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Preface

Preface

Electroless deposition process, which takes place with the deposition of metal by
electron supplied by oxidation reaction of reductant, is significant for fabricating
ultra-thin films and is widely applied for various fields such as microelectronics and
nanotechnology. Since the process has advantages such as lower costs with simple
processing, uniformity of deposits on complex shapes, independency on the electrical
properties of the substrate and easy control of the coating thinness, it is expected as
fundamental technology for micro and nano system fabrications.

In order to achieve more precise control of the solid-liquid interface in electroless
deposition process to satisfy the strong demand for much advanced devices, it is
necessary to clarify the reaction mechanism of electroless deposition process with
molecular level resolution. However, the complexity of the reaction mechanism for
reductant oxidation and other components such as complexing agent and additives in
the process make it difficult to understand their chemistry in details. Such fundamental
reaction mechanisms have not been fully elucidated yet. This often prevents researchers
from understanding and establishing novel and highly controlled plating processes.

Against this background, Surface Enhanced Raman Scattering (SERS) effect,
which is a breakthrough technique that can provide in-situ, ultrasensitive
characterization of chemicals on metals down to sub-monolayer level for analysis of
solid-liquid interface, has been utilized for many decades. In general, molecular level
detection at solid-liquid interface by SERS sensors has been investigated by applying
plasmonic metal either with roughened surfaces or nanostructures. An amplification of
the Raman signal due to the electromagnetic field depends crucially on the size of the
plasmonic metals and the distance from the plasmonic metals in the range of 1-2 nm.
Thus, it is difficult to define the place where the detected molecules are existed.

This study attempts to understand the reaction mechanism of the electroless
deposition process using experimental and theoretical methodologies focusing on the
mechanism of the reductant reactions on metal surfaces. The experimental method is
applicable for characterizing reductants adsorption on metal surfaces with
high-selectivity component at right angle down to sub-monolayer level using a surface
enhanced Raman antenna, which can define the place and structure of adsorbed
reductants just only at 1-2 nm from the antenna surface. Meanwhile, the theoretical
method Density Functional Theory (DFT) can provide molecular level, basic level

information for understanding the mechanism according to the chemical characteristics.
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Much insight can be gained from the theoretical calculation, and the mere reproduction
of experimental data will never be satisfying unless they come with a great deal of
improved understanding.

This thesis is composed of five chapters, as described below.

In chapter 1, general introduction regarding the electroless deposition process
such as developments, analyses, and some examples of recent applications is
overviewed. Considering some fundamental concepts about the reductants and catalytic
activity of metal surfaces is also introduced. Moreover, the motivation for the entire
study, the methodologies extremely useful for the analysis of the process and the

fundamental strategy of this study are described.

In chapter 2, the measurement of several common reductants on metal plasmon
antennas using SERS and DFT is described, which introduces the major premise that the
function of the plasmon antenna and the agreement between experimental results and

theoretical results are measured for the later chapters.

In chapter 3, the analysis of the interaction between hydrazine and hypophosphite
ions on a Cu surface with nano-scale resolution using SERS and DFT is determined,
which is very useful for understanding the reaction mechanism of reductants in the
electroless deposition.

In chapter 4, the analysis study of acceleration and suppression effect of thiourea
on the oxidation reaction of hypophosphite ions on Ni surface using SERS and DFT is
described, which is very important for understanding the complicated behaviors of

thiourea in the electroless deposition process as an additive.

In chapter 5, the obtain results are comprehensively discussed and the theory

established through several analyses of this study is introduced.
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Chapter 1

1.1 Electroless deposition process

1.1.1 Outline of the electroless deposition process

Electroless deposition process

Electroless deposition is a plating process, in which the oxidation of reductants is
applied as electron resources for fabricating functional metal thin films. This process
has been recognized as one of the most effective techniques for meeting future demands
for more highly controlled metal film fabrication, due to its advantages such as lower
costs with simple processing, uniformity of deposits on complex shapes, independency
on the electrical properties of the substrate, and easy control of the coating thinness [1].

The term “electroless deposition” was first demonstrated by Brenner and Riddell
[2-4], who published a paper that described a process of forming a metal film onto a
substrate in aqueous solutions by the reduction of metal ions in the solution by a
reductant. In the paper, they added hypophosphite ion as an oxidation inhibitor into Ni-P
electrodeposition bath. The hypophosphite ion induced a spontaneous deposition, since
it also played the role of a reductant. Brenner et al. called the system an “auto catalytic”
deposition; referring to the catalytic activity of the Ni-P surface for hypophosphite ion,
where the deposition and oxidation reactions took place continuously.

However, the concept of such electroless deposition system was originally
derived from the work by Wurtz [5] in 1844, which only obtained a black powder by
observing that nickel cations were reduced by hypophosphite. After this pioneering
work, the first bright metallic nickel deposits were obtained in 1911 by Breteau [6]; the
first systematic deposition bath for electroless nickel plating was proposed in 1916 by
Roux [7]; and the first discovery of the phenomena of nickel deposition by the
chemicals was constructed in 1959 by Gutzeit [8], which have become the “pioneers” of
the present electroless deposition process. Through the various researches, moreover,
the concept of this electroless deposition process has been found to be applied not only
to the deposition of nickel but also to the deposition of other several metals. The metals
and metal alloys which can be obtained by electroless deposition are shown in Table
1.1.1[9,10].
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Table 1.1.1 Periodic table of the elements, showing depositable metals and alloys
without an external electric current shown; circle: autocatalytic deposition, triangle:

codeposition with Ni or Co, square: galvanic displacement [9,10].
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Overall electroless deposition process can be explained by a combination of
anodic oxidation of reductants and cathodic reduction of metal species [11-15]. The
schematic illustration of entire process of electroless deposition is shown in Fig. 1.1.1,
where M, Re, e represent metal atom, reductant, and electron. Figure 1.1.1 displays: (i)
The reductants are adsorbed on the substrate; (i1)) The OH ions can attack the reductants
when the reductants are adsorbed on the substrate; (iii) The reductants emit electrons
after the OH™ attack; (iv) The metal ions receive electrons emitted toward the substrate
through the reductant reactions, which results in the deposition of metal atoms; (v) The
atomic metals migrate on the substrate to aggregate, to become bulk metal. In this
process, reductant with relatively negative potential supplies electrons as external power
supply does in electrodeposition process, as shown in Fig. 1.1.2 [16], where M, Re, ¢’
represent metal atom, reductant, and electron.

Characteristics of electrodeposition and electroless deposition are summarized in
Table 1.1.2. By comparing with electrodeposition, advantages of electroless deposition
are exhibited such as flat and homogeneous metal surfaces independent of the current
distribution, metal deposition on non conductive substrates, and easy deposition of the

functional alloy by adjusting the composition and the condition of the bath.

(i) Adsorption (iv) Electron reception
Re Re
\L OH‘\/ \J,
e T
Substrate Substrate \—> e—"
(ii) OH attack (v) Aggregation
Re Re
OH-\/\L ou-\i
Re Re M7 m—p
Substrate Subslratc\\a e—"

(iii) Electron emission

I‘ Re: Reducing agent
OH_\, M: Metal atom
e
E .p0qc <E .,
Substrate e e fhode

Fig. 1.1.1 Schematic drawing of the electroless deposition process.
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(a) Electrodeposition (b) Electroless deposition
] | AVAY\Y
Mie— < M"
| | —
- R—> Ox
Anodic reaction: M—» M' + me Re—» Ox +m’e
Cathodic reaction: M + ne’ — M M++n’e &> M

Fig. 1.1.2 Schematic illustration of electrodeposition and electroless deposition [16].

Table 1.1.2 Characteristics of electrodeposition and electroless deposition.

Electrodeposition Electroless deposition
Driving force Electrolytic (potential) Chemical (reductant)
Substrate Conductor Conductor and insulator
Deposit Many elements Ni, Co, Cu, Pt, Au and
their alloys
Characteristics of the deposit Partially not uniform Very Uniform
Deposition control Current pH, bath temp.
Bath composition Simple Complex
Stability of the solution High Low
Cost performance High Low
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The electroless deposition reaction in general have been well explained on the
mixed potential theory, first applied by Saito and Paunovic in their works about the
analyses of electroless deposition mechanisms [17]. The mixed potential theory is the
model claiming that the both anode and cathode reactions must occur at the same
potential, called mixed potential, which provides both anodic and cathodic currents
suitable for depositions. Furthermore, this theory is quantitatively explained on the basis
of the current-potential curves for the overall and partial reactions, as shown in Figure
1.1.3 [18].

Curve 1 in the Fig. 1.1.3 shows the current-potential curve for the overall reaction.
The mixed potential E,; is assigned to the potential, where the net current I is zero.
Curves 2 and 3 show the partial anodic current I, for the anodic reactions and the partial
cathodic current I for the cathodic reactions, respectively. The net current I, is the result

of the superposition of the two partial processes:

L=L+1L (1)

At the mixed potential E,, I, is equal to I.. The electroless deposition current Iy,
which corresponds to the deposition rate, is described as:

I =1L=IL 2)

The theory introduced here is the simplest model describing the behaviors of the
partial anodic and cathodic reaction, which the electroless actual deposition mechanism
is actually more complicated than just it. Nevertheless it provides us the suggestive
views about the partial anodic and cathodic reactions and the new schematic view to

construct some innovative plating systems.
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Red = Ox + ne-

ML, + ne- > M+ mL

l

pl

Fig. 1.1.3 Schematic current-potential curves for a mixed potential electrode: curve 1,
net current; curve 2, partial anodic current; curve 3, partial cathodic current; Ipl, plating

current; Epl, mixed potential [18].
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Activation process of electroless deposition

When the metal thin films intend to be deposited on non-catalytic surfaces such as
non-catalytic metals, nonconductors, and semiconductor, the surfaces should be
activated to induce a partial anodic reaction of reductants. Fig. 1.1.4 shows the
potentials where the anodic current originating from oxidation of reductant was a
constant value (10 A cm™) for various combinations of reductant and substrate metal,
which indicates the significance of the catalytic activities of metal surfaces on the
anodic oxidation of the reductants [19]. As shown in this figure, the activation of
oxidation reaction of each reductant depends on the kind of metal surface. Therefore,
the generation of proper metal nuclei on the non-catalytic surface will be useful way to

activate the surface for electroless deposition process.

Au Ni PdCo Hy Pt
(a) NaH;PO, I - ‘_\LHJI'JI-J |_'| Ll
Et H; Cu Au Ag Pt Pd Ni Co

{b) HCHQ L L I ] I_I I | || LH]I._;_L g IlII

Er Ni CoPdH,pt AuAg Cu

@ neeH, LS WA

Ni Co Pd H, Au Pt Ag

(d) DMAB ! I—ITILI Llrll_l——,v_l )

Er H,; Co Ni Pt Pd DuAﬂAu

0 NHaNH, | | LD T o

-1.5 -1.0 —0 5 -0.2 0.5
Potential, E/V(SCE)

Fig. 1.1.4 Catalytic activities of metals (the potentials at 10* A cm™), for anodic
oxidation of different reductant; E,: oxidation-reduction potentials of reductants; H,:
reversible hydrogen potentials [19].
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1.1.2 Examples of the electroless deposition process

Electroless deposition process is applicable for fabricating magnetic thin films
and is widely applied for various metal plates such as Ni, Cu, and Pd. Typical processes,
typical application examples, and a recent topic about those depositions are shown
below.

Electroless deposition of magnetic thin film

Magnetic thin films with high magnetic coercivities are required for various
advanced applications such as nano-electromechanical systems, magnetic recording
devices, and sensing devices [20-24]. Since 1950’s, electroless deposition method
attracted attention as fabrication process to obtain metallic magnetic thin film, because
it has advantages like area selective formation of microstructures or nanostructures with
various patterns, uniformity of the film, and mass productivity. Figure 1.1.5 simply
shows the history preparation methods of magnetic recording media [25].

By controlling the bath conditions and removing the impurity in the plating bath,
the CoNiP longitudinal magnetic recording layer for hard disk device prepared with
electroless deposition was practically used [26,27]. In a lot studies on CoNi-alloy
recording media, some factors affecting the microstructure and magnetic properties of
the media, and our previous works concerning electroless deposition used for

developing magnetic recording media are introduced briefly in this section.

1940 1950 1960 1970 1980 1990 2000 2010
1935 ~ Coating of metal-oxide or metal particles
1953 ~ Electroless plating (CoNiP alloy)
1954 ~ Evaporation (incident angle method, Co-CoQ)

1975 ~ Sputtering (CoCr-alloy elc.)

Fig. 1.1.5 History of development of magnetic film for recording media [25].
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Effect of impurity in plating bath and pH on microstructure of CoNiP perpendicular

recording media

The microstructure and magnetic properties of CoNiP longitudinal media was
mainly affected by impurity and pH in the electroless deposition bath. Figure 1.1.6
shows dependence of the coercivity of CoNiP longitudinal media on some metal ion
impurities and their concentration in plating bath [28]. In this figure, the coercivity was
discovered to be easily varied by impurity with concentration as low as 100 ppm, which
caused the fluctuation of media characteristics among the media. Thus, the
reproducibility of the characteristics could be improved by removing the impurities
carefully from the plating bath.

On the other hand, it was also reported that the CoNiP perpendicular recording
media using single-complextant bath operated at room temperature was developed by
Homma et al. [29-31]. In their studys, the perpendicular coercivity deposited CoNiP
film depended on pH of the solution, where pH was adjusted by NH4OH, as shown in
Fig. 1.1.7. In the figure, the dashed line indicated the dependence of Hc value of CoNiP
film deposited on substrate without pretreatment on the pH of plating bath. Meanwhile,
Fig. 1.1.8 shows the schematic model of the film growth process for the CoNiP
specimens treated with the solution with pH=8.0 (solution B) and with pH=9.0 (solution
C). This structural analysis suggested that the ammonia prevented the grain growth of
CoNiP as pH adjuster adsorbed to the substrate surface. The change in grain growth

resulted in the difference in perpendicular coercivity [31].

Mg, Cr,Ca,Sr

: i
:‘h/f_—‘——i(
\

Hc (normalized)

1000 10000

Fig. 1.1.6 Effect of metal impurities in plating bath on coercivity of CoNiP longitudinal
media [28].
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Fig. 1.1.7 The change in Hc (L) in accordance with the change in the pH of the

treatment solution [31].

L1 BT Ii.l-l.i.l'l_i.lll
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Fig. 1.1.8 Schematic model of the film growth process for the CoNiP specimens;
solution B, pH 8.0; solution C, pH 9.0 [31].
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Our previous works concerning electroless deposition used for developing magnetic

recording media

Electroless deposition process for fabricating thin films with high perpendicular
magnetic coercivities has been investigated in our previous studies. For example,
Homma et al. reported that the electroless deposited CoNiP films had high
perpendicular magnetic coercivity when a bath with sodium hypophosphite and low
metal ion concentrations was used [32-36]. The perpendicular coercivity of 2600 Oe
with a 200 nm thick film was obtained by controlling the bath composition and
deposition conditions, such as rotation speed. In these films, co-deposition of
phosphorus made phase separation which induced magnetic isolation between magnetic
domains. Based on this electroless deposition process, Kawaji et al. fabricated CoNiP
nanodot arrays on SiO,/Si substrate, in which the catalytic activities of the substrate
were controlled by a Pd activation process. However, the perpendicular magnetic
coercivities of the CoNiP nanodot arrays were less than 800 Oe [37].

In order to achieve CoNiP nanodot arrays with high magnetic properties, T.
Ouchi et al. applied an fcc-Cu (111) underlayer with low lattice mismatch (2.3%)
compared to that of hcp-Co (0002) because the deposits should have high crystallinity
during the initial deposition stage [38]. The problem with the application of the Cu
underlayer in electroless deposition of CoNiP was that H,PO,’, which was used as a
reductant in the general electroless deposition of CoNiP, was not oxidized to work as a
reductant on the Cu surface. Therefore, in their study, CoNiP nanodot arrays with high
magnetic properties (higher than 3000 Oe) of the film even with 25 nm thickness, as
shown in Figure 1.1.9, were fabricated using an autocatalytic system with dual
reductants, H,PO,” and N,H4. The mechanism responsible for the enhancement of
perpendicular magnetic coercivities has not been clearly established, however. Thus,

author is highly motivated in this study to demonstrate the mechanism.
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Fig. 1.1.9 Coercivities of CoNiP films with various thicknesses: perpendicular direction
(circle plots) and in-plane direction (square plots) [38].
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Electroless Ni deposition

Electroless Ni deposition is undoubtedly the most important catalytic plating
process applied in various industrial fields, such as electronics devices and vehicles.
The history of electroless plating has been accompanying the progress of the electroless
Ni plating technique since it was firstly developed in 1946.

The principal reasons for its widespread commercial and industrial use are to be
found in the unique chemical and physical properties of the composition of the
electroless Ni deposition. In the electroless Ni deposition process, the chemicals which
are typically used in the bath are shown in the Table 1.1.3 [39]. Four reductants are
mainly used in the chemical reduction of Ni from aqueous solution, and they are
summarized in Table 1.1.4. These four reductants are structurally similar in that each
contains two or more reactive hydrogens, and Ni reduction is said to result from the
catalytic dehydrogenation of the reductant.

Moreover, the main reactions of electroless Ni deposition can be viewed in a very

elementary manner as shown below:

Oxidation of reductant

Red —» Ox + ne 3)

Reduction of Ni ion

mNi”? + 2me —» mNi’, 2m=n 4)

Overall or sum reaction
mNi”? + Red —» mNi’ + Ox (5)

A chemical oxidation reaction that liberates electrons and a nickel reduction that
consumes electrons are shown in equation (3) and (4). Although the sum equation (5) do
not account for all of the phenomena that are observed during plating, which because
the experimentally observed reaction characteristics are more complex than described
by simple stoichiometric equations, is usually written to describe the chemical reduction
of nickel by a reductant. In order to ascertain the mechanism of the electroless Ni
deposition, hence, it is necessary to understand the reaction mechanisms by various

reductants from both theoretical and practical viewpoints.

14
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Table 1.1.3 The chemicals which are typically used in the electroless Ni deposition bath
[39].

Reductants Complexing agents Buffering agent Additives

Sodium hypophosphite Ljdtl.c am.d
] Citric acid .
Hydrazine A . Thiourea
: . Succinic acid Sodium acetate
Sodium borohydride L Pd
Dimethylamine brane Fyruphane 2l
Tartaric acid

Table 1.1.4 Four reductants which are mainly used in the electroless Ni deposition

Reductants Molwt. Equiv.wt pHrange E,volts
. oy . |H~p20 ) 4-6 0.499
Sodium hypophosphite Na [H - P\,/H 0 106 53 7-10 157
Hydrazine H} N< 32 8.0 12-14 1.16
H -
Sodium borohydride [ B ] 38 4,75 6-10 1.24
H
Dimethylamine br: Moo n-BCH 5o 9.8 8-11 -
imethylamine brane H, ﬁ“ = .

15
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Electroless Cu deposition

Electroless Cu deposition process is mainly used for plating the printed-circuit
board. Such electroless plating of Cu was first discovered by Narcus in 1947 [40]. The
first commercial applicability of electroless Cu, with the development of plating
solutions for plated-through-hole (PTH) printed wiring boards, was reported in the
mid-1950s [41]. In 1957, the first practical bath resembling today's technology was built
by Cahill [42]. In Cahill’s report, alkaline copper tartrate baths applied formaldehyde as
reductant. Although the stability and deposition speed of the Cu baths in 1950s were
difficult to control, it accelerated the development of the plating process and industrial
applications. Over the years, continual advances in control and capabilities have taken
place and continue to be recorded in a variety of research reports [43-50]. At present,
over long periods electroless Cu deposition is not only are formulations extremely
stable and predictable in behavior, but it also provides excellent physical and
metallurgical properties comparable with those of electrolytic deposits.

According to the mixed-potential theory, the overall reaction for electroless Cu
deposition, with formaldehyde as the reductant, is shown as equation (6). And it can be
decomposed into a simple reduction, the cathodic partial reaction and one oxidation

reaction, the anodic partial reaction, as shown as equation (7) and (8) separately.

Overall reaction
Cu®' +2HCHO + 40H —» Cu+2HCOO + 2H,0 + H, (6)

Cathodic partial reaction

2+ Catalytic surface
Cu™ somtion t 26— CU jattice (7)

Anodic partial reaction
HCHO +20H" — HCOO + H,O + 1/2H,0 + ¢ (8)

Electroless Pd deposition

Much effort has been invested in the development of methods for electroless
deposition of platinum and palladium alongside the rapid technological growth in the
electronics industry. In particular, it is the communication industry that requires
electroless Pd plating, since it has been focused as one of the substitutes for Au because
of its high resistance to corrosion, low contact resistance, low cost, and solderability.

The electroless Pd plating was recognized by Brenner that electroless deposition of Pd

16
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is possible but also that the progress toward homogeneous deposition of Pd results in a
high degree of instability of the deposition bath [51]. Before this, Pd was focused as a
promising material and plating technique of Pd was only developed in electrodeposition
process. Recently, the past studies of the electroless and electrochemical deposition of
platinum group metals and their applications were reviewed by Rao and Trivedi [52].

In the electroless Pd deposition process, the main reaction occurring with an
approximately neutral bath is shown below:

H,PO, + 30H —» HPO;> + 2H,0 + 2¢ 9)
[PAEN),*" + 2 — Pd + 2EN (10)

In the equations, hypophosphite ion, ethylenediamine (EN), and thiodiglycolic
acid is applied as reductant, complexing agent, and an additive, respectively, for
stabilizing the bath.

Electroless Pd deposition process is now applied in various fields of material
research, such as superconductivity, optoelectronics, and electrocatalysis. Because it
even can be used for catalyzing of some substrates without catalytic activity, such as Cu
surfaces for hypophosphite ion. Therefore, the electroless Pd deposition is considered as
one of the most necessary techniques for the finer metal deposition of the other metal

surfaces as well as for some applications of itself.

17
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1.1.3 Reductants

In the electroless deposition process, the oxidation of reductants is a dominant
factor which drives the whole process. Several reductants are commonly used in the
electroless deposition process solutions, such as hypophosphite ion, hydrazine, or
formaldehyde. However, the complexity of the reaction mechanism for reductants
oxidation makes it difficult to improve the efficiency of electroless deposition. In order
to understand the fundamental characteristics of reductants, the outlines of each
chemical are introduced with brief review of the previous epoch-making experimental

and theoretical analysis of them.

Hypophosphite ion

The hypophosphite ion is a well-known reductant for electroless deposition
process [53] and electrodeposition of alloys [54]; and it is also a promising hydrogen
donor in the catalytic hydrogenation of organic molecules [55]. Hypophosphite ion is
the anion (H,PO,"), which composes the salt of hypophosphorus acid, such as sodium
hypophosphite, calcium hypophosphite, and potassium hypophosphite. The
hypophosphite ion consists of one phosphorus atom, as a center atom; two hydrogen
atoms attached directly to the phosphorus atom; and two oxygen atoms, which are bond
to the center to form a tetrahedral-like structure. It can be made by heating white

phosphorus in warm aqueous alkaline solution as shown below:

P, + 30H + 3H,O0O —— 3H,PO,” + PHj; (11)

Although the reaction mechanism of the hypophosphite ion on Ni has been the
subject of several studies since the first establishment of the deposition bath [56-60], the
sufficient analyses of the hypophosphite reactions from the principal viewpoint had not
been reported. In the present study [61], part of reaction pathways of hypophosphite ion
is shown in Figure 1.1.10. Figure 1.1.11 shows the reaction energy profiles for the
oxidation of hypophosphite ion in the isolated system [62]. The horizontal axis of Fig.
1.1.11 is the reaction steps, which corresponds to the total reaction pathway all
intermediates as shown in Fig. 1.1.10. It is indicated that the reaction pathway via
five-coordinate intermediate (®) preferentially proceeds than via three-coordinate (0),
and the pathway via dianion free intermediate (O) is slightly preferable rather than via
five-coordinate intermediate (®).

Five-coordinate intermediate is considered to be a kind of hypervalent molecule,

18
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which can be formed in the case that phosphorous atom can pass its valence electrons
easily to near atoms to form the “non-bonding orbitals”. Therefore, the theoretical fact
that the most stable pathway of hypophosphite ion may be via five-coordinate

intermediate, since phosphorous has various oxidation numbers.

—*  via 3-coordinate (Meeraklker)
- via 5-coordinate
»  other pathways

H—P-0O H—P—0O
i S [
s} - s}
/, (2_3) +f{f\, (3_3) +OH
yd J "
- H -H ) -
9 y B u
HimPH ---_-é-_----lr H"""'I;"”H QP Tl— GIIH-[;-IIIO
é} . o . OH OH
as OH e TOH, (3_4) (49
L
\ e /
, H =
?
Ho—lixﬂ‘ﬂ - HU_Il"w‘i‘l}{I
H
(o) 0]
(2_5) (3._5)
(1) 2) (3) 4

Reaction steps

Fig. 1.1.10 Reaction pathways for the oxidation process of hypophosphite ion via all

intermediates [61].

750
—O—via 3-coordinate
—&— via 5-coordinate
—+no diamon pathway
-+ other pathways 2.3
— 500 -
E
=
2
-
B
=
= 250
0
1 2 3 4
Reacton steps

Fig. 1.1.11 Energy diagram for the oxidation reaction of hypophosphite ion via
three-coordinate intermediates (0); via five-coordinate intermediates (®); via dianion

free intermediates (0); and other pathways [62].
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Hydrazine

Hydrazine is a highly reactive base and reductant. As a result of its war-time
applications, hydrazine is now applied in various industrial applications and chemical
reactions such as nickel plating, photographic development, and so on. The molecular
structure of hydrazine is NH,-NH,, which has 1.47 A N-N and 1.04 A N-H bonds.

The first compound relating to hydrazine was produced in 1887, which became a
trigger to seed the method to synthesize pure hydrazine. After that, T. Curtius [63]
synthesized free hydrazine for the first time in 1889. In 1907, the pure hydrazine was
synthesized by Rasching’s remarkable method which relies on the reaction of
chloramines with ammonia. In the method, hydrazine was produced in the Olin
Rasching process from chloramines; and the reaction mechanism is simply shown as
below [64]:

NH,Cl + NH; — NH»-NH, + HCI (12)

Although hydrazine was produced over 100 years ago, the reaction mechanism of
hydrazine has not been sufficiently clarified. Much effort has been devoted for
improving on our understanding of the reaction mechanism by researchers. Among
them, the oxidation pathway of hydrazine as shown in Figure 1.1.12, proposed by van
den Meerakker [65], has been verified by the energy file as shown in Figure 1.1.13.
Moreover, another alternative oxidation pathway of hydrazine as shown in Figure
1.1.14, proposed by Harrison [66], has also been estimated by the energy file as shown
in Figure 1.1.15. The horizontal axes are the reaction steps, which corresponds to the

reaction pathways.

-H +OH"- =
N,H,— N,H, — N,H,OH- — N,H,0H
1 2 3 4
“H +OH- e
— N,H,0H — N,H,(OH),,—> N,H,(OH),
5 6 7

Fig. 1.1.12 The oxidation reaction scheme of hydrazine (Meerakker’s proposal pathway)
[65].
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Fig. 1.1.13 Energy diagram for the oxidation reaction process of hydrazine proposed by
Meerakker [65].
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Fig. 1.1.15 Energy diagram for the oxidation reaction process of hydrazine proposed by

Harrison [66].

21



Chapter 1

Formaldehyde

Formaldehyde is a strong reductant with the formula CH,O or HCHO, especially
in the presence of alkalis. It is the simplest aldehyde of all organic compounds, which
can be obtained by oxidizing the methanol in principle. However, this route is not
industrially viable because formaldehyde is more easily oxidized than methane. The

most common process to produce formaldehyde is shown as below:

2CH;OH + O, —» 2CH,O + 2H,0 (13)

Formaldehyde was first reported in 1859 by A. Butlerov [67], and was
conclusively indentified in 1869 by W. von. Horfmann [68]. Despite formaldehyde was
not isolated and purified until 1892, this was achieved by F. V. Stradonitz. After then,
the chemical property of formaldehyde started to be utilized in electroless Cu deposition
in 1900s. The application example of formaldehyde in electroless deposition was also
reported in Japan in 1934. Although it has environmental load, formaldehyde has been
widely applied in the electroless deposition process for its advantages in its cost and the
reactivity on the Cu substrates.

The theoretical analysis of the reaction mechanism of formaldehyde, relating to
other aldehydes, was reported by T. Shimada et al. [69]. In their report, the total reaction
pathway of aldehydes was proposed as shown in Fig. 1.1.16. Meanwhile, Figure 1.1.17
shows the energy profile for the oxidation process of formaldehyde to estimate the
reaction pathway [70]. Our interests are highly motivated by these theoretical results of

the simplest organic compounds such as formaldehyde.
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Fig. 1.1.17 Energy diagram for the oxidation reaction process of formaldehyde via
3-coordinate intermediates (©); via 5-coordinate intermediates (®); via dianion free
intermediates (0); and other pathways [70].
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1.1.4 Catalytic activity of metal surfaces

Electroless deposition process involves the catalytically-activated anodic reaction
of reductants and the cathodic reaction of metal ions. In this process, the catalytic effect
of metal surfaces on the oxidation reaction of the reductants plays a key role. Since the
deposited metal surfaces become the reaction field and act as the catalytic surfaces,
understanding and controlling the mechanisms of catalytic activity of metal surfaces are
significant to design and develop the fine electroless deposition process.

Although some information of various reductants were shown in previous section
such as development, and the oxidation mechanisms, it did not take into account other
factors, especially the metal surfaces. The significant of catalytic activities of each metal
surface on the reaction of major reductants was shown in Figure 1.1.4 [19]. Thus, this
section attempts to introduce some aspects of catalytic activity of metal surfaces through
exhibiting the catalytic activity of some important metal surfaces such as Cu surface, Ag

surface, and Ni surface.
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Cu surface

Cu surface can be selectively plated on various substrates; and it can exhibit
catalytic activity on many reductants. Huge numbers of research for reactions on Cu
surface have been investigated by various methods. One of them was the analysis of
hydrogenation of CO; to methanol on Cu surface, as shown in Figure 1.1.18 [71]. In the
figure, the geometries of intermediates in the pathway, the transition state, and the
energy diagram were calculated to elucidate the rate-determining step.

Figure 1.1.19 shows the energy profile for the oxidation of hydrazine on the Cu
surface. In the figure, the horizontal axis is the reaction steps, which corresponds to Fig.
1.1.14 proposed by Harrison [66]. In vertical axis, energy is plotted with respect to the
energy level of hydrazine in the isolated system. Lower energy and profile show more
stable condition. This calculation result indicated that Cu surface received only one
electron from the first step of the oxidation reaction of hydrazine, which triggers the
following reaction explosively over the deposited Cu surface; it also helped to
correspond the explanation of experimental results that hydrazine was easily

decomposed itself and unstable reductant.

H 21
C . ‘~
: H €O o” o +H(@ 07 "o
Ho(g+COs(g) i |
TTRRR S TR RS W @ JTWJ’T @
Coadsorpion formate Dioxomethylene

lRate—Iimiting stepi

CH, CH _
sH@) oy H@ 7 4H@  CHyOH
® @ TR @ T

Formaldehyde-type Methoxy Methanol

H(a): adsorbed hydrogen

Fig. 1.1.18 Proposed reaction mechanism of the hydrogenation of CO; to methanol on a
Cu (100) surface [71].
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Fig. 1.1.19 Energy diagram for the oxidation reaction process of hydrazine on Cu
surface proposed by Harrison, (a): NoHs — N>H3; (b): NoHs — NyH»; (¢): NoH, — NoH;
and (d): NoH — No.
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Ag surface

Ag surface is not only a uniquely effective catalyst for the oxidation of reductants
but also plays an important role in fast deposition of particles on substrates. Therefore,
Shimada et al. investigated the oxidation process of reductants on the Ag surface [70].
In their report, the energy profile for the oxidation process of three reductants (DMAB,
hypophosphite ion, and formaldehyde) via five-coordinate intermediate species, in
isolated system and on the Ag surface, was shown as Figure 1.1.20. In the figure, the
relative energy is plotted with respect to that of each initial species; and the horizontal
axis indicates the reaction steps as shown in Figure 1.1.21 [70]. Fig. 1.1.20 implies that
the energy levels of every intermediate species are stabilized on the Ag surface. It is
assumed that the oxidation reaction of every reductant took place on the Ag surface
rather than in the isolated system. The five-coordinate intermediate is the most
destabilized species, which indicates that the rate-determining step of the pathway is the
coordination of OH" to the reductant (step 1 to step 2). Moreover, the energy level of the
intermediate decreases on the Ag surface rather than in the isolated system. These
results strongly suggest the importance of the metal surface for the electroless
deposition process.

Ni surface

Ni surface can also exhibit strong catalytic activity on many reductants, as shown
in Figure 1.1.4, which is one of the most suggestive works of Ohno et al. [19]. Moreover,
Figure 1.1.22 shows that hypophosphite ion adsorb onto the Ni surface; and donate
electrons to the surface (oxidation) or accept electrons from the surface (reduction) to
form deposited elemental phosphorous, proposed by Yin et al. [72]. Kunimoto et al. also
analyzed the interaction between thiourea and the Ni surface using projected density of
states (PDOS) profiles of each component, as shown in Figure 1.1.23 [73]. This figure
show two significant interactions between thiourea and the Ni surface in the area around
-6 eV and in the area around -2 eV; in both interactions, the S atom has a much larger
contribution than the other atoms in thiourea. Therefore, they suggested that thiourea

should interact with the Ni surface via a S atom, which stimulates our interests.
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Fig. 1.1.20 Energy diagram for oxidation reaction process of (a) dimetylamine borane in
isolated system; (a)’ dimetylamine borane on a Ag surface; (b) hypophosphite ion in
isolated system; (b)’ hypophosphite ion on a Ag surface; (c¢) formaldehyde in isolated
system; and (c)’ formaldehyde on a Ag surface via five-coordinate intermediates [70].
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Fig. 1.1.21 Reaction pathways for oxidation process of (a) dimetylamine borane, (b)
hypophosphite ion, and (c¢) formaldehyde via five-coordinate intermediates HRX;0H™;
(a):R=B,X=H,OH, (b): R=P,X=H, OH’, and (¢): R=C, X=H, O, OH" [70].
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Fig. 1.1.22 Sketch to show the two different reaction pathways through which
hypophosphite ions are converted to orthophosphate and phosphorus, respectively [72].
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Fig. 1.1.23 PDOS profiles of adsorbing system of thiourea (TU) on the Ni surface as
projected on the Ni surface, TU, and the S atom of TU [73].

30



Chapter 1

1.1.5 Effects of various factors

There are a number of expected experimental factors that affect the behaviors of
electroless deposition except the two most crucial factors (the reactivity of the
reductants and the catalytic activity of the metal surfaces.), such as solvent effects,

surface morphology, and additives. The following parts briefly introduce each factor.

Solvent effects

Solvent effects are not primal but secondary to influence the relationship between
reductants and metal surfaces. It is the group of effects that a solvent has on chemical
reactivity, which can have an effect on the reaction rate of the reaction balance, and
even the reaction mechanism.

To elucidate the oxidation mechanisms of various reductants, other factors were
considered in the electroless deposition, especially the solvent effects. The virtual
solvent model is usually the solvent effect as solute distribution in with uniform
properties Continuous media (Continuum), also known as the reaction field. There are
many models of Continuum, as most commonly used is the Polarization Continuum
Model (PCM). Some other commonly used continuum models include Onsager,
Conductor-like Screening Model (COSMO), Solvation Model “x” (SMx) etc... PCM
was first proposed by Tomasi et al. in 1981 [74]. In their study, PCM defined the cavity
as the uniform of a series of interlocking atomic spheres. In addition, the Isodensity
PCM (IPCM) model defined the cavity as an isodensity surface of the molecule [75].

Using the PCM model, some past studies elucidated the reaction path and the
reactivity of the agents in the solution [76,77]. One of them was the analysis on the
solvent effect of the oxidation of TiCls using SCRF-IPCM method, as shown in the
Figure 1.1.24, proposed by Shimada et al.. One of the models for systems in
non-aqueous solution is referred to as Self-Consistent Reaction Field (SCRF) methods.
In the figure 1.1.24, the results for hypophosphite ion and DMAB were plotted, which
showed that only the reaction in the inner layer was exothermic. Thus, the oxidation
reaction of the reductants is expected to proceed preferentially at the solid-liquid
interface. To demonstrate the oxidation mechanisms of reductants on metal surfaces, the

solvent effect must be considered by PCM model in the electroless deposition process.
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Fig. 1.1.24 Solvent effects on the substitution reaction of TiCls.
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Surface morphology

Over the last several years it has been determined that several factors affect the
electroless deposition process, one of which is surface morphology. Surface morphology
is well known to importantly influence the behavior of catalytic reactions, because it can
significantly influence the electronic states of surface and the geometry of adsorption
sites of some molecules. Thus, many researchers have interest in this field, especially
the research field of the catalytic chemistry.

The effect of the surface morphology for hydrogen elimination reaction was
investigated by Shimada et al.. In their work, it suggested that the reactivity per each
reaction reductant depended on the surface orientation, and the surface morphology
affected the catalytic activity for the electroless deposition. Moreover, the surface
morphology should significantly influence the behavior of the surface reaction in the
electroless deposition as described in their studies. Therefore, in order to clarify the
reaction mechanisms of electroless deposition, the factor of surface morphology should

be considered carefully.

Additives

The electroless deposition reaction is inherently unstable, for the reason that small
amount of additives added into the electroless deposition bath can significantly
influence the deposition behaviors, such as acceleration or suppression effect on the
deposition. Additives present in the electroless deposition bath can influence: (i) kinetics
and mechanism of the crystal growth process; (ii) the bath passivation process; (iii)
structure and morphology of the deposit; (iv) physical properties of metal deposit; and
(V) purity of deposit [78-80].

The first analysis of the additive effects on the electroless deposition was
proposed by Sallo et al. [81]. In their work, the influences of thiourea on the electroless
Ni deposition process were investigated. After then, a few publications on the effect of
thiourea on the electroless Ni deposition process were achieved. Among them,
Kunimoto et al. analyzed the accelerating effect of thiourea on the electroless Ni
deposition using hypophosphite ion, as the first step of the series of the investigation for
thiourea [73]. In the study, a bath system in which the anodic and cathodic reactions are
physically separated was constructed, as shown in Figure 1.1.25. To indentify which
reaction, anodic or cathodic, was most influenced by thiourea, current density was
measured in both the case in which thiourea was added only to the anodic reaction and

the case in which thiourea was added only to cathodic reaction bath, as shown in Figure
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1.1.26. Although their results indicated that thiourea had an acceleration effect on both
the anodic and cathodic reactions, the acceleration effect was mainly derived from
acceleration of the anodic reaction. Based on this conclusion, they also analyzed the
influence of thiourea on the deposition process on a molecular level by DFT focusing on
the anodic reaction of the hypophosphite ion. As a result, they demonstrated that the
accelerating effect of thiourea primarily affects the anodic reaction of the hypophosphite
ions, while its effect on adsorption is thought to be most important.

In a word, the chemistry of additives involves many suggestions for the
electroless deposition process, which is necessary to be much more properly applied to
improve the efficiency and quality of the process. To achieve such further improvement,
it is obviously necessary to know more about the additive behaviors in the electroless
deposition process for details.
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Fig. 1.1.25 Composition of the separated bath system [73].
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Fig. 1.1.26 Time dependency of current density with (a) no thiourea added; (b) thiourea
added only to the anodic reaction bath; and (c) thiourea added only to the cathodic
reaction bath [73].
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1.2 Surface enhanced Raman spectroscopy

The experimental techniques have been widely applied to elucidate some
chemical phenomena in the research fields of analytic chemistry. Among experimental
approaches, one of the most frequently used is the Surface Enhanced Raman
Spectroscopy (SERS). Some other commonly used are X-ray diffraction (XRD),
Neutron scattering, and Infrared spectroscopy (IR spectroscopy) etc... Although these
methods have many advantages, they have their respective disadvantages summarized
below:

XRD, which is developed by Bragg et al. in 1913 [82], has disadvantages as
follows [83]: i. Special training and experience is necessary to use this method; ii. The
initial high cost of diffraction equipment; iii. The necessity of having standard patterns
for comparison before the diffraction pattern of the unknown can be meaningful; and iv.
The weak diffraction peaks of some substances.

Neutron scattering, which is first proposed by Shull et al. in 1949 [84], has
disadvantages as follows: i. Neutron sources are weak; ii. Neutrons are generally not
selective for particular elements; and iii. Kinematic restrictions.

The disadvantages of IR spectroscopy are as follows: i. Atoms or monatomic ions
do not have infrared spectra; ii. Homonuclear diatomic molecules do not posses infrared
spectra; and iii. Complex mixture and aqueous solutions are difficult to analyze using
infrared spectroscopy.

SERS effect is a breakthrough technique that can provides in-situ, ultrasensitive
characterization of chemicals on metals down to single molecular level for analysis of
solid-liquid interface [85,86]. In general, molecular level detection at solid-liquid
interface by SERS sensors has been investigated by applying plasmonic metal either
with roughened surfaces or nanostructures [87-89]. An amplification of the Raman
signal due to the electromagnetic field depends crucially on the size of the plasmonic
metals and the distance from the plasmonic metals in the range of 1-2 nm [90-93]. Thus,
it is difficult to define the place where the detected molecules are existed, which
stimulates this study to overcome the problem.

Since the experimental approaches involve several categories each with its own
advantages and disadvantages; and each methodology should be used in proper
application. In this section, thus, some fundamental information about SERS like
concepts, mechanisms, and development will be introduced, because SERS play a very

important role in the experimental analyses on the characterization of chemicals at the
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solid-liquid interface. Moreover, some examples of SERS and their recent applications

will also be introduced in the following parts.

1.2.1 Outline of surface enhanced Raman spectroscopy

Raman spectroscopy is a powerful technique which has become one of the optical
workhorses in analytical chemistry where it is used to detect and quantify a variety of
chemical substances [94]. The phenomenon of inelastic scattering of light was first
postulated by Smekal in 1923 [95], and first experimentally observed in 1928 by C. V.
Raman and K. S. Krishnan [96]. When a monochromatic light (at frequency vo)
illuminates molecules with internal modes of vibration (at frequency vmor), a very small
portion of the incident light is scattered off from the molecules with its color either red
or blue shifted (from vy to vy’), as shown in Figure 1.2.1. The frequency difference
between the incident light and the scattered light equals to the molecular vibrational

frequency:
Vo= Vo' % Vol (14)

Since then, this phenomenon is referred to as Raman effect.

A simple explanation for the principle of Raman spectroscopy is the following:
the incidental photons are destroyed and their energy is used for creating scattered
photons and creating (vo’ - Vmol, Stokes process (red shifted)) or destroying (vo’ + Viol,
anti-stokes process (blue shifted)) vibrations in the studied sample. Raman spectroscopy
involves molecular and crystal lattice vibrations and is therefore sensitive to the
composition, bonding, chemical environment, phase, and crystalline structure of the
sample material in any physical form: gases, liquids, solutions, and crystalline or
amorphous solids. However, the low cross-section, and intrinsically weak limits its
applications. The introduction of surface enhanced Raman spectroscopy (SERS) in 1974,
which was reported by Fleischmann et al. [97], has attracted a lot of attention from
researchers due to large enhancement of weak Raman signal; and it facilitates
identification in chemical and biological systems [98].

SERS is a technique that takes advantage of the fact that the plasmon structure
enhances both the excitation and scattering processes. It can provide greatly enhanced
Raman signal from Raman active analytic molecules that have been adsorbed on certain

specially prepared metal surfaces. It also has the capability of detecting analyses at the
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single molecule level, because the Raman signals can get efficiently enhanced up to 11
to 14 orders of magnitude by an interaction of analytic molecules with a nanostructured
metallic surface [99]. Figure 1.2.2 shows localized surface plasmons may dramatically
enhance the otherwise intrinsically weak Raman scattering [100]. In the figure, (a) is the
energy diagram for the Raman scattering process involving the absorption of an incident
photon with energy hw, and a subsequent emission of a photon with energy hw’ via an
intermediate virtual state in a molecule. The scattering is inelastic and the scattered light
is Stokes shifted by Aw = w — w’; (b) is the metallic periodic structure composed of
infinite half-cylinders of radius R. The normal incident electrical field E; is polarized
transverse to the cylinders; and (c) is the magnification of the groove structure
indicating the nanoscale cutoff modelled by a finite radius of curvature JR.

There are two widely accepted mechanisms contributing to the SERS effect: an
electromagnetic enhancement and a chemical enhancement. The electromagnetic effect
is dominant, while the chemical effect contribute enhancement only on the order of an
order or two of magnitude [101]. The chemical enhancement involves changes to the
adsorbate electronic states due to chemisorptions of the analyte [102], while the
electromagnetic enhancement is dependent on the presence of the metal surface’s
roughness features.

The pioneers summarized the key features of SERS and listed briefly as below
[103-105]:

* SERS occurs when molecules are brought to the metal surfaces in varieties of
morphologies. The smooth surface is not active for the enhancement.

* Surface roughness in the scale from 10 to 200 nm with appropriate preparation
is crucial to produce a strong SERS signal. The roughness at atomic scale, such as
certain ad-clusters, ad-atoms, kinks, steps or vacancies can assist further enhancement.

» SERS has been observed at solid-liquid, solid-gas, and solid-solid interfaces as
an interface-sensitive technique. Although molecules adsorbed in the first layer on the
surface show the largest enhancement, the enhancement also has some long-range
aspect of about tens of nanometers.

* The excitation profile (scattering intensity vs. exciting frequency) deviates from
the fourth power dependence of normal Raman scattering.

* Large numbers of molecules adsorbed on metal surfaces exhibit SERS, but their
enhanced factor values could be very different. It depends on the bonding type between

metals and molecules.
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Fig. 1.2.1 Schematic drawing of Raman scattering.

Fig. 1.2.2 Schematic illustration of Raman scattering enhanced by localized surface

plasmons [100].
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1.2.2 Examples of surface enhanced Raman spectroscopy

Many efforts have been made to design and fabricate SERS substrates that
routinely deliver high enhancement factors in recent decades. It is well known that some
typical structures can generate strong SERS effect such as antennas with small gap,
double resonance substrates, and antennas integrated with gratings; owing to
electromagnetic enhancement originating from surface plasmon coupling. Thus, this
section introduces some typical examples of SERS substrate and their recent

applications in the following parts.

Antennas with small gap

The “dimer” structure, consisting of two metallic nanoparticles separated by a
small gap, can generate effective SERS. It is commonly believed that substantial
electromagnetic field generated in dimer gaps is one of the main enhancement
mechanisms in SERS. This motivates the development of a reproducible method for the
fabrication of antennas with small gaps, especially below 10 nm.

Zhu et al. have developed a lithographic fabrication technique that enables
fabrication of arrays of antennas with gap size well below 10 nm are shown in Figure
1.2.3 [106]. In the figure, (a) shows the SEM image of the antenna with gap size well
below 10 nm; (b) shows that the enhancement factor can be high as 1.1 x 10® from
arrays of dimer structure with gap sizes as small as 3 nm. Furthermore, a substrate with
gap size as 5 nm based on silver nanoparticle was developed by Wang et al. [107], as
shown in Figure 1.2.4. By comparison with SERS substrates made from metallic
colloids and roughened metal surfaces, in their study, the low variation of the enhanced
Raman signal over various substrates further indicates that the Raman enhancement
effect can be attributed to the fact that the substrate has the gaps between neighboring

nanoparticles.
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Fig. 1.2.4 (a) SEM image of the substrate; (b) SERS spectrum of 10 M R6G solution

on the substrate (top); and on a typical SERS substrate prepared by depositing 30 nm Ag
on Si (bottom) [107].
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Double resonance substrates

The enhanced local fields generated by antennas are crucial to boost the normally
weak Raman signals of molecules. As the source of huge local fields, the localized
surface plasmon resonances (LSPRs) of antennas have been intensively investigated.
LSPRs of metal nanoparticles strongly depend on their shape, size, arrangement, for
pairs of closely spaced nanoparticles, and the width of the gaps between them [108-110].
Moreover, it has been shown that SERS enhancement factor is maximized if the LSPR
frequency is positioned between pump and stokes frequencies.

Recently, many structures with double resonances have been developed. By
appropriate design, these structures can be positioned to between pump and stokes
frequencies, enabling the SERS enhancement factor to be increase. Figure 1.2.5 shows
the double resonance structure which consists of a square array of metal disks formed
above a metal film with a SiO, spacer layer in between them. The structure was
proposed by Chu et al. [111]. In their work, they designed the structure so that modes
match the pump and stokes frequencies as shown in Fig. 1.2.5 (c), where it can be seen
that the outermost peaks of the extinction spectrum (which approximates the near-field
enhancement) match the pump and strokes frequencies (at 1072 cm™). Their results
indicated that the double resonance structures have SERS enhancement factors about
two orders of magnitude larger than their single resonance counter parts (gold disks on

glass).
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Fig. 1.2.5 (a) Schematic of double resonance SERS substrates; (b) SEM image of
fabricated double resonance SERS substrates; (c) Red: measured extinction cross
section of double resonance SERS substrates; Black: measured Raman scattering
spectrum; Dashed line is the pump wavelength [111].
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Antennas integrated with gratings

Previous studies have frequently measured SERS from molecules on metal
particles such as dimmers, sitting on dielectric substrates etc... Microscope objective
lenses are typically used to focus the excitation light onto the particles, and to collect
the SERS emission. In recent researches, some additional nanostructures have been
developed to improve the SERS effect.

An advanced antenna with surrounding nanostructures has been proposed by
Yanagisawa et al. [112]. In their design, the antenna is integrated with metallic gratings
that simultaneously concentrate the incident illumination and collimate the SERS
emission. The SEM image of the antenna is shown in Figure 1.2.6. In the figure, it can
be seen that the structure of antenna is designed as the concentric pattern, which
consists of six lines and spaces with a pitch of 550nm and a center dimple with a
diameter of 250nm, using Finite-Difference Time-Domain (FDTD) calculation. In the
response to the illumination, the ring gratings generate surface plasmon waves that
converge to the center. Figure 1.2.7 shows Raman spectra of the antenna (a) at the
center and (b) at the outside. The results indicate that the Raman enhancement at the
center of the device was estimated to be 2,000 times greater than it was at the outside of
the device. Therefore, the antenna that they developed offers promising potential for the
detection of an unknown single molecule and for applications such as sensors and
solid-liquid interfaces with a high sensitivity and a high space resolution, which

stimulates our interests.

Wide outer ring

6 inner rings
in a coaxial
grating structure

Center dimple

Fig. 1.2.6 The SEM image of the antenna proposed by Yanagisawa et al. [112].
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1.2.3 Theoretical approaches

Theoretical approaches have been widely applied in the research fields of analytic
chemistry to support and compare with experimental analyses. As a result of the
development of numbers of remarkable calculation theories and the progress in the
computing technology, computational chemistry has been focused as an important and
powerful tool which can provide the chemists with information difficult to obtain using
experimental procedures.

Computational chemistry is a branch of chemistry that uses principles of
computer science to assist in solving chemical problems, and uses the results of
theoretical chemistry to calculate the structures and properties of molecules and solids.
It mainly involves two types of simulation techniques, quantum chemical simulation
and molecular simulation.

The quantum chemical simulation, benefited from various theoretical
approximations in computational simulation over the last century, is the technique that
simulates the behaviors of electrons around some atoms or molecules and calculates the
interaction between them [113,114]. In principle, it is the method to solve the stable
states of molecule based on Schrédinger equation, which is very important to analyze in
the field of chemistry and is one of the most important missions of the quantum
chemistry research field. The quantum chemical simulations involve two major theories:
1. density functional theory (DFT) that can be used to investigate the states of electrons
using distribution of electron density; ii. wave function theory (WFT) that can be used
to calculate the states of electron using wave function of electrons.

The molecular simulation is the molecular dynamics technique that can simulate
the molecular behaviors based on classic dynamic expression. It involves two major
types of method: i. Monte-Carlo (MC) simulations that are used to analyze the behavior
of statistic ensembles using statistical thermodynamics; ii. molecular dynamics (MD)
that are applied to analyze the time dependency of the kinetics of molecules using
Newton equation.

The computational chemistry involves several categories each with its own theory
and philosophy, and each methodology should be used in proper application. In this
section, thus, DFT calculation and MC simulation will be introduced, which play a very
important role in the theoretical analyses on the chemical reaction at the solid-liquid

interface.
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Density functional theory calculation

Density functional theory (DFT) for electrons in atoms, molecules and solids has
a long and increasingly rich and successful history that has its roots in the early
development of analytic chemistry. Over the past 20 years, DFT has become a much
used tool in most branches of chemistry. Many experimental investigations in research
fields of chemistry and materials routinely include such calculation, using a popular
code, a standard basis, and a standard functional approximation, as shown in Fig. 1.2.8
[115].

DFT is a clever way to solve the Schrodinger equation for a many-body system
[116,117]. Pure DFT methods are defined by pairing an exchange functional with a
correlation functional. For example, the well-known BLYP functional pairs Becke’s
gradient-corrected exchange functional with the gradient-corrected correlation
functional of Lee, Yang, and Parr [118,119]. Becke has formulated functionals [120],
which include a mixture of Hartee-Fock theory pointed out by Kohn-Sham and DFT

exchange along with DFT correlation, conceptually defining EX© as below:
EXC‘ :CHFEI){(F + CDFTEI))(FCT (15)

where, the c¢’s are constants. Moreover, the Becke-style three-parameter functional can

be defined as below:

X - gX X X Xc
EB3LYP_ Eloa ™ co(Ep - E )T ¢ox EB88
+ Bl T cc(EL, - Eyiy) (16)

co=0.20, cx=0.72, cc= 0.81

In the B3LYP functional, which hybridizes several functionals, the parameter
values are those specified by Becke as shown above (cy, cx, and cc).

Kunimoto et al. analyzed orbital interaction between hypophosphite ions and
metal surfaces using DFT calculation, in which the electronic exchange and correlation
energy were estimated with the generalized gradient approximation in the B3LYP
functional [121]. Figure 1.2.9 shows the adsorption structure and labeling for metal
atoms by DFT calculation. Hence, B3LYP functional can be applied widely to the

analyses of chemistry and many purposes, which should be noted.

47



Chapter 1

|
8 0 DFT _
g PBE
- B B3LYP .
6 _
5 | ]
o .
) materials
S 4k .
=
2+ _
| chemistry _
0
1990 2000 2010
year

Fig. 1.2.8 Numbers of papers when DFT is searched as a topic in Web of Knowledge
(grey), B3LYP citations (blue), and PBE citations (green, on top of blue) [115].

Metal (Pd, Cu) 1

Metal (Pd, Cu) 2

Fig. 1.2.9 The adsorption structure and labeling for metal atoms 1, 2 [121].
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Monte-Carlo simulation

Monte-Carlo (MC) simulation is extensively used in various fields such as
physics, chemistry, engineering, and finance that rely on repeated random sampling to
compute results. In chemical systems, MC can provide the statistically rational structure
of some particle ensembles by choosing randomly and evaluating the statistical
adequacies of their own.

The name and the systematic development of MC date from about 1950s.
Monte-Carlo first named by N. Metropolis et al. [122], who estimated for the
eigenvalues of Schrodinger equation. Metropolis method originally used to sample the
Boltzmann distribution; it has become one of the most widely processes. The process of
Metropolis method is simply shown below:

1. The ensemble consisting of some particles is somehow prepared;

ii. One particle composing the ensemble are randomly chosen;

iii. The chosen particle is moved to the random direction and random distance so

that the new configuration of the ensemble is obtain;

iv. The new ensemble is tested whether it is statistically adequate;

v. The statistically adequate samples are gathered;

vi. Using these samples, statistically average ensemble states or some physical

parameters are obtained.

Although some empirical parameters and the classic force equation are applied in
the energy calculation step, this method has been still used as one of the most powerful

tools, which can provide very meaningful results about the large size system.
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1.3 Strategy of this study

The electroless deposition process is very important for fabricating metal thin
films and is widely applied for various kinds of applications; and oxidation of the
reductants is a dominant factor in the electroless deposition process. However, the
complexity of the reaction mechanism for reductant oxidation and additives in the
process make it difficult to improve the efficiency of electroless deposition.

To achieve more precise control of the electroless deposition process for
fabricating further advanced devices, it is significant to elucidate the reaction
mechanisms of the process in molecular-level. Therefore, the first strategy of this study
is to focus on the reaction mechanisms of reductants on each metal surface from the
experimental and computational perspectives.

In order to analyze the interaction mechanisms between reductants on metal
surface, the second strategy of this study is to use SERS and DFT calculation to analyze
the interaction mechanism of hydrazine and hypophosphite ions on a Cu surface.

Finally, to obtain the mechanisms on the complicated behaviors of the additive in
acidic/alkaline electroless deposition baths, the third strategy of this study is to focus on
the acceleration and suppression effect of thiourea on the oxidation reaction of

hypophosphite ions on a Ni surface.
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Chapter 2

2.1 Introduction

In order to further control of the solid-liquid interface in electroless deposition
process and precise selection of substrate and reductants for the fabrication of
functionalized substructures, the characterization of reductants adsorption on metal
surfaces should be clarified, which can provide molecular level information for
understanding the reaction mechanism of electroless deposition process. Although a few
studies attempted to model the characterization of reductants on metal surfaces [1-5],
they have no the overall views from experimental and theoretical perspectives.

To consider this issue, this chapter characterizes the behaviors of reductants
adsorption on metal surfaces as follows.

The experimental method (Surface Enhanced Raman Spectroscopy, SERS) [6-9]
is applicable for characterizing reductants adsorption on metal surfaces with
high-selectivity component at right angle down to sub-monolayer level using a surface
enhanced Raman antenna, which can define the location and structure of adsorbed
reductants just only at 1-2 nm from the antenna surface. The plasmon antenna with
concentric pattern is designed by using FDTD calculation to enhance the Raman
scattering on the surface of Ag, Au, and Cu. Yanagisawa et al. have demonstrated the
sub-nanoscale detection of self-assembled monolayer (SAM) on the Ag antenna [10].
The schematic diagram of the antenna is shown in Figure 2.1.1. The Raman scattering is
further enhanced on this antenna by the laser from the perpendicular direction to the
surface. Therefore it is easy to realize in-situ measurements. Furthermore, the electric
field has a well-defined, rapidly-decaying intensity as a function of radial distance from
the center of the antenna. This well-defined functional form of the electric field allows
us to relate the strength of the Raman signal we detect with the location of the detected
molecule. In order to utilize this precipitous electric field, we have applied piezo stage
to realize the step by step measurement in changing the distance from the antenna with
1 nm/step.

Meanwhile, the theoretical method (Density Functional Theory, DFT) [11-13] can
provide molecular level, basic level information for understanding the mechanism
according to the chemical characteristics. In the DFT calculation, the metal surface can
be modeled as a cluster whose size is sufficient to express the reaction field of some
adsorbates. Although it is much smaller, such a model is known to provide sufficient
results for analysis of adsorption behavior [14,15]. The solvent can be modeled as the

dielectric material using polarized continuum model (PCM) [16]. Because PCM is
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insufficient for modeling the solid-liquid interface, which cannot construct gradually
changing constant dielectric field, this chapter considers solvent molecules on the metal
surfaces.

The objective of this study in this chapter is to investigate the structure and the
bonding of adsorbed reductants on metal surfaces, using experimental and theoretical
methodologies shown above. To achieve this objective, this study characterizes three
reductants hydrazine, hypophosphite ion, and formaldehyde on the Ag surface and

analyzes the adsorption state of the formaldehyde on the Cu surface.

Irradiation

Surface
plasmon

Substrate

Fig. 2.1.1 Schematic diagram of plasmon antenna [10].
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2.2 Methodology

In this study, it is important to propose the method for characterizing the
behaviors of reductants adsorption on metal surfaces. The characterization of reductants
on metal surfaces can provide some fundamental knowledge for understanding the
reaction mechanism of electroless deposition process; and the overall views could be
complicated. To solve this problem, reductants adsorption on metal surfaces was
initially characterized by using a surface enhanced Raman antenna. Then, the bonding
and structure of adsorbed reductants on metal surfaces were calculated by DFT
calculation, which can provide molecular level, basic level information according to the
chemical characteristics.

The information of the surface enhanced Raman antenna is shown below. The
structure of plasmon antenna was designed as the concentric pattern which consists of
six lines and spaces with a pitch of 550 nm and a center dimple with a diameter of 250
nm for enhancing Raman scattering effectively on metal surfaces by using
Finite-Difference Time-Domain (FDTD) calculation based on Yanagisawa et al. [10].
The electric field was calculated with the FDTD solver (Fullwave) provided by RSoft
Design Group, Inc. The three dimensional simulated area including the antenna was
10umx10pum>0.5pm in which the mesh size was 10 nm. The electric field was assumed
to be polarized along the x-axis where the propagation direction of the plain wave
(532.2 nm and 632.8 nm wavelength) was along the z-axis. Refractory indices were
0.0543+3.42911 for 532.3 nm wavelength on Ag and 1.27 +3.41i for 632.8 nm
wavelength on Cu in the FDTD calculation.

The fabrication processes of the surface enhanced Raman antenna is shown below.
The concentric pattern was formed on a Si substrate by using electron beam (EB)
lithography and UV-nanoimprint lithography (Kyodo-international). Then Ag (23) or
fcc-Cu (111) layer with 100 nm thickness was sputter deposited on the concentric
pattern. The schematic illustration of process steps for the fabrication of metal plasmon
antenna was shown in Figure 2.2.1.

A 0.5-uL aliquot of hydrazine (H,NNH,-H,O, Kanto Chemical Co., Inc.),
hypophosphite (NaPH,0O,'H,O, Kanto Chemical Co., Inc.), formaldehyde (HCHO,
Kanto Chemical Co., Inc.), or a mixture of hydrazine and hypophosphite, each at
concentration of 100 mM, as summarized in Table 2.2.1, was placed on the antenna
surface. The solutions with antenna were then measured using a Raman

microspectroscopy device (Nanofinder 30, Tokyo Instruments, Inc.) equipped with a
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confocal microscope. The condition of Raman spectroscopy is shown in Table 2.2.2.
The 532.2 nm and 632.8 nm line from a He-Ne laser was used for the excitation of
Raman scattering. The laser beam was focused onto spot around lpum in diameter
through an objective lens at a magnification of 100 x with NA (0.9). The data
acquisition time was 1.0 s. The wavenumber resolution was 2.4 cm™ when the grating
(600 grooves/mm) was used, and the wavenumber range was 50 cm™ - 4000 cm™. The
laser power irradiated on the sample surface was 3 mW. Bath temperature and pH were
50 °C and 8.6.

Figure 2.2.2 shows the schematic model of the antenna and calculation results of
electric field on the Cu antenna. Fig. 2.2.2 (a) is the schematic diagram of the antenna,
which is composed of coaxial dimples structure on the Si substrate. Meanwhile, Cu is
deposited on the Si substrate in Fig. 2.2.2 (a). Comparing Fig. 2.2.2 (a) and (b), the
concentric structure enhanced the electric field at the top edge of center part of the
antenna. The electric field |E| was attenuated progressively with distance from the
surface of Cu plasmon antenna to the solution as shown in Fig. 2.2.2 (c¢). The SERS
enhancement factor is proportional to the fourth power of the electric field, as shown

below:
I=alE (1)

I is Raman intensity; |E| is intensity of electric field. With these results, the
Raman spectra of the target molecules were enhanced only at the surface of the antenna.
Therefore the strongest spectrum was defined as information of the molecules just on
the plasmon antenna.

Since the electric field |[E| has a well-defined, rapidly-decaying intensity as a
function of radial distance from the center of the antenna, this well-defined functional
form of the electric field allows us to relate the strength of the Raman signal we detect
with the location of the detected molecule. Moreover, the enhanced area of plasmon
antenna was around 50 nm where a localized plasmon was generated according to
FDTD calculation, as shown in Figure 2.2.3. In addition, the surface roughness was
within the 1 nm in the enhanced area, where could enhance the Raman scattering at
right angle. In order to utilize this precipitous electric field and enhance area, therefore,
we changed the focus of measurement precisely with 1 nm step by using a piezometer
stage, which could allow us to take measurements at varying distances from the antenna
with 1 nm/step. The schematic illustration of the Raman spectroscopy with Z moving

stage is shown in Figure 2.2.4.
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The conditions of the DFT calculations are shown below. All calculations were
performed using the B3LYP functional as implemented in the Gaussian 03 package [17],
which was a combination of Becke’s three-parameter hybrid exchange functional (B3)
[18] and the Lee-Yang-Parr correlation functional (LYP)[19]. The Gaussian Basis sets
were P, C, H/6-31G** [20] and O, N/6-31 +G** [21]. For Cu, Ar core was replaced by
an effective core potential by Hay and Wadt [22]. Valence electrons were represented by
a (5s5p4d)/[3s3p2d] basis set. The solvation effect was taken into account by the
self-consistent reaction field method with an isodensity surface polarized continuum
model (SCRF-IPCM) [16], which used dielectric constant 80.0 [-].

EBL and UV-NIL Ag/Cu sputtering

| |
v L vY L YYYVYY

Fig. 2.2.1 Schematic illustration of process steps for the fabrication of metal plasmon

antenna.

Table 2.2.1 Experimental conditions of reductant solutions.

Concentration (mM)

Chemicals
(@ (k) () @
H,NNH,-H,0O 100 - - 100
NaH,PO;-H,0 - 100 - 100
HCHO - - 100 -
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Table 2.2.2 Experimental condition of Raman spectroscopy.

Nanofinder - 30

Exposure time 30s
Wave length (He/Ne Laser) 532/633 nm
Measuring range 0-4000 cm™
Resolution XY:2nm, Z: 1 nm

) To

Solution ,Cu lo-
Al L L ]
®) 2
VST
wer S, '

1

O—T——T 7T T T 1
o 2 4 6 8 W0 12 14

Distance from Gu surface/ nm

Fig. 2.2.2 The schematic model of plasmon antenna (a); Calculated values of electric

field on the plasmon antenna (b, c).
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Laser Beam

A

v

F

Enhanced area ~50nm

Fig. 2.2.3 Surface topography of plasmon antenna.

. _reflector

compulter

focusing lenses

sample

Z. moving stage

Fig. 2.2.4 Schematic illustration of the Raman spectroscopy with Z moving stage.
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2.3 Results and Discussion

2.3.1 SERS of reductants

To obtain the bonding and structure of adsorbed reductants on metal surfaces, the
characterization of reductants (not in contact with the antenna) was analyzed by Raman
spectroscopy and DFT calculation above all.

Table 2.3.1 and Figure 2.3.1 show the theoretical Raman spectrum calculated by
using DFT and experimental Raman spectra of the reductant solutions. A Raman
spectrum of reductants was given as Fig. 2.3.1. Corresponding to the theoretical Raman
spectrum of reductants in Table 2.3.1, All Characteristic peaks of reductants were found
as follows:

1. Solid line (a) showed the Raman spectrum of N,H4 which had six pronounced,
polarized lines at 469, 796/924, 1132, 1303/1366, 1633 (overlapping Raman band), and
3293 (3213, 3356) cm™'. We assigned these lines to the NH, torsional (vertical), NH,
bending (out of plane), NN stretching, NH, torsional (horizontal), NH, bending (in
plane), and NH stretching, respectively, by comparing them with the theoretical Raman
spectrum of hydrazine.

2. Dash line (b) showed the Raman spectrum of NaH,PO, which had six
pronounced, polarized lines at 466, 776, 921, 1060/1197, 1136 (overlapping Raman
band), and 2368 cm™' (overlapping Raman band). These lines were assigned to the OPO
bending (in plane), HPH torsional (vertical), HPH torsional (horizontal), PO stretching,
HPH bending (out of plane) or HPH bending (in plane), and PH stretching, respectively,
by comparing them with the theoretical Raman spectrum of hypophosphite ion.

3. Dot line (c) showed the Raman spectrum of HCHO which had eight
pronounced, polarized lines at 458, 776/1386, 984, 1122, 1296, 1426, 1613, and 2350
cm’' (overlapping Raman band). We also had assigned these lines to the OCO bending,
CO stretching, COH bending, CH; torsional (horizontal), CH, torsional (vertical), HCH
bending (out of plane), HCH bending (in plane), and CH stretching, respectively, by
comparing them with the theoretical Raman spectrum of formaldehyde.

4. Dash dot line (d) showed the Raman spectrum of mixture (N,H4 and NaH,PO,)
which had mixing pronounced as same as polarized lines of hydrazine and
hypophosphite ion.

Overlapping Raman bands were observed in Raman spectra, and three possible

explanations for the phenomenon were as follows: 1. Peaks reflect the average vibration
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of many molecules in the experimental Raman spectra, while DFT only calculate one
molecule; 2. The grating of Raman spectroscopy is very suitable for getting good peak
strength, but it is not fit for detecting the very close peaks in this study; 3. Raman laser
with high energy can move chemical molecules by moving laser focus position on
molecules. Therefore, some chemical bonds, which have similar peaks and intensities,
can be influenced by these factors; and they are observed as overlapping Raman bands.
From these results, the characteristic peaks of reductants were revealed. They

were applied to define the bonding of reductants on Ag/Cu surface as basic information.

Table 2.3.1 The DFT calculation of reductants.

Vibrational mode Wavenumber (cm'l)
NH; torsional(vertical) 467.3
NH; bending(out of plane) 798.1,953.1
NN stretching 1119.2
NH, torsional(horizontal) 1292.6,1321.9
NH; bending (in plane) 1680.9,1698.7
NH stretching 3469.0,3475.8,3585.7,3590.4
OPO bending (in plane) 437.8
HPH torsional(vertical) 795.2
HPH torsional(horizontal) 920.1
PO stretching 1023.3,1218.2
HPH bending(out of plane) 1112.4
HPH bending(in plane) 1176.8
PH stretching 2236.3,2176.6
COH bending 76.8,1068.1
OCO bending 424.8
CO stretching 664.5,1362.1
CHj; torsional (horizontal) 1097.4
CH; torsional (vertical) 1233.3
HCH bending(out of plane) 1388.2
HCH bending(in plane) 1536.7
CH stretching 2494.8,2595.8
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Intensity

(a)

(@) NoH,

(b) NaH,PO,

(c) HCHO

(d) N,H, and NaH,PQO,

Fig. 2.3.1 Raman spectra of reductant solutions.

67



Chapter 2

2.3.2 SERS of reductants on a Ag surface

Then, we attempted to drop the reductants solution on a Ag plasmon antenna to
describe the characterization of reductants adsorption on the Ag surface. The
information of the Ag antenna is shown below. First, Figure 2.3.2 shows the SEM image
of surface enhanced Raman antenna (Ag). As described above, the pattern of the Ag
antenna was fabricated by electron beam (EB) lithography and UV-nanoimprint
lithography; then Ag (23) layer with 100 nm thickness was sputter deposited on the
concentric pattern. Because the structure of the antenna was designed for efficiently
enhancing of Raman scattering on Ag by FDTD calculation based on Yanagisawa’s
proposal for that of on Ag, the SERS effect of deposited Ag is much higher than other
metals, as shown in Figure 2.3.3 [10]. In the figure, it can be seen that they have
checked the dielectric constants of several metals and found that the best is Ag.
Moreover, they discovered that the calculated electric field |E| at the center of plasmon
antenna could be increased by 2000 times using the Ag surface with optimized pitch and
the plasmon wave length for the wavelength of the excitation laser (532.2 nm).

Therefore, we attempted to investigate the function of the plasmon antenna by
focusing on the adsorbed reductants on Ag antenna by using Raman spectroscopy. The

schematic illustration of reductants on the Ag plasmon antenna is shown in Figure 2.3.4.

rrrrrrrrorord

5.00um

Fig. 2.3.2 SEM image of Ag plasmon antenna.
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Fig. 2.3.4 Schematic illustration of reductants on Ag plasmon antenna.
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As a next step, the adsorption behaviors of reductants on the Ag antenna were
characterized by Raman spectroscopy. Figure 2.3.5 shows the experimental Raman
spectra of the reductant solutions on the Ag antenna. In the figure, Raman spectrum of
adsorbed hydrazine on Ag (a); adsorbed hypophosphite ions on Ag (b); adsorbed
formaldehyde on Ag (c); adsorbed mixture of hydrazine and hypophosphite ions on Ag
(d); and only Ag antenna were given. By comparing with the Raman spectra of only
reductant solutions (not in contact with the antenna), extra Raman shifts at 360 cm™
were observed in Fig. 2.3.5. Because these Raman peaks were observed only after the
reductants were dropped on the Ag antenna, while there were no these peaks in the
Raman spectra of only reductant solutions. Therefore, we defined this wavenumber
domain as Ag-reductants bonding. Moreover, there were other lines of undetermined
scattered radiation which we had assigned tentatively to the characteristic peaks of
reductants. Since the surface enhanced Raman antenna can provide the characterization
of reductants adsorption on metal surfaces down to sub-monolayer level, we then
attempted to use Raman spectroscopy and DFT calculation to define the bonding and
structure of adsorbed reductants on the Cu surface to understand the reaction
mechanism of electroless deposition.

(a) NoH,

(b) NaH,PO,
4 () HCHO (@)
(d) NyHq and NaH,PO,

360 cm™!
(c)

Intensity

Ranmnshift om'

Fig. 2.3.5 Raman spectra of reductants on the Ag antenna.
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2.3.3 SERS and DFT of formaldehyde on a Cu surface

In previous studies on the reaction mechanism of formaldehyde, Shimada et al.
investigated the adsorption and oxidation process of formaldehyde on the Ag surface [4].
However, their theoretical results have not been identified by experiments and the most
stable configure of formaldehyde adsorption on metal surface has not been proposed. To
clarify them and understand the reaction mechanism of electroless deposition, a Cu
deposited surface enhanced antenna was made to analyze the bonging and structure of
formaldehyde on the Cu surface, which can determine the reaction behaviors of the
formaldehyde. Information of the Cu antenna is shown below. First, Figure 2.3.6 shows
the SEM image of surface enhanced Raman antenna (Cu). The process steps for
fabrication of the Cu antenna are shown above. The structure of the antenna was
designed by FDTD calculation based on Yanagisawa’s proposal for that of on Ag. The
SERS effect of deposited Cu was less than deposited Ag. As the result of dielectric
constant, for the ratio of real part to imaginary part of the complex dielectric constant (|e
(Re)/e (Im)|), Ag was 32.4 more than 3.52, which was the ratio of Cu as shown in Fig.
2.3.3. However, calculated electric field |E| at the center of plasmon antenna could be
increased by 14% by using the antenna with optimized pitch and corresponding the
plasmon wave length for the wavelength of the excitation laser (632.8 nm). Estimated
Raman intensity could also increased by 69% because the reduced Raman intensity,
which is proportional to the fourth power of |E|. Hence, the Cu antenna also can induce
the Raman enhancement effect. Then, we attempted to investigate the characterization

of formaldehyde on the Cu antenna by using Raman spectroscopy and DFT calculation.
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Fig. 2.3.6 SEM image of Cu plasmon antenna.
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Next, the adsorption behaviors of formaldehyde on the Cu antenna were
investigated by Raman spectroscopy and DFT. Table 2.3.2 and Figure 2.3.7 show the
theoretical Raman spectrum calculated by using DFT and experimental Raman spectra
of formaldehyde on the Cu antenna. Because of the device which is coupled with a
piezo stage, the top-line and bottom line were defined as Raman scattering of
formaldehyde solution and Cu antenna, and the intermediate lines could be considered
as Raman scattering of formaldehyde on Cu antenna in Fig. 2.3.7. Meanwhile, Cu-O
stretching mode on 395.1 cm™ in Table 2.3.2 was also given by DFT calculation. This
wavenumber domain is near to that of experimental result of Raman spectroscopy. Thus,
the Raman shift at 382 cm™ was defined as Cu-O bond in Fig. 2.3.7. Moreover, there
were other lines at 514, 613, 1097 and 1462 cm™' of undetermined scattered radiation
which we had assigned to the OCO bending, CO stretching, CH; torsional (horizontal),
and HCH bending (in plane), respectively. These corresponded to the calculation of
formaldehyde adsorption on Cu as shown in Table 2.3.2. From these results, the
adsorption model of formaldehyde in electroless deposition was revealed. Furthermore,
these peaks were only observed at 1-2 nm from the antenna surface which meant that
this method absolutely could to define the bonding of adsorbed formaldehyde just only
on the Cu antenna.

Then, we attempted to use DFT calculation to define the structure of adsorbed

formaldehyde on Cu.
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Fig. 2.3.7 Raman spectra of formaldehyde on the Cu antenna.
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Table 2.3.2 The theoretical Raman spectra calculation of formaldehyde on Cu by using

DFT.

Vibrational mode

Wavenumber (cm'l)

Cu-O stretching
OCO bending
CO stretching
CHj; torsional (horizontal)
CHj; torsional (vertical)
COH bending
HCH bending(out of plane)
HCH bending(in plane)
CH stretching

OH stretching

395.1
519.8
713.6

1246.6
1293.5
1310.9

1412.6

3783.7

1097.1,1124.9

2865.6,2908.4
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In order to elucidate the structure of formaldehyde on the Cu surface, DFT
calculation was applied to model the adsorption of formaldehyde on a Cu surface. The
conditions of DFT calculation are described above. Figure 2.3.8 shows prospective
configuration of formaldehyde on fcc-Cu (111) calculated by DFT. In Fig. 2.3.8, the
surface model was the tetrahedral cluster model made up of 20 Cu atoms [23].
Moreover, all parameters of adsorbing system are optimized, including the cluster
structure and molecular structure.

Consequently, the most stable conformation of adsorbed formaldehyde on Cu was
given as di-o-bonded conformation by DFT calculation in Fig. 2.3.8. Therefore, the
adsorbed bonding and structure of formaldehyde on Cu could be identified by Raman

spectroscopy and DFT calculation.

Fig. 2.3.8 The prospective configuration of formaldehyde on Cu (di-o-bonded

conformation).
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2.4 Conclusions

In this chapter, an approach for analyzing the characterization of reductants
adsorption on metal surfaces using surface enhanced Raman antenna was proposed. By
using the antenna and comparison with DFT results, Raman peaks of adsorbed
reductants on Ag and Cu were provided, defining as Ag/Cu-reductants bond. Although
the dielectric constant of Cu surface is much lower than the dielectric constant of Ag,
Cu surface is also able to give efficient SERS effect by using the surface enhanced
Raman antenna. Furthermore, the characteristic peaks in the Raman spectra were in
good agreement with DFT results.

From the experimental and calculated results, author demonstrated that this
method had a possibility to define the structure of adsorbed reductants just only on the
plasmon antenna. Meanwhile, the di-c-bonded conformation of adsorbed formaldehyde
on the Cu surface was given by DFT calculation as the most stable configuration.

Moreover, the most important conclusion for the later chapters is that such in-situ
characterization approach down to sub-monolayer level is required for analysis of
variety of systems at solid-liquid interface such as analysis of catalytic reaction which is
one of the most difficult applications. According to this conclusion, this approach
proposes an important basis for the analyses of the reaction mechanisms of reductants

on metal surfaces in the later chapters.
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Chapter 3

3.1 Introduction

To obtain some fundamental knowledge about the reaction mechanism of
oxidation of reductants for more precise control of the solid-liquid interface in the
electroless deposition process, author attempts to investigate the behaviors of reductants
absorbed on a Cu surface with molecular level resolution from experimental and
computational points of view in this chapter.

In the electroless deposition process, the activation of oxidation reaction of each
reductant depends on the kind of metal surface as described in chapter 1. In other words,
some metal surfaces cannot exhibit catalytic activity for a few reductants, such as Cu
surface for hypophosphite ions. To apply the non-catalytic surfaces with the reductants
such as Cu with hypophosphite ions, a novel electroless deposition bath with dual
reductants was applied for the electroless deposition process. However, the reaction
mechanism of dual reductants has not been fully elucidated yet. In this chapter,
therefore, author is focusing on the characterization of adsorption of reductants like
hydrazine and hypophosphite ion on the Cu surface. These reductants are the most
widely used in electroless deposition [1-6]. Moreover, T. Ouchi et al. have previously
reported [7] on the fcc-Cu (111) underlayer with dual reductants of sodium hydrazine
and hypophosphite for fabricating ultra-thin films with high perpendicular magnetic
coercivities, as shown in Figure 3.1.1. Due to the deposits should have high crystallinity
during the initial deposition stage in their study, an fcc-Cu (111) underlayer with low
lattice mismatch (2.3%) compared to that of hcp-Co (0002) was used to achieve CoNiP
nanodot arrays with high magnetic properties [8,9]. The problem with the application of
the Cu underlayer in electroless deposition of CoNiP was that H,PO,", which was used
as a reductant in the general electroless deposition of CoNiP, was not oxidized to work
as a reductant on the Cu surface [10-13]. Therefore, in that study, CoNiP nanodot arrays
with high magnetic properties were fabricated using an autocatalytic system with dual
reductants, H,PO,” and N,H4. The mechanism responsible for the enhancement of
perpendicular magnetic coercivities has not been clearly established, however. Thus,
author has attempted to characterize the reductants adsorption on a Cu surface to obtain
fundamental knowledge about the mechanism by applying an experimental

methodology (SERS) and a theoretical calculation methodology (DFT) in this chapter.
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Fig. 3.1.1 (a) Cross-sectional blight field TEM image of CoNiP film; and (b)
perpendicular M-H loop of CoNiP nanodot arrays [7].
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3.2 Methodology

In this chapter, the concentric-patterned antenna with coaxial dimples, which
consisted of six lines and spaces with a pitch of 550 nm and a center dimple with a
diameter of 250 nm, was designed by FDTD calculation to enhance the electric field by
focusing surface plasmon, based on Yanagisawa et al. [14]. The three dimensional
simulated area was 10pmx10pumx0.5um in which the mesh size was 10 nm. The
electric field calculated with the FDTD solver (Fullwave, provided by RSoft Design
Group, Inc.) was polarized along the x-axis where the propagation direction of the plane
wave (632.8 nm wavelength) was along the z-axis, as described in the chapter 2.

The fabrication process of the Cu antenna is shown below. First, the concentric
pattern of plasmon antenna was formed on a Si substrate by using electron beam (EB)
lithography and UV-nanoimprint lithography (Kyodo-International). Then, the fcc-Cu
(111) layer with 100 nm thickness was then sputter deposited on the concentric pattern.
The SEM image of the plasmon antenna (Cu) was shown in the last chapter.

A 0.5-uL aliquot of hydrazine (H,NNH,'H,O, Kanto Chemical Co., Inc.),
hypophosphite (NaPH,0, H,0, Kanto Chemical Co., Inc.), or a mixture of both, each at
concentration of 100mM, as summarized in Table 3.2.1, was placed on the antenna
surface in the amount of 0.5 pL. The solutions with antenna were then measured by
Raman Microspectroscopy (Nanofinder 230, Tokyo Instruments, Inc.) equipped with a
confocal microscope. The refractive index was 1.27 + 3.41i for 632.8 nm wavelength on
Cu in the FDTD calculation. The 632.8 nm line from a He-Ne laser was used for the
excitation of Raman scattering. The laser beam was focused onto a spot around 1um in
diameter through an objective lens at a magnification of 100 x with NA (0.9). In
addition, the surface roughness was within 1 nm in the enhanced area, where could
enhance the Raman scattering at a right angle which had been discussed in the last
chapter. Author had demonstrated that the electric field of the antenna which was
weakened progressively with distance from the Cu surface to the solutions; and the
nanoscale detection of formaldehyde on the Cu surface by changing the depth (1 nm) of
the laser from the perpendicular direction to the surface which meant this approach
could define the structure of adsorbed formaldehyde just only on the antenna surface, as
shown in the last chapter. In this chapter, however, a piezoelectric motor was used to
change the focal depth of measurements by 0.5 nm/step for more precise measurements
in this chapter than the 1 nm/step used previously. The data acquisition time was 1.0 s

per measurement. The wave number resolution was 2.4 cm™ when the grating (600
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grooves/mm) was used. The laser power irradiated on the sample surface was 3 mW.

The conditions of the DFT calculations are shown below. All calculations were
performed using the B3LYP functional as implemented in the Gaussian 03 package [15],
which was a combination of Becke’s three-parameter hybrid exchange functional (B3)
[16] and the Lee-Yang-Parr correlation functional (LYP) [17]. The Gaussian Basis sets
were P, H/6-31G** [18]and O, N/6-31 +G** [19]. For Cu, Ar core was replaced by an
effective core potential by Hay and Wadt [20]. Valence electrons were represented by a
(5s5p4d)/[3s3p2d] basis set. The solvation effect was taken into account by the
self-consistent reaction field method with an isodensity surface polarized continuum
model (SCRF-IPCM) [21], which used dielectric constant 80.0 [-].

Table 3.2.1 Experimental conditions of reductant solutions.

Concentration (mM)

Chemicals
(a) (b) (c)
H,NNH,-H,O 100 - 100
NaH,PO,-H,O - 100 100
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3.3 Results and Discussion

3.3.1 SERS and DFT of hydrazine and hypophosphite ions

To elucidate the reaction mechanism of electroless deposition by focusing on
characterizing the reductants adsorption on a Cu surface, the characterization of
reductants were demonstrated by Raman spectroscopy and DFT above all. Table 3.3.1
lists the DFT calculated Raman shifts used for comparison with experimental results.
Figure 3.3.1 displays the Raman spectra of the reductant solutions (not in contact with
plasmon antenna). Accordingly to the theoretical Raman spectrum of reductants (Table
3.3.1), all characteristic peaks of reductants were observed as follows:

1. Fig. 3.3.1 (a) shows the Raman spectrum of N,H4, which has six pronounced,
polarized lines at 474, 807/918, 1116, 1296/1346, 1627 (overlapping Raman band), and
3279 (3199, 3334) cm™. Author assigns these lines to the NH, torsional (vertical), NH,
bending (out of plane), NN stretching, NH, torsional (horizontal), NH, bending (in
plane), and NH stretching, respectively, by comparing them with the theoretical Raman
spectrum of hydrazine.

2. Fig. 3.3.1 (b) shows the Raman spectrum of NaH,PO,, which has six
pronounced, polarized lines at 463, 696, 928, 1054/1209, 1157 (overlapping Raman
band), and 2353 cm™ (overlapping Raman band). These lines are assigned to the OPO
bending (in plane), HPH torsional (vertical), HPH torsional (horizontal), PO stretching,
HPH bending (out of plane) or HPH bending (in plane), and PH stretching, respectively,
by comparing them with the theoretical Raman spectrum of hypophosphite ions.

3. Fig. 3.3.1 (c) shows the Raman spectrum of mixture of reductants (100 mM
each of N,H4 and NaH,PO,). Characteristic bands (no overlap) are obvious for both
components: a NH, bending band at ~1627 cm™ and a PH stretching band at ~2353
cm™. The two bands in the spectrum of the mixture are completely observed, which
means the spectrum of the mixture has all pronounced characteristic bands of N,H4 and
NaH,PO,.

Overlapping Raman bands were observed in Raman spectra, and three possible
explanations for the phenomenon were discussed in the chapter 2.

From these results, the characteristic peaks in the Raman spectra of reductants
alone were in good agreement with DFT results and could be applied to define the

bonding of adsorbed reductants on Cu as basic information.
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Table 3.3.1 The DFT calculation of hydrazine and hypophosphite ions.

Vibrational mode Wavenumber (cm™)
NH; torsional(vertical) 467.3
NH; bending(out of plane) 798.1,953.1
NN stretching 1119.2
NH; torsional(horizontal) 1292.6,1321.9
NH; bending (in plane) 1680.9,1698.7
NH stretching 3469.0,3475.8,3585.7,3590.4
OPO bending (in plane) 437.8
HPH torsional(vertical) 795.2
HPH torsional(horizontal) 920.1
PO stretching 1023.3,1218.2
HPH bending(out of plane) 1112.4
HPH bending(in plane) 1176.2
PH stretching 2236.3,2176.6
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Fig. 3.3.1 Raman spectra of hydrazine and hypophosphite ions.
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3.3.2 Analysis of hydrazine on a Cu surface with nano-scale resolution by
SERS and DFT

As a next step, author analyzed the characterization of hydrazine on a Cu surface
by Raman spectroscopy and DFT calculation. Table 3.3.2 and Figure 3.3.2 show the
theoretical Raman spectrum calculated by using DFT and experimental Raman spectra
of the solution on the Cu antenna. A Raman spectrum of hydrazine on the Cu antenna
was given as Fig. 3.3.2. Because of the device which is coupled with a piezo stage as
described in the last chapter, the top-line and bottom line were defined as Raman
scattering of hydrazine solution and Cu antenna, and the intermediate lines could be
considered as Raman scattering of hydrazine on Cu antenna in Fig. 3.3.2. Meanwhile,
Cu-N stretching mode on 341.1 cm™ in Table 3.3.2 was also given by DFT calculation.
This wavenumber domain is near to that of experimental result of Raman spectroscopy.
Thus, the Raman shift at 385 cm™ was defined as Cu-N bond in Fig. 3.3.2. Moreover,
there were other lines at 488, 545, 590, 661, 775, 1084, 1208 and 1279 c¢cm™ of
undetermined scattered radiation which author had assigned tentatively to the NH,
rocking, NN stretching, NH, wagging, and NH, twisting, respectively. These
corresponded to the calculation of hydrazine adsorption on Cu as shown in Table 3.3.2.

One of the major different points between the actual conditions of experimental
bath and the theoretical models in this study was the solvent effect on the electronic
structure of adsorption state, which should be one of the most important points to
provide the different values between the experimental measurement and the calculation.
Even though author used PCM model to involve solvent effect in the theoretical model,
it seemed not sufficient to reproduce fully accurate spectrum shown in the experimental
measurement. This was because although our Raman spectrum showed the influences
from the solvent as molecules to interact with adsorbent especially in our highly
localized Raman spectrum measurement, PCM method modeled such solvent just as a
field around the chemicals. It was therefore important to model more accurate solvent
models at this solid-liquid interface in order to obtain values corresponding precisely to
experimental data, which would be one of our next targets. However, PCM method was
sufficient to obtain qualitative understanding of Raman spectrum and the adsorption
model of hydrazine in electroless deposition was revealed from these results.

From these results, the adsorption model of hydrazine in electroless deposition
was revealed. Furthermore, these peaks were only observed at 1-2 nm from the antenna
surface which meant that this method absolutely could to define the bonding and

structure of adsorbed hydrazine just only on the Cu antenna. Then, author applied DFT
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calculation to model the structure of adsorbed hydrazine on Cu.

Table 3.3.2 The theoretical Raman spectrum calculation of hydrazine on Cu by using
DFT.

Vibrational mode Wavenumber (cm'l)
Cu-N stretching 341.1
NH; rocking 580.8
NN stretching 919.8
NH; wagging 1091.2,1150.3
NH; twisting 1302.8,1375.1
NH, scissor 1666.6,1676.5
140 cps 3?5 45?8 545 5?0 o1 7:75 1084 1208 1279
P A Aty ,,u? n,r Al M “rgrm s A s [y “f?"« h .,w,« W,
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Fig. 3.3.2 Raman spectrum of hydrazine on the Cu antenna (1 nm/step).
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In order to elucidate the structure of hydrazine on the Cu surface, DFT was
applied to model the adsorption of hydrazine on a Cu surface. The conditions of DFT
calculation are described above. Figure 3.3.3 shows the prospective configuration of
hydrazine on fcc-Cu (111) calculated by DFT calculation. In the Fig. 3.3.3, the surface
model was the tetrahedral cluster model made up of 20 Cu atoms [22]. Moreover, all
parameters of adsorbing system are optimized, including the cluster structure and
molecular structure.

Consequently, the most stable conformation of adsorbed hydrazine was given as
gauche-conformation by DFT calculation; and hydrazine was adsorbed on the Cu
surface via the N atom, as shown in Figure 3.3.3. Therefore, the experimental
vibrational modes could be identified by using DFT calculation; and the boding and
structure of hydrazine adsorption on the Cu surface were demonstrated by experimental
and theoretical perspectives.

Fig. 3.3.3 The prospective configuration of hydrazine on Cu (gauche-conformation).
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To achieve more precise measurements and obtain more information of
electroless deposition, a piezoelectric motor was used to change the focal depth of
measurements by 0.5 nm step instead of 1 nm step, as described above. Figure 3.3.4
shows the Raman spectra of hydrazine on the Cu antenna with varying height from the
antenna with 0.5 nm/ step. The Cu-N stretching mode at 385 cm™ was defined as shown
above. There was no such Raman shift in the spectrum of the reductants solution alone.
Thus, the Raman shift at 380 cm™ could also be defined as Cu-N bonding in Fig. 3.3.4.
Moreover, there were other lines at 619, 928, 1119/1151, 1281/1344 and 1578/1642
cm™ of undetermined scattered radiation which were assigned to the NH, rocking, NN
stretching, NH, wagging, NH, twisting, and NH; scissor, respectively, by comparing
them with the Raman and DFT results of hydrazine adsorption on Cu, as shown above.

Furthermore, these peaks were only observed at 0.5 nm from the antenna surface
which meant that this method could define the bonding of adsorbed hydrazine more
precisely than 1 nm from the antenna surface. Then, author applied the 0.5 nm
measurement to analyze the characterization of adsorbed hypophosphite ions on the Cu

antenna.

i i‘m cps 1281 cm™

2 1151 cm™ f} 1344 cm’!
1119cm™

1578 cm™
1642 cm™
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Intensity/cps
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Fig. 3.3.4 Raman spectra of hydrazine on the Cu antenna (0.5 nm/step).
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3.3.3 Analysis of hypophosphite ions on a Cu surface with nano-scale
resolution by SERS and DFT

Next, to clarify the reaction mechanism of reductants oxidation and the
interaction between reductants, author also analyzed the characterization of
hypophosphite ions on a Cu surface by Raman spectroscopy and DFT calculation.
Figure 3.3.5 shows the experimental Raman spectra of hypophosphite ions on the Cu
antenna with varying height from the antenna (0.5 nm/step). However, only the
characteristic peaks of hypophosphite ions (in contact with plasmon antenna) were
given in Fig. 3.3.5. There were lines at 1037, 1193, 1291 and 1524 cm™ of
undetermined scattered radiation which were assigned to the PO stretching and HPH
bending (out of plane and in plane) by comparing them with the results of DFT
calculation and Raman spectra of only reductants.

It has previously been proved that copper does not have catalytic activity for the
oxidation of hypophosphite by experimental identification [10]. M. Kunimoto et al.
have also demonstrated [11] that an energy barrier exists in the dehydrogenation step
which is one of the elementary steps of hypophosphite oxidation by theoretical
identification. Then, author applied SERS and DFT to analyze the characterization of
adsorbed hydrazine and hypophosphite ions on the Cu surface.

1524 cm™
L 1 40 cps I

1193 cm™

- 1037cm™ | 1291 cm!
| : 1 : Solution

Intensity/cps

208JINS D) WOIJ 80UL)SIp Burszaiou]
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I ' ] ' 1 ! I ! I ! 1 ! 1
400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 3.3.5 Raman spectra of hypophosphite ions on the Cu antenna.
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3.3.4 Analysis of hydrazine and hypophosphite ions on a Cu surface with
nano-scale resolution by SERS and DFT

In order to demonstrate the interaction mechanism between reductants, author
focused on the interaction between hydrazine and hypophosphite ions on a Cu surface
using Raman spectroscopy and DFT. Figure 3.3.6 shows the experimental Raman
spectra of mixture (hydrazine and hypophosphite ions) on the Cu antenna with varying
height from the antenna (0.5 nm/step). By comparing with the Raman spectra of
reductants solution with no Cu antenna, an extra Raman shift at 395 cm™ is observed in
Fig. 3.3.6. Because this Raman peak was only observed after the mixture was placed on
the Cu surface, author defined the Raman shift at 385 cm™ as Cu-N bonding, as shown
above, and copper did not have catalytic action for the oxidation of hypophosphite.
Author could also define the Raman shift at 395 cm™ as Cu-N bonding. Additional lines
at 660, 1124, 1264, 1368 and 1514 cm’ of undetermined scattered radiation were
assigned to the NH» rocking, NN stretching, NH, wagging, NH, twisting, and NH;
scissor, respectively. However, these Raman shifts do not correspond precisely to the
Raman spectra of hydrazine and the results which are shown above. Author suggests
that there is interaction between hydrazine and hypophosphite ions that lead to this shift.
The mechanism responsible for this shift has not been clearly established, however.
Hence, the DFT calculation was used to clarify the interaction between hydrazine and

hypophosphite ions on the Cu surface.
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Fig. 3.3.6 Raman spectra of mixture (hydrazine and hypophosphite ions) on Cu antenna.
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As a next step, DFT calculation was applied to elucidate the interaction
mechanism between hydrazine and hypophosphite ions on a Cu surface. Figure 3.3.7
shows the conformation of adsorbed mixture on Cu by DFT calculation. In Fig. 3.3.7,
the surface model was the tetrahedral cluster model made up of 20 Cu atoms, as
described above [22]. All parameters of adsorbing system are optimized, including the
cluster structure and molecular structure. Fig. 3.3.7 indicates that hydrazine exhibits
electrostatic interaction with hypophosphite ions on the surface. There were two
evidences supporting this interaction obtained. First, the charge values of hydrogen
atoms (H1 and H2) of hydrazine became slightly positive when hypophosphite ion had
its two oxygen atoms interact with H1 and H2 on the Cu surface: Mulliken charge of H1
changed from 0.3237 to 0.3891; and the charge of H2 changed from 0.3138 to 0.3637.
These changes are likely to be the result of polarization of two molecules so that they
have much strong electrostatic interaction; it suggests that the changes in charge values
of H1 and H2 should be the first evidence of the interaction between the two reductants.
The other evidence is the structural change of hydrazine when hypophosphite ion
approaches it. In the conformation (Fig. 3.3.7), a significant difference in the dihedral
angle of H1-N-N-H2 between hydrazine and hydrazine with hypophosphite ion, from
31.56° to 16.03°, is observed; it is likely to be the major aspect of the structural change
of hydrazine. For the effective interaction between hydrazine and hypophosphite ion,
two hydrogen atoms of hydrazine, H1 and H2, and two oxygen atoms of hypophosphite
ion should be put on the same plane. In order to form this geometry, dihedral angle of
HI1-N-N-H2 will be decreased. Thus, the decrease in the dihedral angle H1-N-N-H2 is
another evidence of interaction between hydrazine and hypophosphite ion. Furthermore,
these charge and structure changes of hydrazine caused by the interaction with
hypophosphite ion could explain why the peaks in the Raman spectra of the mixture do
not correspond precisely to the Raman spectra of hydrazine alone, and may explain the

ultra-thin films with high perpendicular magnetic coercivities in the study of Ouchi et al.

[7].
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Fig. 3.3.7 The conformation of adsorbed mixture (hydrazine and hypophosphite ion) on
Cu given by DFT calculation.
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3.4 Conclusions

Characterization of hydrazine and hypophosphite ions on a Cu surface to
elucidate the reaction mechanism of reductants on Cu for electroless deposition was
performed by SERS and DFT calculation. Experimental results showed that Raman
peaks of hydrazine and hypophosphite ions adsorbed on Cu were provided. DFT
results were in good agreement with the Raman spectra results.

Moreover, the conformations of adsorbed hydrazine and mixture (hydrazine and
hypophosphite ion) on the Cu surface were given by DFT calculation.

From the experimental and calculated results, author demonstrated the interaction
mechanism of adsorbed hydrazine and hypophosphite ions on the Cu surface; and such
a molecular level characterization approach with experimental and theoretical analysis
is beneficial for studying solid-liquid interface in the electroless deposition process.

In the later chapter, such characterization method will also be applied to well
understand the acceleration and suppression effect of thiourea on the oxidation reaction

of hypophosphite ions on Ni surface.
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Chapter 4

4.1 Introduction

From the previous chapters, it was indicated that the secret of reductants reaction
on metal surfaces can be analyzed by experimental approaches and theoretical
approaches. Therefore, it is necessary to understand the reductants reaction in detail to
elucidate the mechanism of the electroless deposition.

This chapter attempts to clarify the reaction mechanism of the electroless
deposition process using experimental and theoretical methodologies focusing on the
acceleration and suppression effects of the additive on the oxidation reaction of
reductant on the Ni surface.

Thiourea is one of the most widely used additives for controlling the rate of
electroless Ni deposition [1-3], which enables the fabrication of well structured and well
controlled metal films with complex behaviors[4-6]. For example, while thiourea works
as an accelerating factor in the electroless Ni deposition in an acidic bath, it works as a
suppressing factor in electroless Ni deposition in an alkaline bath [7-9]. Furthermore,
Kunimoto et al. have demonstrated [10] that the acceleration effect of thiourea is mainly
on the anodic reaction of the hypophosphite ions and the adsorption step is thought to be
the most important effect, as described in the chapter 1. However, the acceleration and
suppression mechanisms for the complicated behavior of thiourea in acidic/alkaline
electroless plating bath has not been fully understood.

In order to elucidate such mechanisms, the experimental method is applicable for
characterizing thiourea and hypophosphite ions adsorption on Ni surface with
high-selectivity component at right angle down to sub-monolayer level using surface
enhanced Raman spectroscopy technique using so called plasmon antenna [11], which
can define the place and structure of detected molecules just only at 1-2 nm from the
antenna surface [12,13]. Meanwhile, the theoretical method can provide molecular level,
basic level information for understanding the mechanisms according to the chemical
characteristics [14-17]. In this chapter, therefore, a mechanism for the acceleration and
suppression effect of thiourea on electroless Ni deposition has been proposed by a

careful analysis of Raman and DFT calculation.
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4.2 Methodology

The present investigation is based on the surface enhanced plasmon antenna
designed by FDTD calculation to enhance the Raman scattering through the laser
perpendicular to the surface, whose details are described elsewhere [11]. A step by step
measurement in changing the distance from the antenna within 1 nm was applied, which
meant that this method could define the location and structure of the adsorbed
molecules that were only 1-2 nm from the antenna surface. The structure, electric field,
and three-dimensional simulated area of the antenna are shown in the chapters 2 and 3.

The fabrication process of Ni plasmon antenna is shown below. First, the
concentric pattern of the plasmon antenna was formed on a glass substrate using
electron beam (EB) lithography and UV-nanoimprint lithography (Kyodo-International).
Then, a 5-nm-thick Ti layer was deposited on the concentric pattern, followed by
deposition of a 100-nm-thick Ni layer; the two layers were formed by EB evaporation
(EBX-6D, ULVAC, Inc.). The SEM image of the plasmon antenna (Ni) was shown in
Figure 4.2.1.

A 0.5-pL aliquot of thiourea (H,NCSNH,, Kanto Chemical Co., Inc.),
hypophosphite (NaPH,0,'H,0O, Kanto Chemical Co., Inc.), or a mixture of both, as
summarized in Table 4.2.1, was placed on the antenna surface. The solutions with
antenna were then measured using a Raman microspectroscopy device (Nanofinder 30,
Tokyo Instruments, Inc.) equipped with a confocal microscope. The 632.8 nm line from
a He-Ne laser was used for the excitation of Raman scattering. The laser beam was
focused onto a spot (~1 um in diameter) through an objective lens at a magnification of
100x N.A. (0.9). The data acquisition time was 1.0 s per measurement. The
wavenumber resolution was 2.4 cm™ when a 600 grooves/mm grating was used. The
laser power irradiated onto the sample surface was 3 mW. Ammonium sulfate (100 mM;
(NH4)2S04, Kanto Chemical Co., Inc.) was applied to decrease the pH value, while
ammonia (NH3, Kanto Chemical Co., Inc.) was used to increase it.

For the theoretical analysis, DFT calculations were performed using the B3LYP
functional, which is a combination of Becke’s three-parameter hybrid exchange
functional (B3) [18] and the Lee-Yang-Parr correlation functional (LYP) [19], as
implemented in the Gaussian 09 package [20]. The 6-31 ++G** basis set was assigned
to all atoms [21]. The solvation effect was taken into account via a polarizable
continuum model (PCM) [22], which used a dielectric constant of 78.39.

To clarify the acceleration and suppression effects of thiourea on the oxidation of
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hypophosphite ions, the amounts of deposits on a Cu substrate were measured as
follows: First, 2.0 x 2.0 cm’ Cu substrates were consecutively rinsed with ethanol,
phosphate for 60 s, sulfate for 60 s, and water. Second, they were activated in an
activation bath for 5 min at 40 °C; the activation bath was composed of 0.1 M of
DMAB, 100 ppm NiSOy4, 600 ppm citric acid, and 0.1 M of boric acid to maintain a pH
value of 9.0. Last, they were put in an electroless deposition bath for 20 min at 70 °C.
The electroless deposition bath was composed of 0.2 M of NaH,PO,, 0.1 M of NiSO,,
0.15 M of citric acid, and 0.3 M of (NH4),SO4. The schematic illustration of process
steps for measurement of the amounts of deposits on a Cu substrate was shown in
Figure 4.2.2.

10.0kV 9.2mm xB8.00k

Fig. 4.2.1 SEM image of Ni plasmon antenna.

Table 4.2.1 Experimental conditions of the solutions.

Concentration (mM)

Chemicals
(a) (b) (©
NaH,PO,-H,O 300 - 300
Thiourea (ppm) - 0.5 0.5
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Fig. 4.2.2 The schematic illustration of process steps for measurement of the amounts of

deposits on a Cu substrate.
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4.3 Results and Discussion

4.3.1 Raman and DFT of thiourea and hypophosphite ions

In this study, detailed mechanisms of the interaction between reductants and the
oxidation reaction of reductants on metal surfaces were analyzed by a careful analysis
of Raman spectroscopy and DFT calculation as described above. In order to go inside
the mechanism of the electroless deposition, however, it is necessary to understand the
acceleration and suppression effects of the additive on the oxidation reaction of
reductant in the electroless deposition process. To achieve this purpose, author analyzed
the characterization of thiourea and hypophosphite ions by Raman spectroscopy above
all. Figure 4.3.1 displays the Raman spectra of the “bulk” solutions (not in contact with
plasmon antenna); for comparison, Table 4.3.1 lists the corresponding DFT calculated
Raman shifts. Accordingly to the theoretical Raman spectra of thiourea and
hypophosphite ions (Table 4.3.1), all characteristic peaks of the solutions were observed
as follows:

1. The Raman spectra of H,NCSNH,, shown in Fig. 4.3.1 (a), features three
pronounced polarized lines at 486, 736, and 1085 cm™, which were assigned to NCN
bending, CS stretching, and CNH bending, respectively, by comparing them with the
theoretical Raman spectrum of thiourea.

2. The Raman spectra of NaH,PO,, shown in Fig. 4.3.1 (b), has five pronounced
polarized lines at 475, 928, 1054, 1157, and 2353 cm’', which were assigned to OPO
bending, HPH torsion, PO stretching, HPH bending, and PH stretching, respectively,
by comparing them with the theoretical Raman spectrum of hypophosphite ions.

3. The Raman spectra of a mixture of 300 mM NaH,PO, and 0.5 ppm H,NCSNH,
is shown in Fig. 4.3.1 (c); characteristic CS stretching and PH stretching bands are
evident at ~736 and ~2353 cm™, respectively, for both components with no overlap.
The two bands in the spectra of the mixture are observed completely, which means that
the spectra of the mixture contains all the pronounced characteristic bands of
H,NCSNH; and NaH,PO..

The characteristic peaks of the Raman spectra of the solutions could be applied as
fundamental information to define the bonding of adsorbed thiourea and hypophosphite
ions on Ni; in addition, the differences between the Raman spectra of the solutions in

contact with and those not in contact with Ni plasmon antenna could be elucidated.
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Fig. 4.3.1 Raman spectra of the solutions (not in contact with plasmon antenna).

Table 4.3.1 DFT calculation results for thiourea and hypophosphite ions.

Vibrational mode Wavenumber (cm™)
NCN bending 462.9
CS stretching 730.7
CNH bending 1075.3
OPO bending 430.2
HPH torsional 780.3,912.4
PO stretching 1010.4, 1153.3
HPH bending 1166.7
PH stretching 2236.3,2176.6
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4.3.2 Analysis of thiourea and hypophosphite ions on a Ni surface with
nano-scale resolution by Raman and DFT

In order to elucidate the characterization of thiourea and hypophosphite ions
adsorption on a Ni surface, the Raman spectroscopy and DFT calculation were applied.
First of all, the behavior of thiourea adsorption on a Ni surface using Raman
spectroscopy is shown below. Figure 4.3.2 shows the Raman spectra of a pH 6.4
solution of thiourea, which is the original pH value for thiourea, on the Ni antenna at
varying heights from the antenna. Because of the device which is coupled with a piezo
stage, the top-line and bottom line were defined as Raman scattering of thiourea
solution and Ni antenna, and the intermediate lines could be considered as Raman
scattering of thiourea on Ni antenna in Fig. 4.3.2. A Raman shift was observed at 385
cm’'; this signal was not present in the spectrum of thiourea alone. Kunimoto et al. [10]
had revealed that thiourea was adsorbed on the Ni surface via the S atom with a
declined structure, as determined by theoretical calculations. Thus, the Raman shift at
385 cm™ is likely due to Ni-S bonding with a declined thiourea structure. Moreover,
other lines at 474, 736, and 1085 cm™ of undetermined polarization were evident and
were assigned to NCN bending, CS stretching, and CNH bending, respectively, by
comparing them with the DFT calculated spectrum of thiourea.

Then, author attempted to analyze the characterization of the reductant

(hypophosphite ion) adsorption on the Ni surface by Raman spectroscopy.

7] $ 40 cps 736

l 474 1085
- 385 - :

Intensity/cps

298JINS TN ULIOJ 20UeISTp Jursesrou]

200 400 600 300 1000 1200 1400 1600 1800
o -1
Raman shift (cm )

Fig. 4.3.2 Raman spectra of thiourea on a Ni surface (pH 6.4).
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As a next step, the characterization of hypophosphite ions adsorption on a Ni
surface was also analyzed by Raman spectroscopy. The behavior of adsorbed
hypophosphite ions on a Ni surface is shown below. Figure 4.3.3 shows the
experimental Raman spectra of a pH 6.4 solution of hypophosphite ions, which is the
original pH value for hypophosphite ions, on the Ni antenna at varying heights from the
antenna. Only the characteristic peaks of hypophosphite ions (in contact with the
antenna) are shown in Fig. 4.3.3; no extra Raman shifts were observed because
hypophosphite ions adsorbed onto the Ni surface via an H atom, as determined in the
results of Kunimoto et al [10]. The lines at 507, 935, 1086, and 1179 cm” with
undetermined polarization were assigned to OPO bending, HPH torsion, PO stretching,
and HPH bending, respectively, by comparing them with the DFT calculated spectrum
of hypophosphite ions. However, these peaks do not correspond precisely to the Raman
spectra of hypophosphite ions. For example, only one PO stretching, one HPH bending
and one HPH torsion peaks were observed. One possible explanation for the difference
is that hypophosphite ions may adsorb on Ni surface via three atoms (two H atoms and
one O atom). Therefore, the vibration movement of hypophosphite ions should be
strongly restricted in the system, and some chemical bonds were not observed in the
Raman spectra.

Then, author attempted to characterize a mixture of thiourea and hypophosphite

ions on a Ni surface by Raman spectroscopy and DFT calculation.

i $ 40 cps 1086

Intensity/cps

2081MS IN ULIQJ 20UBIsIp Jursearou]

I ! I ! I I I ! I I I ! I
200 400 600 300 1000 1200 1400 1600 1800

Raman shift (cmil)

Fig. 4.3.3 Raman spectra of hypophosphite ions on a Ni surface (pH 6.4).
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To demonstrate the effects of thiourea on the oxidation reaction of hypophosphite
ions on the Ni surface, the characterization of a mixture of thiourea and hypophosphite
ions on Ni was analyzed by Raman spectroscopy and DFT calculation. Figure 4.3.4
shows the experimental Raman spectra of a pH 6.4 solution of a mixture of thiourea and
hypophosphite ions, which is the original pH value of the mixture, on the Ni antenna at
varying heights from the antenna. Raman shifts at 367 cm™ were observed in these
spectra that were not present in the Raman spectra of thiourea and hypophosphite ions
that were not in contact with the plasmon antenna. Because this Raman peak at 367 cm™
was observed only after the mixture was placed on the Ni surface, it is likely due to
Ni-S bonding, as seen in the Raman spectra of thiourea on Ni; there was no such Raman
shift in the Raman spectrum of hypophosphite ions. Additional lines at 499, 758, 935,
1079, and 1179 cm™ of undetermined polarization were assigned to OPO bending or
NCN bending, CS stretching, HPH torsion, PO stretching or CNH bending, and HPH
bending, respectively. The characteristic Raman peaks of both thiourea and
hypophosphite ions were observed in the spectra in Fig. 4.3.4, which means that these
two co-adsorb on the Ni surface. The comparison of the Raman spectra of thiourea and
hypophosphite ions that were not in contact with the Ni plasmon antenna showed that
no shift in the Raman peaks due to chemical interactions between thiourea and
hypophosphite ions adsorbed on the Ni surface was evident. Therefore, the interaction
between thiourea and hypophosphite ions is electrostatic molecular interaction.
Moreover, the chemical characteristics of the S atom is expected to induce electronic
vacancies on the metal surface to improve the stability of the adsorbed hypophosphite

ions, as shown in the study of Kunimoto et al. (see Figure 4.3.5) [10].
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Fig. 4.3.4 Raman spectra of a mixture of thiourea and hypophosphite ions on a Ni
surface (pH 6.4).

’ = 1" layer Ni -‘ = 2" Jayer Ni
S-S PD-P@®-0 @-N @P-c 4=

Fig. 4.3.5 Co-adsorption model consisting of thiourea, hypophosphite ion, and the Ni
surface [10].
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4.3.3 Analysis of the pH effect on thiourea and hypophosphite ions on a Ni
surface by Raman and DFT

To elucidate the complicated effects of thiourea on hypophosphite ions in
acidic/alkaline electroless Ni deposition baths, thiourea and hypophosphite ions
adsorption on the Ni surface in acidic/alkaline baths was characterized.

Figures 4.3.6 (a), (b), and (c) show the experimental Raman spectra of pH 6
solutions of thiourea, hypophosphite ions, and a mixture of thiourea and hypophosphite
ions on a Ni surface, respectively, in which the pH values are adjusted with (NH4)2SO4,
and Figure 4.3.6 (d) shows the experimental Raman spectrum of (NH4),SO4 on a Ni
surface. These Raman spectra were of the adsorbed molecules at only 1-2 nm from the
antenna surface; the spectra were selected from the Raman spectra of the pH 6 solutions
of thiourea, hypophosphite ions, a mixture of thiourea and hypophosphite ions, and the
original solution of (NH4),SO4 on a Ni surface at varying heights from the antenna.
Note that there is no change in the Raman peaks with pH variation from 6 to 5.5.

Only three pronounced peaks at 477, 645, and 993 emin Fig. 4.3.6 (a); 484, 645,
and 1015 cm™ in Fig. 4.3.6 (b); 469, 637, and 986 cm in Fig. 4.3.6 (¢); and 469, 630,
and 993 cm™ in Fig. 4.3.6 (d) were observed. These peaks were assigned to OSO(OH)
bending, S(OH) stretching, and SO stretching, respectively, by comparing them with the
DFT calculated spectrum of HSO,', as shown in Table 4.3.2. These results suggest that
HSO4 ions mainly exist when (NH4),SO4 adsorbs on the Ni surface because of the
equilibrium described by the equation below, and that the HSO,™ ions are much closer to

the Ni surface than the thiourea and hypophosphite ions.
(NH,),80; <SS 2NH," +S0,” (1)
SO +H'S—  HSO, ()

In other words, the HSO4 ions inhibit the co-adsorption of thiourea and
hypophosphite ions. This effect increases the length of the induction period of the
deposition process because it delays double-layer charging, intermediate formation, or
diffusion-layer formation, which slows the rate of deposition.

To confirm this, the amounts of deposits on the substrate (Cu) were measured, as
shown in Table 4.3.3. Comparison with the deposition weight results at high pH, the
deposition weight at pH 6 is much lower because of the slow rate of deposition (Table

4.3.3). Therefore, although the induction period was not directly observed in our Raman
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results because there was no Ni*™ in the bath, it is evident from our experimental results
that this will be useful for understanding the long period of electroless plating in some
cases. In summary, thiourea provides an accelerating effect by promoting the adsorption
of hypophosphite ions in an acidic bath, as shown in Table 4.3.3; however, it cannot
overcome the inhibiting effect of HSO4  to regenerate the high deposition rate seen with
much higher pH values, as shown in Table 4.3.3. Therefore, this study proposes that
HSOy is chemically inert, but has a geometric influence on the electroless deposition

process.
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Fig. 4.3.6 Raman spectra of pH 6 solutions of (a) thiourea (TU); (b) hypophosphite ions;
(c) a mixture of thiourea and hypophosphite ions on a Ni surface; and (d) (NH4),SO4 on

a Ni surface.
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Table 4.3.2 DFT calculation results for HSO4 ions.

Vibrational mode Wavenumber (cm™)

OSO(OH) bending 508.1, 525.1, 527.7
S(OH) stretching 609.4
SO stretching 988.2

Table 4.3.3 Amount of deposits on substrate (Cu). (TU, thiourea.)

oH Deposition weight (mg)
without TU with TU
4.25 6.43
5.57 6.61
10.59 9.76
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Figures 4.3.7 (a), (b), and (c) show the experimental Raman spectra of pH 7
solutions of thiourea, hypophosphite ions, and a mixture of thiourea and hypophosphite
ions on a Ni surface, respectively; the pH values were adjusted with ammonia solution
(NHj3). These Raman spectra were of the adsorbed molecules at only 1-2 nm from the
antenna surface and were selected from the corresponding Raman spectra at varying
heights from the antenna. Note that there is no change in the Raman peaks throughout
the pH adjustment from 7 to 10.

All characteristic Raman peaks of the co-adsorption system of thiourea and
hypophosphite ions on a Ni surface were observed in Fig. 4.3.7. No shift in the peaks
was observed between these spectra and those of pH 6.4 solutions of thiourea,
hypophosphite ions, and a mixture of thiourea and hypophosphite ions on a Ni surface.
However, as shown in Table 4.3.3, the deposited amounts on the substrate at pH 8
decreased from 10.59 mg without thiourea to 9.76 mg with thiourea, which shows the
suppressing effect of thiourea. This is completely contrary to the phenomenon at pH 6,
the deposited amounts increased from 4.25 mg without thiourea to 6.43 mg with
thiourea, which indicates the accelerating effect of thiourea. Because HSO4 ions were
not added to the high-pH bath, and therefore did not adsorb on the Ni surface, they did
not inhibit the adsorption of thiourea and hypophosphite ions, so the deposition rate was
very fast because of the little induction period. In addition, OH" ions can also promote
the reaction of hypophosphite ions in high-pH electroless deposition processes.
However, the adsorption of thiourea can poison the Ni surface because of high coverage
of the Ni surface with thiourea in high-pH baths; this coverage could impair the
adsorption of OH ions, which usually attack the hypophosphite ions on the metal
surface to promote the hypophosphite reaction. Because the accelerating effect of
thiourea is not expected to be as strong as that of OH’, the suppression of OH"
adsorption by thiourea results in a slower deposition rate. This is evident in the
suppressed rate after the addition of thiourea at high pH, as shown in Table 4.3.3.

As a result, this study explains both the acceleration and suppression mechanisms

of thiourea in terms of its fundamental characteristics.
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Fig. 4.3.7 Raman spectra of pH 7 solutions of (a) thiourea (TU); (b) hypophosphite ions;
(c) a mixture of thiourea and hypophosphite ions on a Ni surface.
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4.4 Conclusions

In order to elucidate the acceleration and suppression mechanisms of thiourea on
the oxidation reaction of hypophosphite ions on a Ni surface for electroless deposition,
both experimental measurements and theoretical calculations were performed.

The elementary steps of thiourea and hypophosphite ions in acidic/alkaline
electroless Ni deposition baths were elucidated; characterization was performed by
Raman spectroscopy and DFT calculations. By using Raman spectroscopy and
comparing the resultant spectra with the DFT calculated results, the co-adsorption of
thiourea and hypophosphite ions on the Ni surface was confirmed. Moreover, the
complicated behavior of thiourea in acidic/alkaline baths was investigated by
characterizing the thiourea and hypophosphite ions on a Ni surface in acidic/alkaline
baths using Raman spectroscopy and DFT.

From the Raman and DFT results, a mechanism for the acceleration and
suppression effects of thiourea on the oxidation of hypophosphite ions in electroless Ni
deposition is proposed; these results are beneficial for understanding and establishing
novel and highly controlled electroless plating processes and can be used for various
industrial applications. Moreover, Ni surface also shows good SERS enhancement by
comparing with the SERS effect of Ag.

In our future work, thiourea and hypophosphite ions on various metal surfaces
and at various pH values will be characterized from both experimental and theoretical

perspectives.
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To establish finer electroless deposition systems, the reaction mechanism of the
process is necessary to be elucidated. The objective of this study is to propose the
systematic reaction mechanism of the reductants on metal surfaces in electroless
deposition.

In order to achieve this objective, the reaction behaviors of reductants on metal
surfaces were analyzed in detail, using experimental and theoretical procedures. The
experimental methodology is applicable for characterizing reductants adsorption on
metal surfaces with high-selectivity component at right angle down to sub-monolayer
level using a surface enhanced Raman antenna, which can define the place and structure
of adsorbed reductants just only at 1-2 nm from the antenna surface. The theoretical
methodology can provide molecular level, basic level information for understanding the

mechanism according to the chemical characteristics.

As reductants, hypophosphite ion, hydrazine, and formaldehyde were studied, for
they have common characteristics to the other reductants and have been widely applied
in electroless deposition. Thus, the reaction mechanisms of these reductants are strongly
needed to be understood from the molecular level viewpoint, based on their own

chemical characteristics.

As a primary factor, which determines the reaction behaviors of the reductants,
the characterization of reductants adsorption on metal surfaces was focused to be
analyzed.

To elucidate the characterization, Raman peaks of adsorbed reductants on Ag and
Cu were provided by using the surface enhanced Raman antenna and comparison with
DFT results. Furthermore, the most stable configurations of adsorbed reductants on the
Cu surface were given by DFT calculation. From these experimental and calculated
results, author also demonstrated the interaction mechanism of adsorbed hydrazine and
hypophosphite ions on the Cu surface.

As important environmental factors, which secondarily influence the reaction
behaviors of reductants, the effects of the additive were focused to be analyzed.

To elucidate the acceleration and suppression mechanisms of thiourea, as a sulfur
containing additive, on electroless Ni deposition process, the characterization of

thiourea and hypophosphite ions on a Ni surface in acidic/alkaline baths was analyzed.

From the discussion described in Chapters 2, the characterization of reductants
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adsorption on metal surfaces using surface enhanced Raman antenna is analyzed as

follows:

By using the plasmon antenna and comparison with DFT results, Raman peaks of
adsorbed reductants on Ag and Cu were provided, which can be defined as
Ag/Cu-reductants bonding. Furthermore, the characteristic peaks in the Raman spectra
were in good agreement with DFT results. From the experimental and calculated results,
author demonstrated that this method had a possibility to define the structure of
adsorbed reductants just only on the plasmon antenna. Moreover, the di-o-bonded
conformation of adsorbed formaldehyde on the Cu surface was given by DFT
calculation as the most stable configuration. These adsorption behaviors of reductants
on metal surfaces have important influence on the reaction of reductants in electroless

deposition.

From the discussion described in Chapter 3, the interaction mechanism of

reductants on a Cu surface is elucidated as follows.

Experimental results showed that Raman peaks of hydrazine and hypophosphite
ions adsorbed on a Cu surface were provided. From these results and comparison with
DFT results, author demonstrated the interaction mechanism of adsorbed hydrazine and
hypophosphite ions on the Cu surface. The hydrogen atoms (H1 and H2) of hydrazine
were positively charged when hypophosphite ion had its two oxygen atoms interact
hydrazine with HI and H2 on the Cu surface. Meanwhile, the oxygen atoms of
hypophosphite ion were negatively charged when the interaction happened. Therefore, it
is expected that the hydrogen atoms of hydrazine interact with the oxygen atoms of
hypophosphite ion. Further the conformation of the interaction between hydrazine and

hypophosphite ion on Cu predicted by DFT.

From the discussion described in Chapter 4, the acceleration and suppression
mechanisms of thiourea on the oxidation reaction of hypophosphite ions on a Ni surface

are elucidated as follows.

The elementary steps of thiourea and hypophosphite ions in acidic/alkaline
electroless Ni deposition baths were elucidated; characterization was performed by
Raman spectroscopy and DFT calculations. In the acidic baths, the HSO4 ions inhibit

the co-adsorption of thiourea and hypophosphite ions and increase the length of the
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induction period of the deposition process. Therefore, this study proposes that although
thiourea provides an accelerating effect by promoting the adsorption of hypophosphite
ions in an acidic bath, it cannot overcome the inhibiting effect of HSO,; and HSO4  is
chemically inert but has a geometric influence on the electroless deposition process.

In the alkaline baths, the adsorption of thiourea can poison the Ni surface because
of high coverage of the Ni surface with thiourea in high-pH baths; this coverage could
impair the adsorption of OH ions, which usually attack the hypophosphite ions on the
metal surface to promote the hypophosphite reaction. Because the accelerating effect of
thiourea is not expected to be as strong as that of OH’, the suppression of OH"

adsorption by thiourea results in a slower deposition rate.

Although each mechanism shown above is just one of the factors determining the
reactivity of the process, such viewpoints must provide further insights for establishing

new electroless plating processes.
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