposition of bright and reflective films with a composition spanning across the desired

target range.

5.4 Temperature

Temperature can have wide ranging effects on the nature of electrodeposited films including effects
on morphology and grain size. [149, 88, 150, 139] A major hurdle in obtaining an adequate citric
bath, as shown in the previous section, is the generation of bubbles at the electrode. With regards
to temperature two approaches may be taken to tackle the issue of bubbles. The first, and ideal,

approach to this is to prevent the generation of any gaseous species at the working electrode. This
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would result in a highly efficient process where the build up of bubbles can not occur. Unfortunately,
in the case of nickel deposition separating hydrogen evolution and the nickel deposition reaction
at low pH is difficult. It may be possible however to reduce the rate of the HER compared to
nickel and iron deposition sufficiently to allow time for the diffusion of these species away from the

electrode surface.

An alternative approach may be to accept the production of at least some hydrogen but make the

conditions less favorable to significant bubble formation. Considering the following equilibrium:

Afaq) = A(g) (5.4)

The Gibbs free energy, AG, for this reaction is related to the enthalpy and entropy through the
equation AG = AH — TAS. For the forward reaction the change in entropy, AS, is positive
(aqueous to gas) and if the change in the enthalpy, AH, is relatively insensitive to temperature
then increasing the temperature would make AG increasingly negative. With a more negative AG
the equilibrium of the reaction will be shifted towards the right producing more of the gaseous
species i.e. as temperature is increased the species “A” is less stable in solution. It may then be

beneficial to reduce the temperature of the plating bath to reduce bubble formation.

Alternatively, the kinetics of the reactions may play a more important role than the thermodynam-
ics. If the temperature is increased there could be increased transport of hydrogen away from the
electrode. The build up of hydrogen at the electrode could be reduced as bubbles can diffuse away

and do not build up to a critical concentration.

Furthermore, the kinetics of the metal deposition reactions can be considered. The different
reactions at the electrode may have a different response to the changing temperature. The films
are deposited at a overall fixed current. The proportion of this current resulting in nickel (or iron)
deposition will increase if these deposition reactions becomes more kinetically favored due to the

increase in temperature.

Therefore, an investigation to determine if varying the temperature could improve the deposit
properties was carried out with the bath described in Table 5.1. To vary the temperature the cell
was placed in an ice bath or in a water bath heated by a hotplate. Initially experiments were

performed with no agitation with the pH maintained at 2.8 £ 0.1. Images typical of the resulting
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Figure 5.4: Micrographs of deposits made on test structures at three different temperatures.

deposits are shown in Figure 5.4. The potential-time transients measured at a current density of

20 mA cm™? are shown in Figure 5.5.

At temperatures of 7 or 8 °C the electrode potential was found to be significantly more negative
than at higher temperatures (around -1.6 V) and this varied erratically. As well as the evolution of
hydrogen it was observed that a white organic-like material was being deposited onto and around
the electrode in addition to any metal (see Figure 5.4). Deposits of this nature were clearly not

desired.

At 23 °C similar wave like deposits were seen on the film as described previously. The potential
was seen to reach and maintain a steady state at approximately -1.2 V performing similarly to the

bath in Section 5.3.

At 35 °C and above a metal film was deposited. The surface appeared darker (a possible indication
of increased surface roughness) but the film thickness was measured to be less variable. The
deposition potential was found to become increasingly less negative with increasing temperature.

Visually the uniformity of the deposits improved with an increase in temperature.

Further deposits were then made with agitation and at increased temperatures to determine any
improvement in film uniformity, for example from a bath at 60 °C and with agitation at 750 rpm.
Under these conditions a dull, rough looking film was deposited. Surface profile measurements
confirm the rough nature of this type of film (Figure 5.6). The composition of the film was measured
to be 33-38 % Fe. The film thickness was measured to be 1300 nm indicating a low efficiency. For
100 % efficient nickel deposition a film approximately 2700 nm thick would be expected. Deposits
made under these condition have a low efficiency, in the region of 50 %, and a high iron content.
It is reasonable to think therefore that iron species may accelerate the HER or inhibit the nickel

deposition reaction as discussed in Section 1.3.2.

The temperature of the electrodeposition bath has wide ranging effects on the deposits. For this
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Figure 5.5: Potential time transients for deposition from a nickel-iron bath at 20 mA cm™ at varying
temperatures.

citric bath it appeared that a decrease from room temperature was not beneficial. An increase in
temperature has potentially beneficial effects on the deposits as the variation in film thickness and
composition is reduced. Apparent drawbacks include an increased surface roughness and loss of
coulombic efficiency. The composition of the films at higher temperatures was seen to favour iron
which itself may cause an increase in the rate of the HER. Therefore further work was pursued
maintaining the bath temperature at 60 °C while varying the iron concentration to achieve the

required film composition.

5.5 Iron Concentration

It has been suggested that various iron species inhibit the deposition of nickel [105]. In an attempt
to enhance the deposition of nickel and reduce the iron composition of these deposited films the
concentration of Fe (II) was varied. Using the bath described in Table 5.1, but varying the iron
chloride concentration, deposits were made at a current density of 20 mA cm™ on test structure

electrodes at a temperature of 60 °C.
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Figure 5.6: Surface profile of a film deposited at 60 °C with agitation displaying a high surface
roughness and poor efficiency. The solid line indicates the predicted film thickness for a
nickel deposited with 100 % coulombic efficiency.

Figure 5.7 shows the film composition and the film thickness, both measured using XRF, across
different iron (IT) concentrations. It was found that the iron content in the films increased linearly
with concentration until 25 mM Fe (II). At this concentration the film thickness decreased and iron
content of the deposits increased. This corresponds with an increase in surface roughness of the

deposit visually observed by a darkening of the metal deposits.

For a nickel film, i.e. [Fe] = 0 mM, the target film thickness is 2.45 ym. The measured thickness
for this film was found to be 2.75 ym. This is obviously larger than what can be expected but
could be due to bias in the measurement points (more measurements are taken near the edges of
the electrode) or that the density of the electrodeposited, polycrystalline, film is less than for bulk
nickel. If this thickness were taken to represent approximately 100 % efficient plating then the films
deposited with an increased iron concentration are approximately 60-65 % efficient. If this decrease
in efficiency was solely due to the decreasing nickel plating efficiency the deposited would reduce in

thickness by 16 % (nickel content x decrease in expected nickel content = 0.8 x 0.2) or 0.44 ym.
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Figure 5.7: Nickel content (points) and measured thickness (line) for increasing Fe (II) concentration
in solution.

This is not a large enough decrease to reduce the film thickness to 1.25 ym so the efficiency of iron

deposition must also be reduced.

The open circuit potentials after deposition of the films indicate a change in the deposited material
at the electrode. At concentrations up to 25 mM Fe (II) the OCP was found to be -0.279 £+ 4 mV.
At the higher concentrations of Fe (IT) (30 to 50 mM) the OCP was found to shift further negative
at -0.365 £ 13 mV. With increasing iron content in the bath a more inert electrode may be produced
during deposition due to the formation of iron oxides or hydroxides, as discussed by Vaes [109].
Once this layer is formed an increased potential would be required to drive a reaction and the HER

could become more favorable resulting in the decreased film thickness observed.

Varying the iron chloride concentration in the deposition bath is one method for determining the
composition of the nickel-iron deposit. For the current bath, the film quality and efficiency is lost
as the NiggFeog composition is approached. To obtain the desired composition, alternative methods

of changing the film composition without the formation of troublesome iron species were sought.
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Figure 5.8: Measured composition of NiFe deposit. Deposits were made from a citric bath containing
20 mM Fe?"at 60 °C with agitation from a magnetic stirrer.

5.6 Current Density

An alternative method to control the deposit properties is to vary the current density. Changes in
current density will change, among other properties, the composition of the deposits as well as the

grain size (or roughness), hardness and efficiency [151, 28, 103].

Using a 20 mM Fe?" bath, deposits were made between 10 and 150 mA cm™ at 60 °C with agitation.
All deposits appeared bright and the composition was measured as shown in Figure 5.8. For this
bath the increase in iron content peaked at 40 mA cm™2 after which the nickel composition increases
to approximately 91 %. At the highest current densities bubbles were visible after formation on
the electrode. This type of curve has been demonstrated previously in boric acid based baths [152]
and demonstrates that the same composition of film can be deposited from two different plating
regimes.

Similarly, the effect of current density on baths with increased concentrations of Fe(IT) was measured
(Figure 5.9). Iron concentrations of 25 and 30 mM showed similar trends to that of the 20 mM

bath. However, at higher current densities the film showed a decrease in nickel content as well as



Chapter 5. Development of the Nickel-Iron Citric Bath 118

100

95

%] . ; ; . ' %

< o T
X g5 = % g
= |
2 804 ¢
Q ]
O
o 75
4
2 ]
Z 704
| a m 20 mM Fe
65 - . 25mMFe
| = 30 mMFe
60 T T T T T v T T T

T T T

— T 7 T
0 20 40 60 80 100 120 140 160

Current Density (mA cm?)

Figure 5.9: Composition of nickel-iron films deposited at varying current densities and iron (II)
chloride concentration.

increased surface roughness. Images of test structures deposited at 20 mA cm™ (Figure 5.10) show

the gradual darkening of the deposited film as the Fe(II) concentration is increased.

Figure 5.10: Images of NiFe films deposited at 20 mA cm™ from solutions with varying Fe (II)
content.
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It was apparent that to obtain a reasonable deposit with a composition of NiggFeso varying the iron
composition or current density would not achieve the desired deposits. Additional changes to the
bath chemistry would be required to obtain a suitable film. The main parameters which were yet to
be taken into account with an increased bath temperature were the additive concentration, which
remained the same as for the boric bath at 25 °C, and the pH of the bath. Without adjustment
the pH of the bath varies with temperature and may require further optimisation for deposition at

60 °C.

5.7 Effects of Saccharin Concentration

The saccharin content of the bath was increased to see if an improvement in the film properties could
be obtained. The saccharin concentration was increased between 2 g L' and 5 g L™! with deposits

2. Figure 5.11 shows images of deposit made with different concentrations

made at 20 mA cm”
of sodium saccharin. At a concentration of 2 g ! the films appear dark and rough. The film
composition was measured as 39.85 4 2.44 % iron. At a concentration of 3 g L' dark and more
reflective areas were observed across the electrode. The dark area had a higher proportion of iron
in the film than the brighter areas. The average composition across the test structure electrode was
32.18 & 6.33 % Fe with the larger standard deviation in composition across the electrode being due

to the varying composition of these areas. At a saccharin concentration of 5 g L™! a bright reflective

film was deposited. The composition across the electrode was measured as 20.44 + 1.01 % Fe.

To ensure deposits remained bright and reflective with increasing iron content additional iron
chloride was added to the bath which contained 5 g L ™! sodium saccharin. Deposited films visually
remained of similar quality throughout. The composition of the films was measured and the iron
content of the film was found to increase linearly with the concentration of Fe (II) in solution

(Figure 5.12).
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Figure 5.11: Micrographs of test structures deposited with increasing concentration of sodium
saccharin.
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Figure 5.12: Iron content in deposited films of nickel-iron. left: varying saccharin concentration.
Right: varying Fe (II) concentration in solution.

Using the increased saccharin concentration in the bath these experiments show that nickel-iron
films with iron content of up to 40 % Fe can be deposited. At these compositions these films

appeared to remain of uniform quality and thickness. These deposits demonstrated the conditions

required for suitable deposits from the citric bath.

5.7.1 Procedure for Saccharin Quantification

It has been demonstrated that the concentration of saccharin in the plating solution changes the
properties of the deposited films. In an industrial environment it would be necessary to maintain
the bath under optimal conditions. To this end, a procedure for the quantification of the saccharin
content in the bath was developed. The following describes a procedure for the quantitative analysis

of sodium saccharin in the citric acid based nickel-iron deposition bath as detailed in Table 5.2.

The method is based upon the extraction of sodium saccharin to an organic solvent before titration
against a standard solution of NaOH. The method first requires the construction of a calibration

curve using standards with known concentrations of sodium saccharin.
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Chemical Concentration (g L'!)  Concentration (M)
NiCl;.6H,O 110 0.46
FeCly.4H2 0O 7 0.035
NazCit.2H,O 30 0.10

Sodium Saccharin 5 0.027
SDS 0.1 0.0035

Table 5.2: Citric acid based plating bath for the deposition of nickel iron. To achieve the composition
NigoFego deposits were made at a current density of 20 mA cm™?and a temperature of 60 °C
with agitation from a magnetic stirrer. Prior to deposition the bath is adjusted to pH 2.8
with 10 % v/v HCL.

To create a range of standards with a fixed background solution and vary concentration of sodium
saccharin the following procedure was used. For use as a background solution for the nickel-iron

citric bath the contents of Table 5.3 was dissolved in 250 cm?® of D.I. water.

Standard solutions, with a total volume of 50 cm®, were made using 40 cm?® of the background
solution (Table 5.3). This was then added to a sodium saccharin solution (1.25 g in 25 cm?), where

3. This was repeated to give a range of sodium

1 cm? gives 1 g L, sodium saccharin in 25 cm
saccharin concentrations. Each standard solution was then titrated using the following procedure

to construct a calibration curve (Figure 5.13).

The analysis for determining the saccharin concentration was performed via extraction then titra-
tion. 2 cm? of 10 % v/v HCI was added to a 50 cm? aliquot of the plating solution. This was then
washed with ethyl acetate (3 x 25 cm®) and the organic layers were then combined. To the organic
layer 10 cm?® methanol and 5 cm?® of Bromocresol Purple indicator (0.04 % aqueous solution) were

added. Ethyl acetate was added to the organic layer to make the organic layer up to 100 cm3.

Chemical Quantity / g

NiCl,.6H50O 34.38
FeCly.4H2O 2.19
NazCit.2H,0O 9.38

SDS 0.031

Table 5.3: Contents of background solution used to make calibration standards. The contents were
dissolved in 250 cm® of D.I. water. To make the calibration standards, 40 cm®of this
background solution was added to a saccharin solution of known concentration and made
up to 50 cm?®.



Chapter 5. Development of the Nickel-Iron Citric Bath 122

7.0 1
6.5
6.0
5.5+
5.0 4
4.5+
4.0
3.5 1
3.0 1
2.5+
2.0 1
1.5+
1.0+
0.5
0.0 — T r T T T T T T T T T T T T T 7

0.1 M NaOH (cm®)

Saccharin Content (g L’1)

Figure 5.13: Calibration curve constructed from standard solutions with known concentrations of
sodium saccharin.

20 cm?® portions were then titrated against a standard solution of 0.01 M NaOH. The endpoint is

a colour change of yellow to purple.

This procedure demonstrates the ability to measure the saccharin concentration in the citric bath.
This could prove a useful analytical tool for to keep the bath under the optimal conditions in
applications where larger volume baths are required and it is impractical to make fresh solutions.
This analytical technique could also be applied to measure the rate of additive consumption in the

bath over prolonged periods of plating.

5.8 Bath Optimisation

With the knowledge obtained from previous experiments a revised bath was then used to test for
the optimal temperature. In order to maintain a constant pH at the different temperatures used to
deposit the film a different approach to “buffering” the solution was used. In this case tri-sodium
citrate was added to the bath in a concentration of 0.1 M. The pH was then adjusted to 2.8 using

10 % HCL
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Deposits were made onto test structure electrodes using the bath described in Table 5.2. A current
density of 20 mA cm™? was passed for 360 s to deposit a film. The temperature was varied from 70

to 25 °C with agitation at 750 rpm. The pH was adjusted to 2.8 with 10 % HCI prior to deposition.

The surface profiles (Figure 5.14) and the composition of the deposited films (Figure 5.15) were
measured. The flattest deposits were found at elevated temperatures of 50 and 60 °C. At lower
temperatures non-level, dome-like, films were deposited and at 70 °C deposits showed an increase in
thickness at the edge of the structures. At 40 °C there was found to be tall protrusions around the
expansion arms. The non-uniform nature of the deposits at the lower temperatures are thought to
arise from the the generation and then the formation of hydrogen bubbles on the electrode surface.
At increased temperatures the efficiency of the deposition process increases resulting in flatter, more

uniform deposits.

The composition of the films deposited was measured and was shown to vary greatly with changing
temperature. Above 30 °C the fraction of nickel deposited was found to increase with increasing
temperature from 58 to 83 % Ni. The plating potential was measured and was shown to become

more positive at higher temperatures.

Changes in the deposition potential will affect the ratio of Ni:Fe:H produced, as reflected in the
alloy composition. The deposition of nickel is a kinetically controlled process and with an increase
in temperature the rate for this reaction can increase greatly. The reduction of iron, at a far smaller
concentration, is under mass transport control. The changing temperature may have little effect
on the rate of deposition for iron. For hydrogen evolution the rate may be expected to increase
with an increased temperature; however, the rate of this reaction may be reduced due to the lower

potential required to pass the specified current.

Figure 5.16 shows a before and after example of deposition from the citric bath onto the test
structure electrodes. The deposits were made in a bath at 60 °C at a pH of 2.8. Agitation was
provided from a magnetic stirrer at 750 rpm. Preparation of the seed layer is an important step
to produce a even film. Blemishes seen in the copper seed layer (this image is taken before oxide
removal in HoSOy4) were carried through onto the nickel-iron film. It was apparent that under these
conditions films appeared to be deposited in an adequate manner for use in the microfabrication of
MEMS devices. Level and bright films were deposited across the electrode at a compositions close

to NiggFesg as desired.
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Figure 5.14: Surface profilometry performed on test structure electrodes. Deposits of nickel-iron

were made from the bath described in Table 5.2 at varying temperatures.
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Figure 5.15: Nickel content (™) of electrodeposited nickel-iron films and steady state potential
during deposition (4A) at varying temperatures.

Figure 5.16: Before (left) and after (right) of NiFe electrodeposition onto test structure electrodes.
The nickel-iron film was deposited from the citric bath at 60 °C with 750 rpm agitation.
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5.9 Conclusions

In this chapter a nickel-iron deposition bath which contains no boric acid has been developed.
The potential for this bath to produce bright, level and uniform deposits was demonstrated. To
confirm the suitability of these films for use in MEMS and the ability to use this bath as a direct
replacement for boric acid based baths further investigation is required. To this end comparisons

of films deposited from a boric acid bath and a citric bath are detailed in Chapter 8.

During the process of development it was demonstrated that the composition of the deposited
film can be tuned by varying parameters such as current density, the concentration of iron and
temperature. It is also apparent that the hydrogen evolution reaction continues to play a significant
role during the deposition of nickel-iron from the citric bath. To fundamentally understand the

processes occurring in the citric bath further work is required.



Chapter 6

Electrodeposition of Nickel from a

Citric Bath

6.1 Motivation

In the previous chapter a citric acid based electrodeposition bath for depositing nickel-iron has been
developed. The aim of this chapter is to examine the fundamental electrochemistry of this bath.
To do so first the system was simplified to a nickel only bath. Voltammetry and EQCM were then

used to investigate the electrochemical behavior of nickel-citrate baths.

As discussed in Section 1.2.3 the hydrogen evolution reaction has a significant role in the mechanism
of nickel and nickel-iron alloy deposition from boric acid based baths. Similarly the role of hydrogen
in citric based baths can be probed using a variety of techniques. Cyclic voltammetry can give an
overview of when hydrogen is likely to be evolved and when combined with EQCM measurements
the quantity of Hy gas evolved can be confirmed. The pH of the plating solution has influence on
the HER and the properties of deposited films [83, 82]. In a nickel bath the role of citrate and
the effects of pH was examined during galvanostatic and potentiostatic deposition using EQCM to
obtain information about the coulombic efficiency of the deposition process. This provides insight

into the optimal conditions for deposition of nickel and the influence of the HER.

To obtain uniform and bright deposits the addition of further additives are required. Work described

in Chapter 5 demonstrated that an increased concentration of saccharin is required in the citric

127
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Chemical Concentration (g L'!)  Concentration (M)
NiCl;.6H,O 110 0.46
NazCit.2H0 30 0.10
Sodium Saccharin 5 0.027
SDS 0.1 0.0035

Table 6.1: Citric based plating bath for the deposition of nickel. Prior to deposition the bath is
adjusted to pH 2.8 with 10 % v/v HCL

bath. Understanding of the cooperative effects of additives aids the understanding of how the metal

deposits in this bath and also facilitates bath optimisation.

The nickel-iron plating bath performed optimally at elevated temperatures (Section 5.8). The
temperature of the bath affects a wide range of properties including composition, efficiency and film
uniformity. The effects of temperature on the deposition therefore were investigated to understand

the benefits of these higher temperatures and why they are required to obtain uniform deposits.

6.2 Cyclic Voltammetry on Pt Disc Electrodes

Cyclic voltammetry was performed on the optimized citric bath at 60 °C (Table 6.1) on a platinum
disc electrode and is shown in Figure 6.1. Three main features were found in the voltammetry,
attributed to hydrogen reduction (a), nickel deposition (b) and nickel stripping (c). There is a wide
separation of the deposition and stripping peaks. This separation can be attributed to the slow

kinetics of nickel reduction and oxidation resulting in the large over-potential.

The hydrogen reduction peak (a) is identified by comparison to voltammetry performed in the
background electrolyte (see Figure 6.2). In both the background and nickel-containing voltammetry
the peak current begins to grow at -0.38 V. In the nickel containing CV the peak current is
proportional to the square root of the scan rate indicating the reaction is mass transport limited.
The nickel stripping peak showed a sharp decrease in the current as the nickel metal was completely

removed exposing the platinum surface.

A Tafel plot for the voltammetry is shown in Figure 6.3. By examining the Tafel plot the
mechanism of the nickel reduction and oxidation can be examined [153]. Linear regions (R? > 0.999)
corresponding to the reduction and oxidation of nickel are shown to have gradients of (124 mV)!

and (71 mV)™! respectively. In terms of electron transfer there are three types of mechanism which
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Figure 6.1: Cyclic voltammetry of nickel deposition from the citric bath (Table 6.1). Inset: peak
current vs. scan rate'/? for peak a. The starting potential was 1.0 V, the potential was
then swept between 1.0 and -1.0 V. The 5th scan is shown. Voltammetry was performed
at 60 °C.

can be considered for the reduction and oxidation of nickel. The first is a direct two electron

transfer. The others are two-step mechanisms where either the first or second electron transfer can

be the RDS.

The mechanism of deposition/reduction can be probed with the gradients of these slopes of the

Tafel plot as described by the equation

nak

log j = log jo + ————
0gj = log jo + 5==mn

(6.1)
From the measured Tafel gradients the value of na can be determined. For nickel deposition and
stripping n = 2 therefore a value for o can be calculated. If a < 0.5 then the RDS is the first
electron transfer, if a > 0.5 then the RDS would be the second electron transfer. If o = 0.5 this

implies the reaction undergoes a reaction with a single two electron reduction or oxidation.

For the deposition of nickel the Tafel slope was (124 mV)™!, using Equation 6.1, na was calculated

to be 0.52 and hence o = 0.26. This shows the first electron transfer is the RDS in the deposition
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Figure 6.2: Overlays of the background electrolyte containing sodium citrate (0.10 M), sodium
saccharin (0.027 M) and SDS (0.0035 M) (dashed lines) on the nickel CV (solid lines) as
shown and described in Figure 6.1.

of nickel. For the stripping of nickel the Tafel slope was (71 mV)™?! and na was calculated to be
0.93 and hence a = 0.47. This indicates that that during stripping the Ni(I) species is in a high

energy state and rapidly undergoes the second electron transfer.

The plating and stripping mechanisms in this bath are therefore demonstrated to be different. This
can be expected as the stripping is performed from bulk nickel whereas deposition forms an ad-atom
on the electrode. Furthermore, with the use of a complexing agent like the citrate anion, deposition
occurs from a species in complex and when stripped it is not directly stripped into the complexed

form.
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Figure 6.3: Tafel plot constructed from voltammetry in Figure 6.1. The reverse scan (from -1 to
+1 V) at a sweep rate of 50 mV s was used.

6.2.1 Citrate Electrochemistry

Cyclic voltammetry of 0.1 M tri-sodium citrate is shown in Figure 6.4. Previous studies by Berkh
et al. have studied the electrochemical behavior of citrate on a platinum electrode [80, 154]. In the
work of Berkh et al. they identified the peaks observed in the voltammetry and studied the effects
of prolonged electrolysis. Features in the voltammetry can be with attributed to PtO reduction
(-0.25 V), adsorption (-0.7, -0.8 V) and desorption (-0.6, -0.4 V) of atomic hydrogen, and the
formation of an oxide layer (+0.4 V). Additionally, they speculate the hydrogen desorption peaks
are shifted positive due to citrate adsorption. The adsorption of citrate on to a platinum electrode

is thought to occur through the reaction, Cg HsO7=3H ™' + (C(;H5O7)i; [146].

6.2.2 Influence of Additives

The importance of the additives in the bath cannot be understated. To obtain uniform and bright
deposits all components of the bath must be present. Voltammetry performed on a bath of nickel

chloride and sodium citrate aptly demonstrates this. Figure 6.5 shows voltammetry performed on
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Figure 6.4: Cyclic voltammetry of 0.1 M tri-sodium citrate on a Pt electrode. The potential was
swept between 1.0 and -1.0 V vs. SCE.

a bath containing 110 g L'! NiCl,.6H,O and 30 g L'! Na3Cit.4H,O which was pH adjusted to 2.8
with HCl. Similar behavior was found regardless of whether the solution had been purged with

argon.

With the absence of saccharin and SDS in the bath the voltammetry becomes more complicated
and contains additional features. The anodic sweep remains similar to the that for the full bath; a
peak was observed for the HER followed by an increasingly negative current. Unlike the full citric
bath, a single nickel stripping peak is not observed. Instead, there are multiple oxidation peaks.
At faster scan rates oxidation occurs at a more negative potential than for nickel stripping and
may be associated with hydrogen oxidation. As the scan progressed further positive, a peak which
aligns with the potential for nickel stripping is observed. This peak grows larger with decreasing
scan rates. Further, unassigned, oxidation peaks with drawn out tails were then observed, this
may indicate the difficulty of removing any remaining material on the electrode. For the 50 mV s
scan rate a peak was seen at 0.7 V, although difficult to assign this peak may be related to nickel
hydroxide species on the electrode caused by precipitation due to an increased magnitude of the

local pH change at the slower scan rate.
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Figure 6.5: Voltammetry of nickel chloride and sodium citrate under the same conditions as Figure
6.1 (T = 60 °C, pH 2.8). The 5th scan at each scan rate is shown.

The influence of saccharin was investigated by varying the concentration in the citric bath (Table
6.1). Cyclic voltammetry was performed as shown in Figure 6.6. An unusual peak shape is observed
due to the current limits of the potentiostat, therefore the peak shape cannot be analysed. However,
the change in peak potential and size gives insight into the electrochemistry. The largest influence
observed in the electrochemistry occurred with the introduction of saccharin into the bath. With
no saccharin in the bath the hydrogen reduction peak (at -0.5 V) was found to be much larger and
the potential at which nickel is deposited was seen to become more negative. This may be due
to the adsorption of saccharin on the surface of the electrode selectively reducing the extent the
HER. Also with no saccharin in the bath there was an additional oxidation peak which begins at

+ 0.52 V similar to the oxidation peak seen in the bath with no additives (Figure 6.5).

In saccharin containing baths the positive and negative charge passed remains consistent (see Table
6.2). The average positive charge passed is 39.5 + 0.8 mC and the average negative charge passed
is 72.9 £ 1.0 mC. When compared to the scan where the bath contained no saccharin the overall
charge passed negative is slightly smaller (70.6 mC). The overall positive charge passed is higher

(50.9 mC) but divided under two peaks. The first peak occurs at a more negative potential than
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Figure 6.6: Voltammetry of nickel deposition bath (Table 6.1) with varying concentration of
saccharin. Scans were performed at scan rate 100 mV s with a starting potential
of 1.0 V, the potential was then swept between 1.0 and -1.3 V. The 5th scan at each
concentration of saccharin is shown. Voltammetry was performed at a pH of 2.8 at 60 °C.
Note: during this experiment the peak shape is distorted due to the limitations in the
current range of the potentiostat. The unusual shapes of these peaks were confirmed
through additional experiments displaying similar effects and is believed to be due to
equipment limitations. Therefore the peak shape can not be analysied in the usual
manner due to the limited current range. However, the change in position and size of
these peaks on addition of saccharin yields useful information.

nickel stripping in the saccharin containing baths and results in 11.0 mC of charge. The second
peak had a charge of 39.9 mC. Clearly in the absence of saccharin nickel deposition is not favoured,
this may be associated with the increase in the peak for the HER. The peak at + 0.52 V may be
associated with the formation of hydroxide species which is further discussed in Sections 6.3.3 and

6.3.4.
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[saccharin] (g Lt) Q+ (mC) Q- (mC)

0 50.9% 70.6
1 38.3 72.2
2 39.5 71.5
3 39.3 73.9
4 40.3 73.6
5 39.9 73.4

Table 6.2: Charge passed during cyclic voltammetry (Figure 6.6). * of which 39.9 mC is the second
oxidation.

6.2.3 Voltammetry with Varying Nickel Concentration

In the full citric bath there is a large concentration of nickel due to the desire not to be limited
by mass transport control of Ni?" and also to ensure the concentration of nickel does not vary
significantly after long periods of deposition. However, to examine the fundamental electrochemistry
of the bath it is limiting to use such a large concentration as the deposition of nickel dominates
the electrochemisrty. By examining the electrochemisrty at reduced concentrations of nickel in the

bath insight into the extent of inhibition for the HER by nickel or related species can be examined.

Voltammetry of the background electrolyte containing sodium citrate, sodium saccharin and SDS
at 60 °C and a pH of 3.0 is shown in Figure 6.7. On the anodic scan, hydrogen evolution is
observed from a potential of approximately -0.4 V. This is comparable to the value calculated
thermodynamically from the Nernst equation of -0.440 V vs. SCE. There is a peak in the current
at approximately -1.0 V. The current then increases slightly again near -1.2 V. On the reverse scan

a single peak is observed due to hydrogen oxidation on the platinum electrode.

Figure 6.8 shows the addition of NiCly in increasing concentrations between 10 and 100 mM. At
a concentration of 10 mM Ni?* the voltammetry is broadly similar to the background scans. In
the cathodic scan the peaks are shifted to a more positive potential, possibly due to the presence
of nickel. There is an additional peak in the anodic scan due to the stripping of nickel, which is
removed form the electrode before the potential for hydrogen oxidation is reached. At 25 mM Ni%*

large quantities of hydrogen are still evolved and additional nickel is deposited.

At 50 mM concentrations of nickel the extent of the HER was suppressed. This may be due to
a sufficient nickel coverage on the electrode preventing the catalytic evolution of hydrogen on the

platinum electrode. At slower scan rates a stripping peak for Ni is observed, albeit at very low
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Figure 6.7: CV of background electrolyte containing sodium citrate (0.1 M), sodium saccharin
(0.027 M) and SDS (0.0035 M) at pH 3.0. With an initial potential of 0.5 V scans
were performed between 0.5 and -1.0 V. The scans were performed at 60 °C and at a pH
of 3.0 using a SCE reference.

coulombic efficiency. At 100 mM Ni%*, where all the citrate should be complexed with nickel
(see speciation diagram in Figure 6.23), the size of hydrogen peak is significantly reduced (ipeak
~ 1 mA cm™), and more defined plating peaks are observed. In the reverse scan larger stripping

peaks indicate the degree to which nickel deposition has improved in efficiency.

It is possible that either the nickel species located on the electrode inhibit the HER or that with
no nickel present there is 0.1 M of free citric acid. When nickel is introduced this complexes with
the citrate (to mainly form NiH2Cit™ and NiHCit) preventing the evolution of hydrogen from citric

acid.
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6.3 EQCM

The electrochemical quartz crystal microbalance is an effective tool to monitor the rate of deposition
of the deposited film separately from the evolution of gas or other solution based reactions. This
can provide a useful insight into the deposition mechanism and a ’real time’ measurement of
efficiency. A description of the system used and the calibration procedures are found in Section
3.3.2. Comparisons can also be made to the similar experiments performed on the boric acid
bath shown in Section 4.2.2. The EQCM provides a particularly useful service for examining the
deposition of nickel by distinguishing the deposition of material on the electrode from hydrogen

evolution.

6.3.1 Cyclic Voltammetry

To distinguish between depositing solid material on the electrode and the generation of hydrogen
cyclic voltammetry was performed on the Pt EQCM. The voltammetry was performed at room

temperature (17 °C) using the citric bath (Table 6.1) at a pH of 3.0.

Plots for the change in frequency with the voltammetry are seen in Figure 6.9 at scan rates of 50,
100 and 200 mV s!. It was observed that the slower scan rates result in a larger change in frequency
as expected due to the increased charge passed. It was also observed that each scan results in the

frequency returning to zero implying all deposited material is completely removed with each scan.

Figure 6.10 shows the differentiated frequency change and compares this with the voltammogram.
df /dt shows the rate at which mass is deposited or removed enabling a more direct comparison with
current in the voltammetry. The plating and stripping regions for nickel are clearly shown and the
additional peak in the voltammogram at -0.6 V can now confidently be associated with hydrogen
evolution. The HER is shown to occur before any significant nickel deposition. During stripping it
was observed that all material is removed from the electrode before the end of the stripping peak

despite the fact there is a non-zero current.

Insight into the mechanism of Ni deposition can be gained by examining the plot of charge against
frequency during the cathodic sweep (Figure 6.11). In this nickel plating bath two different regimes
are observed. The first region corresponds to potentials where hydrogen is produced at the electrode

in comparatively large amounts. Here a low coulombic efficiency was observed. At further negative
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Figure 6.9: The change in frequency and voltammetry during nickel plating and stripping from the
citric bath (Table 6.1). With a starting potential of 0.5 V The potential was swept
between 0.5 and -1.0 V. The 5th scan is shown. Voltammetry was performed at a pH of
3.0 at room temperature using a SCE electrode.
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Figure 6.10: The rate of change of frequency w.r.t. time (df/d¢) during a cyclic voltammogram at
50 mVs™!. Voltammetry was performed with a starting potential of 0.5 V The potential
was swept between 0.5 and -1.0 V. The 5th scan is shown.

potentials a second plating regime occurs with a much larger coulombic efficiency. Table 6.3 shows

the measured coulombic efficiency in these regions at these different scan rates.

Initially the coulombic efficiency is linear (gradient = 0.204, R? = 0.9999) against the square root
of the scan rate. This indicates the reaction in this region is diffusion controlled but the line
does not go through the origin (intercept = -0.684 Hz mC-'). This change in mechanism could
be attributed to the electrode surface going from platinum to nickel. A monolayer coverage of

2 or a frequency change of 9.9 Hz. The transition point

nickel can be calculated to be 158 ng cm”
is independent of the charge passed but occurs where there is a frequency change of approximately
30-40 Hz (corresponds to approximately 470-630 ng cm™2). This gives approximately 3 to 4 layers
of nickel on the surface of the electrode before a change in mechanism is observed. It is conceivable

that this quantity of nickel is required to be deposited before the reaction can be said to take place

on a homogenous nickel surface.

This behavior contrasts that of the boric acid bath, where no transition from low to high efficiency

was observed (see 4.2.2). It could be that boric acid is more effective at suppressing the HER on the
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Figure 6.11: Change in frequency on the outward scan. Inset: gradient against the square root of
scan rate during the initial plating region.

Scan rate (mV s) CE. 1 CE. 2
50 2.9 % (757 Hz C')  32.8 % (8557 Hz C1)
100 5.2 % (1368 Hz C')  31.6 % (8256 Hz C1)
200 8.4 % (2204 Hz C')  32.6 % (8506 Hz C1)

Table 6.3: Coulombic efficiency measured from the gradients (shown in brackets) at the various scan
rates for the initial low efficiency region (C.E. 1) and higher efficiency region (C.E. 2).

platinum surface. This is also supported by the larger hydrogen peaks found in the voltammetry of
the citric bath. Once larger overpotentials are reached and the surface becomes covered with nickel
the rate of HER is reduced sufficiently to enable the effective deposition of nickel. This shows the

influence of the underlying substrate during the initial stages of deposition.

To study the deposition of larger deposits, nickel was deposited on the EQCM by cyclic voltam-
metry at varying scan rates between 2 and 50 mV s'. C measured for this EQCM crystal was
0.056 Hz ng™! cm?. The slowest scan rate was performed first with each scan rate repeated 3 times.
The frequency change and current passed was measured and is shown in Figure 6.12. During cyclic

voltammetry it was found that there is a small positive drift (approximately 0.03 Hz s'!) in the
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Figure 6.12: Change in frequency and current during cyclic voltammetry in the nickel citrate bath
(Table 6.1).

frequency across the scans. Essentially the change in frequency returns to zero with each scan

implying all the deposited material is removed in the reverse scan.

The current was integrated to obtain the charge passed during plating and stripping. In each scan it
was observed that the charge passed during plating exceeds that of the stripping charge as expected

due to the evolution of hydrogen during deposition.

Each scan rate deposits a different quantity of metal therefore the overall coulombic efficiency of
deposition and stripping across the voltammogram can be calculated from a plot of the total charge
passed against change in frequency. Figure 6.13 shows a linear relationship between charge passed
and the change in frequency across these scans. The gradient of the fitted line for deposition was
8.16 & 0.09 Hz mC! and for stripping was 11.25 £ 0.03 Hz mC-!. From the gradients of the fitted
lines and using a Sauerbrey coefficient of 0.056 Hz ng™! cm? the efficiency of plating was calculated
to be 65.6 + 0.7 % and 90.5 & 0.2 % for stripping (given 100 % efficient deposition would result in
a gradient of 12433 Hz C!). The stripping efficiency was similar to that for the boric acid bath and

the plating efficiency was found to be lower (C.E. for boric acid bath = 83.9 + 0.2 %). The plating
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Figure 6.13: Charge passed vs. total frequency change for nickel deposition and stripping shown in
Figure 6.12.

efficiency of nickel from the citric bath appears quite low in comparison due to a more pronounced

Hs peak.

6.3.2 Galvanostatic Deposition

Industrially, films of nickel and nickel-iron are commomly deposited galvanostatically. When
depositing material galvanostatically it would be expected that material is deposited at a constant
rate, according to the current density and the deposition efficiency. The EQCM can determine the
mass of the material deposited onto the electrode and hence a plot of frequency against time should

appear as linear allowing the efficiency of deposition calculated.

6.3.2.1 Nickel Deposition on Nickel

To measure the efficiency of the citric bath at different current densities deposits were made
galvanostatically on the EQCM. To remove the influence of the underlying Pt electrode a nickel

layer was first deposited at 20 mA for 100 s. On this layer deposits were made at currents between
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Figure 6.14: Frequency response for the deposition of nickel from the citric bath (Table 6.1) for a
range of applied currents. A pre-deposited layer of nickel was applied to the electrode
to remove the effects of the under lying Pt and reduce changes in stress and surface
roughness.

0.5 and 25 mA. Deposits were made at room temperature with a pH of 3.0 under no agitation. A
linear response was observed at all the applied currents with R2 > 0.999 as shown in Figure 6.14.
From the frequency-time plots the gradient was measured and efficiency readily calculated using
the measured Sauerbrey coefficient of 0.0514 4 0.0006 Hz ng™* cm™ for this EQCM crystal (see
Section 3.3.3.2).

Figure 6.15 shows the resulting efficiencies measured at different currents. It is apparent that
the most efficient plating occurs at higher current densities. This could be a result of the HER
becoming mass transport limited and no longer capable of passing as much current. In this case the
current is then supplied by depositing a larger fraction of nickel resulting in an increased deposition
efficiency. Compared to the boric acid bath the measured efficiencies are lower (see Section 4.2.2).
The maximum value of efficiency for the citric bath under these conditions is 80 % compared to
95 % for the boric acid bath. The measured efficiency also increases more rapidly for the boric acid

bath this suggests that at room temperature boric acid prevents the HER more readily.
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Figure 6.15: Measured efficiencies for galvanostatic nickel deposition from the citric bath (Table 6.1)
at room temperature. The errors shown are propagated from the standard deviation in
the measure value of Cy for the EQCM crystal used.

6.3.2.2 Nickel Deposition on Platinum

The deposition of nickel onto the platinum surface was also investigated . Using the citric bath at
room temperature nickel was deposited at between 1 and 25 mA onto a bare Pt EQCM electrode.
Plots for the change in frequency against charge and the change in potential against time are shown

in Figures 6.16 and 6.17 respectively.

The response for nickel deposition on a platinum electrode is more complex than for nickel deposition
on nickel shown previously (Figure 6.14). Initially the change in frequency follows a common curve
independent of the current applied (see inset in Figure 6.16). This common, linear curve is followed
to a frequency change of approximately -200 Hz with a charge passed of 38 mC. This represents a
change in frequency corresponding to approximately 20 layers of nickel coverage. In this region the
gradient is -5.8 Hz mC-!corresponding to an efficiency of 47 %. During this stage the efficiency is
lower due to an increased proportion of hydrogen evolution. This contrasts the deposition of nickel
from the boric acid bath where high efficiencies (85 %) were measured in this initial region (see

Section 4.2.2).
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Following the initial common curve the frequency response diverges with the smaller currents
resulting in a more positive deviation. This is associated with a negative change in potential
after 38 mC of charge was passed as shown in Figure 6.17. The deviation in frequency may be due
to the film evolving different levels of stress or surface roughness during deposition at the varying
currents. As the deposited films become thicker the gradient increases and becomes linear with
gradients approximately -9 Hz mC™ or an efficiency around 70 %. This portion better resembles

the deposition of nickel on bulk nickel with little change in stress or the surface roughness.
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Figure 6.16: Change in frequency during the galvanostatic deposition of nickel. a) Over the entire
duration of plating. b) Shows the early stages of deposition where a common curve is
followed until a frequency of approximately -330 Hz.
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Figure 6.17: Potential-time transients for the deposition of nickel on Pt electrodes. The arrows
indicate the time at which 38 mC of charge passed which corresponds to the initial
linear response of the EQCM in Figure 6.16.

For the film deposited at 10 mA the change in frequency (a) and potential (c) over time is shown in
Figure 6.18. In addition a calculated line (b) was added as a guide to the eye. This line represents
69 % efficient nickel deposition to match that which is measured in the linear region of the plot.
The three regions described previously are shown. The first linear region, I, is shown to align with
a plateau in the changing potential after 38 mC of charge was passed. The region is defined by less
efficient deposition and the morphology of the deposits being dominated by the platinum electrode.
In region II there is a non-linear frequency response and a negatively shifting potential. The offset
in the frequency may be due to the changing film properties (stress and surface roughness) as
growth occurs. Once the film grows thicker there is a linear response (region IIT). At this stage the

film properties remain constant so a mass response is observed.
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Figure 6.18: Deposition of nickel from the citric bath (Table 6.1) at a current of 10 mA over 60 s
showing: (a) the change in frequency measured experimentally; (b) the calculated
change in frequency expected for 69 % efficient deposition; (c) the electrode potential.
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6.3.3 Additives

There are a wide range of additives used in electrodeposition. These can be categorised in differing
ways according to their chemical properties or the effects on the deposit. Classifications include
the chemical nature of the additive (organic, inorganic), the effect on the interface (surfactants),
the dimension of particles (molecular solutions, colloids), the mechanisms of adsorption on the
cathode (rapid adsorption/desorption, specific adsorption) or the effect on the deposit (levelers or
brighteners). In addition there are additives generally used in high enough concentrations that they
are no longer considered additives. They tend to be some sort of complexing agent (boric acid,
citric acid, etc.) but there role in the mechanism of electrodeposition is not straight forward and

could be multifaceted (see Section 1.2.2).

In this section the effect of additives in the nickel plating bath is examined systematically using
the electrochemical quartz crystal microbalance. The intent was to measure changes in efficiency
and the deposition potential due to the presence of any given additive in the bath. This may give

insight into the role or mechanism of the additives in the citric nickel deposition bath.

Eight solutions were made up as described in Table 6.4 where each solution contains NiCly with
specific combinations of the additives. The pH of each solution was then adjusted to 3.0 with 10
% HCl. Deposits were made galvanostatically at 20 mA cm™2 for 100 s. The potential and change
in resonant frequency were measured.

Potential-time transients and the change in frequency observed are shown in figures 6.19 and 6.20

respectively. Differences in the potential were found between baths with citrate and those without.

Citrate containing baths deposit at a more positive potential than -1.5 V and those without deposit

Solution Number

Chemical Concentration (g L)
1 2 3 4 5 6 7 8
NiCl,.6H,0 110 v v v v
NaCit.2H,0 30 X v v v v/ X X X
sodium saccharin 5 X X v v X vV XV
SDS 0.1 X X X v v v v/ X

Table 6.4: Solution contents used during deposition experiments (see figures 6.19 and 6.20). v -
indicates the presence of that species in the solution. X - indicates species is not present
in the solution.
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lower than -1.5 V. Spikes are observed as bubbles are formed and leave the electrode surface the

effect of which is also observed with variations in potential (for example later in solution 7).

Figure 6.20 shows the change in frequency of the EQCM before, during and after the current was
applied. Four solutions (those containing sodium citrate) show deposition where the change in
frequency is linearly proportional to the charge passed as would follow from Faraday’s law and the
Sauerbrey equation. The remaining four give a non-linear response. From the bath with nickel only
there was prominent hydrogen evolution and layers of material were removed from the electrode
during deposition and after the current ceased to be passed. The removal of the material is observed
as the rising frequency. Solutions 6, 7 and 8 showed a small drop in frequency after the current was

stopped. The films made from baths containing no sodium citrate were soluble in weak acid.

According to the Sauerbrey equation, nickel deposited at 100 % coulombic efficiency at 20 mA cm™
would result in a change in frequency of -34070 Hz or a gradient of 340.66 Hz s'. For baths not
containing sodium citrate the change in frequency is greater than the calculated value for nickel
only. In the citric free baths the film deposited may not be nickel metal. If the film deposited
was nickel hydroxide (which is soluble in acid) the change in frequency would be -55 kHz this is

comparable to the observed frequency changes of -45 to -55 kHz.

The four baths which display linear type plots all contain sodium citrate demonstrating its presence
is required for the efficient deposition of nickel. Table 6.5 shows the average efficiency measured
from the gradient of the A frequency vs. charge plots assuming the film is nickel metal. It is
seen from the standard deviations (n = 3) that there is no significant change in efficiency from the

addition of the additives.

The role of citrate is obviously highly significant. There are a range of suggested mechanisms for
additives such as citrate. A general explanation is the metal ions form complexes reducing the
concentration of bare metal ions, shifting the reduction potential. Other complexing mechanisms
suggest induced absorption or ion bridging to enhance the rate of reduction [155]. Induced adsorp-
tion is suggested as complexing agents tend to readily absorb onto metal surfaces and hence the
metal complex may also more readily absorb than the unbound ion. The increase in adsorption of
metal ions would then increase the rate of reaction at the electrode. Ion bridging is a mechanism
where the complexing agent acts as an electron bridge to the metal ion. As it has been suggested

that boric acid acts as an electron bridge [57] it is possible that citrate may act in a similar manner.
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Figure 6.19: Potential-time transients for deposition from different solutions at 20 mA cm™2. From
top left: 1) Ni; 2) Ni + Cit; 3) Ni +Cit + Sac; 4) Ni + Cit + Sac + SDS; 5) Ni +Cit
+ SDS; 6) Ni + Sac; 7) Ni + Sac + SDS; 8) Ni 4+ SDS.
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Figure 6.20: Changes in frequency for deposition from different solutions at 20 mA cm™. From top
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Bath Contents Average efficiency / %
Ni + Cit 73.2 + 1.5
Ni + Cit + Sac 75.5 £ 0.7
Ni 4 Cit + Sac + SDS 75.4 £+ 1.3
Ni + Cit + SDS 74.0 £ 1.1

Table 6.5: Efficiency of nickel deposition from solutions containing different additives. The efficiency
was calculated from the gradient of A Frequency vs. time plots.

6.3.4 pH

The effect of pH on the coulombic efficiency is of interest as well as any effect on the nature of the
deposited film. Deposits were made from the nickel-citrate bath (including saccharin and SDS) at
20 mA for 100 s on the EQCM and the change in frequency recorded. The pH was varied with
the addition of 10 % vol HCl. The resulting frequency-time plots are shown in Figure 6.21. The

deposition potential remained constant across the range of pH at -1.39 V

At pH 4.74 (unadjusted bath) there were large fluctuations in frequency indicating the erratic
nature of the deposition. The resulting film was found to readily dissolved in 0.1 M H5SOy. This
is consistent with the formation of Ni(OH)s which may be formed due to the higher bath pH. The
pH of the bath was decreased using HC1 and further deposits were made. The films produced at a
reduced pH no longer dissolved in HoSOy4 or in a solution of NiCly adjusted to pH 3.0 (as for the
films deposited for solution 1 in Figure 6.20). The coulombic efficiency of plating is plotted against
pH in Figure 6.22. The efficiency was highest at a pH of 3.87 as the pH was lowered the HER
becomes more important and the efficiency for nickel deposition decreases. It is suggested that any

change in efficiency in previous experiments is dominated by the variation in pH.

It is of use when performing pH based experiments to examine the speciation in the solution. A
speciation diagram was computed using Visual MINTEQ [156] to include 0.5 M NiCly and 0.1 M
citrate, similar to that within the plating bath. In the specation diagram (Figure 6.23) there is
an excess of nickel, when compared to citrate, which remains as Ni?Tin much larger concentration
across this range of pH. The highest efficiency for nickel deposition was measured at pH 3.87. This
pH corresponds to the region where the NiHCit = NiCit~ + H™ reaction buffers the solution. In

addition there is a small proportion of free H present.

Figure 6.24 shows further investigation of films deposited at a higher pH from a bath consisting of
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Species logK
HCit? 6.396
H,yCit 11.157
H;Cit 14.285
Ni(Cit)a? 9
NiCit 6.64

Ni(OH),  -18.994
Ni(OH)3~  -29.991
NiH(Cit),> 15
NiHCit 10.63
NiH,Cit™  13.29
NiOH®  -9.897

Table 6.6: logK values for species used to calculate speciation diagram from NIST thermodynamic
database [55].
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NiCl; with no citrate buffer or additives. A solution of 0.5 M NiCl, was adjusted to a pH of 3 with
a small volume (compared to the citric baths as there is no buffer) of HCl. A current of 20 mA was
passed for 100 s to deposit a film on the electrode. The film formed under these conditions results
in a large change in frequency (-57 kHz). The working electrode was then transferred in to 0.1 M
H3S04. The change in frequency shows the film is not stable and is chemically removed. The same
experiment was repeated but this time with a larger volume of HCI being added to lower the pH to
0.7. The resulting film gives a frequency change of -16 kHz and when transferred to 0.1 M H2SO4

is shown to be stable.

The maximum change in frequency expected for nickel deposition is 34 kHz for the charge passed.
The film deposited at pH 3 has a much larger change in frequency and therefore can not be due
to the deposition of nickel on its own. The deposited film must either contain large quantities of
trapped solvent or more likely be a film with a greater mass, for example nickel hydroxide which
would have an expected frequency change of approximately -55 kHz. Also displayed in Figure 6.24
is the resistance of the motional branch of the EQCM (see Figure 2.5 ). At high pH the resistance
is higher than for the film deposited at low pH which is consistent with the formation of nickel

hydroxide.

When there is no ‘buffer’ or reservoir of protons the local pH at the electrode is depleted sufficiently
as to not deposit nickel, similar to the high pH full bath. In addition when a film was deposited
from a deoxygenated bath at pH 3.0 the resulting film remains soluble in acid. It is suggested that
the soluble films deposited are Ni(OH)q which is deposited via two steps (Equations 6.2 and 6.3) or
NiOOH. The first step is an electrochemical reaction which creates hydroxyl ions at the electrode.

Then a chemical reaction occurs which precipitates nickel hydroxide on to the electrode [157].

2H,0 + 2~ — Hy+20H" (6.2)

Ni** +20H = Ni(OH), (6.3)

It is obvious that the surface pH at the electrode is highly important. The ability to prevent the
creation of OH™ or reduce its rate of formation sufficiently is a key factor in producing a nickel film.

At a pH of 3.0 the majority of the citrate anion is protonated (at least to some degree) and can act
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Figure 6.24: Change in frequency and resistance measured on the EQCM for the deposition of films
from a 0.5 M solution of NiCly. The areas marked H2SO4 are where the stability of the
film was tested in a 0.1 M solution of sulfuric acid. Shaded areas indicate time when
the electrode is in a solution. Spiking in the resistance is observed when the electrode
was rinsed in DI water.

as a source of protons. The buffering action of citrate may help reduce the depletion of H™ at the

electrode surface sufficiently during nickel deposition.

Ni 2t on its own is difficult to deposit, however with a large excess of Ni?! in solution it is proposed

that nickel could be deposited from the NiHCit species which is then regenerated.

NiHCit +2e~ — Ni(s) + HCit*~ (6.4)

HCit*” + Ni**™  —  NiHCit (6.5)

The voltammetry in Section 6.2.3 demonstrated the deposition of nickel in a bath with equal
concentrations of nickel and citrate and therefore no excess Ni?*. A nickel plating peak and the large
nickel stripping peak demonstrated the successful deposition of nickel in this bath demonstrating

that free nickel is not required. When excess nickel is introduced the current in the CV no
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longer peaks for nickel plating and the current continues to increase. This could be due to the

replenishment of the NiHCit species.

6.3.5 Effects of Temperature

In the previous chapter it was shown that temperature has a significant effect on the deposition of
nickel and nickel iron films. To examine these effects investigations were made on the EQCM. Care
must be taken when performing temperature studies on the EQCM due to changes in the resonant
frequency. In this work an AT-cut quartz crystal was used which has a turn around point at 25 °C
(i.e. there is minimal resonant frequency change with temperature close to 25 °C). Section 3.3.2
details the effects of temperature on the the EQCM showing that at temperatures up to 60 °C there

is minimal change in the resonant frequency of the quartz crystal and Cj.

6.3.5.1 Galvaonstatic Experiments

Galvanostatic measurements were made to measure the change in efficiency with temperature. A
current density of 20 mA cm™ was applied for 100 s with the potential and change in frequency
measured. This was performed over a temperature range between 20 and 60 °C. The electrodes

were cleaned between each deposition in 0.1 M HySOy4 by cyclic voltammetry.

Typical potential-time plots for galvanostatic deposition of nickel at different temperatures are
shown in Figure 6.25. The potential required to drive the reaction at this rate is shown to decrease
with increasing temperature. When rearranged the Butler-Volmer equation shows the over potential

is related to the temperature at a fixed current density, j.

n=In <3> B g (6.6)

Jo /) anF

However E° and the exchange current density, j,, also vary with temperature resulting in the slight

curve observed in the temperature vs. potential plot (inset in Figure 6.25).

The overall efficiency at each temperature was calculated from the total charge passed and the total
change in frequency over the 100 s of deposition (Figure 6.26). There is a slight increase seen in
efficiency at higher temperatures with a minimum observed at around 30 °C as at lower temperatures

the efficiency is found to increase again. This matches with experiments performed depositing
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Figure 6.25: Potential-time plots for the galvanostatic deposition of nickel at 20 mA cm™ from the
citrate bath (Table 6.1) performed at temperatures of 21.0, 28.2, 25.0, 44.8, and 58.8 °C.
The pH was adjusted to be 2.8 & 0.1 at each temperature using 10 % HCI.

nickel-iron films where the Ni content of the films varies in the same way with temperature (Section

5.15).
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Figure 6.26: Efficiency of nickel deposition across varying temperatures measured from EQCM data
for films deposited at 20 mA cm™2.

6.3.5.2 Potentiostatic Experiments

In potentiostatic experiments deposits of nickel were made using the citric bath using a fixed
potential of -1.0 V ws. SCE for 100 s on the EQCM. Given the increased observed efficiency at
60 °C, the bath was heated to 60 °C and adjusted to a pH of 3.0 £ 0.1 with HCI prior to deposition.

The electrodes were cleaned thoroughly between each deposition in HoSOy.

The current-time transients for nickel deposition at varying temperatures are shown in Figure 6.27.
The currents observed were seen to increase with higher temperatures. At lower temperatures
hydrogen evolution is more prominent (51 % of the current). At the higher temperatures the nickel
deposition reaction becomes more significant (up to 59 % of the current). The nickel deposition
reaction remains under electrochemical (kinetic) control and has a greater effect on the current-time

response.

The efficiency for nickel deposition was calculated from the change in frequency at the different
temperatures used (Figure 6.28). As the temperature increased that measured efficiency for deposi-

tion increased steadily until a temperature of 50 °C. Using the efficiency measurements the fraction
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of current used to deposit nickel can be calculated. If the deposition of nickel is under kinetic
control then it should display Arrhenius behavior. Figure 6.29 shows a plot of of In |iy;| against
1/T. The gradient of this plot can then be used to estimate the activation energy for the nickel
deposition reaction as dinli|/d(1/T) = —E,/R . The gradient is -2747 £+ 171 giving an estimate

for the activation energy of 22.8 £ 1.4 kJ mol!.

Figure 6.30 shows the rate of change of frequency measured during the experiment. It is apparent
that there is an initial phase where a large proportion of the current is not depositing material on
the electrode. There is a sharp initial spike in the current caused by the charging of the double
layer. The current then begins to level during a phase which does not match the changing frequency.
A large amount of hydrogen production on the Pt electrode surface could be responsible. There
is another change in the current occurring between 7 and 20 s, depending on temperature, after
which the df /dt appears to match the current presumably where deposition of nickel dominates
the electrochemical processes. At higher temperatures it requires a shorter timescale to achieve
the dominant nickel plating regime implying that less hydrogen is evolved. The effects of hydrogen

evolution on the initial phase of deposition are apparently suppressed at higher temperature.

6.3.5.3 Potential Step Experiments

To investigate the properties of the deposited Ni films potential step experiments were performed
to examine the stripping of films deposited from the bath. This can bring to light more information
about how the film is deposited and the nature of the films. Deposits were made at -1.0 V over
increasing deposition time (10, 20, 30, 40 and 60 s). A potential step was performed to strip the
film at at 0.0 V. The experiments were performed at room temperature (Figure 6.31) and at 60 °C

(Figure 6.32).

In the initial stages of the deposition the current and df /dt were found to match much closer, unlike
the previous experiment. As these experiments were performed sequentially without cleaning the
electrode in HySO,4 between deposits the electrode surface does not have the same level of cleanliness
as before. It is thought that on the clean Pt surface it will be easier to produce hydrogen which
continues until a layer or layers of nickel cover the electrode. On a dirtier surface the catalytic

generation of hydrogen is hindered and it is favorable to deposit nickel.

The rate of stripping for the final part of the film (which is deposited first) was found to vary

between the two temperatures. At room temperature there is an increase in df /dt which then falls



Chapter 6. Electrodeposition of Nickel from a Citric Bath 163

0
EmE
£ ] fp/
(&)
< _ ] f
g b
% ] |
2 .15
)
(m)] j
I ——60.8 °C
E ———46.8°C
o 1 39.3°C
-25 ——30.3°C
] 19.7 °C
-30 T T T T T T T T T T T
0 20 40 60 80 100

Time (s)

Figure 6.27: Current-time plots for the deposition of nickel at -1.0 V on the EQCM for the citric
bath (Table 6.1). At the varying temperatures the pH was adjusted to 3.0 £ 0.1 using
10 % HCL.

to zero simultaneously with the current. This increase may be due to a decrease in the surface

roughness as the platinum electrode is exposed after removal of the electroplated nickel.

At 60 °C there is no increase in rate and df /dt returns to zero before the current. This implies
material is removed from the electrode until a point where oxidation occurs with no significant mass
change. It is speculated this could be due to the oxidation of the platinum surface or oxidation of

any trapped hydrogen.
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Figure 6.31: Potential step experiments showing df/dt (red) and current (black) at room

temperature. Each division in the time axis is 5 s.
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Figure 6.32: Potential step experiments showing df /dt (red) and current (black) at 60 °C. Each
division in the time axis is 5 s.
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6.4 Conclusions

The citrate anion has been shown to enhance the deposition of nickel in a similar manner to boric
acid. Controlling the hydrogen evolution reaction remains of high importance in the nickel-citrate
bath as this dictates the nature of the deposits and the deposition efficiency. It is clear that the
control of the hydrogen evolution reaction is key for the deposition of nickel . During the deposition
of nickel on platinum it appears, mechanisticly, that there are two plating regimes for the deposition
of nickel from the citric bath. A first regime where there is a low efficiency and hydrogen evolution

is prevalent and a second regime where nickel deposition dominates over the HER.

This chapter demonstrates how the HER can be limited during deposition. pH control is important
as increased efficiency of the deposition on lowering pH was shown to rapidly lead to an enhanced
rate of the hydrogen evolution reaction due to the further increase in the H' concentration. The
HER can also be limited using the optimal current densities to deposit films. It was shown that
in the range up to 18 mA cm™ a increased current reduces the extent of the hydrogen evolution

reaction.

An additional issue in the deposition of nickel films is the formation of Ni(OH),. Citrate helps
to prevent the formation of Ni(OH), which passivates the electrode. It may perform this role due
to an ability to provide acid and prevent changes in the local pH near the electrode through the

equilibrium NiHCit = NiCit~ + H+ .



Chapter 7

Electrodeposition of Nickel-Iron

Films from a Citric Bath

7.1 Motivation

Having performed an analysis for the deposition of nickel from the citric bath the system was then be
made more complex with the addition of iron species to deposit magnetic alloys. Characterisation
of the electrochemical behavior of this binary system was performed. Examination of the deposition
of the nickel-ion alloy from an alternative bath (not containing boric acid) was performed to make
a REACH compatible bath and to give further insight into the anomalous deposition behavior of

the nickel-iron system.

Voltammetry was first performed on the nickel-iron citric bath to examine the basic electrochem-

istry. Comparisons were then made to the behavior of the boric acid based bath.

It is important to be able to distinguish between the deposition of nickel and iron in order to
separate their individual effects. The EQCM does not provide a suitable method to identify the
two metals and separate their effects as the mass and valency of nickel and iron means that the
depsoition/charge masses are almost identical. It is known that agitation has a significant effect on
the deposit properties, to this end experiments were performed on the rotating ring disc electrode

(RRDE). This technique has the advantage of controllable hydrodynamic behavior, an important

169
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factor in determining alloy composition and deposition efficiency. From this work the optimal

conditions for NiFe deposition from this bath were determined.

7.2 Cyclic Voltammetry

7.2.1 Voltammetry of the Iron-Citrate Bath

To examine the behavior of iron in the citric bath voltammetry was performed on an iron bath
containing iron chloride, sodium citrate, sodium saccharin and SDS. Cyclic voltammetry was
performed at 60 °C using a platinum disc electrode with area 0.387 cm?. The potential was swept

between 1.0 V and -1.3 V over a range of scan rates.

Using the speciation diagram shown in Figure 7.1 the initial composition of the bath can be
approximated for a pH of 3.0. The speciation of iron is split equally between free Fe?* and the

citrate bound FeHCit complex. In this bath there is an excess of the citrate anion at pH 3.

Figure 7.2 shows voltammetry for the iron bath. Peaks in the scan related to hydrogen can be
identified by comparison to the CV of the background electrolyte (Figure 6.7) where hydrogen gas
oxidation and hydrogen ion reduction on the platinum electrode occurs at around -0.4 V. This

compares well to peaks (b) and (e) in the iron-citrate bath.

Two peaks are observed for the oxidation of Fe(II) to Fe(III) around 0.2 V and 0.5 V (c and d).
Peak (d) is consistent with the oxidation of Fe?" to Fe3" seen in the boric acid electrodeposition
bath (Figure 4.10). The presence of peak (c) is consistent with an additional complexed iron (II)
species (FeHCit) as shown in the speciation diagram. For the reverse scan there are no major
corresponding back peaks, possibly due to the strength of the iron (III) citrate complex and excess

of the citrate anion.

A further peak is observed in the cathodic scan at -1.2 V (peak f) before the current rapidly
increases. On the reverse scan there is an associated stripping peak (a) most likely due to the
oxidation of iron. Further positive of this peak the current becomes negative once again. This
occurs due to the platinum surface of the electrode being revealed at a potential were hydrogen

evolution can occur. As the potential is increased further, hydrogen oxidation then results in peak

(b).



Chapter 7. Electrodeposition of Nickel-Iron Films from a Citric Bath 171

0.10

0.08

0.06

Concentration (M)

0.04 4 .
FeHCit FeCit
0.02
0.00 T T Y T Y T T T T T T T T
2 3 4 5 6 7 8 9

pH

Figure 7.1: Speciation diagram showing Fe and Citrate species calculated using Visual MINTEQ.
Initial [Cit®*] = 0.1 M, initial [Fe**] = 0.035 M at 60 °C. Calculated from data included
in tables 6.6 and 7.1.

Species logK

Fe(III) citrate  13.13
Fe(II) H citrate 10.17
Fe(II) citrate ~  5.89

Table 7.1: Stability constants for iron citrate species from NIST database reference [55]
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Figure 7.2: Cyclic voltammetry of an iron-citrate bath with [FeCly] = 0.035 M, [NazCit*] = 0.1 M,
[sodium saccharin] = 0.027 M, [SDS] = 0.0035 M. The pH was 3.0 at 60 °C. The potential
was swept positive from a starting potential of 0.00 V and scanned between 1.0 V and
-1.3 V. The 5th scan for each scan rate is shown.
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7.2.2 Voltammetry of the Nickel-Iron-Citrate-Bath

Cyclic voltammetry was then performed on the nickel-iron citric bath (as described in Table 5.2) at
60 °C using a platinum disc electrode with area 0.387 cm?. The potential was swept between 1.0 V
and -1.0 V over a range of scan rates to avoid the deposition of nickel dominating the response.

The resulting voltammagrams are shown in Figure 7.3.

To identify the main species in solution a speciation diagram was constructed and is presented in
Figure 7.4. The nickel species present in the bath are largely similar to the nickel-citrate bath as
described in Section 6.2. There is a large excess of Ni?" and the major nickel citrate species present
at pH 3 are NiHCit and NiH,Cit™. In this bath there is a single dominant iron (II) species of

unbound Fe?™.

In the voltammetry the potential was swept positive from 0.0 V. In this direction there is a single
oxidation peak at 0.4 V this corresponds to the potential for the oxidation of Fe?*as seen for the
iron-citrate bath (Section7.2.1) and the nickel-iron-boric acid bath (Section 4.2.1). When compared
to the iron-citrate bath only one peak is observed as unbound iron is now the dominant iron species

in solution.

On the reverse scan a reduction peak is observed at -0.2 V. It is suggested that this peak is due the
the reduction of an iron (III) citrate complex which is formed following the oxidation of the bare
iron (II) species. A quantitative prediction for the shift in potential due to the formation of an iron
citrate complex can be made using the thermodynamic cycle shown in Figure 7.5 and the stability

constants for iron citrate species (Table 7.1).

The stability constants for iron citrate species represent the following reactions:

K
Fe(III) + Citrate = Fe(III)Citrate (7.1)
K
Fe(Il) + Citrate = Fe(II)Citrate~ (7.2)
For these reactions the Gibbs free energy can be calculated as AG = —RT'In K. Using the

thermodynamic cycle in Figure 7.5 it follows that
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Figure 7.3: Cyclic voltammetry for the nickel-iron citric bath as detailed in Table 5.2. [NiCly] =
0.5 M [FeClz] = 0.035 M, [Na3zCit*] = 0.1 M, [sodium saccharin] = 0.027 M, [SDS| =
0.0035 M. A starting potential of 0.0 V was used. The potential was then swept to 1.0
V and then to -1.0 V. The 5th scan is shown.

AGY + AGY = AGY +AGY (7.3)
-nFEY —RTImnK, = —-RTInK;—nFES (7.4)
RT . K
ES —ES = 1 24 .
2 1 nF n K3 (7 5)

From this the change in redox potential due to the formation of a complexed iron species can be
calculated using the stability constants given in Table 7.1. At 60 °C the expected shift in potential
is (5.89 — 13.13) x 66 mV = —0.478 V. This is in reasonable agreement with the observed shift in
potential for the iron oxidation and reduction peaks. The formation of Fe(II)Citrate™ species is not

stable in the bath under these conditions. It is expected that iron then dissociates, predominatly

to Fe2t.

As the sweep progresses further negative in Figure 7.3, a peak consistent with hydrogen ion
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Figure 7.4: Speciation diagram showing Ni, Fe and citrate species calculated using Visual MINTEQ.

Initial [Ni*™] = 0.5 M, initial [Cit*] = 0.1 M, initial [Fe*"] = 0.035 M at 60 °C. Calculated
from data included in tables 6.6 and 7.1.

AG1 = -nFE°1

Fe(lll) Fe(ll)

AG3 = -RTInK3 AG, = -RTInK,

AGo=-n FE02
Fe(lll)Citrate Fe(ll)Citrate

Figure 7.5: Thermodynamic cycle for iron and citrate.
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reduction occurs similar to the that seen for the iron-citrate bath (Section 7.2.1) and the nickel-
citrate bath (Section 6.2). A further peak is observed at -0.9 V. As the scan approaches -1.0 V
nickel begins to deposit (f) before the return scan. During the scans there is little metal deposited
on the electrode which results in any stripping peaks being swamped by the hydrogen oxidation

peak (a) seen at -0.26 V.

As the sweep progresses further negative a peak consistent with hydrogen ion reduction occurs
similar to that seen for the iron-citrate bath (Section 7.2.1) and the nickel-citrate bath (Section
6.2). A further peak is observed at -0.9 V. As the scan approaches -1.0 V nickel begins to deposit
(f) before the return scan. During the scans there is little metal deposited on the electrode which

results in any stripping peaks being swamped by the hydrogen oxidation peak (a) seen at -0.26 V.

The potential window of the scan was extended to see the plating and stripping of the nickel-iron
films. Figure 7.6 shows the extended scan for the the nickel-iron bath and compares it to the nickel
bath under the same conditions. Large plating currents are observed and a single stripping peak

shows the removal of the film.

For comparison the equivalent scan for Ni only (solid lines) is shown. Larger currents were found
during plating in the nickel only bath showing the currents are not simply cumulative. This

demonstrates that iron has an inhibiting effect on nickel during electrodeposition.

7.2.2.1 Effects of Ni(II) Concentration in the Nickel-Iron Bath

To examine the influence of nickel concentration and bridge the gap between voltammetry of the
iron bath and full nickel iron bath voltammetry was performed with intermediate concentrations
of nickel. These experiments link the change in the voltammetry and enable evaluation of the
interaction between nickel, iron and hydrogen. Figure 7.7 shows voltammetry performed on citric-

based baths containing 10, 25, 50 and 100 mM NiCls.

At low concentrations of Ni(II) (10 mM) there is little change to the voltammetry from the iron
citrate bath seen in Figure 7.2. When the Ni(II) concentration was increased to 25 and 50 mM the
stripping peak at -0.5 V was found to increase in magnitude indicating the increased quantities of

metal deposited.

At a concentration of 100 mM the onset of what could be considered bulk NiFe deposition was

observed, particularly at the slow scan rate of 50 mV s™!. The potential of the stripping peak was
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Figure 7.6: Comparison of cyclic voltammetry for the nickel (solid lines) and nickel-iron (dashed
lines) citric bath. CVs were made over the extended potential window between -1.3 and
1.0V

found to become more positive possible due to an increasing nickel content in the deposited film.

Additionally, the hydrogen oxidation peak at -0.2 V became less prominent.

These experiments indicate how the reduction of hydrogen on the platinum electrode can dominate
the system. In this system the deposition of both nickel and iron occurs beyond the potential at

which hydrogen evolves.
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7.3 Hydrodynamic Measurements of Nickel and Nickel-Iron

Films

The effects of mass transport play a significant role in the deposition of nickel-iron. Varying the
hydrodynamic conditions (through agitation or under a controlled flow) can lead to changes in film
composition and deposition efficiency. The RDE offers a controllable and quantifiable manner to
investigate the effects of varying the plating conditions. Furthermore, the RRDE may conveniently
be used to measure the composition and efficiency across a range of rotational frequencies. For an
industrial setting it is important to understand the effects of flow at the electrode to enable the

optimisation of the deposition parameters and to aid with troubleshooting.

In principle the RRDE can be used to determine the quantities of nickel, iron and hydrogen which
are produced during the deposition process. In a simple experiment, the volume of hydrogen
produced can be calculated. Nickel or nickel-iron is first deposited on to the electrode passing a
known quantity of charge. The deposited film can be removed and, by measuring the amount of
charge required to do so, the quantity of hydrogen evolved during deposition can be calculated. In
this section, a series of experiments evaluates this method for determining film composition and
deposition efficiency. Following this evaluation, the extent of the HER and film composition was
examined at various rotational rates under otherwise fixed galvanostatic conditions, as would be

used in a simple industrial cell.

Previous studies in boric acid based baths have demonstrated that agitation affects film composition
and deposition efficiency. Rotating disc studies demonstrated that with increasing rotational
frequencies the coulombic efficiency decreased. In addition it was shown that iron deposition
occurred largely under mass transport control at higher current densities (20 and 30 mA cm™2)
and at the lower range of rotational frequencies used (100 rpm to 400 rpm) [106]. Additional
studies have demonstrated that increased rotational frequencies enhance the mass transport of
H™ to the electrode and hence decrease the deposition efficiency [104, 158]. The effect on alloy
composition is more complex. At low current densities there is a decrease in the iron percentage,
whereas at higher current densities (> 10 mA cm™2), there is an increase [106]. It is also suggested
that under high current densities and low rotation rates the iron deposition reaction occurs under

mass transport control.

The range of rotation rates studied on the RDE was chosen to be between the rotational frequency
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required to maintain controlled hydrodynamic conditions and the upper, practical, limit where fast
rotation rates introduced noise into the response. The Levich equations break down when the size
of the hydrodynamic boundary layer approaches the disk radius. A lower limit for the rotation rate
can be obtained from the condition that w = 10v/r?, where w is the rotational speed (rad s7!), v is
the kinematic velocity and r is the electrode radius [111]. For an RDE with » = 0.35 cm and v =
0.01 cm? s! this condition is met when the rotational frequency is 1.5 Hz. To ensure hydrodynamic
control, with relevant rotational frequencies for industry frequencies between 1 and 16 Hz were used

for the RDE.

7.3.1 Hydrodynamic Behavior of Nickel Deposition

Using a citric bath nickel deposits were made at room temperature (23 °C) with a current density
of 20 mA cm, to match with the optimal conditions of the NiFe bath. Plating was performed
for 200 s so that the total charge passed, Q;, was 1548 mC. Deposits were made with a rotational
frequency, W, of the RDE at 1, 2, 4, 9 and 16 Hz to represent differing degrees of flow of the
electrolyte. The deposits were then rinsed with de-ionised water and stripped in a solution of 0.5 M
NaCl and 0.2 M HCI at 0.00 V and a fixed rotational frequency of 16 Hz to determine the efficiency

of deposition.

The potential time transients for deposits at varying rotational frequencies are shown in Figure
7.8. The steady state deposition for deposition is more positive when the rotational frequency is
increased indicating it is easier to deposit nickel. At 16 Hz, it is seen that the potential takes
significantly longer, around 30 s, to reach this steady potential, possible due to the slow rotational
frequency. To measure the fraction of charge resulting in nickel deposition and hydrogen evolution,
deposits were stripped in the HC1:NaCl electrolyte and the current measured for each deposit. The

charge required for stripping the entire nickel film was measured via integration of the -t curve.

Figure 7.9 shows the charge required to remove the deposit against the rotational frequency used
during deposition. Given that a known quantity of charge was used during deposition of the films
(1548 mC) the remaining charge which has not been used to deposit nickel was calculated. This
charge was attributed to the hydrogen evolution reaction; however, it may contain a contribution

due to the formation of soluble products during deposition.

A plot of the stripping charge against the square root of the rotational frequency used during

deposition is shown in Figure 7.9. The plot demonstrates a linear relationship between the quantity
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Figure 7.8: Potential-time plots for deposition of nickel from the citric bath (Table 5.2 with
[FeCly] = 0 mM) at 20 mA cm™ on the RDE with varying rotation frequency. Potentials
were measure vs. SCE.

of hydrogen produced and W /2. This shows that, similar to the boric acid bath, increased rotational
frequency enhances the mass transport of H™ influencing the extent of the HER and decreasing the
efficiency. The remaining current which cannot be supplied from the HER results in the deposition
of nickel. This aptly demonstrates how the rotational frequency, or flow of species to the electrode,

can affect the deposition efficiency.
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Figure 7.9: Stripping analysis for nickel films deposited at varying rotational rates (see Figure 7.8).
The charge require to strip the nickel film was measured in a NaCl:HCI electrolyte at
rotating at 16 Hz. Stripping was performed at 0.00 V. The stripping charge, Q, is plotted

7.3.2 Detection of Iron from Nickel-Iron Films Using the RRDE

against the rotation frequency, wY 2. used during deposition of the nickel film.

With nickel-iron films this can be taken a step further using a rotating ring disc electrode by

detecting the iron removed during stripping of the electrodeposited film on the ring. Using the

measured collection efficiency the quantity of iron in the deposited film can be determined. The

quantity of each of these species at varying rotational frequencies can then be determined. To

ensure quantitative information was obtained the behavior of the RRDE must first be assessed. A

series of experiments were performed to test any potential dependance relating to the collection

efficiency for iron and to ensure the minimal effects of any background currents.

On the RRDE a NiFe film deposited on the disc electrode can be oxidised to the Ni(II) and Fe(II)

cations at a potential, V; (Equations 7.6 and 7.7) .

. 24 _

Niy — Nz(aq) + 2e
2+ -

Fey — Fe(aq) + 2e
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If the ring is held at a potential, Vg, where the oxidation of Fe(II) to Fe(III) (Equation 7.8) occurs
then the composition of the film can be measured provided the collection efficiency is known and

any other reactions are insignificant.

2+ 3+
Felag) = Felag)

+e” (7.8)

In the following experiments nickel-iron films were deposited on to the disc of a RRDE using
the citric bath (Table 5.2) at room temperature. The deposited films were then stripped in the
HCL:NaCl (0.5 M NaCl and 0.2 M HC]) electrolyte. By controlling the potential the ring was used

to detect iron. This was used to determine a suitable detecting potential for Fe?" .

NiFe was deposited on the disc electrode at 20 mA cm™ with 4 Hz rotation speed for 400 s. The
solution was then swapped to the HCl:NaCl stripping solution. A background scan of the electrolyte
was first performed on the platinum ring a CV was taken between 0.1 and 1.0 V on the Pt ring
without stripping the deposited film. The rotation frequency was 4 Hz and a scan rate of 10 mV s!
was used. The potential of the disc was then set to 0.00 V, to strip the deposited NiFe, and a CV

was performed on the ring under the same conditions as described for the background scan.

Figure 7.10 shows the stripping current measured from the disc and the voltammetry performed on
the ring. The stripping current was found to be consistent throughout the experiment. On the ring
electrode a wave was observed between 0.1 V and 1.0 V. This wave is constant with the reaction
of Fe(II) to Fe(Ill) (E® = 0.529 V wvs. SCE) [129]. The background currents observed were low
(10 pA) with the main feature being a wave at 0.48 V. This is most likely due to oxide formation
on the platinum electrode. The currents observed during the detection of iron were found to be 25
times larger than the background. This demonstrates the mass transport limited detection of Fe?"

on the disc at a potential of 0.8 V and no detection of Fe?* at 0.3 V.

With detecting and non-detecting potentials for Fe?* established further potential step experiments
were performed to confirm the detection of Fe?" using a constant potential of 0.8 V. During the
stripping of a nickel-iron film the ring potential was stepped between detecting (0.8 V) and non-

detecting (0.3 V) potentials and is shown in Figure 7.11.
There was a large change in the ring current between the detecting and non-detecting potentials.
This is consistent with detection of Fe?" from the film dissolution. At the non-detecting potential

there is a small background current approximately 10 % of the magnitude of the detecting current.
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Figure 7.10: Cyclic voltammetry performed between 0.1 V and 1.0 V on the ring of an RRDE (solid
black line) while stripping NiFe from the disc at 0.0 V (solid red line). A background
scan of the NaCl:HCI stripping electrolyte on the ring is shown as the black dashed
line. Scan rate = 10 mV s, rotational frequency 4 Hz. Potentials were measure vs.
SCE.

To ensure there was no bias in the detection of iron due to the stripping potential used on the disc
the NiFe film was stripped during cyclic voltammetry. After the deposition of a nickel-iron film on
the disc of a RRDE (400 s at 20 mA cm™, 4 Hz) the electrode was placed in the stripping solution
where a CV was performed on the disc (10 mV s7!, -0.5 to 0.5 V) and the ring was held at either
0.8 V (detecting) or 0.3 V (non-detecting). Figure 7.12 shows an experiment where the ring is held
at a non-detecting potential. Note the scale for the ring current, 7,;nq, is 100 times smaller than
for the disc current, i4;s.. The current is essentially a baseline at 0 mA which demonstrates no

background current.

Figure 7.13 shows when the ring was held at a detecting potential. An increase in current at the
disc due to stripping closely resembles the increased current at the ring until the film is nearly

stripped off.

The collection efficiency of the ring electrode was measured as 0.203 (see Section 3.3.1.2) therefore

the composition of the film can be calculated. The current at the disc due to iron dissolution, ip re
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Figure 7.11: Pulsing on ring (black) between 0.3 V vs. SCE and 0.8 V while stripping NiFe at 0.0 V
(red). Rotation frequency 4 Hz.

can be calculated taking into account the collection efficiency, N, and the number of electrons
required for each reaction. As the reaction of Ni and Fe to Ni(II) and Fe(II) at the disc involves
a two electron transfer and Fe(II) to Fe(III) a one electron transfer ip p. can be calculated using

Equation 7.9.

iD,Fe = (Zmng/N) X 2 (79)

ip,re can then be used to calculate the film composition by dividing ip e by Zgisc . The measured
fraction of iron in the nickel-iron film is plotted against the disc potential in Figure 7.14 essentially

giving a plot of film composition against thickness.

The fraction of iron in the film is measured to be approximately 0.5 + 0.1 with a higher iron content
in the upper portion of the deposited film. The initial stages of the stripping voltammetry are non-
representative of the film due to the transit time it takes for species to flow to the ring electrode.

For this RRDE and a rotation frequency of 4 Hz the transit time should be approximately 1-2 s.
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Figure 7.12: CV on disc (red) while detecting at 0.3 V vs. SCE at the ring (black). Scan rate = 10
mV s, rotation frequency 4 Hz.

Additionally i¢p re and i4isc are small at these potentials resulting in measurement artifacts and

erroneous composition measurements.
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Figure 7.13: CV on disc (red) while detecting Fe(II) at 0.8 V vs. SCE at the ring (black). Scan rate
= 10 mV s, rotational frequency 4 Hz.
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Figure 7.14: Calculated film composition from ip, pe/i4isc during stripping voltammetry of a NiFe
film. Scan rate = 10 mV s™!, rotational frequency 4 Hz.
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7.3.3 Measurements of Film Composition on the RDE Using XRF

To confirm the electrochemical analysis of the nickel-iron films an XRF analysis was performed on
films deposited on the disc. Measurements were taken to spatially investigate the thickness and
composition of the alloy deposited. In addition measurements were made at elevated temperature

where optimal plating performance has been demonstrated (see Section 5.8).

In this series of experiments films were deposited at 20 mA cm™ for 200 s from the citric bath
described in Table 5.2. The plating temperature was varied between 25 and 60 °C in a stagnant
solution and also under rotation of 4 Hz. XRF was used to determine the composition and thickness
at points from the center of the disc to the outside at intervals of 30 mils (1 mils = 1/1000 inch).
The spot size for the X-ray beam was 2 mils and the collection time was 60 s. Figures 7.15 and 7.16
show the variation in thickness and composition across the films measured with XRF. The overall
composition of the films was calculated from the composition and thickness measurements taking
into account the radial distribution of the deposits. The average for thickness and composition
across the electrode is shown in Table 7.2. Faraday’s law predicts a thickness for a NiggFegq film

deposited for 200 s at 20 mA cm™ as 1.76 pm.

Most of the films (with the exception of 60 °C, 0 Hz) show an increase in thickness towards the
outside of the disc. The film thickness and hence the efficiency at 60 °C is greater than that at 25 °C.
There are also changes in the composition across the film particularly in the 4 Hz at 25 °C and 0 Hz
at 60 °C. Having conditions with no rotation and hence no flow of electrolyte across the solution
may result in the local depletion of reactive species at the electrode affecting the composition.
Having rotation and hence a laminar flow across the electrode may remove or displace reactive

intermediates from where they are generated.

It is reassuring that the composition of the nickel iron film deposited at 25 °C and 4 Hz is similar
to that measured using the RRDE. Using XRF the composition is measured as 50.2 % Fe. For the

RRDE the iron content was largely in the range of 40 to 60 % iron (see Figure 7.14).
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Deposition Average Average Efficiency / %
Conditions Thickness / Composition
pm / % Ni
no rotation, 25 °C 1.35 91.9 77
4 Hz, 25 °C 0.75 50.2 43
no rotation, 60 °C 1.46 86.7 83
4 Hz, 60 °C 1.01 61.7 o7

Table 7.2: Summary of film thickness and composition measured from varying conditions.

7.3.4 Hydrodynamic Behavior of Nickel-Iron Deposition

The experiments so far demonstrate that quantitative information can be obtained using the RRDE.
It was also shown that there is minimal influence from background currents when detecting iron
from the deposits. It follows that this technique is appropriate to study the influence of rotational
frequency on the deposition of NiFe films from the citric bath. Using the controlled hydrodynamic
conditions provided from the RRDE the quantity of nickel, iron and hydrogen generated during

deposition of the films can be measured.

NiFe films were deposited on the disc of a RRDE from the citric bath detailed in Table 5.2. Deposits
were made at room temperature passing a current density of 20 mA cm™ for 200 s (Q; = 1548 mC)
using a range of rotational frequencies. The deposited films were then stripped at a potential of
0.1 V in the HCI:NaCl electrolyte. The ring electrode was set at a potential of 0.8 V to detect the

presence of Fe?as the deposited NiFe film was removed.

The total charge required to remove the film from the electrode, Qg;s., was measured by the
integration of 74;s. against time. Using 4,4 and Equation 7.9 the proportion of charge require to
remove iron in the film, Q4 r. was also calculated. The quantity of nickel and iron in the film was
calculated from Qg;sc and Qg re. The remaining charge passed (Q; — Quisc) Was attributed to the
HER. Figure 7.17 shows the fraction of nickel, iron and hydrogen produced during deposition of

the alloy at different rotational frequencies.

Across these rotational frequencies the HER was found to dictate the overall efficiency of nickel-iron
deposition. The close to linear type response to W2 for the HER indicates that it is somewhat
under conditions of mass transport control. At low rotational frequencies the deposition of nickel is
favoured in contrast with the HER. At increased rotational frequencies the film composition tends

toward a constant ratio approximately 60 % iron. (Section 7.3.3).
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Figure 7.17: Calculated fraction of the charge passed for nickel, iron and hydrogen during the
deposition of nickel-iron films. The NiFe films were deposited from the citric bath
detailed in Table 5.2 at a pH of 2.8 at room temperature for 200 s using rotation
frequencies of 1, 2, 4, and 9 and 16 Hz.

In principle this type of experimental method could be used to systematically assess the efficiency
and film composition against a range of variables. For example, by using a fixed rotational frequency

the effects of temperature, pH or iron concentration could be examined.

7.4 Films on Copper Electrodes

So far in this chapter nickel-iron films have been deposited on platinum electrodes. In practical
applications the films are deposited on an alternative material as a seed layer. A common seed
layer used for electrodeposition in microfabrication is copper. In this section therefore nickel-iron
films were deposited onto copper 1 cm X 1 cm square electrodes to examine the behavior on this

seed layer.

Blanket films were deposited galvanostically from the citric bath (Table 5.2) at currents between

10 and 50 mA cm2, passing an overall charge of 7200 mC. The temperature of the bath during



Chapter 7. Electrodeposition of Nickel-Iron Films from a Citric Bath 194

-0.2 1
i 3 r r
-0.4 -
< 064
_(__B p
qu3 -0.8 1
o] ]
o
S s
| [/F—— —20 mA
424 30 mA
| — 40 mA
50 mA
-1.4 —+~ 1 1 ~ T ~ T *~ T * T "~ T
0 100 200 300 400 500 600 700 800
Time (s)

Figure 7.18: Potential-time plots for deposition of NiFe films from the citric bath on Cu electrodes.

deposition was 60 °C and agitation was provided using a magnetic stirrer rotating at 750 rpm. The

composition of the deposits was measured using XRF across 5 locations on the film.

Potential-time plots are shown for the deposition of the nickel-iron films in Figure 7.18. An increased
reducing potential is required to deposit at the same current density for the citric bath when
compared to the boric bath. At larger current densities an increasingly negative potential is required
as expected. A plot of the | In |(i) against the potential gives a linear plot (R?= 0.99) with a gradient
of -6.36 & 0.32 V-!. This is comparable with the equivalent experiment depositing from the boric
acid bath where the gradient was found to be -6.87 4 0.46 V1.

The nickel content was measured as a function of the current density applied. Figure 7.19 shows the
the average iron content is at a maximum between 20 and 30 mA cm™. This maximum coincides
with the desired composition for a Permalloy film (NiggFesg) The error bars show the standard
deviation of the composition across the electrode therefore indicating the variation of composition

across the square. With increasing currents the variation in composition increases.

Additionally, films were deposited on the copper electrodes at a current density of 20 mA cm™

for times from 60 to 480 s. The thickness of the films at the edge of the electrode was measured
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Figure 7.19: Iron content in nickel-iron deposits on to copper square electrodes from the citric bath.

using a Dektak surface profiler. The edge step height is seen to increase linearly with the charge
passed as shown in Figure 7.20. The linear nature of this plot indicates there is no variation in
the efficiency with the duration of deposition, ideal for deposition of thick films. The deposition
rate for nickel-iron, assuming 100 % efficiency, was calculated as 356 nm C' cm™ or 427 nm min-?
using Equation 3.7 (0NigFesy = 8-447 g cm™) [130]. The observed deposition rate for these films
was 442 + 9 nm C! or 529 + 11 nm min™t. Edge effects were found to be prominent resulting in a
thicker film at the edge of the electrode. This may be due to the additional diffusion of material to
the edge of the electrode. Furthermore the density of the film may be less than for bulk nickel-iron

due to its polycrystalline nature and the presence of trapped voids in the film.
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Figure 7.20: Variation of thickness for NiFe deposit with magnitude of charge passed during
deposition

To confirm this SEM images were taken of the deposited NiFe films to examine the surface structure.
Figure 7.21 shows images of films deposited at different current densities. On the right hand side of
the micrographs is the electrodeposited nickel-iron film, on the left hand side is the sputtered
titanium layer deposited as part of the Ti-Cu-Ti seed layer in these devices. The nickel-iron

film appears in general to have a smooth, flat surface. Image (d) shows the a film at a greater

magnification where some surface texture is apparent.
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EHT =10.00 kv Signal A = SE2 Sample ID = EHT =10.00 kv Signal A = SE2 Sample ID =

WD = 8.2mm Mag= 817X Date :23 Jul 2014 Time :12:56:53 WD = 88mm Mag= 227 KX Date :23 Jul 2014 Time :12:39:19
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Figure 7.21: SEM images of NiFe films (right hand side of images) deposited at (a) 10 mA, (b)
20 mA, (c) 50 mA, (d) 50 mA (increased magnification).

7.4.1 Fe(III) as a Contaminant in Nickel-Iron Deposition Baths

The potential air oxidation of iron (IT) to iron (III) is of concern in the deposition bath for nickel-
iron alloys. Additionally, commercial Fe(I) salts may contain significant amounts of Fe(III). Also,
Fe(IIT) may be produced during plating by reaction at the counter electrode. The presence of iron
(ITI) compromises the stability of the bath due to the formation and precipitation of iron (IIT)

hydroxide [33]. It is therefore interesting to probe the effects of Fe(III) in the bath.

Previously complexing agents such as 5-SSA and citric acid have been added to a boric acid based
deposition bath to inhibit precipitation of the oxidised iron (III) species [74, 75, 77]. Citrate is a
well-known chelator for iron (II) and (IIT). With it’s high stability constant (see Table 7.1) iron
(III) is expected to be present as the 1:1 iron-citrate complex Fe(III)Cit.

To test the stability of the citric NiFe plating bath deposits were made on 1 cm? square copper

electrodes. Using both the boric and citric baths for comparison (as described in Table 8.1) volumes

of 0.1 M FeCl; were added to increase the concentration of Fe(III) in the bath. Galvanostatic
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deposition was performed at a current density of 20 mA cm™ for 360 s at a pH of 2.8 and a

temperature of 60 °C. Agitation was provided by a magnetic stirrer at 750 rpm.

Figure 7.22 shows the potential-time plots measured at different Fe(III) concentrations. As ex-
pected, the open-circuit potential measured before and after plating becomes less negative with
increasing Fe(III) content for both baths but the range of deposition potentials is much narrower
from the citric bath when compared to the boric bath. This shows that Fe(III) has a smaller effect
on the citric bath than the boric bath. It was observed that a brown/orange precipitate, assumed
to be iron oxide, was present in significant quantities after deposition from the boric bath, whereas

no precipitate was seen in the citric bath.

Images of the deposits were taken to observe the surface after deposition (Figure 7.23 and 7.24).
For the boric bath it was found that the quality of the surface deteriorated rapidly with an increase
in Fe(IIT) content. The appearance of deposits from the citric bath were found to be dependent on
the quality of the underlying seed layer. The appearance of circular type artifacts in deposits from

the boric bath suggests the production of hydrogen bubbles on the surface during deposition.

This demonstrates a benefit of the citric bath. The increased stability of the citric bath to the
presence of iron (IIT) may result in a longer lived deposition bath therefore requiring less frequent

replacement.
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Figure 7.22: Potential-time plots for the galvanostatic deposition of nickel-iron films from a) a boric
acid bath and b) a citric bath, both described in Table 8.1. The concentration of
FeCls in each bath was increased as shown. Deposits were made at a current density
of -20 mA cm™ for 360 s at a pH of 2.8 and a temperature of 60 °C. Agitation was
provided by a magnetic stirrer at 750 rpm.
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500 um

Figure 7.23: Optical images for films deposited for the boric acid based nickel-iron bath in Figure
7.22 (a) containing the stated concentrations of FeCls.
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500 um

Figure 7.24: Optical images for films deposited for the citric based nickel-iron bath in Figure 7.22
(b) containing the stated concentrations of FeCls.
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7.5 Conclusions

The behavior of the citric based nickel-iron bath has been investigated using cyclic voltammetry.
The importance of speciation for nickel and iron to interpret the voltammetry was demonstrated.
It was shown that due to the large excess of nickel (II) ions in the citric bath iron (II) is present
unbound from citrate. Additionally the role of citrate as chelator for iron (IIT) was illustrated in
the voltammetry. This role was then demonstrated to increase the bath tolerance to additional iron

(III) species which may be present in commercial baths due to air oxidation or contamination.

The RRDE was shown to be an effective tool for measuring the efficiency and composition of
electrodeposited nickel-iron films. This tool may be used to assess a range of variables present in the
deposition of nickel-iron films. In this work the effects of rotational frequency on nickel and nickel-
iron deposition was assessed. Using the RRDE it was found that the hydrogen evolution reaction
seems to play a significant role in determining the alloy composition and deposition efficiency. For
the deposition of nickel it was shown that the generation of hydrogen is under mass transport
control. For the deposition of nickel-iron the effects of mass transport dominate the extent of the

hydrogen evolution reaction and hence the overall efficiency of nickel-iron deposition.

Nickel-iron films were deposited from the citric bath onto copper electrodes to replicate blanket
deposition as used in MEMS devices. With control of the temperature and agitation NiFe films
were deposited at various current densities showing control of the deposit composition. Thick (up to
5 um) films were deposited, only limited by the photoresist thickness, and the relationship to charge
passed shown to be linear, constant with Faraday’s law. A deposition rate of 529 + 11 nm min™!

was measured for deposits made at current densities of 20 mA cm™ which successfully produced

the Permalloy composition.
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Nickel-Iron Films from Boric Acid

and Citric Acid Baths

8.1 Motivation

In previous chapters the electrochemistry of a citric based nickel-iron electrodeposition bath was
investigated and with this knowledge the deposition conditions were optimised. With a view to
replace boric acid based baths for the deposition of NiFe films it is important to characterise and
compare key properties of the electrodeposited films. In this chapter comparisons are made between
deposits made from the established boric acid based bath and the optimised citric bath from this

work developed in Chapter 5.

One of the main properties focused on in this work is the alloy composition. A change in composition
produces a major effect on the physical properties of the film. Importantly, the magnetic properties
(e.g. permeability, magnetostriction, thermal expansion coefficient, etc.) are particularly dependent
on the film composition. For example, the composition with the highest relative permeability and
where there is zero magnetostriction is approximately NiggFeoq, whereas the lowest thermal expan-
sion coefficient is found for the Invar composition (NiggFegs) [20]. It follows that the uniformity of
the deposit composition is important for device manufacture. Little variation in the composition

or thickness across the deposits is also desired to ensure reproducibility in the film behavior.

As a magnetic alloy, arguably the most important properties are the magnetic behavior of the films.

203
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A B-H hysteresis looper was used to measure these bulk magnetic properties of the film including
the saturation magnetisation, permeability and coercivity. Comparisons were made between the

films deposited from the two types of plating bath.

For use in power applications, for example as an inductor, the electrical resistance of the deposits is
also of great importance as it affects the behavior and design of any working device. Ensuring the
resistance of films deposited from the new bath is similar to that of films deposited from the boric
bath is important if citrate is to be used as a direct replacement. This has also been measured

using test structures.

8.2 Deposition onto Test Structure Electrodes

To replicate bottom up filling of lithographically patterned devices, test structure chips were
fabricated (as detailed in Section 3.2.4) and used to characterise the deposition of nickel-iron films.
The composition of the films was measured spatially across these electrodes and the surface profile
was also measured to give an indication of the variation across the deposit. In addition, these
electrodes enabled the evaluation of the strain in the film (using the rotating arm test structures)

and the measurement of sheet resistance (using the Greek cross test structures).

These experiments show a comparison of two different plating baths, an established boric acid bath
and the optimised citric bath. The baths used throughout this chapter to deposit nickel-iron films
are described in Table 8.1. Deposits were made with agitation from a magnetic stirrer (at 750 rpm)

and at a temperature of 60 °C. The bath pH was adjusted with HCI to obtain a pH of 2.8 at 60 °C.

Prior to deposition on the test structure electrodes the copper surface was immersed in 5 % sulfuric
acid to remove the native oxide. The current density used to deposit the films was 20 mA cm™
for 360 s. This current density provided a target thickness of 2.56 pm assuming 100 % coulombic

efficiency and uniform deposition.

Potential-time plots for deposition from the citric and boric baths are shown in Figure 8.1. The
spikes in potential are associated with hydrogen evolution and the agitation from the magnetic
stirrer. For the citric bath a steady potential is reached of approximately -0.95 V vs. SCE. The
OCP after deposition is observed to be lower than prior to deposition this is indicative of a change
in metal surface, i.e. going from electrodeposition on the copper seed layer to a nickel-iron alloy.

For the boric acid bath, similar behavior was observed. The steady state deposition potential was
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Concentration / g Lt

Chemical
Citric Bath  Boric Bath
NiCly.6H20O 110 110
FeCly.4H50 7 9
Na3Cit.2H,O 30 -
H3BO3 - 25
Sodium Saccharin 5 2
SDS 0.01 0.01

Table 8.1: Comparison of boric acid based and citric based electrodeposition baths for nickel-iron.

measured at a less negative potential, -0.88 V. There also appears to be a shorter transition time

to achieve this potential. All deposits appeared bright and reflective to the eye.

8.3 Composition and Uniformity

The composition of the deposited samples was measured using X-ray fluorescence. Uniformity
between individual electrodes and consistency between deposits is important to demonstrate repro-
ducibility. The composition across the electrode was measured at 5 points to assess the variation.
Figure 8.2 shows the composition of the nickel-iron film deposited onto the test structure electrodes
from the citric bath. The average composition across the five citric samples was Nizg 1Feq; 9 (with
a standard deviation of 1.4 %). The average composition of films from the boric bath was measured

as NiggoFejg g (with a standard deviation of 1.0 %).

The photoresist was removed and the surface profile across the second row of structures (as shown in
Figure 8.3) was measured to examine the thickness and uniformity of deposits across the structures.
An even and level fill is required for use in microfabrication. Low roughness on the surface is also
favourable to reduce the time required for post-deposition polishing which may be required before

subsequent processing steps.

Figure 8.4 shows the surface profile across the structures for deposits from the citric bath. The
thickness of the deposits was measured to be around 2200 nm which corresponds to an efficiency
of approximately 86 % for NiggFesy. The pointer arms were the same height as the bulk material,

showing there is no preferable deposition to smaller trenches or to large areas. The deposits were
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Figure 8.1: Typical examples for potential-time plots of depositing NiFe from the citric bath (top)
and the boric acid bath (bottom).
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Figure 8.2: Composition of NiFe films deposited from the citric bath (left) and the boric acid bath
(right). Error bars shown are calculated from the standard deviation of the composition
from a single test structure electrode.

reasonably level, even where there may be enhanced diffusion of species to the edges, which could

increase the deposit thickness. Thicknesses were seen to be consistent across the multiple samples.

The general shape of the deposits is as desired. Figure 8.5 shows the equivalent surface profiles of
deposits from the boric acid bath. For the deposit from the boric bath an anomalous protrusion
was found on one of the test structures. This may be due to dirt on the electrode. The RMS
roughness of the deposits was measured to be 4.2 £0.8 nm from the citric bath and 7.5 £1.9 nm
from the boric bath. Otherwise there is no major recognisable difference between deposits from the
two baths. The thickness of the films throughout remain 2200 nm indicating the same efficiency

for the boric and citric bath.
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Figure 8.3: Location of surface profile measurements made on the test structure chips. Measurements
were made in the direction of the arrow. The green portion of the line indicates the
location of the structures portrayed in figures 8.4 and 8.5.
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Figure 8.4: Surface profilometry of rotating arm structures deposited from the citric bath. The
location of the measurements are shown in Figure 8.3. Note that the pointer arms for
each test structure are located at 4100, 4800 and 5520 ym.
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Figure 8.5: Surface profilometry of rotating arm structures deposited from the boric bath.The
location of the measurements are shown in Figure 8.3. Note that the pointer arms
for each test structure are located at 4100, 4800 and 5520 ym.
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8.4 Test Structure Measurements

8.4.1 Sheet Resistance

The test structure chips enable measurements of electrical resistance from the Greek cross structures
and the strain in the deposit can be measured for the angle of rotation of the rotating arm structures.
Before either measurement is possible the copper seed layer must be removed, first as it is electrically
conductive, and secondly as the removal of the seed layer also releases the pointer arms from the
underling layer suspending the structure, so the arms are free to rotate. The seed layer was removed

using a wet etch (procedure 3.2.6) which undercuts and releases the structures.

The electrical sheet resistance for the films was measured using 4-point resistance measurements
on the Greek cross structures. The use of a semi-automatic prober enabled the rapid measurement
of the 32 Greek cross structures on each test structure electrode. Section 3.4.3 gives a detailed
procedure for this measurement method. For this method the magnitude of the current to be
forced is important, as heating of the structure, which can result in a change in the resistance,
should be avoided. Conversely, if too little current is passed sensitivity of the voltmeter becomes

an issue, which limits the accuracy and precision of the measurement.

Figure 8.6 details the extracted sheet resistance as a function of the applied current for a nickel-
iron film of thickness 2.2 ym. The extracted sheet resistance was found to vary significantly with
the current applied during the sheet resistance measurement. Below 5 mA of applied current
the apparent sheet resistance increases at a rapid rate. This occurs due to the resolution of the
voltmeter being too low to accurately measure the voltage. As the forced current was increased
beyond 15 mA there was a slow rise in the apparent sheet resistance being measured. This is due
to the current heating the metal. As the temperature of the metal increases the resistance also
increases. As the current was increased further, past 30 mA, the structure melted and failed. A
largely constant linear region was found between 7 mA and 15 mA. Therefore a current of 10 mA

was applied to measure sheet resistance for these films.

The sheet resistance was measured for each test structure using the 4-point probe method. After
discounting measurements for failed structures the average sheet resistance was calculated for each
device. The average sheet resistance measured for the films deposited from the citric bath was
0.090 + 0.006 Q/square (N = 131) compared to 0.078 + 0.004 /square (N = 131) for the films

deposited from the boric bath. Table 8.2 shows the average sheet resistance for each device.
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Figure 8.6: Relationship between the current forced and the sheet resistance extracted using a Greek
Cross.
Between the two types of bath there was a measured difference in the sheet resistance which is
significant at the 99.9 % level (two tailed t-test, t-statistic = 19.67, 280 d.o.f.). This difference
may be attributed to a change in grain size between the deposits from the different baths. For an
inductor a higher resistance is beneficial as it reduces energy losses due to eddy currents in the

core, especially for high frequency applications.
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Sheet Resistance (£2/square)
Citric Bath Boric Bath

Chip #

1 - 0.0769 £ 0.0051
2 0.0886 + 0.0036 0.0813 £ 0.0007
3 0.0907 £ 0.0059 0.0786 £ 0.0053
4
5

0.0891 £ 0.0056 0.0785 £ 0.0034
0.0907 £+ 0.0066 0.0783 £ 0.0029

Table 8.2: Measured sheet resistance for 2.2 ym NiFe films (Q/square).

8.4.2 Strain

To compare the strain in the nickel-iron films deposited from the different baths the angle of rotation
for the rotating arm test structures were measured (strain is related to the angle of rotation through
Equation 3.20). Images of the pointer arms were taken and, using pattern recognition software,
the angle of rotation extracted (as detailed in Section 3.4.3). The rotating arm structures have 3
different arm offsets (AY /W = 1.5, 1.75 and 2.0). For identical films each offset ratio would provide
a different angle of rotation. Each chip has 64 structures consisting of 28 with a 1.75 ratio and 14

each of the 1.5 and 2.0 offset ratios.

Figure 8.7 shows the distribution of angles measured for the structures with an offset ratio of 1.75.
Rotation was clockwise for all measurements indicating the films were under compressive stress.
A comparison between the boric acid and citric baths was then made. The solid lines represent
normal distributions which best fit the two sets of data. A two-tailed t-test demonstrates there is
no significant difference in the mean rotation angle (t-statistic = 1.40, 234 d.o.f.). The measured
angle for deposits from the boric acid bath was 2.86 + 0.44° compared to 2.95 4+ 0.54° from the

citric bath.

Table 8.3 gives the average angle of rotation for the test structure with an offset ratio of 1.75 for
each chip. There was no significant difference found between the angle of rotation between chips
deposited from the boric bath or the citric baths. This indicates the strain in both sets of deposits

is comparable.

Figure 8.8 compares the angle of rotation at each location, and across all offset ratios, on the test
structure electrodes between the citric and boric bath. The standard deviation for the rotation

angle is given as the error bar for each point. The angles of rotation were grouped between 2.5 and
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Figure 8.7: Distribution of measured pointer arm angles (1.75 offset ratio) deposited from the boric
acid (black) and citric (red) baths. The solid line indicates a fitted normal distribution
for the data sets.

3.5 degrees for the majority of test structures. There does not appear to be any location dependent
trends as the variation at any location is as much as the variation across the entire electrode. If

there were systematic location dependence a 45° line through zero would be apparent in this plot.
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Figure 8.8: Comparison of rotation angle between films deposited from the citric and boric bath.

Chip # Boric Bath Citric Bath

1 2.8 £08 3.2+£0.8
2 3.1+04 29+04
3 3.0+ 0.5 3.0+ 0.5
4 2.7+£04 29+0.5
5 2.7+£04 29+£05

Table 8.3: The average angle of rotation for rotating arm structures with an offset ratio of 1.75 for
each device. Rotation was clockwise indicating compressive stress.
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8.5 Magnetic Characterisation

The main reasons for using nickel-iron films in MEMS devices are for their favourable magnetic
properties as discussed in Section 1.1.2. Particular importance is given to the coercivity (H.),
relative permeability (u,) and the magnetic saturation (My). These key properties can be extracted

from the B-H hysteresis loops of the deposited films.

For the magnetic characterisation of nickel-iron films deposits were made on to circular electrodes
(see Section 3.2.5 for fabrication details). Deposits were made simultaneously on the four circular
electrodes of the device and, when diced, produced 4 replicate samples. Films were deposited from
the each of the boric acid and the citric baths as previously detailed in this chapter. The current

density applied to deposit the films was again 20 mA cm™2

and the thickness of the deposits was
varied systematically using the different deposition times of 20, 100, 360 and 800 s. These deposition
times correspond to target thicknesses of 0.14, 0.71, 2.57 and 5.70 um. Samples were identified by

bath (boric or citric), time deposited (in seconds) and position (1-4) on the electrode, for example

B3603 refers to a film deposited from a boric acid bath for 360 s at position 3.

Samples with a deposition time of 20 s did not provide a magnetic response large enough to
overcome the noise on the B-H looper, most likely due to the small sample volume. These samples

were therefore discarded from further analysis as magnetic results were not obtainable.

Non-magnetic characterization of the films was performed to determine the composition and thick-
nesses of the deposited films. Surface profile measurements were performed to approximate the
thickness for each circle by taking the average of the edge heights. Typical examples of the surface
profile measurements are shown in Figure 8.9. Bowing of the chip was observed due to the stress
in the films. The composition of the films was measured using a single spot at the center of each
circle using XRF. The measured thickness and composition of all films are included in Table 8.5 at

the end of this chapter.

After the initial characterisation the electrodes were diced to separate the 4 samples from each
electrode. Half of the films (positions 1 and 3) were then subjected to an ‘annealing’ step to
simulate later processing, soldering for example, which may occur during subsequent packaging. At
the temperature used (200 °C) there should be no true alloy annealing as this is far below the melting
point of the alloy (1450 °C) but it is more likely to give a true representation of performance in a

working device. Annealing was performed in a nitrogen atmosphere with the temperature increased
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Figure 8.9: Typical surface profile measurements for a deposited nickel-iron film on circular
electrodes. a) is the measurement taken across the top two circular electrodes on the
chip. b) is the measurement taken across the bottom two circular electrodes on the chip.

at a rate of 5 °C / min from 25 °C up to 200 °C then held for 60 minutes before cooling at 1°C /

min down to 25 °C.

8.5.1 Saturation Magnetisation

SQUID measurements (Section 3.5) were performed on four samples to enable the determination
of M from the B-H loop measurements. M, was determined for the samples B8004, C8004, B3604
and C3604. As the volume of the samples are identical for both types of measurement a conversion
factor, independent of volume, can be calculated to relate the measured pickup flux (measured
in nWb) in the B-H loops to a value of magnetisation (emu cm?® cm™) through the equation
M, = A X Flux. M, measured from the SQUID, the flux measured from the B-H loop and the
conversion factor, A, for each sample is shown in Table 8.4. The average conversion factor for the

four samples was 0.0193 emu nWb'! with a standard deviation of 0.0014 emu nWb!. This value

can then be used to relate the pickup flux measured to the magnetisation of any sample.
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Sample ID  SQUID My /  B-Hloop Flux / A / emu nWb!

emu cm?® cm™ nWb
B8004 0.0840 4.57 0.0184
C8004 0.0873 4.67 0.0187
C3604 0.0379 1.77 0.0214
B3604 0.0368 1.93 0.0191

Table 8.4: Conversion factors for the calibration of hysteresis loops.

In-plane B-H hysteresis loops were measured for the samples through a range of angles at 0, 45, 90,
135 and 180° using a frequency of 10 Hz. Examples of the B-H loops measured at different angles
are shown in Figure 8.10. Films showed minimal anisotropy in this plane, as demonstrated by the
minimal change in the response with measurement angle. This indicates there is no predominant

hard or easy axis in this plane.

The B-H loops for different thicknesses of films were also measured and compared. Figure 8.11
shows typical hysteresis loops for NiFe films deposited from both boric acid and citric deposition

baths. There was no significant difference between annealed and non-annealed samples.

The total magnetisation of a material is volume (or mass) dependent. For identical materials under
the same conditions, i.e. magnetic saturation, a sample double the volume would have double
the magnetisation. Using the B-H loop data the saturation magnetisation per unit volume was
calculated for each sample using the thickness acquired from the surface profiling, this is detailed

in Table 8.5.

The saturation magnetisation of the samples is compared to the thickness of the sample in Figure
8.12. The average values for M, measured in these films was 895 + 66 and 923 & 111 emu cm™
for deposits made from the boric acid bath and citric bath respectively. My for NiggFesy has been

reported as 800 emu cm™ at 290 K [159] in reasonable agreement with this work.
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Figure 8.10: Hysteresis loops for a NiFe film measured at different angles (sample C3603).
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Figure 8.12: Saturation magnetisation of deposited nickel-iron films compared to the thickness. The
dashed lines show the average value for M, for deposits made from the boric bath

(black) and the citric bath (red).
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8.5.2 Coercivity

The coercivity has a large impact in determining the energy lost during magnetisation and demag-
netisation as required for use in inductors. A smaller coercivity results in less energy loss which is

represented by the area enclosed in the B-H loop.

The coercivity of the films was extracted from the B-H loops. Low coercivity (<1.5 Oe) was
measured across all the films. An increase in the coercivity, H., is observed with a decrease in
thickness, t. Qualitatively this can be explained due to a transition from a Bloch to a Néel wall
[13]. In a Bloch wall, the transition between magnetic domains occurs perpendicular to the axis of
magnetisation, whereas in a Néel wall this transition occurs in plane (Figure 8.13). The energy of
Bloch and Néel walls between magnetic domains is dependent on the thickness of the film. When
the thickness of the film becomes less than the thickness of the wall thickness a Néel wall becomes

energetically favourable.

Zhao et al. have proposed a model to describe the change in coercivity caused by the effects of the
demagnetising field on domain wall movement including surface roughness [160]. In this model the
change in coercivity of a magnetic film due to domain wall movement is proportional to the inverse

of the film thickness, H"°" oc t~1, as defined by Equation 8.1.

pmov _ L (AwQ KD Dt +2D?

J2) prms 8.1
Js Dt+2t+(t+D)27Té>p” (8.1)

where J; = poMs,, t is the film thickness, A is the exchange constant, p,.,s is the root mean
square for the local slope (a dimensionless parameter), D is the domain wall thickness and K is
the in-plane volume anisotropy constant. The exchange constant, A, and anisotropy constant K,
remain constant for a given material at a fixed temperature. A = (JS?)/a, where J is the exchange
integral, S is the spin and a is the interatomic spacing. For Permalloy films A is in the order of
1 x 10" J m*[161] and K =~ 10* J m™3[162]. In this model the contribution of a perfectly flat film
is zero. For ease of fitting the final term can be neglected as it represents a second order correction
[163].

The total coercivity for the film can be approximated from the sum of the anisotropic contribution,

Hs " and the contribution due to domain wall movement, H7°V.

H, = H™® + H™ (8.2)
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Figure 8.13: Néel (top) and Bloch (bottom) wall type structures.

The measured coercivity data (Figure 8.14) is fitted to to the function H, = at~!+c. The constant,
¢, represents H™¢ and the term at~! represents the contribution to the coercivity from domain
wall movement and it’s dependance on the film thickness. The fitted equations for deposits yield
H, =424 x 107°¢t~! 4+ 11 from the boric acid bath and H. = 4.18 x 1075¢t~! + 32 from the citric
bath.

Although the measured coercivity is low for films deposited from both baths there is a small
increase in the coercivity for the films deposited from the citric bath compared to the boric bath.
For nanocrystaline films the coercivity due to anisotropy in the film can be approximated using the

Equation 8.3 [164].

pCK4D6
M,A3

Hg/ﬂls ~

(8.3)

where p. is the particle shape prefactor (0.64 for randomly orientated cubic particles), K is the
anisotropy constant, D is the grain size (typically 10 to 100 nm), M is the saturation magnetisation
(1.01 T) and A the exchange constant. Using typical values of K ~ 10* J m™, D = 10 nm, M,
=101 Tand A ~ 1 x 10" J m! H2" is calculated to be in the order of 10!, similar to the

experimentally measured values.

The small difference in the measured coercivities may be due to a change in the grains size. This
however opposes evidence from the electric measurements made previously in Section 8.4.1 on
similar films which suggest films from the citric bath have a smaller grain size. It is also likely that

any variation in the film composition or microstructure may also influence the measured coercivity.
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Figure 8.14: Measured coercivity for deposited NiFe films from the boric acid bath and the citric
bath.

8.5.3 Permeability

The relative permeability, u,, of the films is another important property. For use as a soft magnetic
core in an inductor the permeability is directly related to the inductance, L, through the equation
L = pop,N?IA, where the permeability of free space g = 47 x 1077 H m™!, N is the number of

turns in the coil, [ is the length of the coil and A is the cross sectional area.

The relative permeability of the deposited films was calculated from the B-H loops as described
in Section 2.3. Using calibrated values for B the values for the maximum relative permeability
were calculated. Figure 8.15 shows there is a clear thickness dependance on the permeability. It is

apparent that the type of deposition bath used has little effect on the permeability of these films.

Similar behavior for nickel-iron films has been described by O’Donnell et al. [165] and Feldmann
and Buttenbach [166]. It is suggested that this behavior may be due to the Villari effect. This can
be thought of as inverse magnetostriction, where there is a volume change due to a magnetic field,
which causes a strain in the film. The converse effect, where a mechanical strain in the film causes

a change in the easy axis and hence a change in permeability is known as the Villari effect [13].
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Figure 8.15: Relative permeability, p,,, measured from in-plane B-H loops for NiFe films.

8.6 Conclusions

The properties of electrodeposited NiFe films from a new citric based electroplating bath and a
boric acid based bath were compared. Similar properties for films deposited from the boric acid

bath and the citric bath were observed.

Comparison of the strains in the films were made using pointer arm test structures. There was
no discernible difference between deposits made for the boric or citric bath. Using electrical test
structures the sheet resistance was measured for deposits from the different baths. The sheet
resistance for 2.2 ym thick films from the citric bath were measured as 0.0898 £ 0.0056 ©/square,
slightly higher than those from the boric bath at 0.0784 £+ 0.0041 2 /square.

The magnetic properties of the films were also assessed using B-H measurements. The volume
magnetic saturation was measured as 895 £ 66 and 923 4+ 111 emu cm™ for the boric acid bath
and citric bath respectively, demonstrating no significant difference. The coercivity was measured

and shown to be a function of thickness. The citric bath was shown to give a higher coercivity, due
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to a larger anisotropic contribution. The in-plane relative permeability was shown to be the same

within error for both sets of films and to be dependent on the film thickness.

Overall the physical behavior of nickel-iron films deposited from the citric bath were shown to be
similar. This suggests the new citric based bath is suitable as a direct replacement of the boric
bath. To confirm the suitability further work should focus on the up-scaling of this deposition bath

to deposit films on a full wafer scale.
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Chapter 9

Conclusions and Future Work

This thesis set out to develop and demonstrate the use of an environmentally benign alternative
to boric acid in the nickel and nickel-iron electrodeposition baths. Boric acid is currently a key
component in electrodeposition baths as it increases the quality and adherence of nickel films.
Through EU legislation the use of boric acid is likely to come under more stringent regulation
therefore environmentally benign alternatives must be sought. There are numerous suggestions for
the role of boric acid in these electrodeposition baths (see Section 1.2.2) . These suggested roles
include the suppression of the hydrogen evolution reaction (HER), action as a catalyst, action as a
buffering agent and reduction of passive film formation. From the examination of the behaviour of
an alternative bath insight was gained into the primary roles of boric acid. Once an alternative bath
was developed an assessment for the suitability of the film for use in industrial microfabrication

was made.

Initial work was performed in Chapter 4 to benchmark the existing boric acid based electroplating
baths used to deposit nickel and nickel-iron. This allowed the assessment of the electrochemical

behaviour of the bath.

The evaluation of the nickel bath was performed using cyclic voltammetry, along with the elec-
trochemical quartz crystal microbalance (EQCM) to simultaneously measure film mass. This
demonstrated the key role of the hydrogen evolution reaction in determining the overall deposition
efficiency during electrodeposition. Using the EQCM, efficiencies of up to 93 % were calculated for

the deposition of nickel from the established boric bath. The use of boric acid in this bath was

228
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shown to control the extent of the HER and increase efficiency. Any suitable replacement must

also therefore at least perform this function.

Nickel-iron films were also deposited from the boric bath on to copper electrodes deposited to
establish the benchmark behavior of this electroplating bath. The effects of current density, iron
(IT) chloride content and temperature on the composition of the deposited films were examined. The
iron content of the film was demonstrated to be linearly proportional to the Fe(II) concentration
at a fixed current density. Film composition was also confirmed to vary with the applied current
density and maximum iron content was measured at current densities of 20 mA cm™. Increasing
the temperature was also shown to increase the fraction of nickel present in the resulting films.
This demonstrated the controllable and tunable deposition of nickel-iron from the boric bath, and

established the benchmark behavior to which a new bath could be compared.

Citric acid was previously identified as a potential alternative to boric acid. Its applicability
was postulated as being due to its ability to buffer at a suitable pH and the potential ability
to reduce the extent of the HER. In order to investigate this an iterative approach was undertaken
to improve the performance of a citric based electrolyte. By depositing films on a small scale
using test structure electrodes the quality of deposited films under different conditions could
be rapidly assessed. Through varying the component concentrations and deposition parameters
bright, level, uniform thick films of NiggFesy were successfully deposited from this new citric
based electrodeposition bath. There was particular difficulty in achieving the desired NigyFeoq
composition while maintaining a reasonable efficiency and low surface roughness. Importantly,
elevated temperatures (60 °C) were required to obtain acceptable film morphology, unlike boric
baths which can perform at room temperature. Under these conditions controllable and tunable
deposition of nickel-iron was achieved. This approach to developing a new electrodeposition bath
was shown to firstly help provide fundamental insight into the behavior of the bath, and secondly

provides a rapid technique to develop a new plating bath as required by industry.

To further investigate the fundamental behavior of the citric bath, deposition of nickel only films was
performed from the new bath in Chapter 6. From this work, initial comparisons for the behaviour of
citric based baths were made with boric baths. Using cyclic voltammetry and EQCM the deposition
of nickel was investigated and the importance of the HER verified. It was also demonstrated that
the importance of the HER was increased by increased mass transport and hence increased agitation

produced a less efficient deposition process. From EQCM measurements the efficiency of deposition
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was measured and found to be highest (upwards of 80 %) at current densities of 25 mA c¢cm™? in
stagnant solutions. This again demonstrated that the optimal conditions for electrodeposition of

nickel are when the HER is minimised.

pH is a critical parameter in the deposition of nickel and nickel-iron films from boric baths. It
was shown that this remains the case for citric baths. In this work it was demonstrated that a
pH above 4 should be avoided due to the formation of nickel hydroxide during deposition. It was
apparent that, like boric acid, the use of citric acid inhibits the formation of hydroxide species. As
the pH was decreased the efficiency of nickel deposition was shown to decrease accordingly. The
maximum efficiency for nickel deposition was found where the speciation of citrate in solution was
predominately NiHCit and NiCit™. This is a region where the solution provides a buffering action
to maintain the local pH at the electrode. As others have previously pointed out, boric acid cannot
strictly buffer around pH 3 due to its pKa of 9.23, but it is still able to dissociate and provide
protons reducing any pH change. This demonstrates the importance of considering the speciation

of the buffering species which are present in determining the response.

The importance of additives in the deposition bath was also demonstrated using EQCM measure-
ments. The use of citric acid in the bath was demonstrated to be essential in forming a coherent
nickel film. Further additives (sodium saccharin and sodium dodecyl sulfate) were demonstrated
not to influence the coulombic efficiency but rather enhance the morphological properties of the

deposit. This showed a significant effect, but the precise mechanism remains to be determined

The deposition of nickel-iron alloys from the citrate bath was studied in Chapter 7. In contrast to
the boric bath, evidence for the presence of a stable iron (III) citrate complex was provided in the
cyclic voltammetry. This was shown to enhance the stability of the bath, particularly with respect
to the presence of Fe (IIT) species. The citric bath was also examined with added Fe (IIT) and shown
to be more stable than the boric bath under these conditions. This is important as it indicates
the potential for insensitivity to oxidation of Fe(II) and hence an extended bath lifetime reducing
the maintenance schedule. This is consistent with previous studies, but unlike others completely

removes the use of boric acid.

The effect of agitation for the citric bath was investigated using the RRDE. Agitation has a strong
effect on efficiency and film composition. With increasing convective mass transport the efficiency
of the deposition was shown to decrease. In the nickel-iron bath the rate of the HER was shown to

increase with mass transport particularly at lower rotation frequencies.
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Importantly, both boric and citric acid reduce the extent of the hydrogen evolution reaction. In
this work it was found that boric acid was more effective at suppressing the HER. However, with
efficiencies > 80 % the citrate bath is suitable for use in industrial applications as film morphology
is unaffected. It is apparent that both boric and citric acid help to prevent passive film formation
(insoluble hydroxides) through buffering. The buffering action can help prevent an increase in local
pH at the electrode and the formation of insoluble species. This demonstrates that the required
properties for the deposition of nickel are not exclusive to boric acid and that citric acid can be
beneficial alternative. This work demonstrates for the first time the development of an all citric

bath able to efficiently plate nickel-iron.

In Chapter 8 direct comparisons were made of the films made from boric acid and citric acid nickel-
iron plating baths to assess the suitability of the bath as a direct replacement. Using test structure
electrodes containing rotating arm structures and Greek cross test structures comparisons of the
strain and sheet resistance for the electrodeposited films were made. Using rotating arm structures
and measuring the angle of rotation it was shown that films from both the citric bath and the boric
bath exhibit a similar degree of strain. Resistance measurements were performed on the Greek cross
structures. For films 2.2 ym thick the sheet resistance was measured as 0.090 £+ 0.006 €2/square
for deposits from the citric bath and 0.078 £ 0.004 €2/square for deposits from the boric bath.
This demonstrates a small but statistically significant (through the T-test) increase in the sheet
resistance for the films deposited from the citric bath and suggest citric films may be better. It is
suggested that further work would be required by others to confirm this difference. The use of test
structures on small electrodes provides a useful platform to evaluate key properties of deposited

films such as strain and resistivity.

The magnetic properties of the films were measured using a B-H looper. The saturation magneti-
sation was measured as 895 & 66 and 923 + 111 emu cm™ for films from the boric bath and citric
bath respectively the same within experimental error. Similar values for the relative permeability
of the films were found between the films deposited from both baths with values up to p, = 4600. A
slightly larger coercivity for the films was measured for deposits made from the citric bath compared

to the boric bath.

In summary a new citric acid based electrodeposition bath was developed to replace existing
boric baths. This new bath was demonstrated to deposit nickel and nickel-iron. In general

electrodeposition from the two baths is similar and the resulting deposits are comparable. There are
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still, however some minor difference between them. The coulombic efficiency of the citrate bath is
slightly lower implying citrate does not inhibit the HER to the same extent as boric acid. The nickel-
iron citrate bath requires elevated temperatures, approximately 60 °C, to avoid low efficiencies and
rough deposits. For the deposited films the measured sheet resistance and coercivity were measured
to have minor differences. Despite these differences it is apparent that the citrate bath developed

is suitable for the deposition of nickel and nickel-iron films in microfabrication.

There are two major avenues along which further work can be pursued. The first area is pre-
dominantly chemistry based, to continue to investigate the fundamental aspects of electrochemical
deposition. With regards to the nickel and nickel-iron systems, determining the surface species is
critical to identifying and understanding these mechanisms. Progression to other electrochemical
systems similar in nature to nickel and nickel-iron would also be beneficial to enhance the physical
properties of the films and understand the nature of deposition in these systems. The second area for
further work is predominantly engineering based. The the citrate based nickel-iron bath developed
in this thesis requires development on the larger, wafer scale. This will undoubtedly require work
to develop the process to ensure high quality films are deposited reliably and repeatably on this
scale. This should occur in conjunction with the development of monitoring processes to assess the
quality of the films and longevity of the bath. It follows that various devices would be fabricated

and tested during this work.

The deposition of nickel and nickel-iron can be further studied using various electrochemical meth-
ods. In terms of understanding the mechanism of anomalous deposition work can be pursued
developing the models suggested in the literature [104, 105, 106, 110]. The robustness of these
models can be tested using both citric acid and boric acid based baths for the nickel-iron system.
The variation between these systems in the aqueous chemistry (e.g. stability constants, speciation)
could provide a rigorous test for these models. This work would involve include additional rotating
disc studies and pursuing electrochemical impedance spectroscopy (EIS) to test these mathematical
models against experiment. EIS would also provide an alternative technique which may bring

further insight into the surface chemistry during deposition.

There is a substantial array of literature with regards to functional magnetic materials. Nickel-iron
is only one of the iron group alloys that is used for its favourable magnetic properties. Development
of plating baths for alternative binary, ternary and quaternary alloys could be pursued. Superior

magnetic properties are present in cobalt containing alloys such as CoFe, NiCo, FeCo, FeCoB and
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NiFeCo [167, 168, 101]. Many of these materials are more commonly sputtered but many can
also be deposited electrochemically. Systematic evaluation of the magnetic properties (magnetic
saturation, coercivity), electrical resistivity and strain in these films would provide comparisons
between the alloys and nickel-iron, aid material selection to enhance the performance of MEMS

devices, and add to fundamental understanding.

Extreme control of the magnetic properties can also be achieved through the introduction of nanos-
tructure (multilayers, wire type). Yahalom and Zadok have previously demonstrated controlled
electrodeposition for nano-layers of nickel and copper from the same electroplating bath [169].
With suitable dimensions these multilayered films can exhibit giant magnetoresistance (GMR)
[170] making them of use as magnetic field sensors. Furthermore, this principle could be applied to

other systems to create multilayer structures with novel magnetic properties.

In terms of the development of the citric acid based nickel-iron electrodeposition bath, the next
major challenge is to demonstrate its viability on the larger, wafer scale. It is anticipated that the
bath can be prepared using standard methods. The presence of Fe(III) in commercial salts can
be reduced through dummying the bath at a low pH. Organic contaminants can be removed by
adsorption on activated carbon. To prolong the use of the bath it should be operated under an
argon or nitrogen blanket to minimise Fe(IT) oxidation, additionally, if the bath is not under use
the anodes should be removed. During use, carful monitoring of the pH will be required. Hydrogen
evolution during plating will cause a pH rise with prolonged use, which is associated with the

formation of hydroxides.

An assessment of the long term stability of the bath is an important step in determining the
lifetime of the bath. Work in this thesis indicates that the citrate bath could be more tolerant
to oxidation. Given the importance of additives, the rate of additive depletion (if any) could
also affect the lifetime of the bath. Having developed a method for determining the saccharin
concentration through extraction and titration (Section 5.7.1) it would be worth measuring the
saccharin concentration as a function of time during plating to determine its sensitivity, and assess
whether monitoring is required. Using the method of extractive titration developed in this thesis
the saccharin content of the bath can be monitored over the baths lifetime. If saccharin were
depleted an alternative is to measure the sulfur content of the deposits through inductively coupled
plasma methods (e.g. ICP-AES). The sulfur content can then be related to the rate of additive

depletion and the corrosion characteristics of the deposited films.
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During scale up there may be a number of engineering challenges. These include adequate temper-
ature control to avoid variation in the deposit composition. In addition controlling the electrolyte
flow across the wafer is a critical parameter in terms of efficiency and deposit composition. On a
larger scale the optimisation of cell geometry may be required to ensure consistent and uniform
plating. The characterization of films deposited at the wafer scale could then be performed using
similar methods used in this thesis to assess the composition, thickness, roughness, strain and sheet
resistance to ensure consistency across the wafer. The measurements in this thesis enable the design

of such an industrial bath.

It naturally follows that this bath should then be used to produce MEMS devices, such as inductors
or actuators, and their performance tested. At this stage it is anticipated that a standard plating
procedure will be established and the deposition of nickel-iron from the citric acid bath can be
applied as a fabrication step to produce various devices. The performance of these devices should
then be compared to devices fabricated with Permalloy films from existing boric acid based baths

and comparisons can be made.

In summary, this thesis has demonstrated the development of a new citric acid based nickel
and nickel-iron electrodeposition bath, suitable for use in the microfabrication industry. The
electrochemical behavior of the bath was investigated and deposit properties evaluated. In the
future, this work can be used as a basis for further understanding of anomalous co-deposition and

the new bath used as a safer alternative for the deposition of nickel-iron alloys.
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