BYAVAES WNE-L7/EL P
AR
Department of Physics, College of Science
National Taiwan University
Ph.D. Thesis

H FHZRT e R AR T B B B BRI S ASHY
SRERKAL TR PP

Ordered Arrays of Silver Nanoparticles for Plasmonics
and
Silver-Assisted Silicon Etching

Pradeep Sharma (& i%4)

Taiwan International Graduate Program (TIGP),
Academia Sinica, Taiwan
&
Institute of Atomic and Molecular Sciences (IAMS)
Academia Sinica, Taiwan

Advisor: Prof. Yuh-Lin Wang (£ E#Zd%)
¢ E% K 100 & 47

April, 2011



Acknowledgements

“There is nothing which is mine in me, whatever is there belongs to you; | offer
yours to you my God, nothing belongs to me”. Source of truth-love-peace-joy-knowledge
is one, but resources are multiple. The best of human achievements are results of
inspirations and strength from God. We must help ourselves and others, and work hard to
achieve the best, God is always here to help and guide us. Though I am a common person,
God has given me the best Guru, parents, relatives, teachers, friends, coworkers and
employers. They all have contributed towards my physical and intellectual growth.
Thanks to God for all his blessings.

| am grateful to my PhD thesis advisor Prof. Yuh-Lin Wang for being a constant
resource of guidance, suggestions, criticism and inspirations for me. | acknowledge the
necessary financial and logistics support by Institute of Atomic and Molecular Sciences,
Academia Sinica, Taiwan; and Taiwan International Graduate Program, Academia Sinica,

Taiwan.

Pradeep Sharma



Abstract

Silver nanoparticles have been grown by four different methods viz: (1)
constrained self organization of Ag films onto silicon substrates, (2) electrochemical
growth of Ag into custom-designed porous anodic alumina templates, (3) electron-beam
lithography, and (4) galvanic displacement of Si by Ag. Methods ‘1-3’ yield ordered
arrays of Ag nanoparticles whereas method ‘4’ results in growth of self organized Ag
nanoparticles. Only method ‘2’ produces arrays of dimers and trimers of silver
nanoparticles with sub-5 nm interparticle gap. Mechanisms for growth of Ag
nanoparticles by methods ‘1, 2’, and ‘4’ have been discussed.

Surface plasmons of Ag nanoparticles formed by method ‘1’ have been mapped
by scanning electron transmission microscope (STEM)—electron energy loss spectroscopy
(EELS). Experimental results are found to be consistent with STEM-EELS calculations.

Directional etching of Si(100) substrates by different types of Ag nanostructure is
achieved. Key parameters which promote the directional etching have been identified.

Mechanisms of *“galvanic displacement mediated Ag plating on Si” and “Ag-
assisted etching of Si” are elucidated by high resolution electron microscopy and in-situ

Raman and FTIR spectroscopy.

Key words
Ordered arrays of Ag nanoparticles, Surface plasmon mapping, Electroless Ag plating,
Ag-assisted Si etching, ion and electron microscopy, in-situ Raman and FTIR

spectroscopy.
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Chapter 1 Introduction

Following is the brief discussion of different phenomena and underlying concepts

relevant to understanding of this thesis.

1.1 Constrained self organization

Self organization generates structural hierarchy on all scales from atoms to
galaxies through multiple interactions of different entities and surroundings. Driving
forces for the self organization are lowest energy configuration of the formed structure,
temperature, strain, electro-magnetic field, gravitational force, capillary force, physical-
chemical bonds and interactions etc. An atom is a self-organized structure of electrons,
protons and neutrons driven by minimization of energy and reactivity of the formed
structure. Material to material, energy to energy and matter to energy transformations and
vice-versa transformations are well known in science. Form emerges from formless
entities upon interaction between entities under the action of driving forces.

Vapor-liquid-solid (VLS) growth of ZnO micro-nanostructures [1,2] is a typical
example of emergence of form from the formless dust of Zn, and ZnO & graphite. For
VLS growth, first a noble metal (Au, Ag) catalyst thin film or nanoparticles is deposited
on to a substrate and then the substrate is loaded into a chemical vapor deposition (CVD)
chamber. Then the temperature of the CVD chamber is raised to form the metal catalyst
droplets followed by introduction of the substance to be grown as vapor. These vapors
absorb onto the liquid surface and diffuse into the droplet. Supersaturation and nucleation

at the liquid/solid interface leads to directional growth of crystalline materials. VLS
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growth allows the site selective and spatially constrained growth of semiconducting (Si,
Ge) and insulating (ZnO) nanostructures. Fig. 1.1 shows scanning electron microscope
(SEM) images of different ZnO nanostructures viz. nanowires, nanosprings, nanospirals,
nanorods, and nanotetrapods formed by VLS growth. Formed ZnO nanostructures find a
wide variety of applications in photocatalysis, photoluminescence, photovoltaics, field
emission and gas sensing etc. [1,2]. VLS growth also reveals the effect of temperature on

formation and self organization of these micro-nanostructures.

Figurel.1: SEM images of ZnO nanospirals, nanowires, nanorods and nanotetrapods

formed by VLS growth [1,2].

In addition to temperature, if there exist a pinning or constraining center (either
physical or chemical) then it will lead to formation of ordered arrays of nanostructures as
demonstrated by growth of ordered arrays of Ag nanoparticles by constrained self
organization [3]. Growth and surface plasmon properties of these Ag nanoparticles will

be discussed in detail in Chapter 2 and 3 of this thesis. In brief, the post deposition
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annealing of the Ag deposited on a focused ion beam (FIB) patterned Si substrate results
in constraining of the migration of Ag on the patterned region which results in formation
of ordered arrays of Ag nanoparticles.

Magnetic field [4] and strain [5] have been used to elucidate the self organization
of Fe3O4 nanoparticles and metal-insulator domains in VO, nanobeams respectively. Fig.
1.2 shows the SEM and transmission electron microscope (TEM) images of the aligned
FesO4 nanoparticles chains under the action of magnetic field. A uniaxial magnetic
anisotropy in the saturation field, hysteresis loop and ferromagnetic resonance is

observed to increase with increasing field [4].

Figure 1.2: SEM and TEM images of the samples prepared with magnetic field of (a) O,

(b) 1000, (c) 2500, (d) 3500 Oe [4].

Though gravitational force is negligible in promoting self organization of the

nanostructures but for microstructures it can play a vital role as illustrated by gravity
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dependent self-organization of microtubules [6]. Capillary force has been widely used for
topologically constrained self organization of colloids [7] and nanopillars [8]. Fig. 1.3
shows the SEM images of the ordered arrays of colloidal microparticles. When an
aqueous solution of colloidal microparticles is allowed to dewet from a patterned solid
surface then the particles are trapped in patterned regions forming a dimer, trimer,
quadramer, and pentamer etc. depending on the geometric constrain provided by the
patterned surface. Depending on the geometry of the patterned surface and liquid flow
direction during the dewetting process, formation of linear chains of particles is also

observed.

ﬂ&&ﬁﬁ&%ﬁmﬁ
*ﬁ&ﬁ@@&%$

Figure 1.3: SEM images of the ordered arrays of polystyrene (PS) microparticles formed
on different templates. In the left hand side image, the size of PS beads is gradually
reduced from 1 pum to 0.7 pum to form dimer to pentamer arrays of microparticles. In right

hand size image, the arrows indicate the direction of flow of liquid slug [7].
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Fabrication of ordered two dimensional arrays of micro- and nanoparticles arrays
by using patterned self-assembled monolayers (SAMs) have also been reported [9].
Microcontact printing is used to pattern the Au surfaces into grids of hydrophobic and
hydrophilic SAMs of alkanethiolates. When this patterned substrate is immersed in an
aqueous solution of an organic or inorganic salt and then withdrawn, the solution wets
and is retained exclusively on the hydrophilic regions of the surface. Eventually water
evaporates leaving behind an ordered array of micro- and nanoparticles. Fig. 1.4 shows
the atomic force microscope (AFM) of the CuSO, particles of different sizes from 50 to

500 nm.

Figure 1.4: (a), (b) AFM images of ordered arrays of CuSQO, particles formed on the
surfaces patterned with 5x5 um square grids of COOH terminated SAMs froma 0.5 M
and 0.05 M CuSOQy solution respectively. (c), (d) AFM images of CuSO, particles on the
surfaces patterned with surfaces 2x2 um square grids of COOH terminated SAMs from a

0.5 M and 0.05 M CuSQg solution respectively [9].
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1.2 Surface plasmon

Surface plasmons, are defined as fluctuations in the electron density at the
boundary of two materials. Plasmons, as shown in Fig.1.5, are collective vibrations of
an electron gas (or plasma) surrounding the atomic lattice sites of a metal. When a
plasmons couples with a photon, then resulting particle is called a polariton. This
polariton propagates along the surface of the metal until it decays, either by absorption,
whereupon the energy is converted into phonons, or by a radiative transition into

a photon.

Electron
cloud

Figure 1.5: llustration of localized surface plasmon resonance effect [10].

Investigation of optically excited coherent conduction electron oscillations in
metallic NP, is known as localized surface plasmon resonance (LSPR) study. NPs of Ag,
Au, Pd, Pt, Al and Cu nanostructures support surface plasmon resonances in ultra violet
(UV)-visible (VIS)-near infrared (NIR) regime [10-17]. In addition, optical properties of
metal NPs depend on size, shape and dielectric environment of the NP [18] which in turn
helps to tune surface plasmon resonance position [19-24]. Peak position as well as width

of surface plasmon resonance is also found to be dependent on interparticle distance [24].
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Characteristic decay length of surface plasmons of metal NPs is estimated to be
about 20% of size of NP [25]. Accordingly, when metal NPs are close enough and
surface plasmons are interacting then optical properties of ensemble of co-related NPs are
quite different from that of ensemble of isolated NPs [24, 26]. Fig. 1.6 shows the effect of
interparticle gap on the scattering spectra. Decreasing gap results in red shift of the
transverse surface plasmon mode of Ag nanorods embedded in AAO. Reduction of gap
also results in strong surface plasmon coupling of these Ag nanorods which has been
exploited for fabrication of a highly Raman enhancing substrates [36]. Fig. 1.7 shows
another example of effect of paprticle-particle interaction upon the extinction spectra of

Ag nanoparticles.
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Figure 1.6: Dark-field scattering spectra from Ag nanorods in AAO samples for different

gaps between the Ag nanorods [24].
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Figure 1.7. Extinction spectra of 100-nm Ag particles in water (red curve) and the same
particles assembled into a closely spaced 2D array imbedded in poly-(dimethylsiloxane)
(PDMS) (black curve). Inset: electron microscopy image of this 2D array. The spectrum
(black curve) corresponds to the image in the inset [26].

Properties of nanoparticle ensembles are governed by electromagnetic interactions
between the localized modes. For small particles (size ~ 30 nm) these interactions are
essentially of a dipolar nature, and the particle ensemble can in a first approximation be
treated as an ensemble of interacting dipoles. For bigger particles quadruple and higher
order interactions are to be considered to describe the ensemble [27]. Consider a specific
example of linear chain of NPs. Using the simple approximation of an array of interacting
point dipoles, the direction of the resonance shifts for in-phase illumination can be
determined by considering the Coulomb forces associated with the polarization of the
particles. As sketched in Fig. 1.8, the restoring force acting on the oscillating electrons of
each particle in the chain is either increased or decreased by the charge distribution of

neighboring particles. Depending on the polarization direction of the exciting light, this
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leads to a blue-shift of the plasmon resonance for the excitation of transverse modes, and

a red-shift for longitudinal modes [27].

e ooa

Figure 1.8: Schematic of near-field coupling between metallic nanoparticles for the two
different polarizations [27].

Surface plasmons of nanoparticles can be excited by longitudinal electric field of

highly accelerated charged particles as well as transverse electric field of photons.
Electrons entering a crystal transfer energy AE = hw and momentum hqg to the

excitation according to following equations:

(hg)' = (W07 —{heivy =(hg ) =(hg |

where Itz : wave vector of the incoming electron. £ : scatrering angle of the electron. fiev:
transterred energy. In case of normal incidence of the electron beam the component of iz

parallel to the surface is given by
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Dispersion relation can be scanned over by varying 6. Radiative as well as
nonradiative plasmons can thus be excited. The excitation is detected by measuring the
energy losses of the electrons in an energy analyzer [28]. As a typical example,
excitation of surface plasmon of Ag nanoparticle by electron beam and corresponding

EELS spectra and nanoscale map of plasmon intensity are shown in Fig. 1.9.
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Figure 1.9: (a) Annular dark field STEM image of an ellipsoidal silver particle. (b)
Spectra from the three regions indicated in (a). (c) Map of the plasmon intensity at 2.45
eV (4 = 506 nm), showing the longitudinal resonance mode. (d) Map of the plasmon
intensity at 3.45 eV (1 = 360 nm), showing the transverse resonance mode. (e) Intensity
map of the bulk plasmon resonance at 3.75 eV (4 = 330 nm). The intensity in the last map

further than about 10 nm off the ellipsoid is caused by spectral noise [29].

Light directed onto a surface can excite radiative SP’s directly. Direct excitation

is not possible with nonradiative SP’s since frequency and wave vector of the surface
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plasmon can not be matched simultaneously. Following two methods allow overcoming
this difficulty [28].
a) The grating coupling method:

Here a corrugated surface. e.g.. a grating with periodicity a. is irradiated with
light of frequency  and wave vector k, = /¢ .The wave vector in the boundary &y

3

can be changed intok_ =k, +n—. n integer. Thus the dispersion relation (/) can be
x p :

b) The prism method:

Light falls from the dielectric material &1, e.g.. quartz. on the boundary of a
plasma slab g;/e;; the wave vector component parallel to the surface is given
by I(_;_ =\[E (o/c)sind,. If\/g_1 siné =1, the vector k_,'c lies right from the light line
and total reflection at the boundary 1/2 takes place so that an inhomogeneous wave
(evanescent wave) with the phase velocity c".-"'(\/g_l siné, ) < ¢ runs along the boundary
e1/g2. This inhomogeneous wave can excite nonradiative SP’s at the boundary sx/es if
the thickness of medium &1 is not too large. & can be the plasma and &3 a dielectric.

e.g.. air, or vice versa. In the experiment. medium (1) is given by form of a prism or

a half cylinder. Entering the medium (g1). the light gains the additional momentum
) & . : : -
Ak, =(y/g —1)—sin g so that it can excite the nonradiative plasmons. The resonance
c

case is detected by a deep minimum in the totally reflected beam since the plasmon
absorbs energy.as in the case of grating coupling. Therefore the prism method is often

called the ATR method (attenuated total reflection).
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1.3 Porous anodic alumina (or Anodic Aluminum Oxide or AAQO)

When Al is anodized in neutral or basic solutions (pH > 5), a flat, non-porous,
featureless insulating oxide film is formed. This type of anodized alumina is in use for the
protection and decoration of surfaces since 1923. In last two decades, PAA or anodic
alumina, a nanostructured material with arrays of self organized and self aligned
nanochannels, has gained attention due to ultrahigh pore density, optical transparency,
and mechanical robustness. When Al is anodized in an acidic electrolyte [e.g. sulfuric
acid (H2SQy), oxalic acid (H2C,04), and phosphoric acid (HsPO4)], deep pores (size = 0.3
X lattice constant of anodic alumna (L, where L= 2.5 x anodization voltage by assuming
10% porosity in formed structure) can form, with diameters varying between 5 and 100
nm and lengths up to several microns. The bottom of each pore consists of a thin “barrier
layer” (thickness= 0.7 L) over the metallic Al surface. The pore diameter depends on pH,
anodization voltage, and choice of acid [30].

The chemical reaction describing the growth of anodic alumina nanochannels is
given as: 2 Al (s) + 3 H,O — Al,O3 (oxide) + 3 H,. AAO nanochannels can be filled with
dyes and micro/nanoparticles and sealed by boiling in water. And corresponding
chemical reactions is given as: Al,0; + H,O — 2 AIOOH.H,0. This sealing of pores
enhances corrosion resistance and limits the photobleaching of the encapsulated dyes.
They find applications in decorative hard coating of cellular phones etc.

Naturally self-organized AAO have two drawbacks. First, the ordered range can
only reach up to several microns. Second, the nanochannels can have ordered structure at
backside but they have disordered structures at topside. This is because the nanochannels

grow from random initiated pores at the initial stage and later repulsive forces between
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the channels, caused by mechanical stress at Al/alumina interface, pushes the system to
form an ordered structure. Highly ordered AAO can be formed by two-step anodization
[31], mechanical molding of Al surface [32], focused ion beam pre-patterning of Al
surface [33], holographic patterning of Al films [34] and interference lithography [35] etc.
Fig. 1.10 shows cross section and plan view of ordered arrays of anodic alumina
nanochannels formed in oxalic acid at 40 V. Interpore spacing of the AAO formed in
oxalic acid is 100 nm as is observable in the SEM images.

AAO can be filled with different materials like noble metals [36], semiconductors
[37], thermoelectric materials [38], magnetic materials [39] oxides and polymers [40, 41],
which make AAO a versatile template for wide range of nanoscale application. AAO has
been used for growth of Ag nanoparticles based surface enhanced Raman scattering
(SERS) substrate [36]. Fig. 1.11 shows the scanning transmission electron microscope
(STEM) half angle annular dark field images of this SERS substrate. It shows self
organized Ag nanoparticles embedded in anodic alumina. To demonstrate the SERS
activity of this substrate, SERS spectrum of Rhodamine 6G on Ag NPs filled anodic
alumina is shown in Fig. 1.12. Electromagnetic enhancement is believed to arise from the
highly enhanced fields in metal nanoparticle junctions due to localized surface plasmon

resonances. Highly confined fields are better known as “hot spots'.

Figure 1.10: SEM images of AAO formed in Oxalic acid [33].
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Figure 1.11: STEM HAADF images of SERS substrate. Silver nanoparticles are

separated by anodic alumina walls (thickness of wall < 10 nm).

A proper understanding and control over the generation of these hot spots is one
of the major driving forces behind the design of noble metal nanoparticle ensembles with
tunable optical properties. AAO offers precise control over interparticle gaps.
Interparticle gap dependent light scattering from 2D arrays of monodispersed Ag-
nanoparticles in anodic alumina was studied was Biring et.al. [42]. Therefore, AAO is a

good template for fabricating plasmonic substrates.
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Figure 1.12: SERS spectrum of 10° M R6G solution on a Ag/AAO substrate, and on a

typical SERS substrate prepared by depositing < 30 nm Ag on Si (bottom plot) [36].
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1.4 Electroless metal deposition

Electroless metal plating is defined as deposition of metal films onto conducting
(metal, alloys, and semiconductors) or insulating (polymer, glass, and ceramics etc.)
substrates without using any external bias. It can be further classified as galvanic
displacement plating and auto-catalytic plating [43]. Former involves replacement of
substrate’s material by a metal with lower redox potential as compared to the substrate
and later involves reduction of metal ions on the substrates by a reducing agent.
Following reactions describe the galvanic displacement plating of noble metals on Si
substrate:
M™ + ne” — M, where M = metal like Ag, Au, Pt
Si + 2H,0 — SiO, + 4H" + 4¢”
SiHy + 2 H,0 — SiO; + (4+X)H™ + (4+x)e”
SiO; + 6HF — H,SiFs + 2H,0
2H" + 2" > H,
Here, metal ions get reduced on Si surface by taking electrons from Si which results in
injection of holes into valence band of Si. Si with injected holes reacts with water form
silicon oxide which is eventually dissolved by HF providing a clean Ag/Si interface
where further reduction and deposition of metal continues. Deposition of metals can also
be performed on conducting surface and it is well illustrated by deposition of Cu onto
steel (Fe + Cu®* — Cu + Fe®"). This type of displacement reaction requires that reactivity
of the metal to be deposited should be less than that of the substrate. On the other hand, in

case of auto-catalytic plating, deposition of metal on the conducting/semi-conducting
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substrates occurs with the help of a reducing agent. Reducing agent like NaBH, itself gets
oxidized and causes the reduction of metal ions on the surface of the substrates.
R — R™ + ne’, where R= reducing agent
M™ + ne” — M, where M = metal

In order to coat insulating substrates with metals, an activation layer or seed layer
of metal ions (e.g.: Sn?* from SnCl, or Pd** from PdCl,) is deposited prior to plating [44].
Electroless plating results in uniform and conformal coating of the substrates because of
absence of spatial variations of current or electric field on the substrates [45].
Applications of electroless metal plating includes deposition of protective [46], and
decorative films [47]; interconnects and contact pads etc. in integrated circuit (IC)
industry [48], metal nanostructures for surface enhanced Raman spectroscopy (SERS)
substrates [49,50], plasmonics [51], catalysis [52], electromagnetic shielding [53], and
bio-medical technologies [54], growth of Si nanowires [55], and energy storage and

production [56]. Fig. 1.13 illustrates examples of nanostructures formed by electroless

plating.

Figure 1.13: (left) SEM images of Ag dendrites (a SERS substrate) from galvanic
displacement on commercial Al foils [49]. (right) SEM images of Au, Pd and Pt nanorods

formed by galvanic exchange reaction for catalysis [52].
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1.5Metal assisted silicon etching

Metal assisted or electroless etching of Si refers to etching of Si in a solution
containing HF and metal salts (e.g.: AgNOs) [57]. Here, Ag is deposited onto the Si
substrate by galvanic displacement reaction discussed in section 1.3. Deposited Ag assists

in etching of Si underneath giving rise to formation of Si nanowires as shown in Fig. 1.14.

Figure 1.14: SEM image of Si nanowires formed by electroless etching of Si in aqueous

solution of HF and AgNOs [57].

Alternatively, metal assisted Si etching can be conducted in aqueous solution of
HF and an oxidizing agent like H,O, after deposition of metal (Ag, Au, Pt, Cu or Pd) thin
films or nanoparticles (NPs) or lithographic patterns onto the Si. Fig. 1.15 shows

formation of different Si nanostructures depending on the morphology of Ag catalyst.

Figure 1.15: SEM images showing the effect of deposited Ag film morphology (a and c)

on the morphology of the etched Si (b: nanoholes and d: nanowires) [61].
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Different mechanisms have been proposed to explain the metal assisted etching of
Si. It is agreed that at cathode i.e. at metal catalyst surface the oxidizing agent like H;O;
is reduced and hydrogen is evolved at anode.
H,0, + 2H" + 2e" — 2H,0
2H " +2e > H,
But dissolution of Si into solution is described in different ways. Peng et. al. [57]
proposed that Si etching proceeds by formation of silicon oxide and its dissolution into
solution by HF.
Si + 2H,0 — SiO; + 4H" + 4e”
SiO; + 6HF — H,SiFs + H,O
Li et. al. [58] proposed the direct dissolution of Si in tetravalent state.
Si+4h™ + 4HF — SiF, + 4H"
SiF4 + 2HF — H,SiFg
Chartier et.al. [64] proposed a mixed reaction composed of divalent and tetravalent

dissolution of Si.
Si+ HF,  — HSiFs + 2 HF + H, + 2e’, and the overall reaction is:

4—n

Si + g H20, + 6 HF — n HyO + HySiFg + H,

Nonetheless, electroless etching of Si has been applied successfully for improving
photoluminescence of Si [58], enhancing photovoltaic efficiency of solar cells [59], site
selective etching of Si [60], growth of Si nanostructures [61-64], creation of super-
hydrophobic surfaces [65], and etching of three dimensional nanostructures into Si by

lithographically defined Au patterns [66].
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1.6 Fabrication and characterization tools

Electroless plating onto Si substrates [48-50, 55], electrodeposition into AAO
templates [36], electron beam (e-beam) lithography [67], and focused ion beam (FIB)
lithography [68] are used to fabricate different types of Ag and Si nanostructures.
Characterization of the formed nanostructures has been performed using atomic force
microscopy (AFM) [69], scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) [70], scanning transmission electron microscope (STEM) [71]
equipped with electron energy loss spectroscopy (EELS) [72], Raman spectroscopy [73],
and FTIR spectroscopy [74].

In order to select right tool for characterization it is necessary to know the
analysis depth (Fig. 1.16) and detection limit (Fig. 1.17) of different tools.

FTIR, EDS,

XRF, Raman,

Conventional
AFM  TOF-SIMS AES, XPS  TXRF Surface SIMS RBS SIMS

100A

— 100-1,000A

Figure 1.16: Analysis Depth of various characterization techniques [75].

Acronyms of Fig. 1.16 and Fig. 1.17 are described as the following: AES = auger
electron spectrometry, AFM = atomic force microscope, EDS = energy dispersive X-ray
spectrometry, ESCA = electron spectroscopy for chemical analysis, FE-SEM = field

emission scanning electron microscopy, FIB = focused ion beam, FTIR = Fourier
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transform infrared spectrometry, GC/MS = gas chromatography/mass spectrometry, HFS
= hydrogen forward scattering spectrometry, MFM = magnetic force microscopy, MSMS
= Enhanced sensitivity for quantization with tandem mass spectrometry, PIXE = particle-
induced X-ray emission, RBS = Rutherford backscattering spectrometry, SAM =
scanning auger microscopy, SEM = scanning electron microscopy, SIMS = secondary ion
mass spectrometry, TEM = tunneling electron microscope, STM = scanning tunneling
microscope, TOF-SIMS = time-of-flight secondary ion mass spectrometry, TXRF = total
reflection X-ray fluorescence, XPS = X-ray photoelectron spectroscopy, and XRF = X-

ray fluorescence.
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Figure 1.17: Analytical resolution versus detection limit of various techniques [75].
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Chapter 2 Ordered arrays of Ag nanoparticles by

constrained self organization

2.1 Aim

In recent years considerable efforts have been made to fabricate ordered arrays of
nanoparticles and examples include: application of ordered anodic alumina nanochannels
for the fabrication of ordered Ag nanoparticles arrays [76,36], integration of colloidal
nanocrystals into lithographically patterned substrate [77] by using interfacial capillary
force as driving agent, self assembly of size and position controlled ultralong nanodot ( =
100 nm ) chains by using near field optical desorption [78] and fabrication of ordered
two dimensional arrays of micro- and nanoparticles by using patterned self assembled
monolayers as templates [9]. In this letter, we report the use of focused ion beam (FIB)
[79] to create a lattice of aggregation centers on a Si(100) substrate, for constraining the
surface migration of Ag in a post-deposition annealing process and growing ordered
arrays of Ag nanoparticles. In addition, the mechanism for constrained self-organization

of Ag nanoparticles on the ion-irradiated Si substrate is discussed.

2.2 Experiments
2.2.1 Patterning of Si substrates

p-type Si(100) substrates (10 Q-cm resistivity) are cleaned by sonication in
acetone, methanol and deionized water (18.2 MQ-cm resistivity) for 5 minutes separately.

Immersing such substrates in 1% HF solution for 5 minutes followed by rinsing in
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deionized water for another 5 minutes results in formation of hydrogen (H) terminated Si
surface. After drying with N gas, a commercial 50 KeV Ga* FIB with diameter ~10 nm
and beam current of 1.1 pA is used to irradiate these cleaned Si substrates for creating
arrays of aggregation centers. The working pressure of the FIB system is maintained
below 1 x 107 Torr during the ion irradiation. The ion beam dose is varied from 2 x 10
ions/cm? to 1 x 10® ions/cm?, which corresponds to ramping the dwell time (At) of the
FIB on a single pixel from 0.2 ms to 10 ms, to create different aggregation regions on the
substrate surface. Square as well as hexagonal closed packed arrays of aggregation
centers with 100 nm lattices constant are patterned onto the Si substrates. Morphologies

of the formed aggregation centers are characterized using AFM.

2.2.2 Low temperature Ag deposition

Low temperature (~200 K) deposition of Ag on the FIB-irradiated substrate is
conducted by radio-frequency (RF) magnetron sputtering of a Ag target (99.99 %) under
a Ar gas pressure of 2 mTorr. Before deposition the base pressure of deposition chamber
is 2 x 10 Torr. The substrate is cooled down using flowing liquid nitrogen connected to
the substrate through a vacuum feed through. During deposition the temperature of the
substrate is monitored by type-K thermocouple. This thermocouple is made of Chromel
(90 % Nickel + 10 % Chrome) and Alumel (95% Nickel + 2 % Manganese + 2 %
Aluminum + 1 % Silicon) and offers a sensitivity of about 40 puV/°C. It is a general
purpose thermocouple useful for temperature ranging from -200 °C (73 K) to 1350 °C
(1623 K). While maintaining temperature about 200 K, Ag thin film is deposited onto the

patterned substrates. We tuned Ag film thickness from 1 to 5 nm for achieving the
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optimum thickness of Ag film yielding maximization of ordering of the formed Ag

nanoparticles arrays.

2.2.3 Post deposition annealing of patterned substrates

After Ag thin film deposition, the substrates are annealed at different temperatures
ranging from 570 K to 970 K for one hour in a chamber that has been pumped down to a
base pressure of 10 Torr before back filling with N, (99.999 %) to a pressure of 0.5 atm.
Morphologies of the annealed Ag films are recorded using SEM. TEM and TEM-EDX
spectra are used to reveal the cross-sectional morphologies of formed Ag nanoparticles

and to examine the Ag nanoparticles/Si interfaces respectively.

2.3 Results and discussion
2.3.1 Ordered arrays of aggregation centers on Si substrate

Depending on isolated single pixel FIB irradiation dose (or FIB dwell time)
formation of nanoscale protrusions and craters occur onto Si surface. As shown by the
contact-mode atomic force microscope (AFM) image of the surface morphology (Fig.
2.1), the regions exposed to FIB with dwell time (At) = 1 ms appears as protrusions on
the substrate. These protrusions are the result of ion beam induced swelling-distortion
(amorphization of the crystal and deposition of the residual gases) of Si lattice [80].
Irradiation of a crystal by energetic ion beams leads to sputtering of atoms from the
crystal surface as well as defect formation in the near surface region. The amount of
sputtered material and the density of the defects increase with increasing ion dose.

Beyond a certain threshold dose, the damage becomes so severe that the crystalline
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structure collapses and an amorphous layer is formed. From a surface morphologic point
of view, sputtering results in the formation of a crater, while defects in the lattice usually
lead to protrusions on the irradiated surface. These two effects are opposite and the final

height of the irradiated surface depends on the competition between sputtering and defect

formation.

Figure 2.1: 3D AFM image of square lattice (lattice constant = 100 nm) of ordered arrays
of protrusions Si (100) substrate created by FIB dose of 2 x 10* ions/cm? (dwell time, At
=1 ms). Yellow-white bumps mark locations of these FIB created protrusions and partial

dark brown areas mark the regions of overlap of tail of FIB.

Average height of these FIB created protrusions starts from 0.5 nm (At = 0.2 ms)
and reaches a maxima of 1.7 nm (At = 2 ms). Further increase of dwell time (At) leads to
the formation of craters due to ion sputtering of the Si substrate. At dwell time of 12 ms
the average depth of craters reaches about 1 nm. Fig. 2.2 shows the variation of

protrusion height (crater depth) with dwell time.
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Figure 2.2: Variation of protrusion height (crater depth) with dwell time (At).

2.3.2 Self-organized and ordered arrays of Ag nanoparticles

Low temperature deposition of Ag on Si substrates results in formation of self-
organized Ag nanoparticles on the Si surface. Fig. 2.3 shows the representative plan view
SEM image of the Ag nanoparticles on Si. Size of the nanoparticles varies from 10 to 50
nm with log normal distribution of particle size. For the substrates annealed at
temperature below 870 K, randomly distributed and aggregated Ag nanoparticles with
mean size of few tens of nanometers are observed as shown in Fig. 2.4. Comparing Fig.
2.3 and 2.4, it is evident that size of Ag nanoparticles gets almost doubled and surface
density of particles is also reduced. But ordered arrays of Ag nanoparticles are observed.
Annealing temperature of 970 K provides sufficient surface mobility to Ag to move

towards FIB created aggregation centers to form ordered arrays of Ag nanoparticles.
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Figure 2.4: SEM image of aggregated Ag nanoparticles when annealing is conducted at

temperature below 870 K.

Fig. 2.5(a) and 2.5(b), show SEM image of square and hexagonal-close-packed
(HCP) ordered arrays of Ag nanoparticles grown on aggregation centers created by FIB

with At =1 ms. Typical height of these Ag nanoparticles as measured by AFM is about
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20 nm, which is in agreement with cross section TEM image, Fig. 2.14(b). For At < 0.5
ms or At > 5 ms, Ag nanoparticles of large size variation appear randomly on the surface,
as shown in Fig. 2.5(c) and 2.5(d). These observations indicate the existence of an
optimum FIB-dose for making a pixel into an effective aggregation center, and the loss of

its constraining efficacy when it is under or over exposed to the ions.
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Figure 2.5: SEM images of ordered arrays of Ag nanoparticles formed on Si(100) surface
irradiated by FIB (1 ms/pixel) to create a lattice of (a) square and (b) HCP aggregation
centers. The ion-induced aggregation centers are not effective for FIB dwell time (c)

below 0.5 ms or (d) over 5 ms.

Fig. 2.6 and 2.7 shows the large area view of the square and HCP lattice of
ordered arrays of Ag nanoparticles formed on Si(100) surface irradiated by FIB (dwell
time = 1 ms/pixel). Both images also show some empty points present among the ordered
arrays of Ag nanoparticles. These points are those where FIB missed patterning of the Si

substrate on account of beam blanking. Besides the ion dose, the symmetry of the lattice
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of aggregation centers and its lattice constant as well as the Ag film thickness also affects
the ordering and size uniformity of Ag nanoparticles. As shown in Fig. 2.5(b) and Fig.
2.7, HCP lattice of aggregation centers gives better uniformity because it ensures equal
sharing of Ag between the aggregation centers. It is to be noted that constrained self
organization yields ordered arrays of Ag nanoparticles only in the patterned area. Outside

the patterned area only self organized Ag nanoparticles are found as shown in Fig. 2.8.

* s 0 b e e,
® 2 80 s 8 s PP e
% a0 @
[ ]
« & ® 8 ® 5 8 =
“ & 28 " gee P g
* * e g8 0 0 00
f o0 g 0"

-
. 80T,

= e ® 5 & o e "8 e Vg a
a8 ® 8 8 o g8 a8 iy g g

*® ® a8 Y " 8 o800 99 e

-»
*® s a e "o g0 00" a0 o g

e W
* 29 ® ga ® 84 0 0 5 9 g oo g0

s® 2 8 % o ® & 8 b8 ® g 08 tua e,
e % ® % 8 85 0 0 ® o o o 0 00 s
«® 80t .0 079 % pgu g e h g o0
e ® 8 ® o ® 4:% 5 3 0 8 g™ @ 0 @
q.l.tﬂ.....,.."."
o & g o ® & % 8 8 b g 0" % g8 aP

o 00y
"8 5 ® * 0" 8 5 ° pe
"® " eE e 8

-8 @
-8 ®

. Sa s & a8
100k X50000 100nm WD 6

L]
-
.
.
.
*
L ]
']
&
L
.
L ]
L]
.
.
L
.
.
.
-
5

s &

- % & & 8 B 8 " & 8 s

100nm

Figure 2.7: SEM images of HCP lattice of ordered arrays of Ag nanoparticles.
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1um WD 6. 7mm

Figure 2.8 SEM image of ordered array of Ag nanoparticles in patterned region (top half)

and self organized Ag nanoparticles (bottom half) in non-patterned region.

Fig. 2.9 shows Fourier transform of the SEM images of Ag nanoparticles, shown
in Fig. 2.6 and 2.7. Observation of square and HCP lattice points confirms symmetry and

long range order of the array of nanoparticles.

order_1 jpg_FFT_Sert_Mag order_2 jpg_FFT_Sgrt_Mag
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Figure 2.9: Fourier transform of ordered arrays of Ag nanoparticles. LHS image

represents square lattice of Ag nanoparticles and RHS image represents HCP lattice of

Ag nanoparticles.
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Fig. 2.10 shows the effect of increase of lattice constant of the patterned
aggregation centers. For an array of aggregation centers with lattice constant of 200 nm
and more, many self-organized Ag nanoparticles appear in between the Ag nanoparticles
formed by constrained self-organization. On the other hand, aggregation centers with
lattice constant much smaller than 100 nm, the tail of the ion beam profile overlaps which
results in absence of distinct aggregation sites on Si surface and no ordering of Ag
nanoparticles is observed. Fig. 2.11 shows that with decrease of lattice of aggregation
centers to 80 nm the loss of order begins.

Deposition of 1 nm of Ag films results in large size distribution in size of ordered
arrays of Ag nanoparticles [Fig. 2.12(LHS image)] whereas deposition of 2-3 nm Ag
films results in formations of ordered arrays of Ag nanoparticles with about 10%
variation in size of nanoparticles (Fig. 2.5 to Fig. 2.8). On the other hand deposition of
Ag films with thickness of 5 nm and more leads to the formation of a large number of

self-organized Ag nanoparticles with random spatial and size distribution [Fig. 2.12(RHS

image)].

Figure 2.10: SEM images of ordered and self organized Ag nanoparticles. Lattice

constant of aggregation centers is 200 nm for LHS image and 500 nm for RHS image.
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Figure 2.11: SEM image of Ag nanoparticles formed when lattice of aggregation centers

is reduced to 80 nm.

SEI  100kV X50000 100nm WD 56mm

Figure 2.12: SEM images showing effect of deposited Ag thin film thickness on size
distribution of ordered arrays of Ag nanopartilcles. LHS morphology is observed when 1
nm of Ag film is deposited and RHS morphology is observed when 5 nm of Ag film is

deposited.

Therefore, to create an ordered array of Ag nanoparticles of a given size, the
symmetry and lattice constant of the constraining lattice, FBI dwell time of the

aggregation centers, and Ag thin film thickness must be carefully matched.
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To quantify the efficacy (n) of ion beam irradiation to constrain the surface
migration of Ag , n is defined as N¢/(N¢ + N;), where N is number of Ag nanoparticles at
aggregation centers created by ion beam irradiation and N; is number of particles at
random locations ( Nc+N, equals the total number of particles in a field of view). Fig.
2.13 shows the variation of n with At. For At below or about 0.2 ms, n remains zero
because the number of defects in each FIB-irradiated pixel is not adequate to constrain
the surface migration of surrounding Ag. With increase of At, n first increases in a linear
fashion till it reaches its maximum value of 90% at At =1 ms and then starts to decrease
drastically. The decrease of n for longer At is expected since the tail of the ion beam
profile gradually exposes the region between two neighboring pixels and eventually

covers the entire surface, leaving no pristine Si surface on which the Ag can migrate

more freely.
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Figure 2.13: Efficacy (n) of aggregation centers (see text) and size variation (AS) of Ag

nanoparticles as a function of FIB dwell time per pixel.
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An important byproduct of constraining the Ag self-organization process by an
ordered array of aggregation center is the decrease in the size variation (AS) of the
nanoparticles. As shown in Fig. 2.13, AS and n exhibit a clear anti-correlation and the
minimum of AS (about 10% of the mean size) occurs at At =1ms, which coincides with
the maximum of n. For comparison, size variation (AS) for Ag nanoparticles formed on
the pristine region is more than 50% of their mean size, which indicates significant
improvement in the uniformity of Ag nanoparticles in an ordered array.

The structure and composition of Ag nanoparticles is revealed by cross-section
TEM (transmission electron microscope) images and EDX (energy dispersive x-rays)
spectra of nanoparticles. Ag nanoparticles formed on a pristine Si surface, as shown in
Fig. 2.14(a), consist of Ag with well defined interface between Ag nanoparticles and
substrate surface. In contrast, Ag nanoparticles formed on the ion-irradiated locations, as
shown in Fig. 2.14(b), have inverted pyramids of strained Si underneath, which exhibit
clear {111} interfaces with the surrounding Si. The EDX spectrum of the Si under the Ag
nanoparticles on a pristine surface shows no detectable amount of Ag. This observation is
in agreement with negligible solubility of Ag and Si in solid phase. On the other hand, the
strained Si under the Ag nanoparticles on the ion-irradiated aggregation centers contains
significant amount of Ag (30% atomic concentration), indicating enhanced diffusion of
Ag into the ion-irradiated Si during annealing. The apparent diffusion range of Ag 20
nm), estimated from Fig. 2.14(a), is in agreement with longitudinal penetration depth of
Ga' ions as calculated by TRIM code simulations [81].

Based on the TEM and EDX data, we propose that during the annealing process,

significant amount of Ag diffuses into the amorphized aggregation centers created by ion
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irradiation. As the Si recrystallizes, the embedded Ag induces strain in a local region of
the Si, while the remaining Ag on the surface forms the hemispherical nanoparticle. Our
proposal is supported by the TRIM code simulations [81], according to which
approximately 700 vacancies are created by impact of a single 50 KeV Ga’ ion. Since
each aggregation centre is exposed to ~10* Ga* ions for At =1 ms, the average number of
defects in each ion-irradiated pixel is of the order of 10°~ 10’. Such a large number of
defects attract the migrating Ag and some amount of the Ag diffuses into the amorphized
region to form the strained-Si structure during the annealing process. When the diffusion
process is terminated by the Si recrystallization, the remaining Ag can form the

nanoparticle on top of the strained Si.
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Figure 2.14: Cross section TEM images of Ag nanoparticles formed on (a) pristine region
and (b) ion irradiated location. (¢) and (d) show the corresponding EDX spectra of the

substrate (white spots) under the nanoparticles.
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Chapter 3 Probing surface plasmon of individual Ag

nanoparticles by STEM

3.1 Aim

Surface plasmons (SPs) are quantized collective plasma oscillations of conduction
electrons propagating at the surface of metals [82-84]. The excitations of SPs by the
dipolar electric field of light in the visible spectral regime dictate the color of noble
metals [85].

In noble metal nanoparticles (NPs) with only a few tens or hundreds of
nanometers, SPs tailored by the sizes, shapes, and electric near-field couplings of the NPs
determine their optical properties ranging from near-infrared to visible spectral regimes
as demonstrated in nanoprisms [89], nanorings [90], nanostars [91], (coupled) nanorods
[86, 92], and (coupled/arrayed-) nanospheres [87, 93-97]. In individual and/or coupled
NPs with designated geometrical constraints, SPs can then be tuned to the proximity of
the laser energies/wavelengths conventionally available [24]. The associated resonant
excitations have been shown to open up vast opportunities for many fascinating
applications of the NPs such as plasmonics [24,98] and molecular sensing by surface
enhanced Raman scattering (SERS) [94,36]. It has been noted that these novel
applications are closely correlated with the SPs characteristic and their near-field
distributions in each individual nanomaterial [87, 91, 24]. The corresponding spectral

characterization requires spectroscopy techniques with a nanometer-scale spatial
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resolution that is, however, difficult to achieve even by advanced nanoprobe-based
scanning near-field optical microscopy (SNOM) [99].

An electron beam can excite SPs like light by coupling its electromagnetic field to
the evanescent electric fields of SPs, and results in electron energy losses [100-102]. The
sub-nanometer-scale electron beam in a scanning transmission electron microscope
(STEM), therefore, provides us with an unmatched nanometer-scale resolution and
energy range in investigating SP characteristics of individual NPs, spectrally and spatially,
when used in conjunction with electron energy-loss spectroscopy (EELS), i.e., the
combined technique of STEM-EELS [89, 100, 103]. Using STEM-EELS, the spatially
resolved probing of SPs in individual Ag nanoprisms [89] and individual and coupled Au
NPs [103] in the visible spectral regime has been demonstrated.

Here, we address the experimental and theoretical aspects of surface excitations in
individual Ag NPs (~30 nm) grown on Si(100) substrates in the ultra-violet spectral
regime that can only be marginally probed by optical approaches and is less understood
accordingly [89, 100]. All experimental results show good agreement with the theoretical
calculations [102,104]. The spatial distributions of the surface excitations on the NPs
have been also mapped out, exhibiting a dipolar-dominant character of the SP at 3.5 eV

with prominent near-field enhancements.

3.2 Experiments
3.2.1 Ag nanoparticles on Si by constrained self organization
In a post-deposition annealing process, the Ag deposited at low temperature on a

Si(100) substrate aggregates to regions that have been exposed to adequate dose of
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energetic ions. By patterning an array of such aggregation centers on the substrate, using
a 50 KeV focused Ga" ion beam, the migration of Ag on the patterned area during the
subsequent annealing is constrained and ordered arrays of Ag nanoparticles with uniform
size distribution are formed spontaneously. Related experimental details have been

described in chapter 2 and reference [3].

3.2.2 STEM probing of Ag nanoparticles

The STEM-EELS investigations of the Ag NPs grown on Si(100) were performed
on a field-emission STEM, FEI Tecnai F20, operated at 200kV and equipped with a
Gatan Tridiem 865 EELS spectrometer. The electron energy resolution (defined by the
line-width of the zero-loss peak, ZLP) and beam size exploited throughout the work were
~0.66 eV and ~0.2 nm, respectively. The growth of the arrayed Ag NPs (size, ~30 nm;
gaps between NPs, ~50 nm) by focused-ion-beam patterning of Si substrates and post-
annealing of Ag films on the patterned substrates has been reported in a chapter 2. The
Ag-NPs/Si samples for STEM-EELS studies were prepared by the standard mechanical
and ion-milling thinning technique and, subsequently, subject to HF and repeated plasma

cleanings before the investigations in order to improve the sample surface cleanness.

3.3 Results and discussion
3.3.1 3D tomography of Ag nanoparticle
Fig. 3.1(a) illustrates the typical TEM image of an individual Ag NP among the

arrays. The upper part of the NP in vacuum shows a hemisphere-like geometrical
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configuration and negligible carbon contamination, while the lower part embedded in Si

is characterized by a V-shape grove defined by the {111} faces of Si [3].

Figure 3.1: (a) TEM image of an individual Ag NP grown on Si(100), acquired along the
[1-10]si projection. (b) Three-dimensional imaging of such an individual Ag NP using

STEM electron tomography.

STEM electron-tomography experiments (sample tilting from -65° to + 65°) were
performed on several NPs and Fig. 3.1(b) exhibits the corresponding three-dimensional
tomography image of a NP. From Fig. 3.1(b), it is obvious that the conventional TEM
thinning technique does not flatten the NPs to two-dimensional thin-slab-like shapes as
what thinning usually does, and the {111}s;-type facets of the NPs (lower part) and the
smoother hemisphere-like head (upper part) are now clearly revealed. These geometrical
characteristics are essential for the following SP investigations considering the difference

between the SP-excitation energies of thin Ag slab, ~3.7 eV (~335 nm) [105], and
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spherical and hemispherical Ag NPs, ~3.5 eV (~355 nm) [106], in the ultra-violet spectral

regime.

3.3.2 STEM-EELS spectra of Ag nanoparticles

Fig. 3.2(a) shows the STEM-EELS spectra acquired at different locations of the
Ag NP (black, red, green, and blue curves), and a spectrum at 1 nm from the Si surface
and ~20 nm from the edge of the NP was also taken (purple curve). It should be pointed
out that the mean gap spacing, ~50 nm [3], between neighboring NPs is too large to
exhibit any noticeable SP coupling between the Ag NPs (gaps of at least ten nanometers
are necessary for effective coupling [24]). Positioning the electron beam at the core of the
Ag hemisphere-like head (black curve, Fig. 3.2(a)), a broad maximum at ~8.5 eV (~146
nm) and a weaker maximum around ~3.8 eV (~326 nm) characteristic to the bulk
plasmon excitations of Ag were observed [107]. Further positioning the electron beam at
an impact parameter of 1 nm from the NP surface (similar to optical near-field setup and
propitious for the coupling to surface excitations [100]; red curve, Fig. 3.2(a)), we
observed the prominent SP resonance of Ag around ~3.5 eV (~355 nm), in good
agreement with the reported value for hemispherical Ag NPs [106]. A broad surface
excitation was also revealed at ~7 eV (~177 nm; red curve, Fig. 3.2(a)), where the real
part of the complex dielectric function of Ag is still negative [105,107], suggesting its SP
character [100]. With the further increase in impact parameters for STEM-EELS probing
(3 nm, green curve; 6 nm, blue curve; Fig. 3.2(a)), the SP excitation around ~3.5 eV
finally approaches 3.5 eV, accompanied with a red-shift of nearly 1 eV for the broad

spectral intensity at ~7 eV.
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Figure 3.2: (a) The STEM-EELS spectra acquired at different locations of the Ag NP and
the Si substrate (inset). All spectra were first aligned and normalized to the ZLP of the
red curve (1 nm from the Ag NP surface), and the ZLPs were then deconvoluted from the
spectra. The spectrum taken at 1 nm from the surface of Si (~20 nm from the edge of the
NP; purple curve) and that taken at the core of the Ag NP (black curve) were divided by 3
and 4, respectively, to fit into the scale of the figure. Green (blue) curve, the spectrum
acquired at 3 (6) nm from the Ag NP surface. (b) The calculated impact-parameter
dependent STEM-EELS spectra for an individual Ag nanosphere (radius, 15 nm) and a Si
film. The insets show the blowup of the region below 4.0 eV and the geometrical
constraints used for the calculations. The purple curve was divided by 3 to fit into the

scale of the figure.
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In spherical NPs, an impact-parameter dependent red-shift of surface excitations,
such as that observed in Fig. 3.2(a), is well known to arise from the frequency-dependent
multipolar polarizability «, (@) of the NP and can be expressed as the equation below in
the non-retarded, electrostatic limit [104].

(@) = 2n(@)] s
le(w)+ (1 +De,, (@)

o () =

where g(w) and ¢, (w) are the respective complex dielectric functions of the NP and the
bound medium (vacuum here, ¢ =1), a is the radius of the NP, and | is the mode

quantum number (I=1, dipole mode; 1=2, quadruple mode; etc.). The surface-excitation
energy hw (hi=h/2z; h, the Planck’s constant) taking place at the divergence of

Im{e, (w)} evolves with the increase in | [104], while the near-field extension of the

given | mode into free space inversely scales with the energy as v/w (v, the electron
velocity; 0.7c at 200 kV; c, the speed of light) [100, 108]. This near-field scaling thus
suggests that a large impact parameter would favor a surface excitation with a lower
eigenenergy due to its larger v/ @, giving rise to the impact-parameter dependent red-
shift of the surface spectral features [100]. In hemispherical [109] or supported spherical
objects with non-conducting substrates (such as Si here) [110], the thorough numerical
STEM-EELS investigations considering all multipolar components have indicated that
probing the objects at their apical locations (i.e., red, green, and blue curves in Fig.
3.2(a)) can lead to surface excitations in resemblance to those of the bare spherical
counterpart. We thus performed the non-retarded STEM-EELS calculations for bare Ag
nanospheres using the impact-parameter dependent analytical equation on the basis of

a,(w) [104], which is computationally efficient, compared to the lengthy numerical
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evaluations in Refs. [109] and [110] and faithfully catches the physics for the impact-
parameter dependent red-shift and the related SP characteristics observed in Ag NPs (Fig.
3.2(a)).

Fig. 3.2(b) shows the calculated impact-parameter dependent STEM-EELS
spectra for an Ag nanosphere (a=15 nm, estimated from Fig. 3.1(a)) and a Si film, and we
have considered the contributions of high-order | up to 20 for the Ag-NP calculations.
Integrations of even higher order | do not lead to visible changes in the scale of the figure
as a result of their negligible contributions to the current small NP [104]. In addition, the
criterion for the electrodynamics retardation, a-w/v>1 [108], is not fulfilled in the
spectral range that we are interested in (< ~10 eV), justifying our exploitations of the
non-retarded calculations for Ag NPs [104].

Comparing Fig. 3.2(a) to Fig. 3.2(b), it is obvious that the experimentally
observed SP peak at ~3.5 eV eventually consists of a dominant dipolar SP component at
3.5 eV and contributions from all higher order modes (shoulder, 3.6 eV) as shown in the
inset of Fig. 3.2(b). With the increase in impact parameters from 1 (red curve) to 6 nm
(blue curve, Fig. 3.2(b) and inset), the high-order shoulder rapidly decays as a vanishing
spectral feature due to the v/@ scaling, whereas the dipolar contribution remains
predominant. The energy resolution of our STEM-EELS instrument is, however, not
sufficient to distinguish the two bands, only 0.1 eV apart (inset, Fig. 3.2(b)). From
experimental aspects, the summation of both bands then leads to a gently blue-shifted SP
feature from 3.5 eV at the impact parameter of 1 nm (red curve, Fig. 3.2(a)). Upon
increasing impact parameters, the predominant excitations for the dipolar SP at 3.5 eV

(inset, Fig. 3.2(b)) thus account for the experimentally observed red-shift to 3.5 eV in Fig.
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3.2(a) (green and blue-shift curves). In the calculations (Fig. 3.2(b)), the spectral red-shift
of the ~7-eV excitation to ~5~6 eV arisen from the impact-parameter dependent
excitations of the SP multipolar components was also revealed, consistent with Fig.
3.2(a). Indeed, the agreement between experiments (Fig. 3.2(a)) and calculations (Fig.
3.2(b)) for the Ag NPs is satisfactory and firmly establishes the SP multipolar nature for
the surface excitations, ~3.5 and ~7.0 eV, in the ultra-violet regime. The calculations on
the basis of a spherical NP, though simple, have unraveled the origin for the impact-
parameter dependent spectral red-shift in Fig. 3.2(a). Nevertheless, the Ag-NP
calculations appear to under-estimate the broad spectral intensities near ~7 eV, possibly
due to effects of the Si substrate. For further inspections, we then performed impact-
parameter dependent calculations for the Si film (1 nm from the surface; purple curve,
Fig. 3.2(b)) [102]. The calculation shows a good agreement with the experiment (purple
curve, Figs. 3.2(a) and 3.2(b)), and Si actually displays appreciable surface contributions
above ~6 eV. This later characteristic may contribute to the intense surface feature of Ag
NPs near ~7 eV (Fig. 3.2(a)), while an unambiguous determination of its origin requires
more realistic calculations taking into account the actual sample geometry, which is

beyond the scope of this work.

3.3.3 STEM-EELS mapping of surface plasmons of Ag nanoparticle

Figs. 3.3(a)-(c) illustrate the STEM-EELS mapping of the spectral features at 3.5,
7.0, and 9.0 eV (~138 nm), respectively. The spectral mapping was performed by
rastering the electron beam on the material in a mesh by mesh manner (2x2 nm per mesh)

[89, 100, 103]. After aligning ZLPs acquired at each mesh, the spectral amplitudes of the
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given surface excitations were then used to map out their respective spatial distributions
[89, 100, 103]. It has been well established that the STEM-EELS mapping nicely mimics
the electric near-field distributions of the surface excitations, in particular, the near-field

enhancements at local geometrical constraints [89, 100, 111].

Figure 3.3: STEM-EELS mapping of (a) 3.5-, (b) 7.0-, and (c) 9.0-eV surface resonances
in the material with the contrast maxima signifying the most prominent excitation
locations for the given spectral features. The positive and negative signs in (a) denote the
dominant dipolar character of the near-field features. The mesh dimension is 2x2 nm, and
the Ag NP and Si surface are outlined by gray lines. Color scale bar, the linearly

normalized image contrast.

In the STEM-EELS map of the 3.5-eV SP (Fig. 3.3(a)), the contrast maximum
localized at the top of the Ag NP is characteristic to a dipole-like near-field character (see
the schematic positive and negative signs) [87], in perfect consistence with the
determination of the dipolar SP nature at 3.5 eV (Fig. 3.2). Moreover, such a contrast-
maximum feature (Fig. 3.3(2)) is representative of the local SP near-field enhancements
[87,111] and might thus be of practical interests for future plasmonics and SERS

applications. At 7.0 eV (Fig. 3.3(b)), the surface of the Ag NP is imaged by sharp
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contrasts as expected for surface excitations like Fig. 3.3(a), evidencing again the SP
character of this peak. In Fig. 3.3(b), the contrast maxima are, however, localized on the
Si surface, signifying the aforementioned appreciable Si contributions above ~6 eV (Fig.
3.2). At 9.0 eV, the surface excitations of Si predominate over those of Ag (Fig. 3.2) and
the corresponding spectral mapping indeed faithfully reflect the contrast maxima on the
Si surface (Fig. 3.3(c)). The spatial resolving power established in the above STEM-
EELS mapping is superb considering that state-of-the-art nanoprobe-based SNOM could
not resolve the field distribution around the Ag NP beyond its spatial resolution and,
more importantly, the introduced electromagnetic interaction between its nanoprobe and
the plasmonic entity may influence the physical interpretation [99]. It should be also
pointed out that the contrast delocalization into vacuum in Fig. 3.3 represents the near-
field extension into free space for the surface excitations (proportional to v/ ) [100] and

decreases with the increasing surface-excitation energy as expected.
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Chapter 4 Fabrication of Singlet, doublet, and triplet of

Ag nanoparticlesin AAO

4.1 Aim

Arrays of closely packed Ag nanoparticles with sub-10 nm interparticle gaps are
routinely used in applications like plasmonics [24, 36, 98] and molecular sensing by
surface enhanced Raman scattering (SERS) [94, 36, 117]. Ordered arrays of singlet,
double, and triple Ag nanoparticles are good candidates for studying surface plasmon
hybridization [88], surface plasmon dispersion relations [112], fundamental interactions
of surface plasmons [27, 98, 113], light scattering from nanoscatterers [114], near-field
studies [115], plasmonic coupling of noble metal nanoparticles [24, 131, 132].

Many methods for the synthesis of Ag nanoparticles have been reported in the
literature and can be arbitrarily divided into traditional and non-traditional categories
[116]. Traditional methods include reduction of Ag salts with aid of reducing agents like
NaBH; or sodium citrate. Due to the large positive reduction potential of Ag,
nanoparticles oxidation is thermodynamically unfavorable resulting in quite stable
aqueous and suspensions without the aid of capping ligands. Aggregation can be
inhibited by the thick electrical double layers that form around metal nanoparticles in
low-ionic-strength suspensions. For high ionic strengths or organic-phase suspensions,
capping agents such as self-assembled monolayers [117], surfactants [118], polymers
[119], and dendrimers [120] can be employed to protect the particles from aggregation. If

the synthesis is carried out in the presence of capping agents, however, anisotropic
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particles may result due to the differing affinities of the ligands to the exposed crystal
faces [121]. This is sometimes a desired effect and several researchers have shown that
various shapes can be produced through judicious use of stabilizing agents. Alternatively,
nanoparticles can be capped with desired molecules after the synthesis to facilitate their
transfer into nonpolar phases or to tailor their surface chemistry. Non-traditional
synthesis methods include Ag particle synthesis through high-temperature reduction in
porous solid matrices [122], electrochemical growth into porous anodic alumina [3],
vapor-phase condensation of a metal onto a solid support [123], laser ablation of a metal
target into a suspending liquid [124], photoreduction of Ag ions [125], electrolysis of an
Ag salt solution [126, 127], electron beam lithography (EBL) [128, 129], and constrained

self organization [3], and directed self assembly of nanoparticles [130].

(@) (b)

4000 nm 40.00 nm

Figure 4.1: TEM images of dimers of Ag nanoparticles fabricated using EBL [128].

Dimers and trimers of Ag nanoparticles can be formed by electron beam
lithography [128, 129], interaction of functionalized Ag nanoparticles with a surface
which has been functionalized with a chemical group complimentary to that of Ag

nanoparticles [133] and by molecular bridging of two (three) nanoparticles [134, 135].
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Figure 4.2: Dark field microscopy image of trimers of Ag nanoparticles. Inset shows the

SEM image of one representative trimer [129].

-

Figure 4.3: TEM images of dimers of noble metal nanoparticles formed by molecular

bridging [135].
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However, it is not easy to fabricate Ag nanoparticle dimmers (trimer) with sub 10 nm gap
using electron beam lithography. And though the molecular bridging method yields nm
control over the interparticle gap, it is not easy to fabricate ordered arrays of dimmers
(trimers) with known positions.

AAOQ is a good template for growth of arrays of nanoparticles and nanowires [36-
41]. Custom-designed arrays of AAO nanochannels (CDA) [136] have been used for
growth of nanowires arrays comprising of multiple elements [137]. CDA can be
fabricated by bombardment of AAO nanochannels with high energy Ga™ focused ion
beam (FIB). lon beam sputtering and material redeposition results in formation of a
capping layer on the bombarded region. This capping layer is compact and impervious to
water (electrolyte) and its thickness depends on the FIB energy (Fig. 4.4). Capping layer
can be opened using low energy (5-10 KeV) ion beam sputtering. This energy dependent
closing and opening of AAO nanochannels assists in growth of nanowires arrays

comprising of multiple elements as discussed in Ref. 137 and shown in Fig. 4.5.
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Figure 4.4: Variation of the capping layer thickness (nm) with FIB energy (KeV) [137].
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Figure 4.5: Growth of arrays of nanowires comprising of different elements. (a) SEM
image of closed nanochannels. (b) Top-view image of arrays after Ag electrodeposition
and reopening of closed nanochannels. (c) Back-view images of arrays after Cu
electrodeposition into opened nanochannels (d) EDX spectra of Ag and Cu nanowires
[137].

It is possible to selectively close AAO nanochannels in such a way that single, or
double or triple AAO nanochannels are left open and surrounding nanochannels are
closed by FIB bombardment [136, 137]. After that Ag can be electrochemically deposited
into these open nanochannels. These custom designed AAO templates allows control
over the position of the grown Ag nanoparticles and interparticle gap. FIB patterning will
define the exact position of the grown single, double or triple nanoparticles and thickness
of wall of AAO can be tuned from several tens of nm to few nm which yields very
closely positioned Ag nanoparticles. Therefore, we decided to electrochemically grow

singlet, doublet, and triplet of Ag nanoparticles in custom designed AAO templates.
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4.2 Experiments
4.2.1 Two-step growth of AAO nanochannels

High-purity (99.99%) annealed aluminum foils were electropolished in a mixed
solution of 50 wt% 1:1 (v/v) HCIO4/C,H50H at 5 °C under constant stirring until the root
mean square (rms) roughness of a typical 10 pm x 10 um area was ca. 1 nm, as measured
by an atomic force microscope operated in contact mode. Two different AAO templates
with different lattice constants of AAO nanochannels were grown by two-step
anodization process. Al foils were separately anodized in 0.3 M sulfuric acid solution at
1 °C at a constant voltage of 12 V and 20 V. After anodizing for 2 hour, the formed AAO
were removed using a mixture solution of Chromic acid (CrOs) and phosphoric acid
(H3sPO4) (CrO3 = 0.5 gm, H3PO4 = 3 ml, H,O = 50 ml). AAO removal rate is about 7.5
pm in 2 hours at 50 °C (measured temperature). After removal of AAO the concaves of
Al were left behind on the Al foil surface. After that second anodization is conducted
under the same anodizing conditions for 3 min to grow about 50-60 nm long AAO

nanochannels. Fig 4.6 shows the schematic of the two-step anodization process.

1% anodization Pretexture Al 2" anodization

Figure 4.6: Schematic of two-step anodization process [31].
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4.2.2 Focused ion beam patterning of AAO

To be able to close the formed AAO nanochannels, the ratio of AAO wall
thickness (w) to pore diameter (d) should be 0.7 or more. If w/d is below 0.7 the AAO
nanochannels can not be closed and only sputtering of AAO will be observed because
closing of nanochannels relies heavily on redeposition of material from side walls.
Therefore, the formed AAO nanochannels were opened using a 6 wt% solution of H3PO4
at room temperature to obtain AAO substrates with arrays of nanochannels having the
specific pore diameter and spacing. AAO pore widening rate is 1.5 to 1.7 nm at 25 °C.

FIB pattering of AAO was conducted using 30 KeV Ga" ion beam with diameter
~5 nm and beam current of 1.1 pA. Patterning was conducted in such a way that a
circular pattern is generated after the patterning. Inner red circle, as shown in Fig. 4.7,

marks the pristine region whereas outer blue circle marks the bombarded region.

Figure 4.7: Pattern to irradiate the AAO nanochannels with FIB. Blue area is bombarded
with Ga" ion beam and red area is left untouched. Dj, = diameter of inner circle and Doy =

diameter of outer circle.
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4.2.3 Electrochemical growth of Ag in AAO

After thinning down the AAO wall to about 10-20 nm thickness, Ag can be
electrodeposited in AAO nanochannels. Ag electrodeposition is conducted in a solution
of MgSQO, (20.5 gm) + AgNO3 (0.5 gm) + H,SO,4 (0.9 ml) + H,0 (500 ml) using pulsed -
alternating current (60 Hz) at 9 V. This method of electrodeposition yields growth of

polycrystalline Ag nanoparticles in AAO nanochannels.

4.3 Results and discussion
4.3.1 AAO nanochannels

Fig. 4.8 shows the top view of the AAO nanochannels after two-step anodization
at 12 V (left hand side (LHS) image) and 20 V (right hand side (RHS) image) and pore
widening in phosphoric acid to obtain w/d = 0.7. AAO formed at 20 V shows better self-
organization and long range ordering of AAO nanochannels because best self-

organization condition for anodization in sulfuric acid is at 25 V.
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Figure 4.8 SEM images of AAO formed after anodizing in sulfuric acid at 12 V (left)

and 20 V (right) and pore widening in phosphoric acid.
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4.3.2 Selective closing of AAO nanochannels

Fig. 4.9 shows the formation of open single, double and triple AAO nanochannels
surrounded by closed AAO nanochannels. Central hole(s) (black dot) represents open
nanochannel(s) whereas surrounding white area marks the closed AAO nanochannels.
Pore size of these open nanochannels is about 20-30 nm. Outside the patterned region
there are self-organized AAO nanochannels. For AAO templates formed by anodization
at 12 V and 20 V, and with w/d = 0.7, this type of open single, double and triple AAO
nanochannels can be realized. Although AAO nanochannels can be closed with high
beam current, use of small beam current (1 pA) is a must to realize such small open
nanochannels pattern. Otherwise FIB beam tail will smear up the inner pristine (red circle
in Fig. 4.7) region and all patterned regions will only have closed AAO nanochannels.
Here, the thickness of the formed capping layer is about 30-35 nm. Therefore, after
patterning the AAO templates further pore widening can be conducted to tune the wall

thickness between the doublet and triplet of open AAO nanochannels. In this way the gap

between the dimer of Ag nanoparticles can be tuned from 1 to 10 nm.

Figure 4.9: SEM images of open single, double and triple AAO nanochannels. FIB
patterning was conducted by using a 30 KeV Ga’ion beam with 1 pA beam current and

by delivering a dose of 10E16 ions/cm? to the patterned area. Dj, = 100 nm.
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4.3.3 Singlet, doublet, and triplet of Ag nanoparticles in AAO

Pulsed-alternating current deposition fills up the AAO nanochannels with Ag at a
rate of 20-30 nm per second. Fig. 4.10 shows the optical image of the Ag/AAO template
after patterning AAO and electrodepositing Ag. White regions mark the presence of
capping layer on the FIB patterned area in whose center lies Ag nanoparticles singlet,
doublet, and triplet in AAO. Presence of capping layer prohibits the electrodeposition of

Ag in FIB patterned regions which results in formation of isolated Ag nanoparticle pairs.

Figure 4.10: Optical micrograph of Ag/AAQO template after patterning AAO and
electrodepositing Ag.
Fig. 4.11 shows the SEM image of the one of the white patterns shown in Fig.

4.10. Each of the six circles contains isolated Ag nanoparticle(s) in the center.

Figure 4.11 Low magnification SEM image of Ag nanoparticle(s) in AAO.
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Fig. 4.12 shows the zoom in SEM images of the singlet, doublet, and triplet of Ag
nanoparticles in AAO. These images clearly show the formation of the Ag nanoparticle

dimmers with sub-10 nm gap. Size of the formed Ag nanoparticles is about 20-30 nm.

Figure 4.12: SEM images of the singlet, doublet, and triplet of Ag nanoparticles in AAO
Magnification is 200 KX and scale bar is 100 nm. Size of Ag nanoparticles is about 20-

30 nm.

4.3.4 Effect of ion beam dose on Ag electrodeposition

In order to understand the effect of the ion beam dose on the Ag electrodeposition,
we patterned different patterns onto AAO template with varying dose and Dj, (diameter
of the pristine area inside the patterned circle). After patterning with different doses we
do pore widening to get AAO wall thickness about 5 nm followed by ac-pulsed
electrodeposition of Ag. Fig. 4.13 shows that for ion beam dose = 2E15 ions/cm?, the
capping layer starts to be form but it gets etched in pore widening step leading to Ag
deposition everywhere. Increasing the ion beam dose to 1E16 ions/cm?, the capping layer

of thickness = 20-30 nm is formed, which is able to sustain pore widening step and hence

prohibits Ag deposition in patterned region. For dose greater than 1E16 ions/cm?, AAO

starts to get depleted which again leading to Ag deposition. It is to be noted that vertical
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length of AAO under investigation is only about 50 nm. Therefore, it is necessary to
carefully tune the ion beam dose for successful fabrication of isolated Ag nanoparticle(s)
in AAO. In addition it is also required to use low beam current (1 pA) for patterning the

AAO substrates.
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Figure 4.13: Effect of ion beam dose and Ag electrodeposition.

Finally it is to be noted that using the same Dj, = 100 nm (Fig. 4.7) for AAO
patterning, it is possible to fabricate single, double and triplet Ag nanoparticles in AAO.
FIB patterning (closing) of AAO nanochannels is a statistical process. Probability of
leaving behind a single, double and triple AAO nanochannel(s) open after patterning is
about 20%, 40% and 30% respectively. Therefore, before undertaking any optical studies,
SEM imaging is necessary to confirm the assembly of Ag nanoparticles in the region of

interest (inside the FIB patterned area).
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Chapter 5 Directional etching of slicon by slver

nanostructures

5.1 Aim

Fundamentals of noble metal (Au, Ag, Pt) assisted electroless etching of Si have
been discussed in section 1.5 of chapter 1 of this thesis. Briefly, metal assisted electroless
etching (chemical etching, no bias applied) of Si is defined as etching of Si in an aqueous
solution of HF and metal salts. It can also be conducted in an aqueous solution of HF and
an oxidizing agent, such as H,O,, after deposition of noble metal thin films or
nanoparticles (NPs) or lithographic patterns onto Si.

Directional etching of Si(100) substrates by Ag nanoparticles and Ag meshes has
been reported by different groups [58, 61-64]. However, directional etching of Si by
isolated Ag nanorods and nanorings has not been achieved. Further more, it has been
observed that etching proceeds by reduction of H,O, on a Ag surface accompanied by
oxidation of Si and followed by etching of the oxidized Si by HF [58, 64]. The etching of
formed silicon oxide by HF is isotropic, which implies that Ag/Si interface oxide is a key
factor which governs the directionality of Si etching. However, the role of interface oxide
remains unknown. We performed the directional etching of the Si(100) substrates by Ag
nanoparticles, Ag nanorods, and Ag nanorings. After the etching of a Ag/Si sample, the
oxide at Ag/Si interface is examined using high resolution transmission electron
microscopy (HRTEM). The Effect of Ag/Si interface oxide on the directional etching is

studied by etching of Ag/SiO./Si samples of known interface oxide thickness. A
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mechanism based on Ag-Si interaction has been proposed to explain the directional

etching of Si by Ag.

5.2 Experiments
5.2.1 Electron beam lithography of Ag nanopatterns on Si

Ag nanoparticles, nanorods, and nanorings, Ag nanopatterns are fabricated on the
Si(100) substrates using scanning electron microscopy (SEM)-based electron beam
lithography (EBL). First, poly-methyl-methacrylate (PMMA) A4 is spin coated on a
clean and dry H-Si substrate to achieve a PMMA thickness of 200 nm. After baking the
coated Si substrate at 180°C for 3 min, it is loaded into the SEM- based EBL system for
writing the desired patterns onto PMMA. Then, an electron beam patterned PMMA/Si
sample is developed in the 3:1 (v/v) solution of methyl-isobutyl-ketone (MIBK) and iso-
propyl-alcohol (IPA) for 1 min, followed by rinsing in IPA for 30 s, rinsing in de-ionized
water for 5 s, and blow drying using dry nitrogen gas. Any residual PMMA and Si native
oxide on the sample are removed by 5 s carbon-tetra fluoride (CF,) reactive ion etching
(RIE) at 50 W power and 20 mTorr pressure. It is to be noted that CF4 RIE etches the
surface silicon oxide quickly, but upon prolonged exposure to Si surface, a fluorocarbon
layer is formed on the Si surface. Therefore, sometimes, a follow up cleaning by Argon
(Ar) RIE at 50 W power and 20 mTorr pressure for 5 sec may be used to ensure that there
is no fluorocarbon layer on the Si surface. O, RIE should be avoided to prevent the
partial oxidation of the Si surface. Then, the cleaned sample is immediately loaded into
an oil-free thermal evaporator for deposition of a 50 nm Ag thin film. Afterwards, a lift-
off process is conducted in Remover PG (Micro-Chem) to obtain the desired Ag

nanopatterns on Si.
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5.2.2 Etching of Si by Ag nanopatterns

After patterning the Si substrates with Ag nanopatterns, the samples are etched in
an aqueous solution of 4.8 M HF and 0.3 M H,0O,. After etching the samples are rinsed in
deionized water and blow dried using dry N, gas. SEM characterization is performed to
record the morphologies of all the Ag nanopatterns on Si and the etched Si substrates. 1
pA Ga’ Focused lon Beam (FIB) operating at 30 KV FIB is used to prepare cross sections

of the etched nanostructures and cross sections are recorded using SEM.

5.2.3 Post etching investigation of Ag/Si interface

To understand the directional etching of Si, the Ag/Si interface is examined by
HRTEM after the etching of Ag (5nm thickness)/Si substrates in the aqueous solution of
4.8 M HF and 0.3 M H,0,. The Ag (5nm thickness)/Si sample is chosen for ease of
characterization. Ag film deposition is conducted by radio frequency magnetron
sputtering of a Ag target (99.99% purity) under an Ar gas pressure of 2 mTorr. In order to
record the Ag/Si interface with a minimal effect from air oxidation, the etched Si
substrates are dried up quickly and covered with commercial G1 glue. Thereafter, the G1
glue is cured at 180°C for 3 min to cross link the epoxy to terminate the Si oxidation
process [138]. It is known that the Si oxidation rate<(2 -5 A in about 5 h) is very low
[139] at standard temperature and pressure (S.T.P.) and quick coverage with the G1 glue
also terminates this process. Cross-sectional HRTEM samples are prepared quickly to
limit the oxidation of Si during the sample preparation followed by loading of samples
into the microscope. TEM-energy dispersive X-ray (EDX) spectra are used to quantify

the amount of SiOy present at the Ag/Si interface after the etching of Si by Ag.
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5.2.4 Etching of Ag/SiO./Si substrates with varying oxide thickness

To understand the effect of Ag/Si interface oxide on the directional etching of Si,
the Ag thin film deposited Si samples with various Ag/Si interface oxide thicknesses are
etched in the aqueous solution of 4.8 M HF and 0.3 M H;0,. First, clean hydrogen
terminated Si substrates are prepared. Then, on one substrate, the Ag thin film (thickness
~ 5nm) is sputter deposited. Immediately after deposition, it is etched in the etching
solution. Other cleaned Si substrates are oxidized in a humid-pure oxygen environment to
achieve 5-7- and 10-12-A-thick silicon oxides [139]. After depositing Ag films, the
samples are immediately etched in the aqueous etching solution (4.8 M HF and 0.3 M
H,0,). Morphologies of the Ag films deposited on SiOx(2-3A)/Si, SiOx(5-7A)/Si, and

SiO,(10-12A)/Si and etched Si were recorded using SEM.

5.3 Results and discussion
5.3.1 Directional etching of nanoholes and nanotrenches into Si

Figures 5.1(a), 5.1(d), and 5.1(g) show the SEM images of the Ag nanoparticles,
nanorods, and nanorings on the Si substrate respectively, whereas Figs. 5.1(b), 5.1(e), and
5.1(h) show the plan view SEM images of the corresponding etched nanostructures.
Respective cross-sectional SEM images of the etched nanostructures in Figs. 5.1(c),
5.1(f), and 5.1(i) elucidate the etching of straight nanostructures into Si the along [100]
direction. Cross-sections of the etched nanostructures are cut using 1 pA Ga” focused ion
beam (FIB) operating at 30 KeV for minimizing the redeposition of sputtered material.

We observe partial closure/covering of the etched nanostructures by the ion beam
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sputtered Si. It implies that top most Si surface and vicinity of the etched nanostructures

have micro-porous Si structure as suggested by Chourou et. al. [140].

(d) (e) )

@

Q0

2) T (h) Q)

Figure 5.1: SEM images of Ag nanopatterns on Si: (a) Ag nanoparticles, (d) Ag
nanorods, and (g) Ag nanorings. SEM images of the corresponding etched Si
nanostructures formed after etching Ag nanopattern/Si in aqueous solutions of 4.8 M HF

and 0.3 M H,0- for 10 min: (b)-(c), (e)-(f), and (h)-(i).
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5.3.2 Quantification of oxide at Ag/Si interface

Etching of the Ag/Si sample results in the formation of straight nanochannels
along the Si [100] direction as shown in Fig. 5.2(a). Figure 5.2(b) shows the cross-
sectional TEM image of a Ag NP at the bottom of a Si nanochannel. Here, the region
marked ‘1’ is the location of a thinner Ag/Si interface oxide and that marked ‘2’ is the
location of a thicker Ag/Si interface oxide. Figure 5.2(c) shows the cross- sectional
HRTEM image of the very thin SiOyat the Ag/Si interface (within the regions enclosed
by white circles). TEM-EDX spectra from the regions marked ‘1’ and ‘2’ in Fig. 5.2(b)
are shown in Fig. 5.2(d) which reveals that the silicon to oxygen ratio is about 3-4 times
higher in the region marked “1”. We conducted investigation of 10 Ag NPs which are
randomly selected from different etched Si samples and all Ag NPs show similar type of
etching interfaces. These results imply that at any given time, two types of locations are
present during the etching process. At type-a locations [e.g, the region marked ‘1’ in Fig.
5.2(b)], Ag NPs remain in contact with Si, whereas at type-b locations [e.g, the region
marked ‘2’ in Fig. 5.2(b)], oxidation of Si and etching of the formed oxide continue.
TEM sample preparation may result in formation of additional SiOx at Ag/Si interface.
Therefore, we are considering only relative amount of SiOy at different types of Ag/Si
interfaces. Maintenance of the Ag-Si nano-scale contacts or very thin SiOx mediated Ag-
Si interaction results in the charge neutrality of Ag NPs which in turn ensures that Ag
NPs are not etched during the etching process. Otherwise, if Ag NPs are not in contact
with Si or Ag-Si interaction is too weak, Ag NPs will be oxidized by H,O, and etched

away by HF.
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Figure 5.2 Cross-sectional SEM image of Si nanochannels formed after etching of Ag (5
nm film)/Si in aqueous solutions of 4.8 M HF and 0.3 M H,O, for 10 min. (b) HRTEM
image of a single Ag nanoparticle at bottom of etched Si nanochannel. (c) Zoom-in
HRTEM image showing a thin nano-scale Ag/Si interface within the regions enclosed by
white circles. (d) TEM-EDX spectra recorded from locations marked “1” and “2” in

image (b).

5.3.3 Effect of Ag/Si interface oxide thickness

Fig. 5.3 shows that sputter deposition of Ag on SiO«(2-3A)/Si, SiOx(5-7 A)/Si,
and SiOx(10-12 A)/Si substrates results in deposition of the Ag film with similar type of
morphologies (continuity and roughness). Moreover, the Ag particle size and surface

density of particles are not altered significantly. It implies that etching behavior of these
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Ag deposited SiO,/Si samples should not be directly associated with Ag film

morphologies.

Figure 5.3: SEM images of the Ag thin films (thickness= 5 nm) sputter deposited on (a)

SiOx(2-3A)/Si, (b) SiO«(5-7 A)/Si, and (c) SiO«(10-12 A)/Si substrates.

After etching of Ag/SiOx(2-3A)/Si and Ag/SiO«(5-7A)/Si samples, the formation
of directional nanochannels by the Ag nanoparticles into Si is observed [Figs. 5.4(a)-
5.4(d)], whereas etching of Ag/SiOx(10-12 A)/Si results in the formation of micro-porous
Si on top accompanied by reduction in the number density of straight channels as shown
in Figs. 5.4(e) and 5.4(f). Therefore, when the interface oxide thickness is about 1 nm, Ag
nanoparticles trace random trajectories in the beginning of the etching process. Once the
Ag/Si interface acquires equilibrium interface oxide thickness~ 5A), they start to
perform the directional etching of nanochannels into Si. Results in Fig. 5.4(e) and 5.4(f)
may also be explained by etching of many Ag NPs into solution because of negligible
Ag-Si interaction and subsequent reduction in number density of nanochannels. We
propose that in addition to the type of metal catalyst (Ag, Pt or Pd) [140], crystallinity

and doping of the Si substrate [141], the shape of the metal pattern on Si and the
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composition of the etching solution [142, 143], the maintenance of the sub-nanometer

oxide at the Ag/Si interface is also a key factor in regulating the directional etching of Si.

Figure 5.4: SEM images of etched Si after etching of Ag/SiO«(2-3 A)/Si [(a)-(0)],
Ag/SiO«5-7 A)/Si [(c)-(d)], and Ag/SiO«(10-12 A)/Si [(e)-(f)] substrates in aqueous

solution of 4.8 M HF and 0.3 M H,0..

- 66 - 27 April 2011



-67 -

5.3.4 Etching mechanism

It has been proposed that Ag assisted etching of Si proceeds by reduction of H,0,
(reaction ‘1”) on a Ag NP surface and oxidation of Si (reaction ‘2”) due to injected holes,
followed by etching of the oxidized Si (reactions ‘3’ and ‘4’) by HF into H,SiFs
accompanied with evolution of SiF, and H, gases [57]. The following chemical reactions
describe the etching process briefly.
(1) H,0, + 2H" + 2¢” — 2H,0
(2) Si + 2H,0 + 4h" — SiO; + 4H"
(3) SiO, + 6HF — H,SiFs (aq) + 2H,0
(4) SiO; + 4HF — SiF4(g) + 2H,0 ()
(5) 2H" + 2e" — H> (9)
Etching of the silicon oxide by HF is isotropic, which implies that reduction of H,O,
accompanied by oxidation of Si is the key factor which governs the directionality of Si
etching. During the Ag assisted etching of Si in the aqueous HF + H,O; solution, the
surface of Si is mainly passivated either by -H bonds or by -OH or by -F bonds.
Moreover, it is known that the charge transfer probability across the Si-OH bond is
higher than that across the Si-H or Si-F bond [144]. Furthermore, the H-Si(100) or F-
Si(100) surface is easy to oxidize in an aqueous or oxygen environment compared with
Si(111) surface because it has a 4-5 times higher density of surface states [145].
Therefore, the injection of holes along Si [100] is favored which in turn promotes
directional oxidation (refer to reaction ‘2’) and etching of Si. This proposal is consistent
with the HRTEM investigation of the Ag/Si interface after the etching. The HRTEM

image shows that during etching some part of the Ag NPs is always in contact with Si.
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This Ag-Si contact or interaction promotes directional oxidation followed by etching by
HF. This Ag-Si interaction may also explain the sticking of Ag to Si during etching. Wei
et. al. [146] calculated the adsorption energy of the Ag adatoms at a distance of one
monolayer from the Si surface and found it to be about 2.4 eV. This adsorption energy
would translate into an interaction force of about 10° N between the Ag adatom and the
Si surface. During etching, if 1000 atoms of Ag are in contact with Si, the Ag-Si
interaction force (= 107 N) is sufficient for countering Brownian force (Fg ~ KgT/size of
the Ag nanopattern, where Kg is the Boltzman constant; Fg ~ 10™* N for 50 nm Ag
nanoparticles), and the force generated by bursting of gas bubbles (pressure inside the
nanometer air bubble~ 10 M Pa which is equivalent to force of 10® N). Nonetheless, if
the Ag-Si interaction is weakened by excess interface oxide, the loss of directionality of

etching will be observed as shown in Fig. 5.4.
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Chapter 6 Electroless Ag plating on Silicon

6.1 Aim

As described in section 1.3 of chapter 1 of this thesis, Electroless metal plating is
defined as deposition of metal films onto conducting (metal, alloys, and semiconductors)
or insulating (polymer, glass, and ceramics etc.) substrates without using any external
bias. Plating of noble metals on Si substrates finds application in interconnects and
contact pads etc. in integrated circuit (IC) industry [48], metal nanostructures for surface
enhanced Raman spectroscopy (SERS) substrates [49,50], plasmonics [51], catalysis [52],
electromagnetic shielding [53], and bio-medical technologies [54], growth of Si
nanowires [55], and energy storage and production [56]. Ag Plating on Si by galvanic
displacement reaction can be conducted by immersing cleaned Si substrates in an
aqueous solution of silver nitrate and HF. Owing to its scientific and technological
applications; we investigated the mechanism of electroless plating of Ag on Si using high

resolution electron microscopy and in-situ Raman and FTIR spectroscopy.

6.2 Experiments
6.2.1 Cleaning of Si substrates

p-type Si(100) substrates (resistivity (p) ~ 10 Qcm) were cleaned by immersing in
Piranha solution (H2S04:H,0,::4:1) for 5 minutes, rinsing in deionized water (p = 18.2 M
Q cm) for 5 minutes, immersing in 1% HF solution for 5 minutes, rinsing in water for 5

minutes and blow drying using nitrogen gas.
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6.2.2 Electroless Ag Plating on Si
For Ag plating, the cleaned Si substrates are immersed in an aqueous solution of 2
M silver nitrate (AgNOs3) and 50 mM hydrofluoric acid (HF) for 5 seconds and 5 minutes.

After plating samples are rinsed in DI water and alcohol and blow dried using dry N, gas.

6.2.3 Characterization

Morphologies of the deposited Ag nanoparticles (NPs) on Si are recorded using
SEM. Crystallinity of Ag NPs, growth of Ag nanoparticles on Si and Ag/Si interfaces are
investigated using HRTEM. AFM is used to record the time dependent evolution of
morphologies of Ag NPs plated Si substrates.

The Raman measurements were performed on a commercial HR800, Jobin-Yvon
Raman spectrometer using a 632.8 nm He-Ne laser light as the excitation source. Laser
beam is focused with a 50x objective lens (0.5 NA, 10 mm WD) onto the sample
resulting in an irradiation power density of 10° W/cm?. The scattered radiation was
collected backward with the same objective lens and then was sent through a Raman
notch filter to an 80-cm monochromator. The dispersed spectrum was detected by a liquid
nitrogen-cooled charge-coupled device camera. The Raman spectrometer has a spectral
resolution of < 7 cm™ and a Raman-shift error of < 0.1 cm™ as determined by a
calibration procedure. Data accumulation time of each spectrum was 1 min. During the
in-situ Raman measurements, the Si samples were placed inside a Teflon container and
immersed in the Ag plating solution. A low-fluorescence glass plate (150 um thickness)
is used to cover the container and prevent the evaporated gases of the plating solution

from corroding the objective lens. Surface of the plating solution was 2 mm above the

-70- 27 April 2011



-71-

sample surface and 3 mm below the protecting glass plate. The Raman spectra of the
plated Si substrates after rinsing in H,O and blown drying with N, gas, and the plating
solution were also recorded for comparison.

Infrared absorption spectra were acquired in transmission mode using a
commercial Nicolet Magna Il 550 Fourier-transform infrared (FTIR) spectrometer with a
spectral resolution of < 0.1 cm™. Ag NPs plating occurs on both front and back surfaces
of the Si substrates. After plating for 5 min, the Si substrates were removed from the
plating solution and immediately mounted on the sample stage of the FTIR spectrometer.
We recorded in-situ FTIR spectra with data accumulation time of 10 sec for each
spectrum. The plating solution was observable to naked eyes on both surfaces of these
samples even after recording of the in-situ FTIR spectra and there was no observable
evolution in the in-situ FTIR spectra during measurements. Therefore, it is expected that
the Ag plating reaction should continue for several seconds even after removal of the
substrates from the plating solution.

The plated samples were subsequently rinsed in H,O and blown dried with N, gas.
Another FTIR measurement was taken on such samples afterwards. An FTIR spectrum of

a cleaned Si substrate (without 2-3 nm of native oxide) was recorded for reference.

6.3 Resultsand Discussion
6.3.1 Morphologies of plated Ag NPs

Immersion of Si substrates into Ag plating solution results in the growth of
crystalline Ag NPs onto the Si surface as shown in Fig. 6.1. These particles have sizes

ranging from 20-50 nm as seen in SEM image of Fig. 6.1(a). Crystallinity of the Ag NPs
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has been elucidated by cross sectional TEM image (Fig. 6.1(b)) and high resolution TEM

image of a Ag NP/Si interface (Fig. 6.1(c)).

Figure 6.1: (a) Plan view SEM image of Ag nanoparticles (NPs) on Si(100) formed by
electroless plating in 2 M AgNO3 + 50 mM HF for 5 minutes. (b) Cross sectional TEM

image of Ag NPs on Si (c) HRTEM image of a Ag NP/Si interface.

In order to understand the time evolution dependent morphologies of Ag NPs,
we conducted AFM, SEM and TEM investigations. Fig. 6.2 shows the plan view (top)
and 3 D (bottom) morphologies of the Si substrates after plating with Ag NPs for 5 s.
And Fig. 6.3 shows the plan view (top) and 3 D (bottom) morphologies of the Si
substrates after plating with Ag NPs for 5 min. As determined by AFM images, with the
increase of time from 5 s to 5 min, root mean square (RMS) roughness of the Ag NPs
plated Si substrates increases from 2.15 nm to 8.25 nm. Presence of finer white spots on

AFM images imply slow and step by step growth of Ag nano-islands onto Si substrates.
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Figure 6.2: Plan view (top) and 3 D (bottom) morphologies of the Si substrates after

plating with Ag NPs for 5 s.
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Figure 6.3: Plan view (top) and 3 D (bottom) morphologies of the Si substrates after

plating with Ag NPs for 5 min.
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Fig. 6.4(a) shows SEM image of the nucleation process of Ag NPs on Si after 5
seconds of plating. Ag NPs with sizes ranging from 5 to 20 nm are observed. Cross

sectional TEM and HRTEM images (Fig. 6.4(c), (e)) show Si surface corrugations (~5

nm) which are conformal to geometry of Ag NPs. These corrugations indicate that
growth of Ag NPs proceeds by nanoscale displacement or etching of Si from the regions
below and near the nucleation centers of Ag NPs. Formation of very small Ag NPs during
the nucleation process implies the VVolmer-Weber (island formation) type growth of Ag
NPs on Si. Upon increasing the plating time to 5 minutes, Ag NPs with sizes ranging
from 10 to 35 nm are observed as shown in SEM image of Fig. 6.4(b). Comparing Fig.
6.4(a) and (b), it is observed that the growth rate of smaller particles is smaller compared
to bigger particles. This can be understood in terms of change of metal-Si Schottky
barrier height (energy difference between valence band maxima of p-type Si and Fermi
level of metal or energy difference between conduction band minima of n-type Si and
Fermi level of metal). It has been reported that metal (Ni)-semiconductor (Si) barrier
height increases when size of Ni-Si contacts is reduced from 1530 nm to 174 nm [149].
And in our case, smaller Ag NPs (5-20 nm) have even smaller nanoscale metal-Si
contacts. This will lead to presence of higher Ag-Si Schottky barrier height for smaller
Ag NPs. Growth of Ag NPs on Si requires that the Ag® ions from the plating solution
must get reduced at Ag/Si interface by taking electrons from Si. Higher Ag-Si Schottky
barrier height for smaller Ag NPs reduces the charge transfer probability across Ag/Si
interface leading to slower growth rate of smaller Ag NPs. With the increase of plating
time the Si surface corrugations also show 2 to 4 times increment as seen in the cross

sectional TEM images (c) and (d) of Fig. 6.4.
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Figure 6.4: Electron microscope images showing growth of Ag nanoparticles on Si after
plating in an aqueous solution of 2 M silver nitrate (AgNOs) and 50 mM HF. (a), and (b):
Plan view SEM images of Ag NPs on Si after plating for 5 seconds and 5 minutes
respectively. (c), and (d): Corresponding cross-sectional TEM images of Ag NPs. (e), and

(f): Corresponding cross-sectional HRTEM images of Ag NPs.
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This is consistent with the fact that growth of Ag NPs on Si substrate occurs by galvanic
displacement of Si. Cross sectional HRTEM image as shown in Fig. 6.4(f) elucidates the
nanocrystalline structure of the Ag NPs on Si substrate. Crystallinity of these NPs makes
them a better catalyst for vapor-liquid-solid (VLS) growth of highly crystalline Si

nanowires as compared to particles grown on Si by physical evaporation of metal [150].

6.3.2 Raman spectra

Fig.6.5 shows the Raman spectra of Si substrates after plating them with Ag NPs for 5
seconds (Fig. 6.5(a)) and 5 minutes (Fig. 6.5(b)) respectively. Fig. 6.5(c) shows the in-
situ Raman spectra of the Ag plating solution and Fig. 6.5(d) shows the spectra of the
used plating solution after continued Ag plating for 2 hours. A weak shoulder around 230
cm™, peaks at 302 cm™ (2 transverse acoustic mode), 520 cm™ (transverse optical (TO)
mode), 620 cm™ (2 longitudinal acoustic mode ) and 940 cm™ (2 TO phonon overtone
mode at point W in Brillouin zone) are assigned to Si [151]. Interestingly, Fig. 6.5(b)
shows an additional broad peak at 965 cm™ (2 TO phonon overtone mode at point L in
Brillouin zone), which could be the result of surface enhanced scattering of this particular
mode of 2TO bands of Si with light due to presence of Ag. It is to be noted that 2 TO
phonon band centered at 960 cm-1 is associated with vibration modes at 920 cm™ (2 TO-
phonon overtone scattering from critical point X in Brillouin Zone), 940 cm™ (2 TO-
phonon overtone at point W), 965 cm™(2 TO-phonon overtone scattering from point L)
and termination of phonon scattering at 1040 cm™ due to rapid decrease in density of
states at this point in Brillouin zone [152]. A medium intensity peak at 654 cm™ is

assigned to the peak of silicon-hexafluoride ion (SiFs”) in the Raman spectra of H,SiFs in
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water [153]. This peak is not observable in the in-situ Raman spectra due to low
concentration of SiFs® in the solution. A broad peak at 480 cm™ is likely to originate
from hydrogenated amorphous silicon or similar disorder due to HF electrochemical

etching [154].
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Figure 6.5: Raman spectra of Ag NPs plated Si after: (a) 5 s of Ag plating, and (b) 5 min
of Ag plating. (¢) In-situ Raman spectra of the Ag plating process in solution of 2 M
AgNO;3 and 50 mM HF. (d) Raman spectra of the used plating solution after 2 hours of
Ag plating. Peaks at 230 cm®, 302 cm™ (2 transverse acoustic mode), 520 cm®
(transverse optical (TO) mode), 620 cm™ (2 longitudinal acoustic modes) and 940 cm™ (2
TO mode) are assigned to Si. Peak at 654 cm™ is assigned to silicon-hexafluoride ion
(SiF6®). All the spectra are recorded using 632.8 nm He-Ne laser light perating at 10 mwW

power, and have been normalized to unity, and shifted along y-axis for clear presentation.
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6.3.3 FTIR spectra

Fig. 6.6(a) shows in-situ FTIR spectra of Ag plating onto Si substrates whereas
Fig. 6.6(b) shows FTIR spectra of the Ag NPs plated Si substrate after rinsing in
deionized water and drying with dry N, gas. Fig. 6.6(c) shows FTIR spectra of a cleaned
Si substrate with 2-3 nm of native oxide. For recording the spectra (c), a Si sample was
cleaned by sonication in acetone, methanol and deionized water (18.2 MQ-cm resistivity)

for 5 minutes separately.
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Figure 6.6: (a) shows in-situ FTIR spectra of Ag plating onto Si (b) FTIR spectra of the

Ag NPs plated Si substrate (c) FTIR spectra of a Si substrate with 2-3 nm of native oxide.

In Fig. 6.6, Si-H wagging mode (622 cm™), O-Si-O stretching mode (820 cm™),

Si-H bending mode (906 cm™), and Si-O-Si stretching mode (1110 cm™) are observed
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[155, 156] which indicate the presence of silicon oxide at Ag/Si interface during the Ag

plating reaction.

6.3.4 Mechanism of Ag plating

Based on our experimental results, we can conclude that galvanic displacement
plating of Ag on Si proceeds via deposition of Ag upon reduction by taking electrons
from Si, followed by formation of SiOy, and dissolution of formed SiOy into the etching
solution as H,SiFs. Following chemical reactions describe the Ag plating process as
supported by in-situ Raman data. Here ‘x’ defines the stoichiometry of silicon oxide, ‘n’
defines the valence of Si and ‘AG’ refers to change in Gibbs free energy in units of
Kcal/mol. We calculated AG only for the balanced chemical equations by using standard
free energy of formation [157] and keeping x =2. In all cases AG is found to be negative
which implies spontaneity of these reactions.
Ag’+e — Ag, AG =-77 Kcal/mol (Reduction of Ag)
SiHs+ x H,0 + (n + 4)h" — SiOyx + (n + 4)H*, withx =0.1t02,y=1t0o 4, n =~2to 4,

AG =-105 Kcal/mol for oxidation of Si

SiOx + 6HF — H,SiFs (aqueous) + xH,0, AG =-33 Kcal/mol for etching of Si oxide
2H" + e — H (gas), AG ~0 Kcal/mol for hydrogen evolution

The above chemical reactions in conjunction with electron microscopy and in-situ
Raman spectroscopy provide the essence of electroless Ag plating on Si by galvanic
displacement. Ag ions get reduced on Si surface by taking electrons from Si which results
in injection of holes into valence band of Si. Injected holes and water molecules react

with Si to form silicon oxide which is eventually dissolved by HF providing a clean
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Ag/Si interface where further reduction of Ag ions occurs. Hydrogen gas evolution also
occurs spontaneously by recombination of protons with electrons. Our experimental
findings are in agreement with the Ag plating model proposed by Kalkan et. al. [155].
Kalkan et. al. proposed the following reduction-oxidation reaction for the electroless
plating of Ag on Si:

SiHy + 2Ag" + 2NO3 + H,0 — SiO, + 2Ag + 2H" + 2NO3™ + (1 + X/2) H,

Here, hydrogen terminated Si gets oxidized and Ag gets reduced (plated) on the Si
substrate. It is to be noted that if the plating solution does not contain HF then the
galvanic displacement reaction will be terminated soon. Because SiO; layer formed at
Ag/Si interface will inhibit the transfer of charge across Ag/Si interface which in turn will

inhibit the reduction of Ag ions.
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Chapter 7 Ag assisted etching of S

7.1 Aim

Section 1.5 of chapter 1 of this thesis describes in detail the noble metal (e.g.: Ag,
Au) assisted etching of Si substrates. This type of wet chemical etching has been used for
fabrication of wide variety of Si nanostructures [57-66]. In particular the Ag-assisted
etching of Si in an aqueous solution of HF and H,O- has drawn special attention because
of its ability to perform directional etching of nanostructures with high aspect ratio into Si.
Many mechanisms have been proposed to explain the Ag-assisted Si etching [57, 58, 64].
However, the etching mechanism remains ambiguous because of lack of direct
experimental evidence. Therefore, we conducted the in-situ Raman [158] and Fourier
transform infrared (FTIR) [156] characterization to elucidate the chemical mechanism of
the Ag-assisted Si etching. Further, we applied our results to explain the high speed

directional etching of Si assisted by Ag nanoparticles.

7.2 Experiments
7.2.1 Cleaning of Si substrates

p-type Si(100) substrates (1@-cm resistivity) were cleaned by sonication in
acetone, methanol and deionized water (18.2 MQ-cm resistivity) for 5 minutes separately.
Immersing such substrates in 1% HF solution for 5 minutes followed by rinsing in
deionized water for another 5 minutes results in formation of hydrogen (H) terminated Si

surface.
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7.2.2 Ag assisted Si etching

For Ag nanoparticles (NPs) plating, the cleaned Si substrates were immersed in an
aqueous solution of 2 M silver nitrate (AgNO3) and 50 mM HF for 5 minutes. Ag NPs
plated Si substrates are etched for 10 minutes in aqueous solutions of different HF and
H,0, compositions. Etching is performed in solutions with fixed H,O, concentrations
(0.05 M and 0.5 M) and varying HF concentrations (2.3 M, 4.8 M and 10 M). In another
set of experiments, Ag NPs plated Si substrates were also etched in aqueous solutions of
different HF and H,O, compositions (1 M HF & 0.5 M H;0,, 5 M HF & 0.5 M H,0q;

and 5 M HF & 2.5 M H,0,).

7.2.3 Characterization

Morphologies of Ag NPs on Si and etched Si substrates were recorded using
scanning electron microscope (SEM). The Raman measurements were performed on a
commercial HR800, Jobin-Yvon Raman spectrometer using a 632.8 nm He-Ne laser light
as the excitation source. Laser beam is focused with a 50x objective lens (0.5 NA, 10 mm
WD) onto the sample resulting in an irradiation power density of 10° W/cm?. The
scattered radiation was collected backward with the same objective lens and then was
sent through a Raman notch filter to an 80-cm monochromator. The dispersed spectrum
was detected by a liquid nitrogen-cooled charge-coupled device camera. The Raman
spectrometer has a spectral resolution of < 7 cm™ and a Raman-shift error of < 0.1 cm™
as determined by a calibration procedure. Data accumulation time of each spectrum was 2
min. During the in-situ Raman measurements, the samples were placed inside a Teflon

container and immersed in the etching solution. A low-fluorescence glass plate (150 um
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thickness) is used to cover the container and prevent the evaporated gases of HF and
H,0, from corroding the objective lens. Surface of the etching solution was 2 mm above
the sample surface and 3 mm below the protecting glass plate. The Raman spectra of the
resultant porous Si and the etching solution after the reaction were also recorded for
comparison.

Infrared absorption spectra were acquired in transmission mode using a
commercial Nicolet Magna Il 550 Fourier-transform infrared (FTIR) spectrometer with a
spectral resolution of < 0.1 cm™. Ag NPs plating occurs on both front and back surfaces
of the Si substrates, therefore the etching reaction proceeds on both surfaces in the
etching solution. After etching for 30 min, the Si substrates, which possess several
microns long nanochannels, were removed from the etching solution and immediately
mounted on the sample stage of the FTIR spectrometer. We recorded in-situ FTIR spectra
with data accumulation time of 10 sec for each spectrum. Such measurements can be
considered as in-situ characterization owing to the following five facts. First, the residual
etching solution (thickness~ 30 -50 um as estimated by optical microscope) was
observable to naked eyes on both surfaces of the samples even after the FTIR
measurements. Second, after removing the samples from the etching solution and keeping
them in vertical position for 15 sec, its surface was observed under optical microscope.
Gas bubbles of about 2-5 pum diameters were found to be forming and bursting in the
entire residual etching solution layer. Gas evolution is a signature of the ongoing Si
etching process. Gas evolution was found to seize within 30 sec after withdrawing the
sample from the etching solution. Third, after withdrawing the Si samples from the

etching solution and keeping them mounted in vertical position on the stage of FTIR
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spectrometer, the FTIR spectra showed the characteristic dips identical to those of the
etching solution. These dips were only observed in the high wave number regime for
duration of about 30 sec. Fourth, there was no observable evolution of in-situ FTIR
spectra during first 10-20 sec of the spectral recording. Fifth, Vlassiouk et al. [159]
studied wetting-dewetting behavior of hydrophobic mesoporus membranes (pore
diameter ~ 20 nm). They reported that large activation energy barrier (AF > 10° KgT, Kg
= Boltzmann constant, and T = temperature) makes the dewetting very slow process and
occurring at non-measurable rate for pore radius > 5nm. Therefore, the capillary action
of Si nanochannels is expected to retain the etching solution and the Si etching should
continue for several seconds even after removal of the substrates from the etching
solution.

The samples were subsequently rinsed in H,O and blown dried with N, gas.
Another FTIR measurement was taken on such samples afterwards. Similar to the Raman
study, an FTIR spectrum of a cleaned Si substrate (without Ag plating) was recorded

after undergoing the etching in aqueous solution of 5 M HF & 0.5 M H,0,, and cleaning.

7.3 Resultsand Discussion
7.3.1 Morphologies of etched Si

Morphologies and characteristics of the Ag NPs plated Si substrates have been
described in section 6.3.1 of chapter 6 of this thesis. Etching of Ag NPs plated Si in 0.05
M H,0, and 2.3 M HF solution results in formation of nanochannels with porosity on
sidewalls. Many lateral etch holes are also observed as shown in Fig. 7.1(a). Fig. 7.1(b)

shows that upon increasing the HF concentration to 4.8 M, the crystallinity of sidewalls
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of nanochannels is restored accompanied with reduction in number of lateral etch holes.
Increase in the HF concentration to 10 M results in formation of silicon nanowires of
about 50 nm diameter as shown in Fig. 7.1(c). In addition, almost no lateral etch holes are
observed in nanowires. Average etch depth of silicon is found to be 1.5 pm, 2 pum, and
3.5 um when HF concentration is 2.3 M, 4.8 M, and 10 M respectively. Increase in the
etch depths with the increase in HF concentration is not linear which shows an increased
range of lateral etching as supported by formation of nanowires, Fig. 7.1(c).

Etching Ag plated Si substrates in 0.5 M H,0O,and 2.3 M HF solution results in
formation of nanochannels with microporous topwalls of nanochannels but almost no
lateral etch holes are seen as shown in Fig. 7.1(d).

Fig. 7.1(e) shows straight nanochannels and a few lateral holes when etching is
performed in 0.5 M H,0,and 4.8 M HF solution. With the increase of HF concentration
to 10 M primarily aligned deep nanochannels along with many partially curved
nanochannels are observed as shown in Fig. 7.1(f). No nanowire formation is observed
when etching is performed in 10 M HF and 0.5 M H,0O, aqueous solution because the
enhanced sinking speed of Ag NPs into Si limits the lateral etching range, which is in
agreement with average etch depth of silicon changing from 1.2 um, 4 um, and 10 pum
when the HF concentration is 2.3 M, 4.8 M, and 10 M respectively.

Fig. 7.2 shows the SEM images of the Si substrates after etching of Ag NPs
plated Si in aqueous solutions of 1 M HF & 0.5 M H,0, (Fig. 7.2(a) and 7.2(b)), 5 M HF
& 0.5 M H;0; (Fig. 7.2(c) and 7.2(d)); and 5 M HF & 2.5 M H,0, (Fig. 7.2(e) and 7.2(f))

respectively. Plan view SEM images (Fig 7.2(a), 7.2(c), and 7.2(e)) show circular holes
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corresponding to size of plated Ag NPs and cross sectional SEM images (Fig. 7.2(b), 7.2

(d), 7.2(f)) show nanochannels formed into Si.

Figure 7.1: Cross sectional SEM images of Si(100) after etching of Ag NPs plated Si in
aqueous solution of different compositions. (a), (b), and (c): 0.05 M H,O, and 2.3 M HF,
4.8 M HF and 10 M HF respectively. (d), (e), (f): 0.5 M H,0; and 2.3 M HF, 4.8 M HF

and 10 M HF respectively. Scale bar = 100 nm.
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Figure 7.2: Plan view and cross-sectional SEM images of the Si substrates after etching
of Ag NPs plated Si in aqueous solutions of 1 M HF and 0.5 M H,0; (2a and 2b), 5 M
HF and 0.5 M H;0; (2c and 2d), and 5 M HF and 2.5 M H,0O, (2e and 2f) respectively.
Scale bar = 200 nm for all images.

In addition to nanochannles, Fig. 7.1 and Fig. 7.2 also show meso-micro-porous

Si which is formed in the vicinity of Ag NPs during the etching of Si.
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7.3.2 Raman spectra

In Fig. 7.3, Fig. 7.3 (a) and 7.3 (b) show the in-situ Raman spectra of the clean Si
surface in the etching solution (5 M HF & 0.5 M H;0,) and of Ag NPs assisted Si etching
respectively. Fig. 7.3 (c) and 7.3 (d) show the Raman spectrum of the formed porous Si
and used etching solution. A weak shoulder around 230 cm™, peaks at 302 cm™ (2
transverse acoustic mode), 520 cm™ (transverse optical (TO) mode), 435 cm™ & 620 cm™
(2 longitudinal acoustic mode ) and 940 cm™ (2 TO mode) are assigned to Si [151]. Peak
at 876 cm™ is assigned to H,0, [160]. A very weak-broad weak peak at 391 cm™ and a
medium intensity peak at 657 cm™ are assigned to the peaks of silicon-hexafluoride ion
(SiF6®) in the Raman spectra of H,SiFs in water [153].

Ag NPs assisted Si etching produces nanoholes (20 to 100 nm diameter) into Si
but significant broadening of the Si peak at 520 cm™ and extension of the peak tail up to
470 cm™ in Fig. 7.3 (b) and 7.3 (c) indicates the formation of the meso-micro-porous Si
(pores of 2-5 nm size) also [161]. In addition to formed Si nanoholes and meso-micro-
porous Si, the presence of Ag also enhances the Raman scattering of peaks of Si.
Therefore, the Raman spectra Fig. 7.3(b) and Fig. 7.3(c) indicate the formation of the
meso-micro-porous Si in the vicinity of the Ag nanoparticles. Our speculation is in
agreement with SEM images shown in Fig. 7.2.

As a final note on the Raman investigation, both spectrum (b) and (c) show a
broadened 520 cm™ peak, compared with that of the pristine silicon sample, indicating a

phonon-confinement effect caused by the formed porous Si nanostructures.
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Figure 7.3: In-situ Raman spectra of the Si surface in the etching solution (5 M HF and
0.5 M H20,) (a) without Ag nanoparticles, and (b) with Ag nanoparticles. Raman spectra
of (c) porous Si and (d) used etching solution. Peaks at 230 cm™, 302 cm™ (2 transverse
acoustic mode), 520 cm™ (transverse optical (TO) mode), 435 cm™ & 620 cm™ (2
longitudinal acoustic modes) and 940 cm™ (2 TO mode) are assigned to Si. Peak at 876
cm™ is assigned to H;0,. Peaks at 391 cm™ and 657 cm™ are assigned to silicon-
hexafluoride ion (SiFs>). All the spectra are recorded using 632.8 nm He-Ne laser light
operating at 10 mW power, and have been normalized to unity, and shifted along y-axis
for clear presentation.

In-situ Raman spectra in Fig 7.3 revealed only the formation of micro-meso-
porous Si as intermediate and H,SiFg as end product of the etching reaction. Therefore,
we only investigated the in-situ Raman spectra of Ag NPs assisted etching in the aqueous

solution of 5 M HF & 0.5 M H,0,.
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7.3.3 FTIR spectra

In Fig. 7.4, Fig. 7.4(a) shows an FTIR spectrum of a H-Si substrate (without Ag
NPs plating) after the etching in aqueous solution of 5 M HF and 0.5 M H,0., rinsing in
deionized water, and blow drying using N2 gas. It shows peaks at 622 cm™ (Si-H wagging
mode) and a bump at 1110 cm™ (Si-O-Si stretching mode) [155, 156]. This implies the
partial coverage of its surface by silicon oxide. Fig. 7.4(b) shows in-situ FTIR spectrum
of the Ag NPs assisted Si etching. In addition to water band at 1640 cm™; peaks at 622
cm™ and 1110 cm™, and weak bumps at 2100 cm™ (Si-H stretching modes) are observed.
Fig. 7.4(c) shows FTIR spectrum of the formed porous Si after rinsing with deionized
water and drying. Here additional bands at 820 cm™ (O-Si-O stretching mode), 906 cm™
(Si-H bending mode), and a double bump at 2100 cm™ (Si-H stretching modes) are
observed [156]. These additional bands are not observable in the in-situ FTIR spectrum
because of dominance of IR spectrum of water. Spectra in Fig 7.4 indicate the formation
of silicon oxide as intermediate during the Ag assisted Si etching.

Although we observed silicon oxide signal in FTIR spectra (Fig. 7.4), but the role
of water in oxidation of the formed porous Si is not evident. Therefore, we conducted
another set of in-situ FTIR experiments. In Fig 7.5, Fig. 7.5(a), 7.5(b) and 7.5(c) show the
in-situ FTIR spectra upon etching of Ag NPs plated Si in aqueous solutions of 1 M HF &
0.5 M H,0,, 5 M HF & 0.5 M H,0,, and 5 M HF & 2.5 M H,0, respectively. Fig. 7.5(d),
7.5(e) and 7.5(f) show the corresponding in-situ FTIR spectra after 10x dilution of the
etching solutions while keeping the etched Si substrates immersed in their respective
etching solution. All spectra show the Si-O-Si stretching mode peak at 1110 cm™ and

with comparable intensity of peaks before and after dilution of the etching solution.
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Figure 7.4: (a) FTIR spectrum of a H-Si substrate after immersion in aqueous solution of
5 M HF and 0.5 M H,0, for 10 min and rinsing in H,O and blow drying using N2 gas. (b)
In-situ FTIR spectrum of Ag-assisted Si etching (c) FTIR spectrum of porous Si. Peak at
622 cm™ (Si-H wagging mode), 820 cm™ (O-Si-O stretching mode), 906 cm™ (Si-H
bending mode), 1110 cm™ (Si-O-Si stretching mode), 1640 cm™ (vibration mode of water)
and 2100 cm® (Si-H stretching modes) are observed. All spectrums have been

normalized to unity and shifted along y-axis for clear presentation.

Further, it is known that reaction of fluorine and hydrogen terminated Si surface
with water yields Si-OH which has IR band at 3600 cm™ [162, 163]. Therefore, water
does not promote oxidation of the formed porous Si and silicon oxide is formed at Ag/Si

interface during the Si etching.
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Figure 7.5: (a), (b), and (c) In-situ FTIR spectra upon etching of Ag NPs plated Si in
aqueous solutions of 1 M HF & 0.5 M H,02, 5 M HF & 0.5 M H,0,, and 5 M HF & 2.5
M H,0, respectively. Spectra (d), (e) and (f) show the corresponding in-situ FTIR spectra
after 10x dilution of the etching solutions while keeping the etched Si substrates
immersed in their respective etching solution. Peak at 622 cm™ (Si-H wagging mode),
1110 cm™ (Si-O-Si stretching mode), 1640 cm™ (vibration mode of water) and 2100 cm™
(Si-H stretching modes) are observed. All spectrums have been normalized to unity and

shifted along y-axis for clear presentation.

7.3.4 Mechanism of Ag assisted Si etching
In aqueous HF and H,0, solution, silicon oxide is formed due to oxidation of Si
by H,0,and formed oxide is etched away by HF. But the etching rate of Si is negligibly

small because most of the Si surface is primarily H-terminated and is difficult to be
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oxidized and etched. It is known that deposition of Ag on Si enhances the etching rate of
Si beneath the Ag NPs. A clean Ag surface is hydrophilic which causes wetting of the Ag
surface by the aqueous etching solution followed by the reduction of H,O, on the Ag
surface accompanied with injection of holes into Si. Reaction of hole injected Si with
water results in formation of silicon oxide which will be etched by HF to yield H,SiFs.
This leads to the formation of the miroporous Si in vicinity of the Ag NPs followed by
oxidation and dissolution of the mircoporous Si. Oxidation and etching of miroporous Si
is a faster process. This pathway explains the high-speed etching of Si by the Ag NPs and
it is consistent with models proposed by Peng. et. al. [57] and Mohamed et. al. [140].
Peng et.al proposed that etching of Si proceeds with reduction of H,O, on metal surface
accompanied with oxidation of Si and dissolution of oxidized Si by HF. Mohamed et. al.
proposed the formation of microporous Si beneath the Ag NPs followed by oxidation of
Si and dissolution of oxidized Si by HF to explain the high-speed etching of Si.

Following chemical reactions describe the Ag assisted Si etching process as
supported by in-situ Raman and FTIR data. Here ‘AG’ refers to change in Gibbs free
energy in units of Kcal/mol. We calculated AG only for the balanced chemical equations
by using standard free energy of formation [157]. It is to be noted that in all cases AG is
found to be negative which implies spontaneity of these reactions.

(1) H,0, + 2H" + 2¢" — 2H,0, AG =-78 Kcal/mol for reduction of hydrogen proxide
(2) Si (microporous) + 2H,0 + 4h™ — SiO, + 4H", AG =-91 Kcal/mol for formation of
silicon oxide

(3) 2H" + 2e”" — H; (gas), AG = 0 Kcal/mol for hydrogen gas evolution
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(4) SiO, + 6HF — H,SiFg (aqueous) + 2H,0, AG =-33.73 Kcal/mol for etching of silicon
oxide

Overall chemical reaction: Si + H,O, + 6 HF — H,SiFs (aqueous) + H, (gas)

It has been reported by us that maintenance of sub-nanometer oxide between the
Ag/Si interface and AgNP-Si interaction are some of the key parameters which regulate
the directional etching of Si by Ag NPs [164]. HF etches silicon oxide isotropically,
which indicates that reduction of H,O, accompanied by oxidation of Si governs the
directional etching of Si. During the Ag NPs assisted Si etching in the aqueous HF and
H,0; solution, the surface of Si is primarily passivated either by —H or —OH bonds or
by —F bonds. It is known that the probability to charge transfer across the Si-OH bond is
higher than that across the Si-H or Si-F bonds [144]. In addition, the H-Si(100) or F-
Si(100) surfaces are easy to oxidize in an agueous or oxygen environment as compared
with Si(111) surfaces because they have 4-5 times higher density of surface states [145].
Therefore, the injection of holes along Si [100] is favored which in turn promotes
directional oxidation and etching of Si. This model is supported by the observed peak of
silicon oxide at 1110 cm™ as shown in Fig. 7.4(b) and 7.4(c), and in spectra of Fig 7.5.
Intensity of the silicon oxide peak indicates that the oxide is formed as a reaction
intermediate in Ag-assisted Si etching because oxidation rate of HF or HF + H,O, treated
Si in air or water [139] is very low and would only yield a small bump at 1110 cm™ as
shown in Fig. 7.4(a).

We have investigated the Ag-assisted etching of Si in acidic HF and H,O; solution

and elucidated its chemical mechanism. Although, our experimental results are consistent
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with the models proposed in literature references on Ag assisted etching of Si [57, 140,
165, 166], but our findings should not be generalized to etching of Si in HF solutions. Jia
et. al. conducted stain etching of Si in NaNO; and HF solution, and found Si-O-Si
stretching band at 1100 cm™ in the FTIR spectra of the formed porous Si which indicates
formation of silicon oxide as intermediate [167]. On the other hand, Dudley et. al.
conducted stain etching of Si in HF + FeCl; + H,SO, solution and found only Si-H
vibration modes in the FTIR spectra of the formed porous Si even after 30 minutes of air
exposure which indicates direct etching of Si [168, 169]. Therefore, depending on
chemical composition of the etching solution and etching conditions, the Si etching

pathway can also differ.

-96 - 27 April 2011



-97-

Chapter 8 Conclusions

8.1 Ordered arrays of Ag nanoparticles by constrained self organization

Thermal annealing of thin Ag film, deposited at low temperature onto FIB
patterned Si(100) substrate, in inert environment causes the aggregation of Ag on the
FIB-irradiated locations. By carefully tuning the deposition and annealing temperature,
lattice constant of the aggregation centers, and ion beam dose, ordered array of Ag
nanoparticles with uniform size are fabricated. In principle, this method based on FIB
irradiation can be exploited for the creation of aggregation lattices on other materials and
used for the fabrication of various ordered arrays of nanoparticles via a constrained self-

organization process.

8.2 Probing surface plasmon of individual Ag nanoparticles by scanning
transmission electron microscopy (STEM)

The spatially resolved investigation of the SP characteristics in individual Ag
nanoparticles (~30 nm) in the ultra-violet spectral regime has been achieved using
STEM-EELS. The NP shows a prominent SP resonance at ~3.5 eV (~355 nm) and a
broad surface excitation at ~7.0 eV (~177 nm), both of which are in good agreement with
the associated STEM-EELS calculations. STEM-EELS mapping was further performed
to reveal the spatial distributions of these surface excitations, and the dipolar near-field
characteristics with remarkable field enhancements imaged for the 3.5-eV SP could be of

practical implications for plasmonics and ultra-sensitive sensing by SERS.
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8.3 Fabrication of Singlet, doublet, and triplet of Ag nanoparticlesin AAO

Single, double, and triple Ag nanoparticles were electrochemically grown into
custom designed AAO templates which were prepared by FIB patterning of the AAO
substrates. Dimers and trimers of Ag nanoparticles in AAO possess interparticle gap
about 5 nm. This fabrication method allows the precise control over the position of the
dimers and trimers, and interparticle separation. STEM-EELS and scanning near-field

microscopy (SNOM) mapping of the fabricated dimers and trimers is under investigation.

8.4 Directional etching of silicon by silver nanostructures

Directional etching of the nanostructures (nanoholes, nanorings, and
nanotrenches) into Si by different Ag nanopatterns has been achieved. We propose that
the sticking of Ag to Si during etching and directional etching by Ag depend on Ag/Si

interface oxide thickness.

8.5 Electroless Ag plating on Silicon

Electron microscopy and in-situ Raman and FTIR spectroscopy characterization
was conducted to investigate the mechanism of the electroless Ag plating. Galvanic
displacement plating of Ag on Si results in growth of nano-crystalline Ag nanoparticles
on Si substrates which shows Volmer-Weber (island or nano-particle) type growth of Ag
on Si substrates.

Raman and FTIR spectroscopy revealed that galvanic displacement plating of Ag

on Si proceeds via deposition of Ag upon reduction by taking electrons from Si, followed
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by formation of SiOy, and dissolution of formed SiOy into the etching solution as H,SiFs

providing a clean Ag/Si interface where further reduction of Ag ions occurs.

8.6 Ag assisted etching of Si

Electron microscopy images revealed that depending on the composition of the
etching solution the morphologies of the etched Si nanostructures vary. Self organized
array of Si nanoholes and nanowires can be grown by Ag-assisted Si etching simply by
tuning the composition of the etching solution.

In-situ Raman and FTIR spectroscopy is used to empirically establish the
chemical mechanism of the Ag-assisted Si etching. Microporous Si and silicon oxide are
revealed as etching reaction intermediates and H,SiFs is detected as an end product of the
Si etching. Etching proceeds via formation of microporous silicon oxide followed by
dissolution of oxide into solution as H,SiFs. We believe that our work will enhance the
use of in-situ Raman and FTIR spectroscopy to study other reactions like catalysis and
toxicology, where interactions between the reactants (or products) and the surfaces of

metal catalyst are significant and help shed some lights on the mechanisms of reactions.
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2 List of Acronyms

. Scanning electron microscopy (SEM)

. Transmission electron microscopy (TEM)

. Atomic force microscopy (AFM)

. Scanning transmission electron microscopy (STEM)
. Electron energy loss spectroscopy (EELS)

. Fourier transform infrared spectroscopy (FTIR)

. Electron beam lithography (EBL)

. Focused ion beam lithography (FIB)

. Porous anodic alumina (AAO or Anodic Aluminum Oxide)

. TEM- energy dispersive X-ray spectrometry (TEM-EDX)
High resolution transmission electron microscopy (HRTEM)
Surface enhanced Raman scattering (SERS)

Half angle annular dark field {HAADF or Z (atomic number)-contrast imaging}
Hexagonal-close-packed (HCP)

Left hand side (LHS)

Right hand side (RHS)

Transport of lons in Materials (TRIM) Code

Surface plasmons (SPs)

Nanoparticles (NPs)

Custom-designed arrays of AAO nanochannels (CDA)

Figure (Fig.)
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