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(a) BF XTEM image of S2 showing formation of only spherical
particle on Si due toNy annealing. Particle size increases with the
pyramid height. (b) HRTEM image showing the direct formation of
3D island of Ag on Si, (c) histogram of the particle size distribution,
(d) SAD pattern of the interface showing epitaxial growth of Ag on
P
(a) Low-magnification BF XTEM image of S3, (b) histogram of the
particle size distribution, (c) high-magnification XTEM image of
S3,(d) BF XTEM image showing almost all the spherical particles
are associated with triangular particle underneath, (e) SAD pattern
from a region in (d) showing epitazial relation between Ag and Si.
[110] Zone axis diffraction pattern where diffraction spots of Ag are
indexed by red and Si by the yellow color. (f) HRTEM image of the
portion marked by a red square in (c), showing the facet is along the
422 direction and the Moiré fringe of spacing is 9.670.04 A.
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(a) SE image of P-Si produced by SDR method. (b) Ag deposited
on P-Si by GDR. (¢) XTEM image of Ag deposited on P-Si. (d)
STEM-HAADEF image of Ag on P-Si. (e) EDX elemental spectra
from the region marked by a red rectangle in (d). . . . ... ... ..
(a) BF TEM image of St NW produced by MACE process on planar
Si (100). (b) HRTEM image of a single Si nanowire. (c) SAD
pattern of Si NW along [110] zone azis showing diffraction spots.
(d) HRTEM image of the interface between Ag and Si. (e) Closer
look of the portion marked by black square in (d) showing Si (111)
and Ag (111) plane. (f) FFT pattern of the same region showing
diffraction spots for Ag and Si.. . . . . . . ...
(a) Formation of Si nanowire on planar Si using 0.2 M HyOs as
etchant (b) HRTEM image (c¢) Wien filtered HRTEM image of a
single nanowire showing absence of any amorphous Si layer. (d)
FFE'T pattern of the region shown in (c) showing very good crystalline
structure of the nanowire. . . . . . . .. ...
(a) BF TEM image of Si NW formed on P-Si by MACE pro-
cess. (b) High-magnification image from the portion marked by a
red square in (a). (c¢) FFT pattern from Si nanowire. (d) High-
magnification image of a single Si nanowire. (e) HRTEM image
of a single Si NW showing the formation of zig-zag sidewalls of Si.
(f) Wien filtered image of (e) showing the etching direction. (g)
STEM-HAADEF image. (h) EDX elemental spectra from the portion
marked by yellow square in (g) showing the presence of Si and Ag.
(i) EDX mapping (Si-K map, Ag-L map, and composite map) from
the portion marked by a magenta rectangle in (g). . . . . .. ...
(a) XSEM image of St NW after the removal of Ag by HNOs. (b)
XSEM view of P-Si/Si nanowire after redeposition of Ag on it. (c,d)
Plan-view SEM image after annealing at 550C" for 1 minute at Oy
and Ny atmosphere, respectively. The inset shows a BSE image to

confirm the presence of Ag on the top of Si nanowire. . . . . . ..
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SE images. (a), (b), (c), (d) and (e) represents Pd nanoparticles
features when deposited on Ge (100) for 1 minute (G1), 2 minutes
(G2), 10 minutes, 20 minutes and 60 minutes respectively. (f),
(g9), (h), (i) and (j) represents Pd nanoparticles Pd nanoparticles
features when deposited on Si (100) for 1 minute (S1), 2 minutes
(52), 10 minutes, 20 minutes and 60 minutes respectively and (k),
(1), (m), (n) and (o) represents Pd nanoparticles features when de-
posited on pyramidal Si for 1 minute (PS1), 2 minutes (PS2), 10
mainutes, 20 minutes and 60 minutes respectively . . . . . . . . ..
BF XTEM images: (a), (b) and (c) shows G10, G20, and G60
samples respectively; (d), (e) and (f) shows S10, S20, and PS60
samples respectively; (g), (h) and (i) shows PS10, PS20, and PS60
samples respectively. (7), (k) and (1) shows magnified images of
the G60, P60, and PS60 sasmples, respectively. Insets show the
magnified images of the Pd nanostructure. . . . . . . . . ... ...
(a) HRTEM image of a Pd shaft deposited on G10 sample. Inset
shows the FEFT pattern from the region marked by the red rectangle
in part a. (b) IFFT image showing Pd(111) plane and its direction
with respect to the substrate. (c) SAD pattern taken along [110]
zone azis showing diffraction spots of Si and Pd. (d) HRTEM im-
age of a single Pd cluster (S10) which generates nanorod-shaped Pd
nanoparticles showing formation of dislocations and grain bound-
ary and strain-induced defects. (e) IFFT image. (f) SAD pattern
from S60 sample showing good crystallinity. (g) HRTEM image of
a single Pd shaft showing the formation of a twin boundary at the
midportion. (h) SAD pattern taken along [110] zone axis showing
the formation of a tilted heteroepitaxy between Pd and Si for the
PS20 sample. (i and j) HRTEM image of a single Pd shaft and
FFT image from the interface of PS20, respectively. . . . . . . . ..

SERS spectra of 5x 107> M R6G for (a) 1 minute Ag deposited and
1 minute Oy annealed sample (S1) (b) 3 minutes Ag deposited and
1 minute Oy annealed sample (S2). (c) Variation of SERS spectra
with the molar concentration of R6G for S1. . . . . ... ... ..
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UV-Vis absorbance spectra of (a) samples made on planar Si (100)
and (b) samples made on P-Si, respectively. . . . . . . .. .. ...
FDTD calculated electric field distributions of (a) 60 nm radius
spherical Ag particles in combination with endotaxial Ag particles,
(b) 125 nm spherical Ag particles with 50 nm endotazxial Ag parti-
cles. (c) and (d) calculated EF' (in log scale) in the X-Z plane from
the same particles, respectively. . . . . . . . . . ... ... ... ..
FDTD calculated electric field distributions of coupled 60 nm ra-
dius spherical Ag particles in combination with the endotaxial Ag
particles (a) when the interparticle distances are 10 nm, (b) when
interparticle distances are 25 nm. (c¢) and (d) calculated EF (in
log scale) in the X-Z plane for both the cases shown in (a) and (b),
respectively. . . . . ..o
SERS spectra of 1075 M R6G at three different random site for three
different substrates: (a) P-Si/Ag, (b) P-Si/Ag annealed at Ny and
(¢) P-Si/Ag annealed at Oy . . . . . . . . ...
(a) SERS spectra of 10° M R6G taken for S1, S2, and S3 samples
Just after preparation (day 1). (b) SERS spectra of the same three
samples after 28 days. . . . . . ...
SERS spectra of different concentration of R6G for S3 and R6G
(101 M) on P-Si.. . . .. .
(a) SE image, (b) PAN CL image showing the formation of hot
spots on both the spherical particle and triangular particle, (¢) CL
emission spectra from the spherical particle (red curve) and from
bottom triangle (blue curve), (d and e) Mono CL image at 372 and
525 nm, respectively, (f) SE image of second particle, (9) MONO CL
image showing the hotspot is contained mainly by the sphere at 424
nm, and (h) MONO CL image where the hotspot is also contained
by the bottom triangle at 464 nm. . . . . . .. ... ...
UV-wisible spectra of S1, 82, and S3. . . . . . . .. ... .. ...
(a) FDTD calculated electric field distribution of triangular Ag par-
ticles with the spherical Ag particle combination on 3D Si substrate
under 632 nm excitation wavelength and (b) calculated EF in the

x—2z plane from the coupled Ag nanoparticles. . . . . . . . . . ...
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(a) SERS spectra of 107° M R6G on different substrates and 107
M R6G on P-Si. (b—e) Variation of water contact angle for different
substrates. . . . . . L
(a) X=Z view of FDTD simulated e-field distribution of Si NW on
Si pyramid. (b) Ag sphere on P-Si/Si-nanowire configuration show-
ing mazimum enhancement at the mid-portion between two spheres.
(c¢) E-field distribution when two spheres are separated by a longer
distance. The polarization direction is taken along X-axis. . . . . .
(a), (b) SERS spectra of G20 and G60, respectively for different
concentrations of R6G. (c), (d) SERS spectra of S20 and S60, re-
spectively, for different concentrations of R6G. . . . . . . . . .. ..
(a), (b), (¢) and (d) shows intensity versus concentration graph for
G20, G60, S20 and S60 respectively. . . . . . . . . ... ... ...
(a) and (b) shows SERS spectra of G20, S20, and PS20 and G60,
560, and PS60 substrates taken with 10 M concentration of R6G.
(¢c) and (d) shows intensities of the Raman spectra for 10° and
10" M concentrations of R6G for the PS20 and PS60 samples,
respectively. . . . ... L
(a), (b), (c), (d), (e) and (f) show SERS spectra of 107% M con-
centration of R6G after 1 month for G20, G60, 520, 560, P520 and
PS60 sample, respectively. . . . . . . ..o
SERS intensity for different substrates for 3 different peaks of R6G.
The highest is observed for PS60 (R6G concentration is 1075 M ).
(a), (b) and (c) shows FDTD-calculated near-field electric field dis-
tribution of Pd on Ge(100), Pd on Si(100) and Pd on P-Si. (d), (e)
and (f) shows calculated EFs in the logarithmic scale for the same
three substrates respectively. . . . . . . . . . .. .. ...
FDTD calculated near-field electric field distribution for more than
one Pd nanoparticle of (a) Pd on Ge (100) (b) Pd on Si (100) and
(c) Pd on P-Si. Calculated EF in log scale for the same 3 substrates
are shown in (d), (e) and (f) respectively. . . . . . . . .. ... ...
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(a) Graph of a typical input waveform in CV experiment (b) Typical
cyclic voltammogram. E,, and E,. are the anodic and cathodic peak
potentials, and iy, and iy, are the anodic and cathodic peak currents,
respectively. Source: Elsevier . . . . . . . . . . .. ... ... .. ..
CV comparison plot for (a) S10, S20 and S60 (b) PS10, PS20 and
PS60 (¢) G10, G20 and G60 in 1 M NasSOy4 solution as electrolyte
and at a scan rate of 60 mV/s . . ..o
(a) and (b) shows CV study with different molar concentrations of
glucose using PS60 and G60 substrates as working electrodes, respec-
tiely. (c) and (d) shows CV study with different molar concentra-
tions of AA using PS60 and G60 substrates as working electrodes,
respectively. . . . . .. e
(a) and (b) shows linear response of peak reduction current with scan
rate (with R? error) for glucose detection using PS60 and G60 as
working electrode respectively. (c) and (d) linear response of peak
reduction current with scan rate (with R? error) for AA detection
using PS60 and G60 as working electrode respectively . . . . . . ..
(a and b) Amperometric current density—time curves for glucose
sensing using PS60 and G60 as working electrodes, respectively. (c
and d) Amperometric current density—time curves for AA sensing
using PS60 and G60 as working electrodes, respectively. . . . . . . .
(a) and (b) linear response graph of glucose concentration (with
residual errors) with the current density for PS60 and G60, respec-
tiwely. (c¢) and (d) linear response graph of AA concentration with
the current density for PS60 and G60, respectively. . . . . . . . ..
(a and b) Selectivity of glucose (working potential 0.6 V') over other
electroactive materials using PS60 and G60 as working electrodes.
(¢ and d) Selectivity of AA (working potential 0.3 V') over other

electroactive materials using PS60 and G60 as working electrodes.
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Chapter 7

Summary

This chapter summarized different findings of this thesis work.
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As research on nanomaterials is extending day by day, different processes are de-
veloping to assemble nanomaterials on different substrates efficiently. It is because
of the fact that for different applications, nanomaterials are required to adhere on
a substrate surface efficiently. Not only that, the metal semiconductor interfaces
are emerging as a promising candidate for solar light harvesting and also to the
effect of different dielectrics on the optical property of nanomaterials. Different
processes like MBE, PVD, CVD, laser ablation are already used for this purpose.
However, all of the above mentioned processes required heavy instrument, appro-
priate maintenance and hence they are costly. GDR is a very low-cost process and
efficient to deposit metal nanoparticle on semiconductor substrate. It does not
require any heavy instrumentation and controlling different parameter are much
easier. This process also produces a very much clean interface as it uses no ex-
ternal reducing agent or external voltages. The deposited film morphology can
be modified by changing the morphology of the substrate which can be achieved
by chemical etching or by ion beam radiation. In this thesis work, we have done
an extensive growth and structural analysis by SEM, TEM and XRD technique
of Ag deposited on planar and patterned Si. Contrary to other findings, we have
obtained an improvement in the optical property of the Ag nanoparticle due to
RTA at Oy atmosphere. This improved optical property is induced by formation
of complex shaped Ag nanostructure due to annealing at this environment. The
stability of these structures were also studied by keeping them in ambient atmo-
sphere for 28 days and they showed very stable structural and optical properties.
These substrates can be used effectively as SERS active substratre.

Besides, one dimensional semiconductor nanowire show unique optical, electrical
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properties which are due to quantum confinement effect. However metal decorated
semiconductor nanowires were previously made by using heavy instrumentation
which makes the production cost higher. Electroless process in our work to pro-
duce metal decorated semiconductor nanowire can bring down the production cost
much lower with an added tunability So this present thesis work is mainly focused
on the creation of pattern on semiconductor substrate and deposition of metal
nanoparticles on it by GDR process, to study the evolution of the nanostructures
with annealing and to prepare substrate which can be useful for multifunctional
applications i.e. SERS, catalysis and hydrophobicity.

We have also discussed the growth of Pd nanoparticles on Si, Ge and pyramidal
Si substrates. The growth rate and morphology of the Pd nanoparticles were ob-
served to be heavily dependent on substrate type, morphology and defects on the
substrate surface as observed from TEM and SEM observations. Different shaped
Pd nanoparticles were produced by this process without any use of surfactants.
The substrates were observed to be SERS active and they also showed very good
catalytic activity for the detection of glucose and ascorbic acid even in presence of
other electro-active species.

In conclusion this thesis work mainly contributes to the following facts (i) oxida-
tion is not that bad always. As we see from chapter 4 and 5 that Ag nanoparticles
indeed takes very interesting shapes when annealed in O, atmosphere and not only
that, these substrates are very much stable and shows very good SERS enhance-
ment which is contrary to the previous findings. (i) A complete electroless process
was used to produce metal nanoparticle decorated Si nanowires which will make

this process much cheaper. Whereas previously heavy instrumentation were used
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to create such substrates and (7i7) The structures of Pd nanoparticles were modi-
fied without using any surfactants which have an effect on the SERS effect of Pd.
By using this method the SERS enhancement of Pd nanoparticles were observed
to be greatly increased compared to the previously reported literature besides its

efficient catalytic properties.
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Summary

Surface-enhanced Raman scattering (SERS) is a very powerful novel analytical
tool that provides a very high level of detection sensitivity with molecular precision
and has excellent potential to be used as a tool for chemical and biological sensing.
The base of SERS is the Raman scattering which has a very low cross-section. In
the SERS process, the scattering cross-section can be increased up to 10'* times
using metal nanoparticles by “localized surface plasmon resonance (LSPR)”. It is
the dominant reason behind such a huge enhancement observed in SERS. It oc-
curs when the incident light interacts with rough metal surfaces (apex, edges) and
produces a sub nano-meter region of immensely concentrated EM field called “hot
spots”. Gold (Au) and silver (Ag) are the two most used metal for this purpose as
they possess superior optical properties compared to others in the UV-Vis region.
Here, we have shown that rapid thermal annealing of Ag-based SERS substrate
(2D and 3D) actually enhances its performance. This is contributed by the for-
mation of a composite nanostructure consisting of endotaxial Ag with Ag sphere
on planar Si substrate and triangular Ag with spherical Ag on pyramidal Si sub-
strate in Oy atmosphere. The morphology, interface was studied extensively using
different complementary techniques. The substrates produced in this process are
very much low-cost, reproducible, efficient, and showed very efficient detection of
rhodamine 6g (R6g) dye even after keeping them in an ambient atmosphere for
one month. The extensive use of Ag and Au in SERS restricts the use of other
metals, especially Pt group metals for SERS related applications because of their
relatively poor optical properties. To overcome this limit, we also tried to produce
SERS active substrate based on Pd nanoparticles which have a very good catalytic
efficiency. We have observed that different nanostructure of Pd can be grown on
different semiconductor substrates by keeping the other parameters the same (sol-
vent concentration, temperature, deposition time, etc.) during deposition. This
process does not involve any surfactants to control the morphology and we ob-

served enhancement factor 10° using this process. The substrates were also able
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to detect glucose and ascorbic acid (AA) qualitative as well as quantitatively with
very good sensitivity and detection limits. This opens up the possibility of using
these substrates in various important applications like diagnostic detection, illicitly

sold narcotics detection, and civil defense applications in forensic laboratories.



Chapter 1

General Introduction

This chapter describes briefly about the inspiration of this thesis work

and outlooks




1.1 Introduction

In recent times, research in nanotechnology is getting immense importance and
emerging very rapidly. This due to the fact that nanoparticles possess very much
different properties compared to their bulk counterparts [1, 2]. Nowadays, nan-
otechnology finds its usage in many applications and continuous study is going on
to control different properties of nanomaterials in a more efficient way. Richard
Feynmann, in 1955 during his famous lecture at Caltech asked: “What would hap-
pen if we could arrange the atoms one by one the way we want them?” [3]. This
quote first introduced the concept of nanotechnology. However, this question re-
mains unanswered in the future for some time. Not only this, the thought behind
this question could not affect the scientific community much. Things changed af-
ter the introduction of many advanced scientific instruments i.e. SEM, TEM, and
AFM. With these instruments scientists get to know what is happening there on
the atomic scale, which later gave birth to one of the most important scientific
aspects known as “Nanotechnology”.

The two most important parameters which are mainly responsible behind the
unusual properties of nanomaterials are compared to their bulk counterparts (i)
nanomaterials have a larger surface to volume ratio, which makes them more chem-
ically reactive [4, 5] (ii) quantum confinement effect, which is dominant in this
regime and is also responsible for several unusual properties shown by nanoparti-
cles [6, 7].

Nanomaterials are classified into four categories by Richard W. Siegel viz zero,
one, two, and three dimensional [8]. Nanoclusters, spheres are 0-dimensional struc-

ture, fiber, wire are one-dimensional nanostructure, nanoplates, film come under



two-dimensional nanostructure while faceted nanostructure comes under three-
dimensional nanostructure. Nanoparticle properties are very much dependent on
their shape and size [9-12]. So, tuning their shape precisely and to control their
size and shape in a more controlled way is the prime interest of researchers working
in this field today.

This thesis work is based on electroless galvanic displacement deposition of metal-
lic nanoparticles (Ag, Pd) on planar and patterned semiconductor substrates (Si
and Ge) and their structural evolution due to annealing at different atmospheres.
The plasmonic properties of the deposited metal nanoparticles were studied exper-
imentally using UV-vis, Raman scattering process, as well as theoretically using
FDTD computer simulations. A brief description of different important factors is

presented in this chapter.
1.1.1 Metallic Nanoparticles

Metal nanoparticles with nanometer dimension have attracted immense interest to
the researchers due to their unique optical properties. They observed to possess
very strong light scattering and absorption ability in the near infra-red and visible
region of the EM spectra [13-17]. A phenomenon called LSPR is responsible for
the uniqueness in the optical property of the metal nanoparticles. LSPR occurs
when the incident EM radiation interacts resonantly with the oscillating conduction
band electrons of the metals. During LSPR a highly intense EM field is generated
around the nanoparticle and it remained confined within a sub-nanometer range
called “hot spot” [18-21]. This confined field is evanescent in nature. Generation
and spatial extension of the “hot spots” are totally dependent on the size, shape

and interparticle distances between the nanoparticles [21-25]. It plays the most



important role to determine the SERS activity and subsequently the use of metal
nanoparticles as bio-sensors. Metal nanoparticles already find their usage in energy
storage, sensors, optoelectronics, and catalysis applications [26-30].

Colloidal metal nanoparticles have already shown excellent behavior as sensor
and SERS active material [30-34]. However, the most significant drawback of
colloidal metal nanoparticles is that it undergoes agglomeration with time which
can reduce it’s effectiveness drastically. Also, in such a case, as they form a cluster
by agglomeration, the study of different optical properties of a single nanoparticle
is very much difficult.

This thesis work is devoted to the formation of metal nanoparticles on patterned
and planar semiconductor (Si and Ge) substrate and to observe the change in
the nanoparticle morphology with annealing at different atmospheres. Also, how
the SERS activity and electrocatalytic activity of the metal-semiconductor system
varies with different factors i.e. substrate type, deposition time, and annealing

temperature.
1.1.2 Galvanic Displacement Reaction

GDR is a part of the electroless reaction in which the difference between the
reduction potential of two material is the sole driving force [35-38]. In this process,
the metal ion which has lower oxidation potential replace the other metal which
finally got dissolved into the solution.

The most important characteristics of GDR are as follows:

(1) The reaction stops when the entire surface of the substrate is covered with
the metal which is to be deposited.

(77) The reaction rate can be controlled by temperature.



(77i) The coating uniformity can be improved by stirring.

(1v) The control over the reaction rate is not much easy as the process is very
fast. However, the control over particle growth can be obtained by using different
molecules like CTAB for encapsulation [39].

GDR process is very much used for nanoscale patterning, dip-pen lithography
on various semiconductor surfaces [40-42]. Tt is also used to produce hydropho-
bic, SERS active, anti-reflecting substrates [43-47]. The detailed about GDR is

discussed in chapter 3 of this thesis.
1.1.3 Metal-Assisted Chemical Etching

MACE is mostly used to form semiconductors nanowire. As one-dimensional
semiconductor nanostructures show exceptional electrical, optical, and mechan-
ical properties, they find their applications in photovoltaics, thermoelectrics, opto-
electronics and also in chemical and biological sensors [48-54]. As nanomaterial
properties are very much dependent on their size and shape, a precise tuning over
their morphology is very much needed. To obtain control over nanowire’s growth
bottom-up and top-down approaches are made. RIE process is mostly used to
produce semiconductor nanowire but it damages the surface and crystal structure
extensively [55, 56]. These drawbacks can be overcome efficiently using MACE
process. It is also an electroless process and does not require any external bias.
MACE process basically consists of two steps (i) deposition of metal nanoparticles
on the substrate and (ii) etching of the substrate in the presence of HF and an
oxidative agent [48]. In this process, the metal particle acts as a catalyst which fi-

nally forms a cylindrical channel through the substrate. The etching direction can



be controlled by changing different parameters like HF and an oxidative agent con-
centration ratio, temperature, etc [57-60]. The process is very simple and does not
require any heavy instrumentation and is very much applicable for mass industrial

production.
1.1.4 SPR Driven Properties of Nanomaterials

The optical behavior of metals like gold (Au), silver (Ag) and others was attract-
ing people from the ancient ages. Though ancient people of China, Egypt, and
Rome did not have the scientific idea, but they were able to prepare Au and Ag
nanoparticle solutions with controllable size and composition very much success-
fully. These solutions were mostly used to make glass paint and luxurious crafts
like the “Lycurgus Cup” (Figure 1.1). All of these were going without knowing
the scientific origin. It requires centuries for the people to understand that the
unique color property of strained glass is due to scattering and absorption of light
while interacting with metal nanoparticles. In 1847 Micheal Faraday first made
the assumption that “variation in the size of the particle gave rise to a variety of
resultant colors” [61, 62]. It was Gustav Mie in 1908 who first showed the exis-
tence of plasmons with detailed experiments, and also explained it theoretically
with the interaction of the incident electromagnetic wave with a metallic sphere of
a given value of dielectric constant [63]. This explanation solved the century-old
mystery on the unique color of strained glass. It also opened up a totally new
field related to the optical properties of metal nanoparticles while interacting with
EM waves. The unique optical properties are the result of the collective oscillation
of electrons in the conduction band of metals and known as plasmons. Localized

surface plasmons arise when surface electron vibrates resonantly about a positive



ion (lattice point) due to interaction with the alternating nature of incident EM

radiation.
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Figure 1.1: The Lycurgus Cup placed in British Museum, London. Made in Rome
probably in Jth century AD (a) Shows green color when lightened externally (b)
shows red color when lightened internally. The Au and Ag nanoparticles embedded
in the glass are responsible for such dichroic effect. (c) Strained glass window in
Chartres cathedral. The different colors are due to the presence of metal oxide
nanoparticles. Source: internet.

Surface plasmons are basically of two types [64-67] :
(7) LSP or localized surface plasmons of localized nature.
(1) SPP is of propagating in nature. The SPP propagates through the in-

terface between metal and dielectric. Both types of surface plasmons find their



applications in sensing, medicine, SERS, and photovoltaics.
1.1.5 LSPR

As we have seen, the surface plasmons are confined to the surface of the metal
nanoparticles and it depends heavily on the surface charge density [68, 69]. When
the surface plasmons interact resonantly with the incident EM radiation, huge en-
hancement of the incident field occurs in a very small region around the nanopar-
ticle which is called “hot spot’s”. These “hot spots” are very much dependent
on the size, shape and interparticle distance between the nanoparticles. Hence,
tuning these properties is an emerging field of nanoscience and a vast portion of

the scientific community is still working on it.
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Figure 1.2: Farady’s Au colloid. (a) Farday’s Au colloid solution stored in Royal
Institution of Great Britain (b) High resolution TEM data of Au colloid. Source:
Thomas, J. M., Midgeley, P. A. Chemical Communication (2004)

1.1.6 Surface-Enhanced Raman Scattering

Raman spectrum gives us information about symmetry, constituent and the envi-
ronment of the molecule [70-72]. It is extensively used to find out the components,
molecular structure, and vibrational modes. Light of wavelength from near infra-

red to ultraviolet can be successfully used as an excitation source for this purpose.



However, the Raman scattering cross-section is very low which limits its applica-
tion.

SERS was first discovered by Fleischmann. et al. through the detection of
pyridine adsorbed on rough metal surface in 1974 [73]. The huge enhancement
helped to detect monolayer adsorbed species on the metal surfaces. From this start,
the detection of single-molecule is achieved nowadays using the SERS technique.
In the last 45 years, SERS found extensive application in different research fields.
The advantages of SERS techniques are as follows [74, 75]:

(7) Sensitivity down to the single-molecule level can be obtained by SERS.

(77) Accurate information about molecular fingerprints can be obtained.

(i7i) SERS is less effected by photo-degradation compared to fluorescence and
hence suitable for long term monitoring.

(tv) Compared to fluorescence peak SERS peak bandwidth is 10-100 times
narrower.

(v) For single wavelength excitation, multiple detections can be obtained.

(vi) Size, shape, and distribution can be tuned easily for SERS active substrate.

1.1.6.1 Electro-Magnetic Enhancement

EM enhancement occurs when the surface conduction electrons interact resonantly
with the incident electric field producing a very high local electric field around the
nanostructure. The locally enhanced electric field amplitude F(w) at frequency
w is generally computed using computational electrodynamic simulation and it

is calculated at the position of the molecule. The electromagnetic enhancement

4
is normally taken as ‘?E(ZI)“‘ over the position of the molecules, where Ej is the

amplitude of the incident electric field. However, this simple expression neglects the
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Stoke’s shift and if we include it the modified expression will become T

where w' is the Raman frequency. Sometimes w’ is assigned to the frequency
(or wavelength) of the dipolar re-radiation. In addition to that, the strong spatial
localization of the plasmon field produces a field gradient affecting the SERS signal.
However, this can only be calculated if the particle morphology is known exactly.
The | E(w) |* approximation is observed to give the electromagnetic enhancement
factor accurate by an order of magnitude [76].

In the case of SERS substrate having a large area, it is observed that the structures
which give significant EF at single-particle level (i.e. Au nanostars) does not give
an improved EF when they are organized in an ensemble on the substrate. The
contrary is observed for a simple Au nanosphere which is contributed by higher

surface coverage of Au spheres [77].

1.1.6.2 Chemical Enhancement Mechanism

Unlike EM enhancement CE occurs due to electron transfer between the nanopar-
ticle and the absorbed molecule. The electron transfer can occur to the excited and
ground state of the molecule-metal system. The enhancement in this can be ob-
tained by calculating the change in polarizability derivative of the molecule-metal
system using electronic structure calculation. The result produced by this calcu-
lation is independent of frequency. Valley et al. uses this theory and predicted
the contribution by an order of two for gold and silver nanoparticle deposited
substrates using different substituted benzene thiolates [78]. The enhancement
factor obtained by them is different which is contributed by the CE process as the

substrates are the same for all the cases.
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1.1.6.3 Dependence on The Gap

The strength of hot spots also depends vastly on the nanoparticle junctions, the gap
between two nanoparticles, and different other geometrical details. The intensity
of the hot spots is observed to be inversely dependent between the distance of
the nanoparticles. Classical electromaganetism can be applied for hot spots of
size between 2 — 10 nm by neglecting the non-local effect and by considering only
the frequency-dependent dielectric property of the material. For a distance of less
than 1 nm non-local effects appear which makes the optical response non-linear
and a more sophisticated approach is needed to treat such special circumstances

efficiently [77, 79].
1.1.7 Substrate Supported Nanoparticles

Though colloidal nanoparticles show very good SERS enhancement down to single-
molecule level. They have problems regarding agglomeration which reduces their
efficiency for the long term. Noble/metal-semiconductor composite has its own
advantages over metal nanoparticles. As semiconductor substrates act as support
to hold the metal nanoparticles, this reduces agglomeration and makes the sub-
strate suitable for SERS measurement over a long period [80]. We have shown in
this thesis work the advantage of a substrate supported nanoparticles for SERS

measurement.

1.1.8 Advantages of 3D Substrate

3D SERS substrates are observed to show higher SERS enhancement compared
to their 2D counterparts. One of the reasons for this is that the 3D substrate

possesses a larger surface area which produces more “hot spots” and can absorb
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more absorbate molecules [81]. Lee et al. has observed that the SERS signal
enhancement measured at the 3D plasmonic nanostructure was 3.9 times the signal
measured at 2D plasmonic nanostructure [82].

In recent years, 3D SERS substrates have been observed to show very good
sensitivity, easy tailoring, and higher stability. 3D SERS substrate can be obtained
via different processes like MACE, anisotropic etching, RIE and, LIE process [83—
88]. Out of these processes, RIE and LIE are of very high cost. On the other hand,
chemical etching and MACE are of the very low-cost, able to give high throughput
and higher uniformity. In this thesis work, we use anisotropic etching and GDR
process to deposit metal nanoparticles on 3D Si to obtain effective and sustainable

SERS active substrate.
1.1.9 Advantages of Ag and Pd nanoparticles

Au and Ag are two mostly used metal for plasmonic applications due to their easy
tunability of shape and size [89]. Ag nanoparticle shows the lowest resonance loss
at optical frequencies. Also, it is used as an anti-reflecting coating for the solar
cell as its ability to trap the solar light is best among the metals. However, Ag
nanoparticle is very much prone to rapid oxidation when kept at ambient atmo-
sphere [24, 90]. Au nanoparticle, on the other hand, is very much stable against
oxidation. Ag also shows very good microbial activity as it forms disulfide bonds,
which modifies the protein structure in enzymes and finally leads to the death of
microbes. This activity also depends on the shape and size of the nanoparticles
[91-93]. In this thesis work, we will show that the SERS effect of Ag nanoparticles
can be improved significantly by proper treatment in Oy atmosphere.

Platinum (Pd) and palladium (Pd) both show very good catalytic properties
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and they are already significantly used in fuel cells, hydrogen generation and chem-
ical sensors [94-96]. The applicability of these two materials motivates researchers
to use them as SERS active substrate. However, the SERS EF obtained from these
two metals were not very encouraging. Srnova et al. first studied the SERS with Pd
and obtained EF of 190 [118]. Pd deposited by electro-deposition process showed
EF of 10® [119]. Different other morphologies like hexagon, cubes were tried to
finally obtain EF of 10* [119]. The SERS effect of Pd was observed to be depen-
dent vastly on the size of the Pd nanoparticles. A decrement in the SERS signal
with increasing Pd shell thickness was observed by Fang et al. [179]. However, Pd
nanoparticles deposited by GDR process, were observed to show very good stabil-
ity against oxidation as observed by Gutes et al. [80]. Ag showed superior SERS
enhancement compared to Au but has problem regarding oxidation, Pd can be an
effective replacement for that if its EF can be increased by some way. This fact
motivated us to use Pd nanoparticles deposited by GDR method for SERS appli-
cation. Ringe et al. found that Pd rich tips can sustain strong and narrow LSPR
which can be coupled strongly with the dielectric substrate underneath to produce
a very good SERS substrate [180]. Various applications need strong adhesion of
particles with the substrate to avoid coagulation, which can lead to undesirable
results. EF of 10® was obtained by Xu et al. using Pd nanoparticles deposited on
ITO substrate by electrodeposition process [183]. Previously various surfactants
like CTAB and PVP were used to control the morphology of Pd nanoparticles
when deposited on various substrates [119]. So it is almost impossible to separate

these surfactants which effect the SERS activity.
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In this thesis, we have shown that the morphology of the Pd nanoparticles de-
posited on the semiconductor substrate can be controlled by changing substrates
and changing the deposition time. This effects the SERS and catalytic activity
of the substrates vastly. The morphology of the nanoparticles was studied exten-
sively using SEM and XTEM. The substrates prepared in this process showing
good SERS enhancement and also catalytic activity. The SERS experimental re-

sults were explained theoretically using the FDTD method.
1.1.10 Recent Progress on Ag Deposited SERS Substrates

Due to better scattering efficiency, SERS substrates prepared by Ag shows better
enhancement than Au [89]. However, the disadvantages of substrates prepared
by Ag is the fact that the Ag structure easily gets deteriorated due to oxidation
when they are subjected to prolonged exposure to atmosphere [90]. Also, high-
temperature treatment reduces the SERS effectiveness of the substrates which
is driven by rapid oxidation and agglomeration of the Ag nanoparticles [117].
Pinkhasova et al. reported that heating Ag nanoparticles at 300° C' reduce the
SERS efficiency due to the formation of silver oxide. However, with increasing
the heating temperature to 400° C' the partial reduction of silver oxide leads to
increment in the SERS efficiency but it cannot be 100% recovered [157].

In this thesis work, we have shown that RTA of Ag nanoparticle deposited on Si

substrate at Oy environment leads to increment in the SERS enhancement.
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1.1.11 Recent Progress on 3D Si SERS Substrate

One-dimensional semiconductor nanostructures are getting immense attention nowa-
days due to their outstanding electronic and optical properties. Due to their com-
patibility in semiconductor industry, research on Si nanowire is increasing rapidly
over the past decade. They are also used to produce biosensors, thermo-electric
battery and different electrodes [123-125]. Laser ablation, MACE, VLS, MBE
techniques are used to produce Si nanowires [126-129, 165]. Between these pro-
cesses, MACE is a very low-cost, less complicated and easy process. In MACE,
the reduction of the oxidative agent took place on the metal particle surface which
acts as a cathode. The Si substrate underneath the metal particle acts as an anode
to produce StOy which gets dissolved into the solution in the presence of HF pro-
ducing Si nanowire [165]. Li et al. were the first to produce porous Si by etching in
HF/Hy0, [128]. After that, the effect of different parameters like effect of different
metal nanoparticles (Au, Ag, Pt, Pd and Cu), HF/H,0, ratio and concentration of
doping was studied vastly by different research groups [129, 166]. Si nanowires also
find their applications in SERS detection and in catalysis extensively [167-170].
Si-nanowire acts as very good support to hold the metal nanoparticles which can
give significant SERS enhancement. Metal nanoparticle decorated Si-nanowires
were previously made by CVD, VLS process or by a mixed process of CVD and
GDR. CVD is a very sophisticated technique and requires heavy instrumentation.
GDR, on the other hand, is a very simple, low-cost and easy process. Controlling
different parameters like diameter, density, orientation, porosity of Si-nanowire is
very much easy with this process [171]. Also, it is very much clean as no external

reducing agents are used.
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Here, we have investigated the formation of Si-nanowire on both pyramidal Si and
planar Si. We have observed Si-nanowire with zig-zag and crystalline sidewall on
P-Si, and amorphous but smooth sidewall on planar Si (100).In the case of pla-
nar Si, the etching occurs along (100) direction while on pyramidal Si it is along
[311] direction on P-Si. We also produced spherical shaped Ag particle decorated

Si-nanowire using GDR and RTA process which is SERS active and hydrophobic
1.1.12 Epitaxy and Endotaxy

Epitaxy indicates the growth of a crystalline film on a substrate where the overlayer
is in registry with the substrate. Two kinds of epitaxy are mostly observed (i)
Homoepitaxy, where the substrate and the overlayer both are of the same material.
(77) Heteroepitaxy, where both layers are of different materials. In the silicon
industry, heteroepitaxy is the most used process. Depending on the interface
energies, strain generation at the interface due to lattice mismatch, different growth
mode occurs. The three most observed growth processes are (i) Layer by layer
growth mode or FM growth process (Figure 1.3a) (i) Island growth or VW growth
process (Figure 1.3b) and (i4i) Layer plus island or SK growth mode (Figure 1.3c)
[97-99]. In general, hetero-epitaxial growth under the lattice strain introduces
many defects at the interface. However, it also produces tilted hetero-epitaxy
where lattice strain at the interface is minimized through the introduction of a tilt
angle.

Endotaxy is a different kind of epitaxy where the growth of crystalline structure
occurs within the substrate. It indicates precipitation of coherent phase in the bulk

matrix where the bulk matrix produces a coherent interface around the precipitate
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Figure 1.3: Different growth mechanisms (a) F-M growth (b) V-W growth (c) S-K
growth and (d) Endotazxial growth

phase (Figure 1.3d)[100]. By using different processes like MBE [101], ALD epitax-
ial or endotaxial structure can be obtained [102]. Endotaxial structure of different
metals like Pt, Co, Ni, Fe, Ti [103-106] can be formed by the MBE process, which
is of very high cost and robust. Previously, endotaxial Ag on Si is reported by
Juluri et al. by MBE process [105]. So, In general, sophisticated physical vapor
deposition techniques, like MBE in UHV or ion implantation followed by high-
temperature annealing are used to grow endotaxial structures of Ag[105, 131-133].
However, all of these are challenging, expensive, and time-consuming. Among
these processes, GDR is a very low-cost process, and it also produces a very clean
interface due to the absence of any external reducing agent. In GDR, the difference
in electrostatic potential between the substrate and the metal to be deposited is
the driving force behind the deposition [135]. Metal ions are reduced with electrons
supplied by virtue of Si half-cell reaction. The electrostatic potential of Ag is 0.8

V' whereas for Si it is -0.875 V w.r.t SHE which indicates a smooth deposition of
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Ag on Si in this process. Ag nanoparticles embedded in a semiconductor substrate
are found to increase absorption. It also shows the SERS effect due to their strong
near-field coupling effect [105, 134].

In this thesis, we have shown that endotaxial Ag nanoparticles and spherical
Ag nanoparticles composite formed on planar Si(1 0 0) surface when annealed at
Oy atmosphere. The substrate hence produced can serve as a good substrate for
SERS. We have chosen this system because the oxide growth rate in Ag-Si(1 0 0)
system is prolonged compared to Au-Si(1 0 0) and Ag-Si interface is less reactive
compared to Au-Si. At room temperature, Si atoms can out-diffuse through several
angstrom thick Au layer. This diffusion process results in broken Si-Si bonds which
makes the system more reactive and prone to oxidation. Ag is observed to form
an abrupt metal/semiconductor junction, and the rate of growth of the oxidized
layer is slow for an Ag-Si system. The formation of endotaxial Ag nanoparticle is
observed to be dependent on the deposition time, annealing atmosphere, and the
nature of the substrate.

1.1.13 Annealing Induced Structural Variations of Nanopar-
ticles
Annealing of nanoparticles is an essential part of nanotechnology. Through an-
nealing of nanoparticles, their size, shape, inter-particle distances, particle density
can be modified according to our requirement. Thermal annealing can also im-
prove the adhesion between the substrates and the nanoparticles and decomposes
the residual oxide at the higher temperatures. Special structural arrangement can
also be generated if the proper condition is applied. OR is the most common pro-

cess to observe during annealing [107]. Wilhelm Ostwald in 1896 introduced OR



19

and showed that the process was driven by surface energy minimization [108]. In
the OR process smaller particle is dissolved due to their high surface energy and
creates a larger particle of spherical shape to minimize the surface energy (Figure
1.4). This process is mostly observed for nanoparticles synthesized in colloidal form
but can also occur for substrate supported nanoparticles. Surface diffusion, vapor
phase diffusion and diffusion through the substrate are the different mechanism by

which particles grow in size.

Vapor diffusion

mce diffusion s mmmmmmmme ) W, o
oo NN e Pt o W o M o 2o 0 -

v N

Substrate — Substrate

Figure 1.4: Thermal diffusion of nanoparticles

The radius of a particle and it’s chemical potential is related by the Gibb’s

Thomson equation which is [109]
27V
p= o+ - (1.1)

where 11 is the chemical potential of a particle with a radius equal to infinity, v is
the amount of work needed to create unit surface, V' is atomic volume and r is the
radius of the nanoparticles. So from this relationship, we can clearly observe that
the smaller particles have higher chemical potential and hence, they will dissolve
and diffuse to the bigger nanoparticle to reduce its chemical potential. In this
thesis work the effect of annealing on metal nanoparticles deposited on the planar

and patterned substrate is discussed in detail.
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1.1.14 Finite-Difference Time-Domain Simulation

FDTD simulation is one of the most important tools to study the optical properties
i.e. near field intensity distribution, absorption, scattering, etc for nanostructures
of different materials. K. Yee first introduced the concept of FDTD simulation in
the early 70s. In FDTD simulation two segments are used i.e. space and time.
Cells of size smaller than the wavelength consists of the space part. “Leap frog”
algorithm is used to solve Maxwell’s equation for each cell to evaluate all ﬁ and
ﬁ field values. The Yee scheme of FDTD is shown in Figure 1.5, which consists
of a cubic volume element of total volume § and a side length of dx, dy, and oz for
space discretization. The electric and magnetic field components are arranged at
half increment in space and time (the step size for time discretization is dt).

Now from Maxwell’s equation

8? ?xﬁ—?

= (1.2)
oH VxE-M
= ; (1.3)

where the permittivity and permeability of the medium are denoted by € and

respectively. The electric current density 7 is given by,
T =T+ 0E (1.4)

and magnetic current density can be written as,

M = Mappree + 0 H (1.5)

from equation 1.2,1.3,1.4, and 1.5 one can get the vector component of the electric

and magnetic field which is considered to be the heart of FDTD simulation. As
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an example, the x-component of E can be written as,

a4 Jsourceac + O-E.Z’} (16)

Figure 1.5: Components of different electric and magnetic field vectors within Yee’s
grid.

A finite-difference equation in discrete form can be obtained from Maxwell’s
equation using Yee’s definition of the rectangular coordinate system. According
to that the component of E, at time step (n + %) at one space point of the lattice

(1,7 + %, k+ %) which indicates the spatial location (i Az, j Ay, kA z) is given as,
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as the coefficients are fixed throughout the simulation they can be pre-calculated:

1 1
nts n—3
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L A](1.8)

— Jsa |Zj+§,k+§
where (K,(m)) and (K,(m)) are constants depending on the medium. The de-
tailed can be found in ref [110]. So, from the equations shown above it can be
inferred that every component of the electric field at a particular space point in
time can be obtained from its value at the same point in previous time step, the
neighboring magnetic field, and from material properties. The field components
are calculated at each space point, for a particular time from the stored data and
the process continues. To record the field component at each space point for anal-
ysis a “monitor” is placed in the simulation mesh.

The data for E and H with each frequency for a cell can be obtained by doing
discrete Fourier transformation of the time data store at the end of the simulation.
To take care of the fact that there is no huge variation of filed components be-
tween two adjacent cells the cell dimension must be smaller than the illumination

wavelength, which is obtained from the Courant equation,

cA\t

S:A

(1.9)
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where S is the Courant number which must be < -—————— for stability of the
v/no.ofdimensions
simulation. For 3D simulation, it must be < \/ig During the practical simulation

the sufficient resolution to the desired geometrical structure is provided by defining

a proper cell size A\, which is given by,

)\mz’n
= 1.10
10nmax ( )

from which At can be obtained using the previous equation.
To find out the E-field intensity distribution and enhancement factor a commercial
FDTD simulation package (Lumerical Inc, Canada) was used in this thesis work.

The details can be found in the website (https://www.lumerical.com /products/fdtd/).

1.2 Outline of The Thesis

This thesis work is organized as follows: With this introduction in Chapter 1 in
Chapter 2 a detailed illustration of various experimental techniques like TEM,
SEM, XRD, Raman spectroscopy, and XTEM sample preparation is presented.
In Chapter 3 a basic introduction on GDR, application of GDR on Si, Ge sub-
strates, and MACE process is discussed. Chapter 4 deals with the growth of Ag
on planar Si substrate and pyramidal Si substrate and how the Ag film morphology
changes with annealing in different atmospheres. Formation of Si-NW on planar
and pyramidal Si is also discussed in detail. Finally, deposition of Pd nanoparti-
cle on various planar and patterned semiconductor substrate is discussed in detail
in the chapter. Chapter 5 deals with the SERS activity of the different metal
nanoparicles deposited on semiconductor substrates in detial and it also, shows the

theoretical reason behind the enhancement by using FDTD ssimulation. Chapter
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6 The electrocatalytic activity of Pd deposited on planar and patterned semicon-
ductor substrate is discussed in detail. It also, shows that the substrates can be
used as an effective electrochemical glucose and AA sensor.Finally, in Chapter 7

we have discussed the summary and conclusions from this thesis work.



Chapter 2

Experimental methods

This chapter describes in detail about transmission electron microscopy
(TEM), its different operational procedure, components , cross-sectional
sample preparation for TEM and also basic operation of CL-SEM,
RAMAN, Electrochemical workstation, UV-Vis spectrometer and XRD

25
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2.1 Introduction

Different kinds of noble metal-nanoparticles were deposited by electroless deposi-
tion method on planar and patterned semiconductor substrates. In this chapter,
the growth method is discussed in detail. To study the evolution of the nanoparti-
cles deposited on different semiconductor substrates (planar and patterned), var-
ious experimental techniques were used. TEM technique is the heart of this the-
sis work. Through HRTEM process and other associated techniques like SAD,
HAADF-STEM images, and EDX the crystalline structure of the nanoparticles,
their interfaces, morphology, and chemistry were studied extensively. The crys-
tallinity of the structures was also studied using XRD technique. The overall
morphology of different nanostructures was also studied using SEM. The optical
properties of the nanoparticles were studied using CL spectroscopy, UV-vis spec-

troscopy, and Raman spectroscopy.

2.2 Synthesis of Different Metal Nanostructures
on Semiconductor Substrates

2.2.1 Synthesis of Ag on Planar Si and Formation of En-
dotaxial Ag

Si(1 0 0) [p-type] substrates were first ultrasonicated in ethanol, acetone, and DI

water for 5 minutes to remove the organic contaminations. The substrates were

then cleaned by RCA method to finally form a native oxide layer on the Si sub-

strate. After cleaning, the substrates were rinsed in ethanol and de-ionized water

and stored in a vacuum desiccator until further use. GDR process was used to

deposit Ag nanoparticles on patterned Si. In this process, the substrates were
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immersed in 2% HF solution for 1 minute to remove the native oxide layer. The
substrates were then immediately transferred into a solution consists of AgNOj3
(5 mL, 5 mM) and HF (5 mL, 4.8 M).Ag was deposited by the previously men-
tioned GDR process for 1 minute and 3 minutes, respectively. The as-deposited
substrates were then subjected to RTA at 550° C' in Oy and N, atmosphere, re-
spectively with a heating and cooling ramp of 10° C' per second. No intermixing
between Ag and Si is observed at this temperature as the annealing temperature
was much below the eutectic temperature (836° C') of Ag-Si system [136]. Hence-
forth, notation S1 and S2 will be used for Ag deposited on Si substrate for 1 minute
and annealed at Oy atmosphere for 1 minute and for Ag deposited on Si substrate
for 3 minutes and annealed at Oy atmosphere for 1 minute, respectively. Nota-
tion S3 will be used for Ag deposited on Si substrate for 3 minutes and annealed
at Ny atmosphere for 1 minute. The substrates were washed using ethanol and
de-ionized water and kept in the vacuum desiccator.

2.2.2 Ag Deposition on Pyramdial Si and Formation of

Coupled Ag Nanostructure

Initially, Si substrates were ultrasonicated in acetone, ethanol, and de-ionized water
for 5 minutes to remove any organic contamination. The substrates were then
subjected to SDR method [158]. Where the substrates are initially dipped into a
solution consisting of 30wt% NaOH in de-ionized water at 75°C for 3 minutes to
remove few pum thick layers from both sides. In the second step, the substrates
were dipped into a solution of 2wt% NaOH and 10% IPA for 45 minutes to finally
obtain pyramidal Si substrate. The substrates were washed using ethanol and de-

ionized water and kept in vacuum desiccator. The GDR depositions were carried
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out for different times (10 s, 30 s, 60 s and 90 s) to obtain uniform coverage of Ag
nanoparticles. The substrates were then subjected to RTA (JETFIRST, jipelec)
at 550° C for 1 minute in Ny and O atmosphere respectively. The ramp rate was
set as 10° C per second. We will use notation S1 to indicate Ag deposited on Si
(P-Si/Ag), S2 to indicate Ny annealed P-Si/Ag (for 1 minute), S3 to indicate O,
annealed P-Si/Ag (for 1 minute).

2.2.3 Production of Si-Nanowire on Pyramidal Si and GDR

of Ag

Si pyramids were formed using SDR method, the detailed of this method is de-
scribed before. To produce Si-nanowire array Si substrates were first subjected
to RCA cleaning to finally produce a layer of SiOy on the substrate. Ag was de-
posited by the previously described GDR process to obtain a uniform coverage on
the substrates. The substrates were rinsed by ethanol and DI water respectively
to ensure that no loosely bound particles remain and then dried. Si-nanowires
were produced by the MACE process in which the substrates were immersed in a
solution of HF (4.8 M) and Hy0, (0.5 M) for 30 minutes. The governing equation

for the process can be written as [111],
Hy0, + 2H* = 2H,0 + 2h* (2.1)

Si+4HFy; +2ht = SiFy~ +4HF + Hy(g) (2.2)

Metal particles deposited at the substrate act as the cathode in this process.
The Schematic diagram of GDR and MACE process is shown in Figure 2.1a and
Figure 2.1b, respectively. By immersing the substrates in concentrated HNOj3

solution the Ag nanoparticles accumulating at the base region of Si-nanowire were
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removed. Ag nanoparticles were re-deposited on Si-nanowire by GDR method and
then the substrates were subjected to RTA at 550° C' at Oy and Ny atmosphere

respectively to produce nanoparticle decorated Si-nanowire.

(a)

Ag nanoparticles

GDR

(b)

MACE

Figure 2.1: (a) Schematic of GDR. (b) Schematic of MACE process.

2.2.4 Electroless Deposition Process of Pd

Electroless deposition of Pd was carried out on p-type Si(100) and on Ge(100)
substrate. Both the substrates were cleaned by ultrasonication in ethanol, acetone
and de-ionized water to remove any organic contamination. P-Si substrates were

produced using previously mentioned SDR method. To deposit Pd on P-Si and
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on planar Si, the substrates were immersed in a solution of 2% HF for 1 minute
to remove the native oxide layer. Next, they were immediately transferred to a
solution consisting of PdCl,, HF and KCI mixed in such a way to obtain Pd**
concentration of 0.15 M and F~ concentration of 20 mM. KCIl was required
to produce sufficient PdCI;~ ion. However, planar Ge substrates were directly
inserted into the plating solution after ultrasonic cleaning. The substrates were
immersed for different times to observe the effect of deposition time on morphology.
So, we will use different notations to indicate different substrates. Pd deposited for
10, 20 and 60 minutes on planar Ge(100) substrate will be indicated as G10, G20,
and G60 respectively. Similarly, Pd deposited for 10, 20 and 60 minutes on planar
Si(100) substrate will be called S10, S20, and S60, respectively, Pd deposited for
10, 20 and 60 minutes on pyramidal Si(100) substrate will be called PS10, PS20,

and PS60, respectively.

2.3 Characterization and Application Techniques

2.3.1 Transmission Electron Microscopy (TEM)

Louis de Broglie first introduced the wave nature of electron in 1925 having wave-
length very much lower than the visible light. Then in the year 1927, Davisson and
Germer first demonstrated the diffraction phenomenon of electrons which confirms
the claim made by de Broglie. In 1932, Knoll and Ruska first developed the elec-
tron microscope consisting of electron lenses, which gives Ruska the Noble prize
in the year 1986, just two years before his death in 1988. Ruska’s idea helped to
build the first commercial TEM in UK in the year 1936. However, the regular

production of TEMs was started by Siemen and Halske in Germany from 1939.
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From that time, various companies dedicate themselves towards the development

and production of sophisticated TEMs worldwide (i.e. Hitachi, JEOL, Philips etc).

2.3.1.1 Light Microscopy

The smallest distance which can be resolved using the light microscope is about
0.1 — 0.2 mm, in presence of sufficient illumination by visible light. The smallest
distance which can be resolved clearly is called as resolving power of a microscope.

According to Rayleigh criterion of resolution it can be written as,

~0.61)

0= psin 3

(2.3)

where A is the incident radiation wavelength, p is the viewing medium refractive
index and [ is the half-angle of the cone of light entering the lens. The quantity
wsin B is called N.A of the microscope. Considering N.A to be unity, resolution
becomes almost half of the incident radiation wavelength. If we consider the aver-
age of the visible light wavelength as 550 nm, the resolution of a very good light
microscope is 330 nm. This separation corresponds to 1000 atom diameter and it is
well above the nanoscale regime. So, for observation of smaller objects microscope
with resolving power much smaller than this is required, which can be achieved
using TEM.

In 1925, Louis de Broglie shows the relationship between the wavelength of
electrons and their energy, which can be written as

1.22
= (2.4)

where F is the energy of the electron in eV. So, from the above equation, we can
see that the wavelength of electrons having energy 200 keV is 2.8 picometer, which

is very much smaller than the size of an atom.
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2.3.1.2 Interaction of Electrons With Matter

An electron is a kind of ionizing radiation. It’s interaction with specimen results
in different kinds of signals, every signal has their own different origin and can be
used to extract different kinds of information which are used in AEM. The differ-
ent signals which are used in AEM are (i) X-ray (i7) Elastically and inelastically
scattered electrons (Figure 2.2).

SE and BSE are used in the SEM to obtain topographic and elemental infor-

mation about the specimen.

Incident electron
Secondary electron P Back scattered electron
Auger electron LRI

Characteristics X-ray

Photon

Elastically scattered Unscattered Inelastically scattered
electron electron

electron

Figure 2.2: Schematic representation of generation of various signals due to inter-
action of highly energetic electrons with a thin specimen.

(1) X-ray: X-rays are the most important signal which gives the chemical in-
formation on the nanometer scale. This also helps to find out the atomic ratio of
the constituents elements and also the spatial information. X-rays are generally

of two types Characteristic X-rays and Bremsstrahlung radiation: When
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the incident high energy electrons interact with the electrons in the inner shell
and transfer more than the ionization energy corresponds to a particular shell, the
electron in the inner shell escape to the Fermi level and the shell becomes vacant
which leads the atom into an excited state. To minimize the energy, electrons
from outer shell jumps to the inner shell and either emits X-ray or Auger elec-
trons. The energy of the emitted X-ray is dependent on the atomic number of
the elements and hence specific for specific material and is called Characteristic
X-rays. “Bremsstrahlung” is a German word and means “breaking radiation”. It
produces a continuous background in the X-ray region and originated from decel-
erated electrons. While most of the electron microscope is equipped with an EDX
detector, the Auger electron detection is carried out in specially configured TEM.
Secondary electrons: It is the result of inelastic interactions between the inci-
dent electrons and the outer shell electrons of the atoms. These electrons emit only
from the surface of the sample and give the topographic information and are used
in scanning electron microscopy. Backscattered Electrons: BSE are generated
due to elastic collision between the incident electrons with the atoms. The signal
comes from a deeper portion of the sample and shows high sensitivity to the differ-
ence in atomic numbers. This is also vastly used in SEM to spatially differentiate
between various elements. Energy loss electrons: When electrons interact with
a specimen it can lose energy through various processes. These processes produce
energy loss electrons (inelastic electrons) which carry more information compared
to X-ray. These inelastically scattered electrons carry information about the elec-
tronic structure of the atoms of the specimen from which valance state, bonding,

bandgap, and specimen thickness can be measured very much accurately.
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2.3.2 Different Components of TEM

TEM is a very complicated instrument.
three components

(7) The illumination system

(1) Specimen stage

(77i) Projection system

C1 aperture jg——«

aperture ~

— “‘ﬁ

. S
aperture

SAD

aperture

] !
STEM- f
HAADF \

detector

EFTEM &
EELS
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—

The general parts of a TEM consist of

e——Q

Figure 2.3: 300 keV FEI TECNAI G20 Twin Microscope facility at SINP, Kolkata.
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2.3.2.1 The Illumination System

The illumination system and its controlling unit is the heart of TEM. The major
parts of the illumination system are consists of

(1) Electron source or filament,

(17) High voltage system

(7i7) Condenser lens

(1v) Objective lens
2.3.2.2 Electron Source or Filament

Two kinds of electron sources are used mostly in TEM. One is the thermionic
source which when heated produces electrons and the other is the field emission
source which produces electrons on the application of an electric field between the
tip and the anode. Schottky field emission gun is a combination of thermionic
emission and field emission gun and is also widely used as an electron emission
source.

In the thermionic gun, the electrons are needed to supply sufficient thermal
energy so that they overcome the barrier and leak out from the surface. This
barrier is known as work function. The emission current density depends on the

temperature and their relation obeys Richardson-Dushman equation
J = AT?e(—¢/kT) (2.5)

where A is a constant and is different for different materials, k is Boltzmann
constant (8.5 x 1075 eV/k). So, from the equation, we can see that higher tem-
perature is required for metals with higher work function. However, a few eV of

thermal energy is sufficient to melt most of the metals. Hence, previously TEM’s
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were made of tungsten filament because of its high melting point (3660 K) and
LaBg crystal is mostly used as the thermionic source because of its low work func-
tion.

FEG’s are called cold guns as no thermal heating is required. The strength
of the electric-field increases significantly at sharp points, which is the principle
behind FEG. If V' be the applied voltage and r is the radius of the tip then the
electric field at the tip will be F = % Tungsten can be made readily a tip of
radius < 0.1 m. For the application of 1 kV potential, the value of E becomes
10 V/m. This amount of electric field is sufficient to overcome the work function
barrier for the electrons. The tip should be also mechanically strong so that it can
sustain the severe stress applied by the electric field. The field emission depends on
the orientation of LaBg crystal and < 310 > orientation served the best. The tip
should remain pristine for effective field emission and this can be achieved only in
UHYV condition (< 1072 Pa). The most popular electron guns are Schottky electron
guns whose surface is treated with ZrQO, for improved emission characteristics.

The thermionic gun consists of three parts, they are cathode or electron gun,
Wenhelt cylinder, and anode. The cathode is connected to the high voltage power
supply. The electrons emerge out from the cathode to the anode with acceleration
depending on the applied voltage. The movement of the electrons from the cathode
to anode is controlled by the Wenhelt cylinder. A small negative bias is applied
to the Wenhelt cylinder and this converges the electron beam to a point called
crossover. Electrons are then accelerated towards the anode. FEG consists of a

cathode and two anodes. The extractor voltage is provided between the first anode
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and cathode. The applied voltage produces an intense electric field so that elec-
trons can tunnel out from the cathode. To avoid any thermo-mechanical fracture
of the tip the voltage should be increased very slowly. The electrons are accelerated
by the second anode which is placed after the first anode. The combined effect of
the anode field acts as an electrostatic lens and creates a crossover, which deter-
mines the effective size of the source and its position. However, such configuration
does not give a stable source, which can be improved by the incorporation of the

magnetic lens inside the gun.

2.3.2.3 Electron Beam Acceleration

After the extraction of the electrons from the electron gun they are accelerated by
the high electric field which is applied between an anode (which is a metal plate
with a central hole) and the cathode. The applied potential difference between
the cathode and anode accelerates the electrons towards the anode and only 1%
of the emitted electrons pass through the anode hole. To analyze the property
of electrons when they are accelerated by high voltage, we have to consider its
wavelength. The kinetic energy of the electrons when they are given a potential

"V wolt is given by

KE=+_=¢V (2.6)

where p and m are the momentum and mass of the electrons respectively, e
is the electronic charge. Now from De Broglie hypothesis the wavelength of the
electrons will be

h
A== ——— (2.7)
p 2meV
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if we apply an acceleration voltage of 100 keV the velocity of electrons ap-
proaches to 0.5 ¢ which is very much comparable to the velocity of light in vac-
uum. Hence, considering the relativistic effect the more accurate expression for

the wavelength of electrons will be

h h
)\_

=—= (2.8)
p \/2meV(1 +595)

which gives the wavelength of 1.2 pm for electrons with an acceleration voltage

of 300 £V (in absence of any instrumental noise).

2.3.2.4 Lenses and Apertures

The illumination system consists of the electron gun and condenser lenses. The
combined role of these two is to extract the electrons from the source and transfer
all the way to the specimen. Unlike LM where we change the position of the lenses
to focus the beam, in the electron microscope EM lenses are used. The strength
of these lenses can be modified by changing the current through the coil around a
soft magnetic material core to change the strength of the resulting magnetic field.

The electromagnetic lens consists of two parts. The first part is a cylindrical
shape core made of soft iron having a hole through it. This is called as pole-piece
and the hole between them is called bore of pole-piece (Figure 2.4a). Most of the
lenses are consist of two pole-pieces. There is a gap between the pole-pieces and
this bore to gap ratio is a very important parameter for such kind of lens. The
second part consists of a copper wire surrounding each pole-piece. A magnetic field
is created in the bore whenever current is passed through the coil. The magnetic
field is axially symmetric while inhomogeneous along the length. The ray path (or

trajectory) of the electrons through it can be controlled by changing the current



through the coils (Figure 2.4b). The coils are feed through cooled water to counter

the resistive heating of the coil.
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Figure 2.4: Schematic representation of (a) magnetic lens and (b) path of and
electron in a magnetic field.

To understand mathematically how an electromagnetic lens works, let us con-
sider an electron of charge e enters into a magnetic field of strength B and an

electric field of strength E. The Lorentz force acting on the electrons will be
F=—¢(E+7xB) (2.9)
in absence of the electric field
F=—ctxB (2.10)

hence the resultant force will be perpendicular to the plane containing both ¢
and B. The direction of the applied field can be determined by using Fleming’s

left-hand rule.
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For an electron entering into a uniform magnetic field nearly 90° with it, the

force on it will be F = evBsin90° = evB = mT”Z) where r is the cyclotron radius

muv

=2. As the velocity of the electron is comparable to

mOE,/ %
2oty ae) (2.11)

eB

which can be written as r =

the velocity of light, we have

r =

where Fjy and my are the rest mass energy and rest mass of the electron respec-

tively. From this, we can derive the value of r as

337 x1075/[V(1+0.9788 x 10-°V]

= (2.12)

r

to derive this equation we have considered that § = 90, i.e. the electron travels
straight along the optical axis, which indicates that it does not feel the presence of
the lenses. Hence, it must deviate from its straight-line path so that the EM lenses
can affect its path. Hence in this conditions, e~ will have two velocity components,
v1 perpendicular to B and vy parallel to B. So, v1 = vsinf and vy = vcosH. vy
results motion along the direction of the optical axis. On the other hand, v; will
produce a circular motion with a radius given by the combined effect of these two.
This will result in a helical path of the e~ s along the optic axis. The cyclotron

frequency can be written as

_27T

_B (2.13)

We
T. m

from these equations, we can estimate the ray path of the electrons through

the lens completely.

2.3.2.5 The Specimen Stage System

The specimen stage is one of the most important parts of the TEM. The specimen

stage is mostly of two types, side-entry stage, and top entry stage. In the side-entry
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stage, the specimen is kept at one end in such a way that the vibration should be
minimum. The design of the stage should be such that it does not disturb the
vacuum of the TEM column during its insertion. This is achieved through an
airlock which is a small chamber where the specimen is initially inserted and it is
evacuated before the stage enters into the TEM column. In a side entry stage, the
stage is inserted horizontally into the column through the airlock. The rotation
of the holder about its long axis activated the airlock evacuation valve and high
vacuum valve. It is easier to control the precise motion of the specimen along x,
y, and z-direction. Also, the specimen tilt can be obtained easily by turning the
external end of the holder. Also, heating and cooling of the specimen stage are
easy to arrange in this configuration.

In the top entry stage, the specimen is clamped to a cylindrical holder which
consists of a conical collar. The holder is inserted into the TEM collar through
an airlock by a sliding and tilting arm which is retracted after insertion. For our

experimental purpose, we have used the side entry sample stage.
2.3.3 Projection System

The projection lens is there to produce a final image or diffraction pattern through
the entire TEM screen which has a diameter of several centimeters. To minimize
distortion in the final image, the projector lens is made to be a very strong lens

with the focal length of a few millimeters.

2.3.3.1 TEM Screen and Camera

To visualize the image a phosphor screen is used. The screen consists of a metal

plate, which is coated with a thin layer of fluorescent powder which fluorescence in
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the yellow-green region in the visible spectrum. Traditionally the phosphor mate-
rial consists of zinc sulfide with very small metal impurity. The screen is observed
through a viewing window which is of high lead concentration and sufficiently thick
to efficiently absorb X-rays which are generated when the electrons incident on the
screen.

To record the TEM image or diffraction pattern CCD sensors are used. It
consists of millions of Si photodiodes. Each Si photodiode produces an electrical
signal proportional to the intensity level. As a very highly condensed electron
beam can damage the photodiodes, they are protected by a phosphor screen on
which e~ beam intensity can be adjusted. The image can be viewed digitally on a

monitor screen and can be stored digitally in computer memory.
2.3.4 Vacuum System

To avoid undesired scattering of electrons by gas molecules, it is very much essen-
tial to maintain a high vacuum inside the TEM column. The electron gun requires
a very good vacuum to prevent high-voltage discharge and oxidation of the fila-
ment material. To obtain this high level of vacuum different kinds of pumps are
used in TEM (Figure 2.5). In our system, we have rotary, oil diffusion pump, ion

pump, etc.

2.3.4.1 Rotary Pump

It consists of a rotating assembly operated with an electric motor, It also consists
of internal vanes which are separated by a coil spring. This configuration enables

it to press against the inside wall of the cylindrical pump and produce an airtight
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Figure 2.5: Schematic diagram of TEM vacuum system.

seal. The lubrication of the inside chamber is done with oil of low vapor pressure
which reduces wearing and friction of sliding surfaces. To obtain a considerable
expansion of the volume of the gas at the outlet the rotation axis is offset from
the cylinder axis. The gas drawn at the inlet expands considerably before it goes
out through the opposite valve. The air is then compressed and goes out from
the outlet. In the meantime, there is already an expansion of air drawn from the
inlet of the next cycle and the action continues. The rotary pump is a “rough”

pump which can bring down the pressure to 1 Pa, which is 10° order less than
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atmospheric pressure. But this vacuum level is not sufficient for efficient electron

emission.

2.3.4.2 Qil Diffusion Pump

The diffusion pump is used to produce a “high” vacuum (< 1073 Pa). A typical
cylindrical diffusion pump uses a low vapor pressure liquid having a very high
boiling point. The liquid is boiled using a heater situated at the base of the
cylinder. The vapor rises through the pump and then an internal baffle assembly
deflects them downwards through jets. During their downward motion, the oil
molecules collide with air resulting in downward movement of the gasses from the
inlet of the pump. The oil molecules come back to the liquid state after colliding
with the cooled inside wall of the diffusion pump. The minimum working pressure
of a diffusion pump is below 10 Pa to prevent oxidation of the oil. This is obtained

by a rotary pump connected to the bottom of the diffusion pump.

2.3.4.3 Turbo-Molecular Pump

Turbomolecular pump is also used to supplement the diffusion pump. An ion pump
is also used to obtain a pressure below 10~* Pa, which is suitable for the operation
of the gun.

For an efficient operation of a TEM, all the different pumps must work in
correct sequences. It is controlled and monitored by vacuum gauges located at
different portions of the system and controlled by different valves. Modern TEM’s

come with an automatic software control vacuum system.



45

2.3.5 TEM Imaging and Diffraction

The objective lens collects the electrons emerging out from the specimen and pro-
duces a diffraction pattern at the back focal plane and finally forms the image in
the image plane by recombining them. To switch between the diffraction patterns
and image we have to adjust the imaging system lenses. To obtain a diffraction
pattern the back focal plane of the objective lens should act as the object plane for
the intermediate lens (Figure 2.6a). To obtain an image, the imaging lens system
is re-adjusted so that the image plane of the objective lens act as the objective
plane for the intermediate lens (Figure 2.6Db).

The diffraction pattern taken from the whole sample does not contain any useful
information due to buckling. Also, in such a case the diffracted beam is often so
intense that it can damage the viewing screen or can saturate the CCD camera.
So, in SAD pattern, we select a particular portion of the specimen which is free
of buckling and also it reduces the direct beam intensity. To do this we insert
an aperture above the sample which allows only those electrons to pass through
it and hit the sample. The diffraction pattern is of two types (i) CBED and (i7)
SAD. In CBED we use a convergent beam to hit the specimen and the resultant
pattern is a circular disk instead of spots. In SAD operation, the parallel beam
hits the specimen and produces diffraction spots. Here the aperture is placed in a
conjugate plane with the specimen which is at one of the planes where the image
of the specimen is formed for the imaging lens. The SAD aperture is placed at
the image plane formed by the objective lens as shown in Figure 2.6. The proper
adjustment of the aperture is done by viewing on the phosphor screen.

According to Bragg’s law, Figure 2.7 shows an incident beam of wavelength W,
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Figure 2.6: Two most basic TEM operation (a) image mode (b) diffraction mode.

is scattered by an atomic plane and produces the diffracted wavefront Wp which
depends on the scattering process (coherent or incoherent). According to Laue’s
condition, the simplified diagram for a scattering process of two atoms is shown in
Figure 2.7. It shows the wave propagation vector ? with plane wavefront, where

ﬁ
k is normal to the wavefront. We can write the equation as
— =
K =kp—h (2.14)

— —
where kp and k; are the diffracted and incident wavefronts and l? is the change
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Figure 2.7: (a) Representation of scattering from two atomic planes where Wy and
Wp are the incident and diffracted waves respectively. (b) incident wave vector is
k1, diffracted wave vector is kq and K is the difference vector.

in wave vector due to diffraction. If A be the wavelength of incident light then,

— —
| kv |=| ka |= (2.15)

> =

Provided there is no change in electron energy during diffraction. From Figure

we also have

(ke | =, 2sing
Sing = ol =] = (2.16)
| ki | A

If 0 equals to the Bragg angle 65 then

|k |= (2.17)
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The path difference between the incident and diffracted wave becomes

2dsinfp = n\ (2.18)

For n=1 we have

A —
2dsin93232/\| k| (2.19)
For diffraction, at Bragg angle, the magnitude of £ is indicated by Kp as
— 1
Ko l= (2.20)

— —
| Kp | is defined so that | Kg |= g.
According to Bragg’s law the diffraction planes behave like a mirror for the incident

electron beam. The wave vector 7 is related directly to the diffraction spots in

TEM.

2.3.6 Bright-Field and Dark-Field Operation

The SAD pattern consists of a central bright spot originating from the direct beam
and some scattered spots whose position and orientation depends on the crystal
planar distances and crystallographic orientation and dependent on the nature of
the specimen. To obtain a BF image the central spot is selected with the SAD
aperture and is aligned along the optic axis. The image taken in this configuration
is called BF image (Figure 2.8a). The DF image is taken by selecting a diffracted
beam (Figure 2.8b). As the diffracted beam is not aligned along the optic axis the

image taken in this configuration will have more astigmatism and aberration. To
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Figure 2.8: Ray diagram of bright and dark-field mode of operation using objective
lens and objective aperture (a) BF mode of operation using direct beam. (b) off-azis
DF mode of operation using an off-axis beam. (c) CDF mode where the incident
beam s tilted to make the scattered beam travel along the optic axis.

avoid the situation the diffracted beam is first aligned along the optic axis and this

imaging process is known as CDF imaging (Figure 2.8c¢).
2.3.7 Scanning Transmission Electron Microscope

In STEM mode a convergent beam of electron is used as a probe and to form
the final image of the area of interest is scanned using the probe. One thing to
remember is that there should not be any change in the direction of the scanning

beam otherwise it will be very difficult to interpret the result. In STEM mode the
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beam must do the scanning parallel to the optic axis, which is ensured by two pairs
of scan coils. They pivot the beam at the front focal plane of the upper objective
pole-piece. As lenses are not used in this configuration, the images are free from
any chromatic aberration. STEM images are also acquired as BF, DF, and ADF-
STEM images. For the acquisition of BF STEM image and aperture is inserted
into the plane of TEM to allow only the direct electrons to contribute to the image.
The BF detector is inserted into the microscope axis and it intercepts the direct
beam electrons. As STEM acquisition is a serial recording process, it takes some
time to form a single image of the specimen. To obtain a DF STEM image any or
all of the scattered electrons are selected and fall onto the BF detector by simply
shifting the stationary diffraction pattern. In ADF images an annular detector
is used so that all of the scattered electrons fall to the detector. The advantage
of this process is that the contrast of the image is directly proportional to Z? as
high angle scattering is dominated by Rutherford scattering effects. The electrons

which are scattered more than 50 mrad are collected in this process.
2.3.8 Phase Contrast Microscopy

To construct the phase contrast image it is necessary to calculate the intensity of
the beam at the exit surface of the specimen (here at point P in the Figure 2.9, as
after suitable magnification this will become the image. To construct this, we will
consider the fact that any crystal is made of a number of unit cell. The amplitude
of a scattered electron from an unit cell can be written as,

2mikr 7

> fiO)em (2.21)

i=1

(&

Acell =
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Figure 2.9: Schematic representation of (a) diffraction of wave through a crystal
(b) realationship between spherical wavefront radius r, position vector of the i-th
atom r; and the point P at which the intensity is to be calculated.

where, f(6) is the atomic scattering factor, and the index i goes over all the atoms
in the unit cell, 6 is the angle of diffraction of the incident beam, £ is the wave
vector and position of the i-th atom in the unit cell. The term Y 7 fi(0)e?
can be written as F'(f) which indicates the structure of the unit cell. So we can

write the previous equation as

F(6) (2.22)

to find the intensity at point P, the summation is to be done over all the atoms in
the unit cell. If the number of unit cell per unit area on a plane parallel to crystal
surface is n and the inter-planar distance is a. Then £ defines the volume of a unit
cell V... So, considering this the diffracted beam amplitude (in € direction) can be

written as
.on
mTai B P g
¢g o e 27r7,k.1”n6 271'sz.7 (223)

S i=1

where 7, describes the position of each unit call. The quantity &, is called
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“characteristic length” for the 7, and it can be expressed as,

V. cosfg

AF,

g

&= (2.24)

where F, denotes F'(f) when 6 corresponds to a Bragg angle, £, depends on the
wavelength and on Fj. The value of F} is higher for higher atomic number elements
and hence, &, is small for Au but large for Si.

The fundamental understanding of diffraction contrast in TEM can be obtained
from “Howie-Whelan” equation. Here, the wavefunction inside the crystal can be
considered to be sum of the electron beam passing through it. The amplitude of
direct beam is ¢y and ¢g1, @g2,.....¢4n represents the amplitude of the diffracted

beams. So, the total wavefunction can be written as,
— — —
¢T — ¢0627r§0.7 + ¢91627r§gl.7 + ¢g2627r592.7 N (225)

where EZ and QZ are the wave vectors in vacuum. This are indicated as ? inside
the crystal. In two- beam approximation method only one diffracted beam along
with the direct beam is considered. This condition can be acquired by tilting the
crystal such that only one strong diffraction occurs while all the others become
weak. In such case a small change in ¢, due to the passage of small distance dz

through the material can be represented as,

; = = ]
d(% — ﬂgb()e?m(mo—ED)?dZ + ﬂqﬁgdz (2.26)
T, &o
. . R
dgy = = dodz + = pye DT 1 (2.27)
Lo 9

— 7 .
where the quantity xiy — £p represents the change in wave vector when ¢g

- =
scatters into ¢,. For a perfect crystal §, —&§p = 7 — ?, where ¥ is the excitation
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error. The quantity & and ¢, are the characteristic length for forward scattering
and diffracted beam corresponding to a vector 7 The equations can be rearranged

to represent pair of coupled differential equation. Which is given by,

do, %) o2 e )

—_ = — i(wio — 2.28

dZ xggb + 50 ¢g ( )
and

o 11, Ty i

o (2.29)

from this paired equations we observed that the relative change in ¢y and ¢,
are ‘dynamically coupled” to each other and this pair of equations are known as
“Howie-Whelar equation”. It leads to the fundamental understanding of diffraction
contrast in TEM.

For two beam condition we can write equation 2.25 as
—
w — ¢0 z 627T'Lkl _'_ ¢ Qﬂ'Zk‘D.? 230
g

e d
now, we will make some substitution by taking ¢o(z) = A and e*"iks 7 out as a
. 2 in
factor and ¢, = Be”, where B = mosin(rlsers) and § = — TtSepp. S0, equation

EgTSeff

2.30 becomes

w 27r1k:1 [A+B€ (2ng. 7—!—6)] (231)

so, the equation can be written as,
I =A%+ B?4+2ABcos(2rg.7 + ) (2.32)

so the outward beam oscillates sinusoidally normal to 7 and the periodicity de-
pends on 6. We can relate these fringes to the interplanar spacing and normal
to 7 This model indicates that for different values of ? the intensity varies si-
nusoidally with different periodicities. It is also valid when the incident beam is

slightly off the optic axis.
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2.3.9 Moiré Pattern

The Moiré pattern forms due to interference of two lattice planes having nearly
same interplanar spacing. Moiré fringes are mainly of two types (i) Translational
Moiré fringe, when the planes are parallel to each other, the ? vectors will also
be parallel. So, if they can be written as g—f and g—g> a new lattice spacing will
be produced and will be represented by gt_>m = g_g — g_f g_g> and gt_>m represents
the shorter spacing and translational Moiré fringes respectively. The direct space

fringes dy,, corressponds to g;,, can be represented as

1 1 dody
dipy = — = = 2.33
! Gtm g2 — 1 dy — dy ( )

(ii) Rotational Moiré fringes, if we consider the two vectors to be identical in length
and inclined from each other by an angle 3. The new 7 vector in this case will

have length of 2¢ sin(g). So,

1 1 d
dppy = — = — = — (2.34)
Gm  2sin(5)  2sin(5)

The expression for general Moiré fringes for small inclination angle and for two

@
[NJ)eY

different lattice parameter having very small difference with each other can be

written as,
did
g = 12 (2.35)
V(di = da)? + did 5

2.3.10 Energy-Dispersive X-ray

X-rays are generated when the highly energetic electrons strike the specimen. As
X-rays are characteristics of the specimen only hence, by using x-ray spectrome-

try a detailed elemental analysis can be done in TEM. In X-ray energy dispersive
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spectrometer a Si or Ge detector is used. A voltage pulse proportional to the en-
ergy of the X-ray is generated by the detector. The pulses are translated into a
signal in a particular channel with electronic processing. A spectrum is generated
in the energy window which can further be transformed into compositional profile
or compositional map (Figure 2.10). To do an EDX we have to first obtain an
STEM image and then the elemental information can be obtained by using a spot
as a probe. But to obtain a good statistical information usually a drift corrected

spectrum image is obtained in STEM mode.

Computer
Electric
pulse . . Energy MCA
X-ray——>| Detector [———>| Processing unit |—>

display

Figure 2.10: Schematic representation of EDX signal generation processing unit .

The different working steps of an EDX detector is as follow
(1) A charge pulse proportional to the X-ray energy is generated by the detector.
(77) The generated pulses are then converted into voltage.
(77i) The voltage pulses are then amplified by a FET.
(1v) The digitalized signal is stored in the desired channel and displayed in a com-
puter.
Unlike STEM image formation, the generation of EDX spectra is very fast. An

EDX actually does two kinds of work (i) It detects the X-rays and (i7) It separates
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them into a spectrum depending on their energy. The Si detector is not pure Si,
as pure Si contains acceptor type impurity and behave as p-type Si. Hence to
compensate for this it is lightly doped with Li to create an intrinsic Si. We have

used the TIA software of FEI platform to perform all the EDX analyses.

2.3.11 TEM Cross-Sectional Sample Preparation

For TEM analysis the transmitted electrons are used to form the images. Hence
the specimen cannot be inserted into their bulk form. They must be electron trans-
parent and hence solid samples have to go through a special sample preparation
process before they are inserted into the TEM column. The different process of
thinning a sample fro suitable TEM measurements are the following and is shown

in Figure 2.11.

Dlsc Mechanlcal
cutting Thinning
ummy:

. o Dimpling
Initial thinning (100pm) I

Dimpling ( 30 pm) [

\ Ar+ ion
lon milling 7‘ milling Cm
Perforation after

ion milling ..l

Figure 2.11: Schematic of TEM cross-section sample preparation process.
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2.3.11.1 Bonding of the Substrate

At the very first step, two substrates (of width 3 mm) on which nanoparticles
are deposited are bonded face to face with epoxy. The epoxy consists of a resin
and a hardener. These two were mixed at 8 : 1 ratio (resin:hardener) and stirred
properly to obtain a uniform color mixture. The epoxy is then applied onto the
surface of the substrates and they are bonded face to face. To obtain a strong
bonding at the interface between the two substrates the composite is kept pressed
by a mechanical arrangement and kept at a hot plate at 130° C' to obtain a strong

adhesion.

2.3.11.2 Insertion of The Composite into a Copper Tube and Disc Cut-
ting

After the composite is formed it is inserted into a Cu tube of 3 mm dia. The

composite is placed at the center of the tube and dummy substrates are inserted

on both sides of it to fill the empty space. The total combination is kept vertically

on a glass slide and placed on a hot plate. Epoxy is inserted into the tube to obtain

compact bonding between them. The Cu tube is then cut into a disc of 0.5 mm

width using a wire saw.

2.3.11.3 Initial Thinning

The disc of 0.5 mm width and 3 mm dia is then thinned mechanically using a disc
grinder (Gatan) and silicon carbide paper to obtain suitable thickness for dim-
pling. Special care must be taken while thinning so that no crack occurs during
this process otherwise it will break when the thickness will be very much less. The

thickness of the sample becomes 60 — 100 after initial thinning.
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2.3.11.4 Dimpling

During dimpling, only a small portion at the center of the sample is thinned. In
this process, the sample is placed on a circular table which can rotate uniformly in
the horizontal plane. The grinding wheel rotates in a vertical plane whose rotation
speed can be adjusted according to the hardness of the material. The dimpling
was done using 3y size diamond paste. After final dimpling, the thickness of the
sample at the mid-portion becomes 30u. The dimpled side is then polished with

0.25u size diamond paste.

2.3.11.5 TIon Milling

After dimpling, the sample is still not thin enough for TEM measurement. To
make it suitable for TEM observation it has to go through the ion milling process.
We have used a PIPS from Gatan for this purpose. During PIPS thinning Ar*
ions are produced and by using bias they are made to strike the sample at the
desired region to obtain the final electron transparent sample. An LCD display
is used to monitor the process and also for proper centering of the disc. In our
system, the energy of the ions can vary between 1.5 keV to 5 kel and the angle
of incidence can be adjusted up to +10°. For most of the ion milling 3.5 keV
energy is used. While for cleaning purposes 1.5 kel energy is used. The process
is completed when we observe a tiny perforation at the center of the sample in the

LCD display.
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2.3.12 TEM Characterization

XTEM samples were prepared along [110] and [—110] projections and also along
[100] and [—100] projections. The cross-sectional samples were made using the
process described in the second chapter. The TEM characterizations were done
using an FEI TECNAI G? F30-ST microscope operated at 300 keV. It is also
equipped with a HAADF detector (Fischione, Model 3000) and EDX for X-ray
analysis. The samples prepared along [110] and [—110] projections were oriented
along [110] zone-axis and the samples prepared along [100] and [—100] zone axis

were oriented along [100] zone axis for TEM observations.
2.3.13 Scanning Electron Microscope

To obtain a detailed topographical information SEM was used. In SEM, SE images
are obtained by using raster pattern scanning of electron beam over an area of the
sample. The different components of an SEM are shown in Figure 2.12.

Much like TEM, the components of SEM are electron gun, electromagnetic
lenses, aperture, scanning coils, electrostatic lens, and detectors. Typically 5 £V
to 30 £V high voltage is applied to the electron gun in SEM. The electrons then
emerge out from the sharp FEG tip (typically of 100 nm radius) and incident
on the sample after passing through a series of a condenser and objective lenses.
The working of these lenses is the same as their function in TEM described be-
fore. Using the above mentioned voltage to the filament, a nanometer size probe
is obtained which is very much pre-requisite to study nanomaterials topography
efficiently. The charging effect is a very important phenomenon in SEM which
distorts the image and also disturbs the vacuum. Hence to avoid this a few nm

conductive layer is coated upon non-conductive samples. Special care should be
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Figure 2.12: Photograph of Gatan CL-SEM installed at SINP, Kolkata .

taken while inserting the sample into the chamber. The vacuum of the sample
chamber is maintained by a turbo pump backed by a rotary and the chamber pres-
sure is maintained at 1 x 107° mbar. The FEG should be maintained at UHV
condition to avoid any contamination and to obtain a longer lifetime fro the fila-
ment. Different kinds of interactions occur when highly energetic electrons incident
on a sample resulting generation of various kinds of signals. The two most used
signal in SEM is the secondary electron and backscattered electrons. Secondary
electrons are generated from 5 — 50 nm depth from the surface and hence contain
topographic information. Backscattered electrons escape from 100 times larger
depth compared to SE and the signal intensity depends on the atomic number of

an element and hence contain the elemental information.
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2.3.13.1 Cathodoluminescence in a SEM

The customized CL SEM set up at SINP was installed by Carl Zeiss, Germany,
and Gatan UK. It consists of two main units (¢) Unit to produce a nanometer-size

probe (ii) Optical detection unit (Mono CL3, Gatan). The schematic of the system

is shown in Figure 2.13.
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Figure 2.13: Detailed schematic diagram of the CL-SEM system .

A paraboloidal mirror, which is a part of the optical detection unit is placed
inside the SEM chamber. The electron beam incident on the sample after passing
through a hole (in the paraboloidal mirror) of 1 mm dia. The emitted signal from

the sample within a solid angle of 1.427 sr is collected by the mirror. The collected
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light signal is then collimated and fed to an optical monochromator of 300 mm
focal length. The light signal from the monochromator is directed to a HSPMT
which is Peltier cooled. The sample is kept at the focal point of the paraboloidal
mirror so that maximum photon can reach to the detector and also to obtained a

significant signal to noise ratio.

The CL SEM has two modes of operation (i) Mono CL mode, in this mode
photon map at a particular wavelength can be obtained from the sample. The
electron beam can either scan an area of the sample or it can be fixed at a point
on the sample to generate photons. The emitted photons are then collimated and
finally fed to a HSPMT detector to obtain the spectra. In (i) PAN CL mode no
monochromator is used and the emitted photon of all wavelength is fed into the

HSPMT detector.

2.3.13.2 SEM Characterization

Quanta FEG (FEI) was used for SEM analysis. Normal plane view and XSEM
mode were used for detailed morphological analysis. SE images were acquired
to obtain the topographical information and BSE images were acquired to obtain
detailed elemental information as the signal obtained from BSE image is dependent
on the atomic number of the elements. The operating voltages were varied between

5 kV and 15 kV depending on the resolution required.
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2.3.14 Raman Spectroscopy

Raman spectroscopy involves measuring the frequency shift of inelastically scat-
tered photons by a sample. The interaction of incident EM radiation with differ-
ent motion of the molecules (vibration/rotation) changes the polarizability of the
molecules and results in Raman scattered light. However, the Raman scattering is
a very rare event. A single Raman scattering takes place in 10° — 10® scattering
events. The Raman scattering can be of two types (i) Stokes Raman scattering, in
this kind of scattering the scattered light has lower frequency compared to the inci-
dent light. In (é7) the Anti-Stokes scattering scattered light has greater frequency
compared to incident light. The intensity of the Stoke’s line is much greater than
the intensity of Anti-Stoke’s line. In anti-Stokes scattering event, the incident pho-
ton takes energy from the molecular bond which is initially at excited vibrational
state. The shift in the energy of the photon is entirely dependent on the chemical
composition of the molecule which is responsible for the scattering. So, the Raman

spectrum is a fingerprinting tool for the identification of different chemicals.
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Figure 2.14: (a) Labram HR 800 installed at SINP, Kolkata (b) Schematic of

different unit and working process of a Raman spectrometer.



64

The Raman intensity collected in a Raman spectrometer can be written as,

Stta?
Irs = W(l + (cos6)?) (2.36)

where « is the polarizability of the molecule, A is the incident light wavelength, r
is the distance between the scattering center and detector, € is the scattering angle
and Iy is the incident light wavelength. SERS is a very useful tool for the detection
of a very low concentration of analyte and their structural information. In SERS
the incident EM light interacts with the localized surface plasmon resonances of
the metal nanoparticles and generates a very high intense EM field. From different
theoretical and experimental studies, it is observed that the SERS intensity is
directly proportional to the fourth power of local electric field intensity and also
dependent on the morphology of the metal nanoparticles. We have used a micro
Raman spectrometer (Labram HR, Jobin Yvon) equipped with Peltier cooled CCD
detector at room temperature. It is equipped with He-Ne laser with a wavelength of
632.8 nm as the excitation source. The block diagram of the Raman spectrometer

is shown in the Figure 2.14b.
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Figure 2.15: (a) Schematic of three electrode configuration of a electrochemical
workstation (b) Photograph of a three electrode system in working condition.
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2.3.14.1 SERS Measurements

SERS measurements were carried out using R6G as the dye molecule. The SERS
substrates were prepared by drop-casting 20 p L solution of 10 M R6G and the
substrates were kept for 12 hours. The SERS spectra were taken using LABRAM
HR 800 Raman spectrometer and using Labspec 4 software. He-Ne laser of exci-
tation wavelength of 632.8 nm was used for this purpose. The data were taken
for 10 seconds of integration time and 3 acquisition. The laser beam size was
lum x 1pm with a beam power of 100 puW. The spectrometer was calibrated
using the Raman peak of Si at 525 em™!. A 100x aperture (N.A = 0.9) was used.
Npuwr which is the number of molecules in the bulk sample is calculated from this
by assuming that R6G deposited on the Si substrate uniformly and have formed a
single monolayer. Nggrs was calculated by using the fact that the R6G molecules
were also adsorbed on pyramidal Si uniformly. To ensure homogeneity, the SERS

substrates were taken from three different points.
2.3.15 Electrochemical Workstation

A typical electrochemical cell consists of a reference electrode, a working electrode
and a counter electrode which are immersed in an ionic conductor (electrolyte so-
lution). We used CHI 660C electrochemical workstation which is interfaced with a
computer system to perform all the electrochemical work. The substrate of inter-
est works as the working electrode, a platinum wire acts as the counter electrode
and Ag/AgCl (kept in 3 M KCl) worked as the reference electrode, thus forming
a three-electrode system (Figure 2.15). The working electrode is placed as close as
possible to the reference electrode to avoid a significant ohmic drop. The potential

difference between the working electrode with respect to the reference electrode can
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be controlled digitally. We represent all the potential with respect to the potential
of Ag/AgCl electrode. The substrates were cleaned by acetone and ethanol before
the measurement. Due to low cost and high conductivity 1M NaySO, solution

was used as the electrolyte.

2.3.16 FDTD Simulation Set Up for Different Structures
2.3.16.1 Endotaxial Ag

-

k

Figure 2.16: Structural geometry used for FDTD simulation.

3D FDTD simulation was used to obtain the near-field intensity distribution
and SERS enhancement factor. According to TEM observation, the coupled Ag
nanostructure was laid on Si substrate with embedded Ag triangle into the Si ma-
trix. The geometry of the substrates and the coupled structure is shown in Figure

2.16. A TFSF source propagating along negative z-axis and having polarization
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along the x-axis is used to excite the composite system. The total simulation re-
gion was taken as 500 x 500 x 500 nm? and PML boundary condition was applied
in all directions. The simulation time was set as 500 fs so that all the energy
decays out. Excitation wavelength with center at 632 nm and having a span of
100 nm on both sides was used. The field monitors were placed in the x-z and y-z

plane to observe the near field intensity distribution.

2.3.16.2 Ag on Pyrmidal Si

The coupled nanostructure was taken as a combination of Ag sphere of radius 100
nm which is situated over a triangular Ag nanoparticle of side length of 155 nm
according to SEM and TEM observations. The coupled system was placed on a
pyramidal shaped Si of side length 2000 x 2000 x 2000 nm?. The system was
excited by a total-field scattered field source injecting along z-direction and having
polarization along x-axis. The total simulation region was 1500 x 1500 x 1500 nm?
and the boundary condition was taken as a perfectly matched layer. To give the
energy field enough time to decay out simulation time of 500 fs was selected. The
mesh size was set to 1.5 x 2 x 2 nm? for all the simulations. To understand the
near field intensity distribution, field monitors were placed along y-z, x-y and x-z
plane surrounding the nanostructure. An excitation wavelength of 632 nm was

used for simulation purposes.

2.3.16.3 Ag on Pyramidal Si/Si-Nanowire Binary Structure

Ag nanoparticles were considered to be a sphere of 100 nm diameter situating at

the top of Si-nanowire. The other parameters are the same as endotaxial Ag. The
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mesh size was set as 1.onm x 2nm X 2nm for all the measurements. The field-

monitor was set at the x-z plane to observe the near field intensity distribution.
2.3.16.4 Pd on Different Semiconductor Substrates
The simulation geometry was arranged according to our observations in SEM and

TEM. The initial Set up is same as described before, only the mesh sizes were

taken as 1.5 x 1.5 x 1 nm? along x, y and z-direction respectively.



Chapter 3

Galvanic displacement reaction

This chapter describes the basic understandings on Galvanic displace-
ment reactions (GDR) and metal-assisted chemical etching (MACE)

on semiconductor and metals

69
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3.1 Introduction

Metal semiconductor integration structure plays a very crucial role in modern
IC technology. In recent days, the electrolytic process is used extensively which
replaced aluminum (Al) with copper (Cu) based technology. Galvanic displacement
process is obtaining intense attention nowadays. It has the potential to be used
as the most adopted process for IC fabrication due to its simplicity, low-cost, and
easy tunability.

In GDR, metal ions are reduced by substrate material when the substrate is
immersed in the plating solution. The deposition requires no external powers
source and a reducing agent [111]. So, understanding the reaction mechanism is
very much important before going into the application of the GDR process.

(@) (b)

et Power —

ajesysqns

Figure 3.1: Schematic of (a) Electrocatalytic process (b) Electroless process
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3.2 Electrodeposition Process

In an electrolytic process, substrate surface modification occurs in an electrolyte
when an external voltage is applied between two electrodes as shown in Figure 3.1a.
In a typical electrolytic process different properties of the film like film uniformity,
film thickness, etc depends on electrolyte concentration, temperature, and external

voltages. Electrolytic process can be divided into three categories:
3.2.1 Autocalytic and Substrate Catalytic Process

In autocatalytic process, the metallic ions are reduced in the solution in the pres-
ence of a reducing agent. The reducing agent spontaneously produces electrons to
produce metallic ions. The reduction rate depends on the concentration and tem-
perature of the reducing agent. As the name autocatalytic suggests, the oxidation-
reduction process remains confined at the surface of the depositing metal. The
deposition of Ni from hydrophosphite solution is an example of an autocatalytic
process. Compared to electrodeposition process autocatalytic process has more
control over film uniformity, thickness by simply adjusting electrolyte concentra-
tion and deposition time. In the substrate catalytic process the reducing agent
can not reduce the metal ion from the solution and the deposition stops when the

whole substrate is covered completely.
3.2.2 Galvanic Displacement Process

Compared to the substrate catalytic or autocatalytic process where the metal ions
are reduced with the help of a reducing agent present in the solution. Galvanic
displacement process does not require any such reducing agent. In this process,

the substrate itself provides the electrons to reduce the metal ions. The reduction
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potential of the substrate should be lower compared to that of the metal to make
the reduction and the deposition process to continue. In this process, the reaction
also stops when the entire surface is covered. Various parameters like temperature,
plating time can be varied to control the growth rate.

GDR process is used for gold coating in ICs. HP group also produced gold
nanoparticle decorated Si nanostructures using this process[112]. It is also used
to produce nanoscale patterned surface, effective SERS active substrate and solar-
cells [113].

In this thesis work, we have done GDR on Si and Ge substrate and hence it is

very much important the electrochemical properties of them.

3.3 Si

Numerous investigations on the electrochemical properties of Si is reported already.
A Schottky diode like formation occurs when Si is immersed in an electrolyte
solution with the formation of a space charge layer at the junction. When Si is
in contact with an unnoble electrolyte the dominant electron exchange occurs in
the valence band. When Si is in contact with a noble electrolyte further electron
exchange can occur with redox electrolyte in the presence of surface state of Si
[111].

The standard reduction potential of Si with respect to a SHE is —0.875 V. In
most of the cases the GDR process for Si is carried out in HF solution, so under-
standing of Purbaix diagram which is the potential / PH diagram of Si— F — HyO
system is important and is shown in Figure 3.2a. From the diagram, it is observed

that Si is not thermodynamically stable in water and oxidized immediately as the
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equilibrium line of Si lies below the equilibrium line of water to the H, reduction
system. This diagram is used to determine electrolyte concentration, pH, and flu-
oride concentration for electrochemical reactions consisting of Si. At low pH, Si
shows inert behavior due to native oxide formation. Using HF the oxide film can
be dissolved at open circuit potential. In water solution and in the presence of
fluoride ions, the formation of silicon hexafluoride occurs which readily gets dis-
solved. The surface in this process is passivated by the complete formation of Si-H
termination bond. Depending on the pH of HF and N H4F solution formation of
—SiHy and —StH3 occurs. Figure 3.2b indicates the dissolution process of Si in

the fluoride solution for different pH ranges (pH 4 to pH 8).
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Figure 3.2: (a) and (b) Potential-pH diagram for Si— F — HyO system for different
concentration of F'~ ion. Image: ref 111
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In presence of water molecule the Si-H surface bonds hydrolyzed at the kink
site. Si gets dissolute through the weakening of the Si-Si back bond. For pH value
of less than 4, no reaction takes place due to a very low concentration of F'~ ions.
For pH values of greater than 4, Si dissolution occurs through Si-H bond thermal
activation. Fluoride ions play a crucial role in it. Finally, Si dissociates through

the formation of the Si-F bond in the presence of the water molecule (Figure 3.3).
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Figure 3.3: Schematic of H-terminated Si dissolution in (a) water (b) in HF.

the chemical reaction of redox couple is
M"™ (aq) + Si%(s) + 6F (aq) = M°(s) + SiFZ (aq) (3.1)

where s and aq indicates solid and aqueous phases respectively. The reaction

process mentioned previously can be divided into two half cell reaction
M""(aq) +ne” = M°(s) (3.2)

SiFZ™ (aq) + 4e” = Si%(s) + 6F (aq) (3.3)
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E°(Si*t/Si"%) = —1.20Vsy g (3.4)

the metal deposition rate in this process is proportional to HF concentration. The
Si surface gets rough at the metal deposition points and after the reaction, the Si
immediately gets oxidized at the defect positions (like steps, kinks, etc), which are
more chemically active compared to the H~ terminated Si surface. The deposition
rate can be controlled by introducing surface defects with ion bombardment and

also the doping level of Si substrate affects the deposition rate.

3.4 Galvanic Displacement on (Ge Substrate

However, galvanic displacement on Ge occurs without any external oxidant and

since the reaction product, GeO is water soluble. The reaction goes as follow:
G@—f-HzO = G€O+H2 (35)

compared to Si, Germanium undergoes dissolution in various acidic media like

H,S0,, HCIO,, and HOL.

Si Substrate \— Ge Substrate

Figure 3.4: Galvanic displacement process on (a) Si substrate and (b)Ge substrate.

Thermodynamically GDR process is easier for metals with high redox potential.
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Deposition of gold, silver, palladium are easier compared to Cu and Ni. The redox

potential for different metals is listed in Table 3.1.

Elements | Redox potential(in V)
Autt JAu 1.42
Agt/Ag 0.8
Cu?t/Cu 0.34
Pt**/ Pt 1.2
P& [Pd 0.83
Ru*" /Ru 0.8
NiZF /Ni 0.23
Ge/Ge™ 0.12
Si] S 20.86

Table 3.1: Standard redox potential of different of different elements.

3.5 Displacement of Noble Metals

The reduction of noble metal nanoparticles by Si in an aqueous solution of fluoride
ion is very much important in the microelectronic industry. As fluoride ions are
used to etch the native oxide from Si surface, metal contamination will lead to
deposition of undesirable metal deposition which will affect the performance of the
device. Balashova et al. and Krikshtopaitis et al. studied the deposition of Cu
and Au metal on Si and Ge in the presence of fluoride ion about forty years ago
[114]. They observed that the deposition rate gradually decreases with time.
Morphology of Au film deposited on Ge (111) and on Si (111) was studied
by Magagnin et al. They found that the adhesion of Au film with Si is weak.
However, they observed a strong adhesion of Au on Ge substrate [35, 115, 116].
This is attributed to the formation of a chemical bond between Au and Ge. Pt

and Pd were observed to form such kind of chemical bonds with both Si and Ge.
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Different kinds of Ag nanostructures were produced on Si and they showed
very good SERS properties. However, oxidation always leads to decrement in the
SERS properties of the substrates [90, 117]. In this thesis work, we have shown
that rapid thermal annealing at the Oy atmosphere increases the SERS activity of
Ag nanoparticles due to the formation of a special composite structure. The GDR
process occurs in a mixed solution of silver nitrate (AgNO3) and HF. The reaction

equation can be written as,

Si(s) +6F (aq) + 4Ag™ (aq) = 4Ag(s) + SiFy~ (3.6)

The reduction equation is
Ag*(aq) +e” = Ag(s)

(3.7)

There are many steps which are rate-determining;:

(i) Ag™ diffusion on Ag surface.

(ii) Diffusion of F'~ ion and its reaction with Si to finally produce SiFg .

(iii) Dissorption of SiFy .

Overall the growth rate is dominated by diffusion of Ag. As metallization is very
much important for the production of integrated devices, Cu is used to replace Al
to fulfill the requirement of metal on MEMS devices. Copper deposition by GDR

is studied extensively and it is observed to show a very good adhesion with Si.
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3.5.1 Displacement of Pt group metals

The Pt group metals (Pt, Pd) show very good catalytic properties [26, 94, 95].
Also, they possess very good stability at high temperatures. The SERS effect of
Pd is studied for many years but the EF is observed to be very low [39, 118, 119].
In this thesis work, we have shown that Pd substrate can be very useful as both
SERS active substrate and as an electrochemical sensor of glucose and AA.
Gorostiza et al. studied the growth of Pt on Si (100) in HF solution. They
observed the formation of Pt nuclei along with Si etch pits [120]. Compared to Pt
on Si, Pd on Si, Ge is less studied and to the best of our knowledge, no report
exists on the growth of Pd on patterned Si. High purity Pd film deposition on
Si and Ge substrates was observed by Ye et al. [121]. The substrate acts as a

reducing agent and high purity Pd film occurs to deposit at the substrate surface.
3.5.2 Effect of Surfactants

As modulation of nanostructure is very much important for different applications
like SERS, electrochemistry, etc. Different surfactants like PVP, AA were used to
control the growth rate of the nanoparticles for Au, Ag, and Pd [122]. Differently
shaped Ag nanoparticles were obtained by using PVP and by reducing silver nitrate
solution at 160°C. Also, Ag can be used as a template to form Au nanostructure
as Au®t ion etches Ag atoms from Ag nanoparticle surface. Differently shaped Pd
nanoparticles are also produced using PVP as a surfactant [39]. However, removing
the surfactant is not possible for the nanoparticles deposited on substrates. So,
the SERS enhancement of these nanoparticles will be very much affected by the
surfactants. In this thesis work, we have shown that by varying the substrate

morphology the metal deposition rate can be controlled. This can lead to different



79

shaped nanostructure for the same deposition condition.

3.6 Metal Assisted Chemical Etching

Semiconductor nanowires have potential applications in thermoelectrics, optoelec-
tronics, photovoltaics, and also in chemical and biological sensors [123-125]. The
remarkable mechanical, optical, and electrical properties are due to their high sur-
face to volume ratio and quantum effect. However, it is very much important to
tune their structure efficiently for the above-mentioned applications. Bottom-up
growth processes like CVD, MBE were used to produce Si nanowire, but these
processes require very much sophisticated instrumentation, time and hence com-
plicated [126, 127]. Metal-assisted chemical etching process is used nowadays to
produce Si nanowire because this process is very much easy and does not require

any heavy instrument.

i

R R A

Figure 3.5: Different steps of metal-assisted chemical etching process for an iso-
lated metal nanoparticle. (a) Reduction of HyOq at the meta particle surface and
insertion of hole into the Si surface (b) ozidation of Si surface and subsequent dis-
solution leads the metal particle to penetrate inside the substrate (c) diffusion of
holes towards the Si surface and subsequent oxidation of Si leads to formation of
porous Si.

In this process, a noble metal film (like Au, Ag, Pt, Pd) is first deposited on the
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substrate (Figure 3.5a). In the second step, the etching occurs in a solution consists
of HF and an oxidative agent. All of this can be performed in a chemical lab making
this process cheap and appropriate for mass production. Due to such simplicity
compared to other processes research on MACE process is growing rapidly and a
substantial amount of work has already been done. Li and Bohn in 2000 observed
formation of channels on Si substrate [128]. The channel formation occurs when
noble metal films deposited on the substrates are placed in a solution consists of
HF and oxidative agent. Chartier et al. observed the formation of porous Si at
the channel walls and underneath the film [129]. However, the exact explanation
of the formation process is still not feasible. Different mechanisms are proposed to
explain this phenomenon.

During MACE, holes are generated at the junction of the electrolyte and the
metal particles by a redox reaction. The metal particles act as a catalyst in the
reduction of the oxidative agent (H30s). The generated holes than reach to the
Si surface through the metal particles. The electrolyte containing HF reach to
the gap between the metal particles and Si. As a result of this, the oxidized Si
dissolves and gets removed from the substrate surface. The particles sink into Si
and the process continues (Figure 3.5b). The concentration of holes is maximum
at the junction of metal particles and Si and the etching permanently occurs at

this point. The etching reactions can be written as
HyOy + 2H' = 2H,0 + 2h™ (3.8)

Si+ 2H,0 + 4ht = SiO, + AH* (3.9)
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Porous Si is also formed in this process in the regions far from the metal par-
ticles (Figure 3.5¢). Because the density of holes decreases as we go far from the
metal particle and in these places Si only dissolved locally producing porous Si.
However, the porosity of Si can be effectively controlled by the HF/H,0; ratio.
At high H>O, concentration porosity of Si is observed to increase. Also by creating
a local density variation in this ratio zig-zag Si nanowire can be produced. In this
thesis work, we have shown that the sidewalls of Si nanowire produced from pla-
nar Si and pyramidal Si are very much different and the H F/H,05 ratio is mainly
responsible behind this. The concentration of Ag™ ions also plays a very decisive
role behind this. Geyer et al. have observed that as soon as Ag™ ions are removed

from the solution etching stops and no channel formation occurs.

(a) (b) (c)

1.24 Ve

Si + 4HF, + 2h* = SiFs2 + 2HF + H, \

Holes get

trapped at Metal
theinterface Holes drifting
+ h+ away from the
H,0, + 2H* + 2e- = 2H,0 2 ° interface
—

1.76 Veue

Figure 3.6: (a) Schematic of reduction potential for the two MACE half reaction
process vs Vs (b) and (c) Au-Si interface band diagram for n-type and p-type Si
substrate respectively.

Ruby A. Lai proposed a Schottky barrier catalysis mechanism behind the
MACE process [130]. By using this mechanism they could explain the dependence

of MACE process on doping concentration, doping type, and etchant solution
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composition. According to their mechanism, the metal ions not only participate in
catalyzing the oxidation but they also form a Schottky type barrier with the Si at
the junction which controls the spatial dispersion of the holes. The band-bending
in an n-type Si occurs such that it can trap more injected hole at the surface,
which promotes the oxidation and dissolution of Si (Figure 3.6a). For a p-type Si
the band bending occurs such that it cannot trap most of the injected holes at the

surface and results in slower oxidation and dissolution of Si (Figure 3.6b).



Chapter 4

Structural Study of Nanoparticles
Deposited on Semiconductor
Substrates by Electroless Method

This chapter describes the structural study of different noble metal
(Ag, Au and Pd) nanoparticles using SEM, TEM and XRD method.

83
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4.1 Introduction

The LSPR and other near and far-field optical properties (i.e.scattering, absorption
of nanomaterials are heavily dependent on the size, shape and interparticle dis-
tances [21-25]. On the other hand, the final morphology of nanoparticles deposited
on substrate is highly dependent on the growth rate, substrate type and on the
nanoparticle-semiconductor interface. Hence, to correlate the optical and catalytic
properties of nanostructure with its morphology a detailed structural analysis is
very much required. XRD can provide a rich information on different structural
parameters but it always show an average measurement taken over an ensemble
of particle.So, to make a direct space single particle observations on the growth
rate, morphology and interfaces, electron microscopy measurement is very much
required. SEM can give us both topographic and elemental information by SE and
BSE imaging method. However, it is unable to give an atomic scale information.
To obtain a real space atomic scale information TEM is used. It can provide a
very precise measurement about the size, shape, inter-atomic spacing of a single
nanoparticle with a minimal error. Also, from the EDX imaging and mapping a
clear visualization about the location of different constituent elements can be ob-
tained very easily. These special features make TEM a very efficient instrument in
nanoscience. In this chapter, we will describe a detail structural characterization
of the growth and morphology of metal nanoparticles (Ag, Au and Pd) deposited
on planar and patterned semiconductor (Si, Ge) substrates by GDR method and

their structural evolution due to RTA process in different atmosphere.



85

btain
initially

4.2 Structural Evolution of Ag Deposited on Pla-
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remain disconnected and for higher deposition time they extended and finally form
a percolated network (Figure 4.1e). The percolation process seems to increase the
particle uniformity and the surface remains flat (Figure 4.1f). Ag follow SK or

layer plus island growth mode [137].

4.2.2 Study of Crystallinity: XRD analysis

(@) 1 (0) 100004t o (©) 10000
T T T Ag (111) —— P-Si/Ag 1 minute Ag (1)
Ag (111) : ::1:9913,::1“;:5 — SilAg 3 minu(es_o2 annealed
90 —— Si/Ag 3 minutes_N,annealed
— SilAg 3 minutes
Z > 2
% z 50004 g 5000+
= 604 1 ] =
£ Ag (200) £ Ag (200) £ Ag (200)
l Ag (220) Ag (220)
304 Ag(220)
| | | 0 e
30 40 50 60 70 30 40 50 60 70 30 40 50 60 7
260 (Degree) 26 (Degree) 20 (Degree)
(d) (e)
Ag (111
goood A
~—— P-Si/Ag 1 minute_ O, annealed
== P-Si/Ag 1 minute 800
— SilAg 1 minute_o2 annealed
a1 i 2
’? = Si/Ag 1 minute g
] -
g 3000 Ag (200) £ 400
o £
- Ag (220)
pksad of-k o —
30 40 50 60 70 30 40 50 60 70
20 (Degree) 20(Degree)

Figure 4.2: (a) XRD peaks of cubic Ag according to JCPDS data. (b) XRD pattern
of Ag deposited on Si for 1 minute and 3 minutes, respectively. (c¢) XRD pattern
of Ag deposited on Si for 3 minutes and annealed at Ny and O atmosphere,
respectively. (d) Ag deposited for 1 minute and annealed at Oy atmosphere for
planar Si and P-Si, respectively (e) GIXRD pattern of blank Si

Figure 4.2 shows the crystallinity of the substrates obtained from GIXRD mea-
surement. The peaks obtained corresponds to (1 1 1), (2 0 0) and (2 2 0) plane of

cubic Ag (JCPDS card No. 87 — 0597, space group. Fm-3m). The un-identified

peaks are arising from Si substrate as shown in Figure 4.2e. The peak intensity
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corresponds to Ag (1 1 1) plane is most intense as it has lowest surface energy and
hence, most Ag atoms got oriented in this direction to remain in stable thermo-
dynamic state. The sharp nature of the peaks indicates a high crystallinity of Ag.
Figure 4.2a shows the XRD pattern of Ag according to JCPDS data. Figure 4.2b
shows the XRD pattern of Ag deposited in Si for 1 minute and 3 minutes, respec-
tively. Table 4.1 shows the grain size of different samples which were calculated

using Scherrer’s formula [138].

Substrate Average Crys- | Standard Devia-
talline Size (in | tion (in nm)
nm)

Si/ Ag 1 minute | 14.5 1.3

deposition

Si/Ag 1 minute | 18.3 1.1

deposition O,

annealed

Si/ Ag 3 minutes | 14.9 1.8

deposition

Si/Ag 3 minutes | 20.4 0.8

deposition Oy an-

nealed

Si/Ag 3 minutes | 18.1 1.1

deposition Ny an-

nealed

P-Si/Ag 1 minute | 16.9 1.8

deposition

P-Si/Ag 1 minute | 21.3 0.8

deposition O, an-

nealed

Table 4.1: Awerage crystallite size with standard deviations from the XRD mea-
surement.
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This clearly shows the increment in the grain size due to increased deposition
time and annealing. Also, it is observed from Figure 4.2c¢ that when as-deposited
Ag substrates are annealed at Oy and Ny atmosphere, respectively, the increment
in the grain size is more for annealing at O, atmosphere which shows enhance
mobility of the Ag adatoms during annealing at Os environment. The absence of
any Ag oxidation peak indicates that the Ag particles are in their pure metallic
form. Figure 4.2d shows an increment in the Ag crystallite size when they are
deposited on pyramidal Si indicating a higher growth rate of Ag on pyramidal Si

compared to planar Si.
4.2.3 Structural Study: TEM Analysis

Figure 4.3a shows BF TEM image of 1 minute Ag deposited on planar Si(100).
The average particle size is 55.7 £+ 11.9 nm, which matches well with SEM mea-
surement. The average height is peaked at 57.8 nm with an aspect ratio of 0.46.
The STEM-HAADF image is shown in Figure 4.3b. Figure 4.3c shows the EDX
mapping obtained from the orange rectangle in Figure 4.3b. It shows the presence
of Ag on Si and no penetration of Ag into Si is observed in this case. Formation of
the Moiré pattern is observed from Figure 4.3d which occurs due to the overlap of
Ag(111)andSi(111)plane. The FFT image (Figure 4.3¢) shows a slight rotation
of 4.16° of Ag(1 1 1) with respect to Si(1 1 1) plane. Such kind of epitaxy is very
much unique and reduces the interfacial strain significantly. Epitaxial formation
of Ag on Si is evident from Figure 4.3f. Figure 4.3g shows the high-magnification
BF XTEM image of the same. XTEM images in Figure 4.3h and Figure 4.3i shows

formation of quasi-continuous Ag layer due to 3 minutes deposition time. This
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Figure 4.3: (a) Low magnification BF XTEM image showing Ag deposition on Si
for 1 minute, (b) STEM-HAADF image (c¢) STEM-HAADEF image from the area
marked by the rectangular portion in (b) and corresponding EDX maps (Ag-L map,
Si-K map and composite map), (d) HRTEM image of the interface between Ag and

(e) and (f) FET pattern and inverse FFT image from the region marked by
red square in (d), respectively, (g) High magnification image of (a) showing almost
identical height of the nanoparticles, (h) Low magnification bright-field image of 3
minutes Ag deposition on Si showing the formation of quasi-continuous layer, (i)
High magnification image of (h).

structure corresponds to the spaghetti-like formation as described earlier. The as-
pect ratio obtained in this case is 0.32 indicating a faster growth rate along the

lateral direction of the particles with increasing deposition time.

Both 1 minute and 3 minutes deposited Ag on Si, the particles become spheri-
cal after annealing at Oy atmosphere at 550° C for 1 minute (Figure 4.4a). The av-

erage particle size for S1 and S2 is obtained as 121.1426.3 nm and 253.8£56.5 nm,
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Figure 4.4: (a) Low magnification BF XTEM image of S1 and S2, (b) STEM-
HAADEF image of S1, (¢) EDX elemental map from the rectangular region in (b),
(d) Enlarged view of S1 showing the formation of buried Ag nanoparticle, (e) EDX
spectrum from region 1 in (b).

respectively. Which shows an almost two times increment from the as-deposited
sample. Due to the “OR” process, the smaller particles get dissolved due to their
high surface energy and the bigger particles increases in size resulting in a decre-
ment in the particle density. In addition to the spherical particles, triangular like
particles are also observed inside the Si substrate. However, there is a clear vari-
ation in the size of triangular particle obtained from S1 and S2 as obtained from
Figure 4.4a. The insertion length of the triangular nanoparticles for S1 and S2 is

60.1+11.7 and 42.446.7, respectively. The metal nanoparticles remain in a highly

unstable configuration at the substrate due to their high surface energy, so when
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the substrate is rapidly annealed, the enhanced kinetics helps the nanoparticles
penetrate into Si via interstitial-substitutional reaction [139]. Also, Si tends to dif-
fuse through Ag at temperature 150 —200° C, which helps Ag to completely buried
into Si and finally to produce the endotaxial structure. From interface energy con-
sideration, if the interface energy oa4/si0, is less than o4, then the nanoparticles
will get embedded into the Si. Now the surface energy for Ag is o4, = 1.25Jm 2
and that for SiO; is 0g,0, = 0.29Jm™2. The value of the surface energy of the

interface can be obtained from Young’s equation which can be written as [139],

0Ag/8i0; = 08i0; — TagCOSH (4.1)

The average contact angle of the nanoparticles with the substrates was obtained
as 137.3° 4+ 6.6°, was calculated from different TEM images. Considering this,
the value of 044/5i0, comes as 1.209 which definitely lower than the value of 0 4,.
Hence, the formation of endotaxial structure is thermodynamically favorable. As
the particles in S1 have a lower CA compared to that of S2, the number of endo-
taxial particles will be greater in the case of S2 compared to that of S1, that is the
present case. The endotaxial particles get elongated along the substrate surface
and they form a sharp Ag-Si interface. Figure 4.4c shows the EDX elemental map
from the orange rectangular shown in Figure 4.4b, which clearly shows the embed-
ded particles are indeed Ag. An almost one to one correspondent relationship is

observed between the spherical Ag and triangular Ag from Figure 4.4d.

The formation of endotaxial structure is only possible when there is direct con-

tact between Ag and Si. Such kind of direct contact is obtained in GDR process
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Figure 4.5: (a) Bright-field XTEM image of 1minute Ag deposition on Si (100)
showing formation of direct contact points between Ag and Si, (b) Enlarged view
from the region bounded by yellow rectangle in (a).

and is shown in Figure 4.5. Oxidized Si layer at the interface can prevent the
penetration of Ag into the Si matrix. However, the rapid ramp rate during RTA
heating ruptures the oxidized Si layer and made the penetration possible. Such
kind of endotaxial Ag formation was not seen when Ag is normally annealed at

the same temperature in the presence of the Oy atmosphere.

4.2.4 HRTEM Analysis of Endotaxial Particles

The thinnest portion was taken for HRTEM analysis and the image is shown in
Figure 4.6a. The arrows indicate different crystallographic directions. The FFT

image (Figure 4.6b) taken from region 1 of Figure 4.6a shows epitaxial relationship
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Region 2 [110] 3.14 A

Figure 4.6: (a) HRTEM image of an endotazial particle for sample S1, (b) and
(c¢) are FFT patterns from the region 1 and 2 in (a), respectively showing epitaxial
relationship between Ag and Si on both facets, (d) and (e) IFFT image of (¢) and
(b), respectively showing orientation of Si (1 1 1) and Ag (1 1 1) plane along the
facets.

between Si and Ag as, Si(—111)]|Ag(—111) and Si(1—1—1)||Ag(1—1—1) parallel
planes,and in both the cases the in-plane direction is Si[110]||Ag[110].

The same epitaxial relationship is obtained from the FFT image taken from
region 2. All measurement was done by aligning the sample along [1 1 0] zone axis.
In this case, also the epitaxy between Si and Ag is obtained via DME process. The
lattice mismatch between Si (111) and Ag (111) plane is about 25% but in DME

process a 3 X 3 domain of Si matches with a 4 x 4 domain of Ag and reduces the

roswws
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Figure 4.7: (o) HRTEM image of an endotaxial Ag particle in Si which is taken as
reference to analyze the structure, (b) Simulated diffraction pattern of Si and Ag
along 110 zone axis, (c) rotated diffraction pattern (57 clockwise) to obtain similar
FFT pattern showed in Figure 4(b). (d) Reformation of endotaxial particle of (a)
showing the facet directions, the [110] view of Ag and Si is also shown.

lattice mismatch to 0.6% only, resulting epitaxial growth. No formation of clus-
tering or defect was observed along the interface of the embedded nanoparticle.
According to Martin et al. the small distortion generated in this case is averaged
out by a large number of Si atoms situated below, resulting absence of any signifi-
cant defects along the interface [140]. The dominant epitaxy was observed to occur
along [-1 1 -1] and [-1 1 1] direction from Figure 4.6¢ and Figure 4.6e, respectively.

Figure 4.7 shows the BF TEM image of an endotaxial structure which was taken
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for detailed structural analysis. Crystal Maker software (CrystalMaker Software
Ltd, UK) was used to obtain the view of unit cell of Ag and Si along [1 1 0] zone
axis and their corresponding simulated diffraction pattern which is shown in Fig-
ure 4.7b. The previously obtained diffraction pattern shown in Figure 4.7b was
obtained by rotating the simulated diffraction pattern in the x-y plane by 57°. The
crystal structure finally shown in Figure 4.7d is almost similar to that shown in
Figure 4.7a. This shows that —224 and 2 — 24 facet bound the particle from both
sides with 3 — 31 facet connecting them. 2 — 20, —331 and —11 — 1 facet consist

the upper surface of the particle.

Figure 4.8a shows the STEM-HAADF image of S2 sample and Figure 4.8b
shows the EDX elemental mapping taken from the orange rectangular region of
Figure 4.8a. This shows that the number and length of the endotaxial structures
reduce greatly in number compared to S1. The bright-field TEM image of S1 is
shown in Figure 4.8c. Figure 4.8d shows the bright-field TEM image of the sample
annealed at Ny atmosphere showing the formation of only spherical shaped parti-

cles due to OR process.

Effect of aging on the samples S1 and S2 were also studied through HRTEM
analysis after keeping the samples in the ambient atmosphere for 1 month. BF
TEM image of the two samples is shown in Figure 4.9a. The lower portion shows
S1 sample and the upper portion shows sample S2. For S1, the average insertion
length was found to be 58.8 + 8.1 nm. The shape of the spherical particles was

observed to deviate significantly for both S1 and S2. Some defects were observed
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Figure 4.8: (a) STEM-HAADF image of S1 and S2, (b) EDX elemental mapping
from region bounded by the orange rectangle in (a), (¢) XTEM image of S2, (d)
XTEM image of Ag deposited for 3 minute and Ny annealed (S3).

at the interface between endotaxial Ag and Si due to interfacial strain as shown in
Figure 4.9c. The high-magnification image (Figure 4.9¢) clearly shows the devia-
tion in shape for the spherical particle while the endotaxial particles remain same
as before. A layer of SiOx was observed to form on almost at the top of every Ag
particle and is shown in Figure 4.9d. EDX elemental map shown in Figure 4.9f

confirms the presence of Si and O on top of the Ag particle surface.
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Deformed Ag (d)

Figure 4.9: (a) STEM-HAADF image of S1 and S2, (b) EDX elemental mapping
from region bounded by the orange rectangle in (a), XTEM image of S2, (d) XTEM
image of Ag deposited for 3 minute and Ny annealed (S3).

Unlike planar Si, Ag particles formed a percolated network after 1 minute de-
position on pyramidal Si which is shown in Figure 4.10a. Figure 4.10b shows the
XSEM image of the same. We previously observed that Ag particle grow hetero-
epitaxially on pyramidal Si by making a tilt angle to reduce the interfacial strain.
After annealing the substrate at 550° C for 1 minute in Oy atmosphere combined
triangular and spherical Ag formed on Si substrate as shown in Figure 4.10c. The
triangular particle does not get embedded in the Si matrix in this case and they
form along the slope of the pyramid, which is evident from the STEM-HAADF
image (Figure 4.10d). During annealing at the Ny atmosphere, only spherical par-
ticle formation seems to occur as shown in Figure 4.10e.

So, the formation of triangular particles is observed only in the case of anneal-
ing at Oy atmosphere and not in Ny atmosphere. Step brunching, faceting, and

pitting of metal nanoparticles can be induced by adsorbates like O, S (X) etc. O
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Figure 4.10: (a) SE image of Ag deposited for 1 minute on P-Si substrate, (b)
XSEM view of (a). (¢) BF XTEM image of Oy annealed Ag on P-Si showing
the formation of the triangular particle in addition to spherical Ag. (d) STEM-
HAADF image of (c¢) showing the position of Ag triangle on the substrate, (e) BF
XTEM image of Ny annealed Ag on P-Si showing the formation of only spherical
particle.

was observed to increase the kinetics of Ag ad-atoms resulting formation of Si lat-
tice defect [141-144]. The localized stress in Si formed triangular etch pits, which
act as the nucleation center for the triangular particle. Metal particles(M) form
a cluster with the chalcogens and this changes the mass transport process. The
cluster (M-X) dominants the transport process instead of a single metal atom. On
the dielectric substrate, they are observed to transform freely compared to metal-
lic counterpart [143]. So during annealing at Oy atmosphere, an ad-species called
Ag,O is formed which transport Ag through the substrate. This Ag,,O decom-
poses to Ag whenever they hit the surface of another Ag [139]. They preferably
stick to the edges than to the surface of the Ag and leads to the formation of tri-

angular Ag. The formation occurs along Si [111] direction to minimize the surface
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energy and triangular particle forms along the slope of the pyramid. While the

reason behind the formation of the endotaxial structure was explained previously.

4.3 Effect of Annealing on Gold Thin Film on
Silicon Surfaces Deposited by Electroless De-
position

4.3.1 TEM Analysis

The thickness of the Au film is 87 & 6 nm. The magnified image of the interface
is shown in Figure 4.11b. Figure 4.11c¢ shows the HRTEM image of the thin film
showing the formation of defects at the inside and on the top portion of the film.
The Au film is observed to be consists of Au (111) plane having an inter-planar
spacing of 2.25 A as observed from the HRTEM image and the FFT pattern shown
in Figure 4.11d and e, respectively. The EDX spectrum confirms the presence of

Si and Au (Figure 4.11g).

Figure 4.12a shows the morphology of the Au film after RTA annealing. It
is observed that Au particle took a spherical form with a number of triangular
shaped buried nanoparticles into Si. The average diameter of the spherical Au is
400 nm having an aspect ratio of 0.625 and the insertion length of the triangular
nanoparticle is 70 nm. The HRTEM image (Figure 4.12b) shows that the side
facets of the buried nanoparticle are consist of (4 2 2) facets which are connected
by a (3 1 1) facet. The FFT image (Figure 4.12c) taken from the interface shows
an epitaxial relationship between Au (111), Si (111) and Au (220) and Si (220)
plane, and the in-plane direction is Au [110] || Si [110]. The Moiré fringe pattern

of inter-planar spacing of 9.34 A shows that there no rotation between Si (111)
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Figure 4.11: (a) BF TEM image of Au deposited on Si for 15 minutes by GDR.
(b) Magnified image of (a). (¢c) HRTEM image of Au film showing formation of
various defects at the middle and top portion of the film. (d) and (e) HRTEM
image and FFT pattern from the region bounded by red rectangle in (c) showing
formation of Au (111) plane. (f) STEM-HAADF image. (g) EDX spectra from
the region bounded by yellow rectangle in (f) confirming presence of Si and Au

and Ag (111) plane. The presence of Au into Si is also confirmed by the EDX line
profile shown in Figure 4.12e. Figure 4.12f shows the morphology of the film after
annealing at 550° C' for 1 hour in a muffle furnace. This clearly shows the formation
of a continuous thin film having a thickness of 300 nm. Endotaxial structures were
observed to form in this case also has a thickness of 75 nm. In the case of Ag, the
endotaxial structures were formed mainly during annealing at Oy atmosphere and

not in other environments. However, here the endotaxial structures were observed
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to form during annealing at Oy atmosphere and also for environmental annealing.
The lower eutectic temperature of the Au-Si system must play a role behind such
formation. The detailed mechanism can only be understood using an in-situ mi-

Croscope.

100 200 300
Distance (nm)

Figure 4.12: (a) BF TEM image of RTA annealed Au nanoparticles showing forma-
tion of isolated spherical Au nanoparticles with endotaxial particles. (b) HRTEM
image of a single Au particle showing formation of Moire fringes. (c) FFT pat-
tern from the interface indicating an epitazial relationship between Au and Si. (d)
STEM-HAADF image showing Au nanoparticles with higher contrast. (e) EDX
line profile taken along the line shown in (d) Confirming the endotaxial particle is
made of Au. (f) BF TEM image of normal annealed Au thin film on Si at ambient
atmosphere. Formation of endotaxial Au on Si is observed in this case also.
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4.4 Structural Study of Ag Deposited on Pyra-
midal Si and Their Evolution Due to RTA

4.4.1 Morphology Analysis: SEM Observations
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Figure 4.13: (a) SE images of micropyramids on Si, (b) histogram of base length

distribution, (¢) XSEM view, and (d) histogram of height distribution.

SE image of pyramidal Si is shown in Figure 4.13a and the size distribution of

the pyramids is shown in Figure 4.13b. It shows an average base length of 2.9 um

of the pyramids. The XSEM view of the pyramids is shown in Figure 4.13c with

the height distribution in Figure 4.13d. It shows an average height of 2.8 um for

the pyramidal structures.

To ensure uniform deposition of Ag on Si, different deposition times were taken

(10s,30s,60s and 90s) and the evolution is shown in Figure 4.14a-d. The growth
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Figure 4.14: Plane view SE image of Ag deposited on Si pyramids for different re-
action times: (a) 10, (b) 30, (c) 60, and (d) 90 s; (e) magnified view of (d) showing
dendritic Ag nanostructure formation on top of the pyramid, and (f) XSEM view of
(d) showing the presence of dendritic structure at the top in most of the pyramids.

rate of the nanoparticles was observed to be higher at the top and edges of the
pyramid while slower growth rate was seen at the middle and at the bottom of the
pyramid. Initially, Ag was deposited on Si by keeping some oval-shaped gap (Fig-
ure 4.14a-d) while the radius of the gap is decreasing with increasing deposition
time and uniform morphology is obtained after 90 seconds deposition time and
form a spaghetti-like morphology. Such growth of Ag on Si (111) was previously
seen at UHV condition [159]. Formation of some dendritic structures was also seen
from the XSEM images, at the top of the pyramid due to the highest growth rate

(Figure 4.14e-f). A remarkably opposite kind of growth was observed when Ag was



104

deposited on planar Si (100). For smaller deposition time Ag nanoparticles deposit
uniformly over the substrate (Figure 4.15a), while for lower deposition time (180
seconds) formation of oval-shaped holes was observed (Figure 4.15b) between two
Ag clusters. The pyramidal Si substrates were then subjected to RTA at different
atmosphere to observe the evolution of the nanoparticles due to heat treatment.

Figure 4.16a shows the SE image of the samples annealed at 550° C' for 1 minute

Figure 4.15: Ag nanoparticles deposited by galvanic displacement method on Si
(100) substrate for reaction time of (a) 60 and (b) 180 s.

in Ny atmosphere. The BSE images of the sample are shown in Figure 4.16b and
Figure 4.16¢, which shows a clear contrast between Ag and Si. It was observed that
compared to as-deposited sample, particle size increases and the particles situated
at the top and at the edges have higher size compared to those at the middle and
bottom. Increment in particle size indicates the occurrence of a process known as
“OR” where the smaller particles get dissolved due to their higher surface energy
and resulted bigger particle formation [135]. However, some smaller particles are
observed to remain in this process as shown in Figure 4.16c which indicates an

incomplete OR process due to Ny annealing.
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When the samples were annealed at Oy atmosphere and in same condition, a

300 nm

Figure 4.16: XSEM images: (a) SE image of S2 sample showing the particle size
variation from bottom to the top of the pyramid, (b and c) corresponding BSE
images showing the atomic contrast between Si and Ag, (d) SE image of S3 sample
showing the formation of spherical-shaped particles along with the triangular one,
(e and f) corresponding BSE images confirm that the triangles are also made of

Ag.

dramatic decrement in the number of small particles is observed. The BSE image
(Figure 4.16f) shows a clear formation of triangular-shaped Ag nanoparticles in
this case. Wall et al. also observed formation of triangular Ag island on Si (100)
due to annealing at 500° C' [160]. They also observed that the number of trian-
gular islands increased with increasing temperature. This formation is kinetically

limited at low temperatures. Triangular etch pits are observed to form at low
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Figure 4.17: (a)-(b) Top-view SEM image of S2, (c)-(d) Top view SEM image of
S8 showing that the triangles are at the bottom of spheres and Si etch pit formation
(shown by red arrow) during annealing at Oy atmosphere, respectively

temperature on Si (111) in presence of Ag. We have also observed such kind of
etch pit formation which is shown in Figure 4.17d. This kind of etch pit formation
occurs due to the introduction of Si lattice defects, which is the result of higher
diffusion of Ag into Si during annealing. The higher diffusion of Ag on Si is result
of formation of an adspecies called Ag,,O which diffuses Ag more easily on Si due

to its lower detachment barrier [139].
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Figure 4.18: (a) [100] XTEM image of S3 showing the separation between trian-
gular and spherical particle, (b) corresponding HRTEM image, (¢) HRTEM image
from another pair of triangular and spherical particle clearly showing a thin layer
of SiOx covering triangular particle. (d) TEM tomography data showing such sep-
aration with different projections [—68, —34, 0, +36 and +62/, (¢) STEM-HAADF
image, (f) EDX spectra from three different points shown in (e) clearly showing
the presence of Si upto the surface (electron beam of spot size 2 nm), (g) STEM-
HAADF image, (h) Magnified STEM-HAADF image and EDX elemental maps
from a region marked in (g) showing the presence of Si and O upto the surface
Tegion.

Ag,, O will decompose to Ag whenever they are attached to the surface of an
Ag nanoparticle. However, at high temperature, Ag,,O has a higher chance to
react with surface Si atoms. Ag ad-atoms prefer to stick to the edge compared
to the facet of the triangular island, which is possible when the diffusion through
the substrate is more likely than diffusing through nanoparticle surface resulting
formation of triangular-shaped Ag island with Si etch pits. So the triangular-

shaped etch pits act as the nucleation center behind the formation of triangular
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Ag nanoparticles. The spherical Ag on top of triangular Ag are formed due to OR
process. From extensive HRTEM observation a thin layer of SiOx is observed to
form between the triangular and spherical Ag (Figure 4.18). This thin layer pro-
vides better stability to the triangular particles as they get a layer of protection
from the atmosphere. Previously it was observed that Ag diffuses slowly through
Si0, compared to Ag and that may be responsible behind the formation of spher-

ical Ag on top of almost every triangular Ag.

4.4.2 Analysis of Crystalline Structure: TEM Observation

To study the crystalline structure and the interface between Ag and Si we have
done extensive TEM analysis. The BF XTEM image of S1 is shown in Figure
4.19a and the corresponding particle size distribution is shown in Figure 4.19e. It
shows an average particle size of 35 +5 nm. The increment in the particle size
from the base towards the top is also evident from Figure 4.19a and 4.19b. The
EDX elemental spectra were acquired from the portion indicated by red rectangle
in Figure 4.19b and are shown in Figure 4.19c. The elemental mapping (Figure
4.19) is taken from the orange rectangle in the STEM-HAADF image (Figure 4.19).
The HRTEM image (Figure 4.19f) shows the interface of Ag and Si and it shows
high crystalline nature of Ag in this portion. The Fourier filtered image from the
marked portion indicates a rotation between Ag (111) and Si (111) plane. The an-
gle between them is measured to be 36.14°. This kind of tilted hetero-epitaxy was
seen previously when Ag was deposited on Ge by electroless process the formation

of defects occurs at the interface to reduce the strain[21].
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Figure 4.19: (a) Low-magnification BF XTEM image of S1, (b) STEM-HAADF
image, (c¢) EDX spectrum from region 1 is shown in (b), (d) elemental map from
region 2 using Si—K and Ag-L energy, (e) histogram of particle size distribution,
and (f) HRTEM image at the interface. (Inset) Fourier-filtered image of the red-
dotted region of the interface showing crystallographic relation between Si (111)
and Ag (111) planes.

The BF TEM image of S2 is shown in Figure 4.20a. We have observed an
increment in the contact angle of the Ag nanoparticle from the base towards the
summit. Which is due to increment in the surface energy along this direction.
From the particle size distribution curve (Figure 4.20c) it is observed that the
smaller particles decrease in number and the average particle size becomes 85 £ 13
nm. The particles obtained a quasi-spherical shape (Figure 4.20b). The growth

is a VW growth as no necking is observed. The SAD taken along [110] zone axis
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Figure 4.20: (a) BF XTEM image of S2 showing formation of only spherical par-
ticle on Si due toNy annealing. Particle size increases with the pyramid height.
(b) HRTEM image showing the direct formation of 8D island of Ag on Si, (c) his-
togram of the particle size distribution, (d) SAD pattern of the interface showing
epitazial growth of Ag on Si.

shows a very good epitaxial relationship between Ag (111) || Si (111) plane and

parallel in-plane direction is Ag [110] || Si [110].

The TEM images of S3 show the sample annealed at Oy atmosphere. From
the particle size distribution (Figure 4.21b) the average particle size was obtained
as 105 + 14 nm, indicating higher size of the particles compared to S2 due to OR

process. Triangular particles under the spherical particle are clearly seen from
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Figure 4.21: (a) Low-magnification BF XTEM image of S3, (b) histogram of the
particle size distribution, (c) high-magnification XTEM image of S3,(d) BF XTEM
image showing almost all the spherical particles are associated with triangular par-
ticle underneath, (e) SAD pattern from a region in (d) showing epitazial relation
between Ag and Si. [110] Zone azis diffraction pattern where diffraction spots of
Ag are indexed by red and Si by the yellow color. (f) HRTEM image of the portion
marked by a red square in (c), showing the facet is along the 422 direction and the
Moiré fringe of spacing is 9.670.04 A.

the XTEM image (Figure 4.21c). The HRTEM image of the composite structure
shows that the surface of the spherical Ag is rough (Figure 4.21d). In some cases,
the triangular particles are not observed to be perfectly symmetric. The spherical
particles are also observed to be situated at one end of the triangular particle,
however the small size gap between the two cannot be seen in this configuration.
However, it is clear that the annealing environment plays a key role to determine

the final structure.

The most dominant factor to determine the final morphology and shape of the
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nanoparticles is the mobility on the substrate. Adhesion energy is directly related

to surface energy of the substrate and it can be written as,
Eod = Ym(1 4 cosf) (4.2)

where 6 and -, are the equilibrium CA of the particles and the surface energy
respectively. The average CA for S3 and S2 is obtained to be 113.6° and 133.2°
respectively from different TEM and SEM images. Which clearly indicates a lower
value of adhesion and consequently a higher mobility of Ag in the presence of O,
atmosphere.

The SAD pattern of S3 is shown in Figure 4.21e. This also shows an epitaxial
relationship between Si (111) and Ag (111) plane and the parallel in-plane direction
is Si[110] || Ag[110]. So irrespective of the environment Ag always maintain an
epitaxial relationship with Si. The epitaxy between Ag and Si can be explained by
DME which is described in the previous chapter. HRTEM image of a triangular
structure is shown in Figure 4.21f. The Moiré fringes of spacing 9.674 due to
overlap between Ag (111) and Si (111) plane. The triangular particles are not
embedded inside the Si matrix, which can be confirmed from the Moiré fringe

formation.

4.5 Morphology of Si Nanowire Produced on Pla-
nar and Pyramidal Si

4.5.1 FESEM and TEM Study

The SE image of pyramidal Si formed by SDR method is shown in Figure 4.22a.

The edges of the pyramid contains the highest number of particles due to higher
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Figure 4.22: (a) SE image of P-Si produced by SDR method. (b) Ag deposited
on P-Si by GDR. (¢c) XTEM image of Ag deposited on P-Si. (d) STEM-HAADF
image of Ag on P-Si. (e) EDX elemental spectra from the region marked by a red
rectangle in (d).

surface energy. The detailed study on the Ag-Si interface is described in the previ-
ous sections in this chapter. Figure 4.22¢ shows the BF XTEM image of the same.
It is observed from the image that the size of the particle increases as we go from
the base towards the top of the pyramid. This may occur as concentration of Ag™
ion is higher at the top compared to the base of the pyramid. The presence of Si
and Ag is confirmed from the EDX elemental spectra (Figure 4.22¢) obtained from

region 1 of the STEM-HAADF image (Figure 4.22d).

BF XTEM image of Si-nanowire produced on planar Si (100) is shown in Figure
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Figure 4.23: (a) BF TEM image of Si NW produced by MACE process on planar
Si (100). (b) HRTEM image of a single Si nanowire. (c) SAD pattern of Si NW
along 110] zone axis showing diffraction spots. (d) HRTEM image of the interface
between Ag and Si. (e) Closer look of the portion marked by black square in (d)
showing St (111) and Ag (111) plane. (f) FFT pattern of the same region showing
diffraction spots for Ag and Si.

4.23a. The average length of the nanowires is 11.2 £ 2.4 um with width rang-
ing from 50 nm to 200 nm. The etching is observed to be uniform in this case
as all the Ag nanoparticles are residing at the bottom of the Si-nanowire. The
HRTEM image is shown in Figure 4.23b. The sidewalls of the Si nanowires are
amorphous in nature having a thickness of 15 nm. The amorphous and porous Si
structure both are produced with the introduction of the oxidant H,Os during the

MACE process. Kim et al. showed that the porosity density can be modified by
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changing the HyO, concentration [173]. We have also observed the formation of
crystalline sidewalls when the concentration of HoOy was reduced to 0.2 M while
the other parameters remain unchanged which is shown in Figure 4.24. So, it is
clear that HyO, plays an important role to determine the nature of the sidewalls
of Si-nanowire. The amorphous structure was produced by dissolving Si with the
help of Ag nanoparticle in the presence of HyO,. Si has a lower reduction equi-
librium potential compared to that of Ag and HyOs. Hence, Si valance band will
be filled with holes with reduction of HyO5 in the presence of metallic ions. Thus
Si gets oxidized initially and forms a complex H,SiFg by reacting with HF. This
compound is water-soluble and gets dissolves to finally form porous Si structure
and nanowire Si. The Ag particles also undergo side-wise movement resulting in
lateral etching to finally produce porous Si. The nanowire shows crystalline nature
at the mid-portion and the etching is occured along (001) direction. The formation
of a small-angle grain boundary in the Si nanowire is evident from the SAD pat-
tern (marked by arrow) shown in Figure 4.23c. The SAD pattern was taken along
[110] zone axis. The HRTEM image of the Ag-Si interface shows the formation
of a brighter region, which may indicate formation of an intermediate oxide layer.
This oxide formation occurs whenever there is a deficit of HF at the interface. The
FFT image taken from the region marked by black square in Figure 4.23e shows
Ag (111) of inter-planar spacing 2.35A4 and Si (111) plane of inter-particle spacing
of 3.14A [21]. These two planes are oriented at an angle of 32.4° relative to each
other as observed from the FFT image (Figure 4.23f). Generally, hetero-epitaxial
growth occurs through the formation of interfacial misfit dislocation and bi-axial

strain at the interface. Further stress produces defects at the interface. Tilted
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epitaxy is a unique way to reduce the stress at the interface which reduces the
number of defects drastically at the interface.

On P-Si, the etching was observed to be quite different. From the BF TEM image

Figure 4.24: (a) Formation of Si nanowire on planar Si using 0.2 M HyOs as
etchant (b) HRTEM image (c) Wien filtered HRTEM image of a single nanowire
showing absence of any amorphous Si layer. (d) FFT pattern of the region shown
in (c) showing very good crystalline structure of the nanowire.

(Figure 4.25a) it is observed that the etching rate increases from the top towards
the bottom of the pyramid producing nanowire of higher length at the bottom.
Also, the Ag nanoparticles are observed to be situated at different positions of the
nanowire unlike planar Si, where all Ag nanoparticles were residing at the bottom
of the nanowire after the etching process. A very interesting fact is observed when

Figure 4.23a and Figure 4.25a are compared. At planar Si, the Ag nanoparticles



117

are observed to form a continuous network at the bottom of the nanowires while
for etching on P-Si substrate the Ag nanoparticles form a discontinuous network
and almost became individual particle, which indicates higher dissolution rate of
Ag during etching in P-Si configuration. As other planes of silicon contain higher
atomic density compared to (100) plane, hence, for etching along non (100) plane
requires higher removal of Si bonds. The dissolution occurs through the formation
of HySiFg, which occurs in presence of Ag and H>O», hence Ag will dissolute more
during etching along non (100) plane indicating higher resistance for etching on
P-Si. Figure 4.25 shows the FFT image of a single Si-nanowire. The HRTEM
image of a single Si nanowire is shown in Figure 4.25e, which shows formation
of zig-zag nanowire. From the IFFT image (Figure 4.25f) it is observed that the
etching occurs along [1 — 1 — 3] and [—11 — 3] direction simultaneously to produce
the zig-zag sidewalls. Figure 4.25g shows the STEM-HAADF image of the sample.
The EDX spectrum shown in Figure 4.25h is taken from the yellow region of Figure
4.25g and shows presence of Si and Ag. The EDX elemental mapping shown in
Figure 4.251 confirms the fact that Ag particles are situated at different positions
of Si-nanowire. During MACE process Ag particles act like a micro-cathode at
the surface of the Si substrate and also act as a catalyst for reduction of H5Os.
Si gets oxidized at the portions where Ag particles get attached to them, which is
the front surface of the Ag nanoparticles. This oxidation of Si generates holes and
electrons developing lower potential at the anode site and higher potential at the
cathode site. This potential difference generates a current flow from the cathode
to the anode. The flow of electrons occurs inside the Ag particles and holes flow

anode to cathode outside Ag particle. These movements produce an electric field
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which drives the Ag particle towards the anode and results in the formation of Si
nanowire. An abrupt local change of reactant concentration at the interface can
lead to the formation of zig-zag Si nanowire. In presence of HF and H,0, the

cathodic current density for a p-type semiconductor can be written as [173],

E
J= —zekN.Coy exp(—kB—’;ﬂ) (4.3)

where e is the charge of an electron, the number of electrons transferred during
the reaction is denoted by z, ¢, is the oxidant density, k. is the rate constant, n,.
is the electronic density, kg and E,are the Boltzmann constant and the activation

energy for the cathodic reaction respectively.

The competition between oxidation of Si via hole injection and Si oxide removal
in the presence of HF through the removal of Si back bond determines the etching
rate. As the rate of generation of holes is determined by HyO, reduction rate at the
metal surface, it directly indicates the number of holes injected into Si. Etching
along non compact (100) plane occurs when HyOs concentration is low. However,
etching along more compact non (100) occurs for high concentration of H,Os.
At the reaction interface the concentration of H,Os quickly gets reduced in the
presence of HF, resulting increment in j, thereby producing a large concentration
gradient of HyOs. Etching rate will get reduce with a decrement in the cathodic
current. However, a new influx cycle will be generated due to this concentration
gradient and the etching switches direction and the process continues periodically.

This oscillatory process may give rise to the formation of zig-zag Si nanowire on

P-Si.
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Figure 4.25: . (a) BF TEM image of St NW formed on P-Si by MACE process. (b)
High-magnification image from the portion marked by a red square in (a). (¢) FFT
pattern from Si nanowire. (d) High-magnification image of a single Si nanowire.
(e) HRTEM image of a single Si NW showing the formation of zig-zag sidewalls
of Si. (f) Wien filtered image of (e) showing the etching direction. (g) STEM-
HAADF image. (h) EDX elemental spectra from the portion marked by yellow
square in (g) showing the presence of Si and Ag. (i) EDX mapping (Si-K map,
Ag-L map, and composite map) from the portion marked by a magenta rectangle

in (g).

Si-nanowire after the removal of Ag nanoparticles is shown in Figure 4.26a. The
Ag nanoparticles are observed to form at the top of the Si-nanowire and produce
a percolated network when they are redeposited on the composite Si structure as
shown in Figure 4.26b. The formation of spherical Ag nanoparticles on top of
Si-nanowire is observed due to annealing at both Oy and N, atmosphere (Figure
4.26¢ and Figure 4.26d). The size of the Ag sphere becomes bigger when they are

annealed at O, atmosphere compared to that of N, atmosphere. This may due
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Figure 4.26: (a) XSEM image of Si NW after the removal of Ag by HNOs3. (b)
XSEM view of P-Si/Si nanowire after redeposition of Ag on it. (c,d) Plan-view
SEM image after annealing at 550C for 1 minute at Oy and Ny atmosphere, re-
spectively. The inset shows a BSE image to confirm the presence of Ag on the top
of St nanowire.

to the fact that as mobility of Ag atoms enhances in presence of Oy atmosphere,
increased Ostwald ripening occurs in this situation [139]. This results in the for-
mation of bigger shaped Ag nanoparticles due to annealing at O, atmosphere.
The presence of smaller size Ag nanoparticles is observed due to annealing at Ny

atmosphere from the SE image shown in Figure 4.26d.
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4.6 Pd Nanoparticles on Semiconductor Substrates

4.6.1 Morphology: SEM Analysis

Figure 4.27: SE images. (a), (b), (c), (d) and (e) represents Pd nanoparticles fea-
tures when deposited on Ge (100) for 1 minute (G1), 2 minutes (G2), 10 minutes,
20 minutes and 60 minutes respectively. (f), (g), (h), (i) and (j) represents Pd
nanoparticles Pd nanoparticles features when deposited on Si (100) for 1 minute
(S1), 2 minutes (S2), 10 minutes, 20 minutes and 60 minutes respectively and
(k), (1), (m), (n) and (o) represents Pd nanoparticles features when deposited on
pyramidal Si for 1 minute (PS1), 2 minutes (PS2), 10 minutes, 20 minutes and
60 minutes respectively

The morphology of Pd nanoparticles deposited on different substrates for dif-
ferent times is shown in Figure 4.27. Average size of particle is 41 + 4 nm for 1

minute deposition on Ge. The particles have spherical shaped core with different

sizes shaft around it. The size of the spherical core increases significantly but



122

no significant enhancement in the size of the shafts was observed with increasing
deposition time (Figure 4.27b). In 10 minutes time, the shape became spherical
with sharp metal edges (Figure 4.27¢). A layer of continuous Pd film is observed
here and it is also confirmed by TEM observations. A cluster of dendritic struc-
tures with high roughness is observed for a deposition time of 20 min as shown in
Figure 4.27d. Spherical shaped particles having diameter in the range of 300 — 500
nm are observed for 60 minutes deposition time resulting formation of almost a
continuous layer. The surface of the particles becomes rough producing greater
electro-active surface area as observed from the SE image shown in Figure 4.27e.
On Si(100) the growth rate of the particles is observed to be very slow compared to
that of Ge. Urchin-like structure with smaller symmetric shaped core is formed for
1 and 2 minutes deposition as observed from Figure 4.27f and Figure 4.27g. The
inner core increases with increasing deposition time but the rate of increment is
smaller compared to Ge(100). Particle of 35 nm diameter is formed for 10 minutes
deposition time (Figure 4.27h). Particles having spherical shaped core and sharp
metal edges are formed for 20 minutes deposition (Figure 4.271). For 60 minutes
deposition, the number of sharp metal edges increases and obtains a sharp petal-
like shape covering almost the whole spherical core as shown in Figure 4.27j. On
P-Si a faster growth rate is observed. Due to higher surface energy along the ridge,
the growth is highest in these portions. The particles also took urchin-like shape
for higher deposition time and it produces a rough surface with higher coverage
(Figure 4.27k-m). For 60 minutes deposition time 76% coverage was obtained.
The sharp metal edges produced in this case are very much helpful to produce

significant SERS enhancement.
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4.6.2 TEM Analysis

We have done extensive TEM study for detailed structural understanding. Fig-
ure 4.28a shows the BF XTEM image of Pd deposited on Ge substrate for 10
minutes. It is observed that the Pd nanoparticles form an urchin-like structure.
Which consists of spherical shaped core on which metal edges are situated. The
width and height of the urchin structure are 150.2 + 25.2 nm and 117.8 + 18.5
nm. The shafts have a very sharp corner which can enhance the incident EM wave
effectively. The average length of the shaft is 37.5 & 15.6 nm with a tapered angle
of 38.52°. A continuous layer of thickness 15.9 nm is observed at the bottom of the
urchin structure. The film consists of Pd (111) plane as observed from the HRTEM
images of the interface and from the FFT pattern. The sharp metal edges are also
observed to consist of Pd (111) plane of inter-planar spacing of 2.25A. The indi-
vidual flower-like structure gets demolished due to aggregation but the dendritic
structure remains intact for 20 minutes deposition as shown in Figure 4.28b. The
thickness of the continuous layer becomes 64.4 + 3.1 nm with a decrement in the
shaft length. The width of the shafts becomes 9.9 nm. Formation of some small
humps is observed on the side of the shafts as shown from the inset. A relatively
flatter morphology with a film thickness of 300 nm is obtained for 60 minutes

deposition time.

The growth rate of Pd is completely different on planar Si. It is observed from
Figure 4.28d that the growth rate of Pd nanoparticles is very slow supporting the

SEM observations. The EDX spectra show the presence of Si and Pd. The Pd

nanoparticles initially form a nanorod structure that gets agglomerated to finally
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500 nm

Figure 4.28: BF XTEM images: (a), (b) and (c) shows G10, G20, and G60 samples
respectively; (d), (e) and (f) shows S10, S20, and PS60 samples respectively; (g),
(h) and (i) shows PS10, PS20, and PS60 samples respectively. (j), (k) and (1)
shows magnified tmages of the G60, P60, and PS60 sasmples, respectively. Insets
show the magnified images of the Pd nanostructure.

produce urchin-like shape. The average length of nanorod is 29.5 nm. From the
inset, it is observed that the nanorod starts to grow from a cluster of height 6
nm and 10.6 nm width. The nanorods grow from these cluster following growth
along a particular direction. The length of the nanorod increases for increasing
deposition time. The average length of nanorod becomes 38.3 5.9 nm and width
7.2 nm. So, it is observed that with increasing deposition time the length of the

shafts increases while the width decreases. An increased coverage is obtained for
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higher deposition time as shown in Figure 4.28f and that leads to the formation
of urchin-shaped nanostructure of 77.5 + 12.5 nm shaft length and 17.1 + 2.1 nm
width.

The growth of Pd is much faster on P-Si compared to that of planar Si. The
bright-field TEM image shown in Figure 4.28g shows the Pd nanoparticles after 10
minutes deposition on Si. The continuous layer of thickness 45 nm is observed for
only 10 minutes deposition time. In this case, the particles become flower-like with
smaller shaft. Formation of shafts along the perpendicular direction is observed for
higher deposition time (Figure 4.28h). The formation of a twin boundary at the
mid-portion of the shaft is observed which got extended to the top of the structure
as shown in the inset. Formation of single twin boundary is observed to form at
the base of the nanostructure. This shows that the formation of shafts occurs from
single twinned nanoclusters. For 60 minutes of deposition, flower-like structurse

appear, having a thickness of 95.2 + 16.6 nm.
4.6.3 Crystal Structure Analysis

The HRTEM image of a single Pd shaft deposited on Ge is shown in Figure 4.29a.
The presence of Pd (111) plane is evident from the IFFT image shown in Figure
4.29b. Figure 4.29c shows the [110] zone axis SAD pattern of the deposited Pd
nanoparticles. This shows the polycrystalline nature of the film with diffraction
spots corresponds to (111), (200), (220) and (311) plane of Pd. The HRTEM
image of the initially formed cluster on Si (100) is shown in Figure 4.29d. Dislo-
cation like defects is observed in the cluster as shown in Figure 4.29e. Formation
of (111), (200) and (311) plane is evident from the SAD pattern taken along [110]

zone axis. The formation of twin boundary at the midsection is also observed from
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the HRTEM imagen shown in Figure 4.29g. Tilted epitaxy is observed to form
between Pd (111) plane and Si (111) plane from the HRTEM image and form the

FFT image shown in Figure 4.291 and Figure 4.29j respectively.

Figure 4.29: (a) HRTEM image of a Pd shaft deposited on G10 sample. Inset
shows the FFT pattern from the region marked by the red rectangle in part a. (b)
IFFT image showing Pd(111) plane and its direction with respect to the substrate.
(¢) SAD pattern taken along [110] zone axis showing diffraction spots of Si and Pd.
(d) HRTEM image of a single Pd cluster (S10) which generates nanorod-shaped
Pd nanoparticles showing formation of dislocations and grain boundary and strain-
induced defects. (e) IFFT image. (f) SAD pattern from S60 sample showing good
crystallinity. (g) HRTEM image of a single Pd shaft showing the formation of
a twin boundary at the midportion. (h) SAD pattern taken along [110] zone axis
showing the formation of a tilted heteroepitaxy between Pd and Si for the PS20
sample. (i and j) HRTEM image of a single Pd shaft and FFT image from the
interface of PS20, respectively.

The growth rate and final morphology of the deposited film are vastly depen-

dent on the surface energy and defect on the substrate surface. The surface energy



127

of H-passivated Si is 0.3 Jm™2 and for SiO, it is also the same [97]. The sur-
face energy of Pd and Ge is 2.01 Jm™2 and 1.835 Jm ™2 [196, 197]. Hence, from
surface energy consideration, it is clear that if the same metal is deposited on Ge
and Si, the growth rate will be obviously higher in Ge compared to Si. Different
defect spots act as the nucleation center for an initial Pd** ion deposition. On Si
substrate, Pd ions are reduced to finally form Pd nanocluster. In this case, the
nanoclusters and Si substrates act as local cathode and anode for further Pd depo-
sition resulting deposition of Pd ions on the nanocluster. After obtaining a critical
cluster size, reduction of Pd ions and oxidation of Si occurs concurrently leading to
anisotropic growth to finally produce urchin-like structure consisting of dendritic
shaft. Halide ion (CI™) plays a very important role to drive the anisotropic for-
mation by adsorbing to Pd (111) surface [198]. Song et al. observed formation of
dendritic Pd structure in presence of SO;~ ion [199]. Pd nanorod and nanoflake
structures were made by Kim et al. using an electrodeposition process without any
external reducing reagent [182]. Depending on the applied potential they varied
the reaction rate which finally leads to the formation of different nanostructures.
Formation of thick and short nanorod like Pd nanostructures was made by Song et
al. by applying a lower potential implying a slower growth rate [199]. We have also
observed formation of nanorod like structure initially on planar Si indicating slower
growth. On planar Si higher growth rate along the vertical direction leads to the
formation of the nanorod. In Ge, Pd was observed to form a spherical shaped core
initially which was observed previously using PVP as a surfactant, but here we
are using no such surfactant to control the morphology. The number of nucleation

spots increases for P-Si as it is formed by anisotropic etching process introducing
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a number of defects on its surface which justifies the higher growth rate of Pd on
P-Si [200]. Conrad et al. observed formation of smaller particle number density
by electron beam damage on smooth surface [201]. However, on rough surfaces,
the number density increases 10 times. Smaller number of Pt nanoparticles is ob-
served to form on Si substrate having fewer defects [201]. In our case, the increased
number density with reduced agglomeration confirms the fact that P-Si substrate
contains more defect spots. In OR process the particles become larger by agglom-
eration but on the surface with high roughness and defect spots the mobility of
the particles gets reduced while the nucleation rate increases due to presence of
defect spots. In previous works, the morphology of the nanoparticles was varied
either by changing the applied voltage or by using different surfactants. But in
this work, we use the surface energy and surface defects to control the growth rate

and morphology of the nanostructures.

4.7 Conclusions

From the above discussions we have seen that the structure and final morphology
of both Ag and Pd depends heavily on the substrate morphology (planar and
patterned) and also on the deposition time. Also, from RTA process of Ag on
planar and patterned Si in Ny and O, atmosphere, it is observed that the kinetics
of Ag gets enhanced very much in presence of Oy atmosphere which leads to the
formation of coupled Ag triangular and spherical structure on pyramidal Si and
also formation of endotaxial Ag on planar Si. Also, the morphology of Si-nanowire
produced by MACE process is observed to be very much dependent on the Si

substrate morphology and H,(O, concentration. We have also studied the growth
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morphology of Pd nanostructures on different substrates and with pre-patterned
substrates using a very clean method and without any use of surfactants. The
growth rate, size and shape of these nanoparticle depend largely on the substrate
material and finally produces different structures for same deposition time. These

structures are very much useful for different sensor and solar cell applications.



Chapter 5

SERS Application and Near-Field
Study Using FDTD Simulation
and Cathodoluminescence
Spectroscopy

This chapter describes the SERS effectiveness of the noble metal
nanoparticle deposited substrates and their near-field study using FDTD

simulation
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5.1 Introduction

Raman scattering occurs when energetic photons scattered inelastically during
interaction with a matter. During this interaction, the incident photon either
losses its energy if its help to promote the molecule to its excited vibrational
energy state from the ground state or it can gain enrgy in case the reverse process
occur. So, an information about the vibrational mode of materials can be obtained
from this inelastic scattering phenomenon of photons.The Stokes band normally
has a greater intensity compared to the anti-Stokes band. The power of Raman

spectra detected by a detector can be written as,

where Pg is (photon/s) is the power detected by the detector, k is a constant
depending on the instrument, the number of molecules illuminated is denoted by
N. 0} is the Raman cross-section of the k-th mode over all emission direction and
integrated over the bandwidth, and I is the intensity of the illumination incident
on the sample.Though, Raman scattering provide a fruitful information on the
structure of molecules, it is a very weak phenomenon. The ratio of Raman cross-
section to fluorescence cross-section is 10~¢, which implies its weakness.
In SERS technique, the LSPR generated by interaction of EM wave with metal
nanoparticles helps to enhance the Raman scattering generated by molecules which
are placed near the particle. The SERS and Raman scattered power can be written
as,

EM  ~Ch
Psprs = GsprsPravan = GggrsGsprsPraman (5.2)

where the total Raman EF is represented by Gsgrs which is the product of two
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factors i.e GERem enhancement caused by EM process and G§rert enhancement

caused by chemical process.
5.1.1 EM Enhancement

EM enhancement arises from the localization of light at the substrate surface and
it depends mostly on the structural features of the substrate and is independent
of the analyte molecule. It provides and enhancement up to 10'° which can make
SERS a single molecular probe. The EM enhancement is contributed by two fac-
tors:

(i) The local field enhancement This occurs due to excitation of surface plas-
mon and produce an extensively amplified electric field in a sub-nm region called
“hot spots”. The molecules residing in these hot spots will experience a much
stronger electric field compared to the other.

(ii) Re-radiation enhancement The radiation power from molecules (which
acts as a dipole when produced in an electric field) depends hugely on the nearby
field environment that gets modified due to the presence of the metallic substrates.
The induced molecular dipole (p(wg)) vibrating at the Raman frequency due to

excitation of the molecule by an electric field having frequency wy, is given by,

p(wr) = Tr(wr,wr)E(wr) (5.3)

where, the Raman polarizability of the molecule is denoted by 7g(wg,wr). The

radiation power being proportional to the square of the dipole modulus is given

by,

4
Wpr

ra(wr, wi E(ws)[? (5.4)

Raman —
12meqc?
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where, € is the free space permittivity and ¢ is the speed of light in vacuum.
The local field enhancement due to the presence of a metallic substrate near the

molecule can be written as,

Mie(wr) = % (5.5)

where the superscript z indicates the polarization axis of the incident radiation.
The re-radiation enhancement is highly dependent on the surrounding environ-
ments dielectric constant and is known as spontaneous emission. The molecules
placed near the substrate act as a dipole from which radiation is emitting, Though
the incident and re-radiated wave has different physical origin, the spectral depen-
dence are very much similar. Both the incident emission and re-radiated emission
can excite the surface plasmon and can localized the light in a very sub-nm region.
The excitation by the re-radiation process is considered to be enhancement by a
laser of excitation frequency wg. So, combining this the SERS enhancement can

be written as,

ELOC(WL) |2| ELOC(WR) |2

Ggé\?/[RS( 4) = MEOC(WL))MEOC(MR)) - | E(WL E(WR

(5.6)

where the enhancement by the laser frequency and at the Raman) frequency is
denoted by M7,.(wy) and M}, .(wg) respectively. For small Raman shift [w;, = wg),

the equation can be modified as

Ero(w
Gbs B = M fin)? = | P2
5.1.2 Chemical Enhancement

Chemical enhancement does not enhance the local electric field around the nanopar-

ticle like EM enhancement but it plays an important role to determine the shape
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and shift of the Raman peaks. It is studied intensively by many researchers but
more attention is given to EM enhancement. Mostly, two kind of mechanism con-
tribute to chemical enhancement (i) Non-resonant chemical effect, where no new
electronic state is formed due to metal and molecular interaction. As, there is
much difference between the molecular orbital energies to the Fermi energy of the
metal. But it leads to a change in the electronic and geometrical structure of
the molecule which includes a very small shift in the Raman peak position and
intensity. (ii) Resonant charge transfer effect, where a new metal-molecule charge
transfer state is created due to the interaction between the metal and molecular
orbital. This occurs if the lase excitation wavelength is in resonance with some
Raman modes, more particularly to the ones which are also coupled with allowed
electronic transitions which is called resonant Raman scattering.

In this chapter we will describe the SERS effectiveness of our substrates mostly by

EM enhancement and theoretically by FDTD simulations.

5.2 SERS Measurement of Ag Deposited on Pla-
nar Si

The SERS activity of the substrates was measured using R6G as the analyte

molecule. The Raman enhancement was measured using the formula [145, 146]

I Ng,
EF — iSERS  NBulk (5.8)

Ipur  Nskrs

where Isgrs is the area under the peak of a particular vibrational Raman mode
of the adsorbed analyte and/g,; is the same for the analyte only. The number of
molecules present in the bulk sample is denoted by Npu and Nggrs is the number

of analyte molecules present in the SERS sample. R6G of 107! M concentration
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Figure 5.1: SERS spectra of 5 x 1075 M R6G for (a) 1 minute Ag deposited and
1 minute Oy annealed sample (S1) (b) 3 minutes Ag deposited and 1 minute Oy
annealed sample (S2). (c¢) Variation of SERS spectra with the molar concentration

of R6G for S1.

adsorbed on planar Si was used to obtain the reference spectra. Figure 5.1 shows
the SERS spectra which includes Raman peak of R6G at 612, 772, 1182, 1312,
1364 and 1512 em™!. The dominant peak was observed at 612 cm ™! and at 1364
em~ ! for both S1 and S2.

To ensure the homogeneity, the SERS spectra were taken from 3 random points
for both S1 and S2 and is shown in Figure 5.1a and Figure 5.1b, respectively. The

SERS enhancement of S1 is almost 2 to 3 times greater than that of S3 for almost



Raman Peaks (cm™') EF of S1) EF of S2
613 (154 0.1) x 105 | (6.5 0.8) x 10°
773 (6.9 1.9) x 10° | (2.0 0.6) x 10
1185 (8.1+1.5) x 10° | (2.7 1.1) x 10°
1316 (2.7 0.9) x 10° | (1.8 0.4) x 10°
1364 (124 0.3) x 105 | (3.2 0.9) x 10°
1512 (4.7+0.5) x 10° | (5.1 £1.2) x 10°
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Table 5.1: Average EF with standard deviations from SERS measurement for dif-
ferent Raman peak of 5 x 107° M R6G.

all the peaks. Table 5.1 shows the EF for both the samples for different peaks.
The EF obtained for the peak at 612 cm™! for both S1 and S2 is (1.5 +0.1) x 10°
and (6.5 4 0.8) x 107, respectively. The comparison of EF for our substrates with

other research work reported previously is shown in Table 5.2.
5.2.1 Optical Property: UV-Vis Spectroscopy

The UV-vis spectra of the samples made on planar and pyramidal Si (100) were
taken in diffuse reflectance mode and they were converted to absorbance using
Kubelka-Munk method which is shown in Figure 5.2 [154]. Two absorption bands
can be seen from Figure 5.2a and in the 300 — 700 nm range. The absorption
band at 433 nm is very much sharp initially but gets broadened with increasing
Ag coverage and with annealing. The peak at 533 nm is broader compared to the
peak at 533 nm. This peak has a significant role in the SERS enhancement as

it is close to the laser excitation wavelength of 632.8 nm. The UV-vis spectra of
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Sample Dye SERS EF | ref

Ag thin film Crystal violet | 5.3 x 105 | [148]

PVP capped Ag molecule MBA 106 [149]

Ag on P-Si R6G 108 [150]

Ag nanoparticle with Graphene quantum dot R6G 7 x 10° [151]

Ag NP on PDMS R6G 107 [152]

Au/Ag bi-metal nanoparticle with MoS, hybrid R6G 9x10° | [153]
Ag nanoparticle composite on planar Si R6G 106

Table 5.2: Comparison of SERS EF between different samples with our work based
on Ag.

Ag deposited on P-Si substrate also shows the same kind of behavior as shown in

Figure 5.2b.
5.2.2 FDTD Simulation

3D-FDTD simulation was used to understand the real reason behind the enhance-
ment and also to know whether the inclusion of the endotaxial Ag has any signif-
icant contribution to it. We have considered two systems for that purpose. One
system consists of only Ag sphere of 60 nm radius residing on Si substrate and
the other system consists of an Ag sphere of 60 nm radius on top of an Ag trian-
gular particle (side length of 60 nm). The triangular particle was considered to
be embedded inside the Si substrate. Figure 5.3a clearly shows an increment of
the order of 2 in case of the coupled system. From the simulated EF image, it is

observed that the maximum enhancement occurs at the nono-sized gap between
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Figure 5.2: UV-Vis absorbance spectra of (a) samples made on planar Si (100) and
(b) samples made on P-Si, respectively.

the two particles. The surface of Ag sphere also generates significant enhancement
but it is lower compared to the enhancement produced in the nano-gap. We have
obtained the maximum EF of 10® from the simulation which is higher than the ex-
perimentally observed value. This is trivial as the experimentally obtained value
is then averaged over a whole particle which must be lower than the maximum
value obtained from theoretical calculations. We have obtained EF of 10! for
S2 sample from theoretical calculation (Figure 5.3d) but from the TEM images,
we have clearly observed higher inter-particle separation for S2 compared to S1.
According to the observations made by Kim et al. it is very much clear that the
enhancement depends vastly on the inter-particle separation and with increasing

the particle separation the enhancement decreases dramatically [155].
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Figure 5.3: FDTD calculated electric field distributions of (a) 60 nm radius spher-
ical Ag particles in combination with endotazial Ag particles, (b) 125 nm spherical
Ag particles with 50 nm endotazial Ag particles. (c¢) and (d) calculated EF (in log
scale) in the X-Z plane from the same particles, respectively.

To study the role of inter-particle separation on enhancement, we have done
further FDTD simulation study. When we set the interparticle distance as 10 nm
an enhancement of 2400 was observed. With increasing the distance to 25 nm
(Figure 5.4a and Figure 5.4b) a decrement of 4 to 5 order is observed, resulting
in almost 10° order decrement at the mid-portion of two nanoparticles which is
shown in Figure 5.4c and Figure 5.4d. Su et al. showed that coupling becomes

negligible when the interparticle distance becomes 2.5 times greater than the short
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axis length. This results in a decrement in EF for S2 compared to S1.

Distribution of E/E,
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Figure 5.4: FDTD calculated electric field distributions of coupled 60 nm radius
spherical Ag particles in combination with the endotaxial Ag particles (a) when the
interparticle distances are 10 nm, (b) when interparticle distances are 25 nm. (c)
and (d) calculated EF (in log scale) in the X-Z plane for both the cases shown in
(a) and (b), respectively.

5.3 SERS Activity of Ag Deposited on Pyrami-
dal Si

The SERS activity of the substrates was evaluated using R6G as dye. SERS spectra

of all the substrates (S1, S2 and S3) were calculated using the formula [145-147],

I Npy
pp - Isers  Npuk (5.9)

Ipur  Nskrs
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Figure 5.5: SERS spectra of 107 M R6G at three different random site for three
different substrates: (a) P-Si/Ag, (b) P-Si/Ag annealed at Ny and (c) P-Si/Ag

annealed at Oy .

Where Isgrs is the area under the peak of a particular vibrational Raman mode

of the adsorbed analyte, I, is the same for the analyte only, the number of

molecules present in the bulk sample is denoted by Npur. and Nggrs is the number

of analyte molecules present in the SERS sample. To prepare the SERS substrates,

the substrates were kept in the solution for 12 hours. R6G of 10~! M concentration

adsorbed on P-Si was taken as the reference spectra and 10™° M concentration was

used to measure the SERS activity of S1, S2 and S3. Figure 5.5 shows that all the
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samples show SERS peak at 613, 774, 1185, 1312, 1364 and 1509 ¢m~! which are
the well-known peak of R6G as observed by previous researchers [145-147]. The
most intense peak at 613 cm ™! is due to C-C-C in-plane vibration of R6G molecule
and the peak at 1364 cm ™! is originated by vibration of aromatic C-C bond stretch-
ing. It is very much interesting to see that, S3 was giving 3.5 and 2 times higher
enhancement compared to S2 and S1 considering all the peaks of the SERS spectra.
The SERS EF for S1, S2 and S3 with standard deviation is shown in the Table 5.3
. Highest EF was observed for S3 for the peak at 613 cm ™' [(9.5+0.8) x 107] and
it is very much comparable to the EF of the substrates or nanoparticles prepared
by Ag. The EF of S2 is observed to be lower than that of S1, which is trivial as S1
contains particles which are of irregular shape and contains sharp edges where EM
field can be concentrated. S2 on the other hand mostly contains spherical shaped

Ag nanoparticles where EM field does not have chance to get enhance significantly.

Raman Peaks cm™! | EF (x107 of S1) | EF (x107 of S2) | EF (x107 of S3)
613 4.5+0.5 2.7+£0.2 9.5+0.8
773 3.8+ 0.3 23+0.1 8.1+0.8
1185 4.74+0.3 2.7£0.2 79+£15
1316 3.0+0.1 1.5£0.2 6.3+ 1.1
1364 4.34+0.2 24+£0.2 6.6 £ 1.7
1512 45404 1.8£0.2 7.0£1.5

Table 5.3: EF from SERS measurement for different Raman peak of 107> M. R6G
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Figure 5.6: (a) SERS spectra of 10° M R6G taken for S1, S2, and S3 samples
gust after preparation (day 1). (b) SERS spectra of the same three samples after
28 days.

To ensure the homogeneity, the SERS data were taken from three different
regions of all the substrates and are shown in Figure 5.5. Also, the SERS data were
taken at an interval of 7 days up to 28 days to study the impact of atmosphere
on these nanoparticles. Figure 5.6 shows the comparative SERS spectra of the
three samples at day 1 and at day 28. The intensities of all the SERS peak for all
the three substrates were decreasing, however, the decrement is less for S3 (18%)
compared to S2 (26%) and S1 (31%) for the peak at 613 em™! (Table 5.4). This
proves the superiority of S3 over S2 and S1 in terms of EF and stability. From
the FDTD simulation we have observed that the coupling between the two Ag
nanoparticles provides the major contribution behind the enhancement and the
formation of Si0, layer on top of the triangular particles provides the stability.

As sample S3 showed the highest enhancement, it was further studied to obtain



the limit of detection. It is observed that significant enhancement was obtained

for 107 M concentration of R6G and is shown in Figure 5.12.

Raman Peaks | Day 1| Day 7 | Day 14 | Day 21 | Day 28
em ™! (x107) | (x107) | (x107) | (x107) | (x107)
613 (95 +£194+0.8|81+09|804+0.6|7.84+0.3
0.8)
1364 6.5+1.7|6.14+06 | 6.1£0.2|59+0.2|54+04
Table 5.4: EF for different interval of time for S3.
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4000- 10°¥ M R6G
10-® M R6G
2 || —10" MReG
% —108 MR6G
- -1 ;
£ 2000- =10 ~ M R6G on P-Si
c
(3]
S
(3]
i

600

800 1000 1200 1400 1600
Raman Shift (cm-1)

Figure 5.7: SERS spectra of different concentration of R6G for S3 and R6G (107!
M) on P-Si.

However, considering the model by Lakowicz et al. where the adsorbed molecules
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were considered to behave as a dipole and metal particles are taken as simple spher-

ical particle then induced electric field can be written as [161],

_ Egr®(em + €a)

E= CERSE + (€m + 2€4) (5.10)

where d is the distance between the metal particle and the molecule, r is the radius
of the metal particles and the dielectric constant of the metal and the substrate
is represented by ¢, and €; respectively. So, it is clear from the equation that
the induced electric field changes with metal particle dimension but the change

obtained in our case cannot be explained only by considering the change in size.

5.3.1 Cathodoluminescence Measurements

In CL, electron beam excitation is used to produce radiative emission from metal
nanoparticles. As the radiative (photon) emission is higher in the regimes where
strong LSPR mode occurs, it can directly map the near field intensity distribution
[162]. Yamamoto et al. were first to spatially resolve the plasmonic mode of Ag
using CL spectroscopy [163]. We have also used CL spectroscopy and imaging to
find out the exact location of the hotspots produced in the S3 sample.

We have taken CL measurement from the combined structure as the triangular Ag
nanostructures are situated at the bottom of the spherical one on pyramidal Si. So,
it is very difficult to probe only the triangular nanostructure. Figure 5.8a shows
the SE image of the composite nanoparticle and Figure 5.8b shows the PAN CL
image of it within the wavelength range of 300 — 800 nm. It is clear from the PAN
CL image that both the spherical and the triangular particle contains hotspots.

The MONO CL mode of operation was also performed to obtain more spectrally
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resolved features. Figure 5.8c shows the CL spectra taken from the spherical Ag
(red dot in Figure 5.8a) and triangular Ag (blue dot in Figure 5.8a). The strong
peak observed at 372 nm is the surface plasmon peak of Ag [21]. The other peaks
are observed at 424 nm, 464 nm for the spherical particle and a relatively strong
peak at 525 nm for the triangular particle. These peaks are higher-order excitation
mode of Ag and their intensity and position depend vastly on the size and shape
of the metal nanoparticles.

Figure 5.8d, 5.8e, 5.8¢ and 5.8h show the MONO CL mapping at 372,525,424
and 464 nm respectively. Using MONO CL mode we could directly map the lo-
cal electric field. The spatial variation of the emission is caused by the degree of
coupling of the incident electron beam excitation with the local electromagnetic
field of the local surface plasmon resonance mode. So, from the images of Figure
5.8 we could tell that the peaks observed at Figure 5.8c are the plasmon modes
of the combined nanostructure, where an additional peak at 525 em ™! is observed
from the triangular nanoparticle and this is also close to the excitation wavelength

(632.8nm) used for SERS experiment.

5.3.2 UV-Visible Spectroscopy

Figure 5.9 shows the UV-vis absorption spectra of the samples. The UV-vis was
obtained in reflectance mode using ParkinElmar Lambda 750 spectrophotometer.
The surface plasmon peak of as-deposited Ag is observed to be at 368 nm which is
observed to be red-shifted with annealing. Peak at 521 nm and 475 nm is also seen
for S3 which is very much close to our CL observation. While for S2 the intensity

at 475 nm is reduced compared to that of S3.
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Figure 5.8: (a) SE image, (b) PAN CL image showing the formation of hot spots
on both the spherical particle and triangular particle, (¢) CL emission spectra from
the spherical particle (red curve) and from bottom triangle (blue curve), (d and e)
Mono CL image at 372 and 525 nm, respectively, (f) SE image of second particle,
(9) MONO CL image showing the hotspot is contained mainly by the sphere at 424
nm, and (h) MONO CL image where the hotspot is also contained by the bottom
triangle at 464 nm.

5.3.3 Near Field Intensity Distribution: FDTD Simulation

We have performed FDTD simulation to understand the enhancement observed for
the coupled nanostructure. The x-z view of the near field intensity distribution is
shown in Figure 5.10a for 632 nm excitation wavelength. The highest enhancement
is observed to form at the junction of the spherical Ag and triangular Ag nanopar-

ticle. Thus the coupling between the LSPR of the two nanostructure is considered
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Figure 5.9: UV-wsible spectra of S1, S2, and S3.

to be responsible behind the large SERS enhancement observed for S3 [164]. Fig-
ure 5.10b shows the EF mapping for S3. The enhancement factor is proportional
to (g—;), where E is the local intensity of the electric field and Ej is the intensity
of the incident electric field. The highest enhancement is observed to occur at the
junction (2.8 x 107). The differences between the experimentally observed value
and value obtained from simulation are due to (i) CM is also responsible behind
SERS enhancement, but in the simulation, we have only considered EM enhance-
ment (i7) The size and distribution of the Ag triangle and Ag sphere combination

continuously changes along the height of the pyramid, which will affect the EF but

in our simulation we have considered enhancement from a single pair.
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Figure 5.10: (a) FDTD calculated electric field distribution of triangular Ag parti-
cles with the spherical Ag particle combination on 3D Si substrate under 632 nm
excitation wavelength and (b) calculated EF in the x—z plane from the coupled Ag
nanoparticles.

5.4 SERS Study of Ag Deposited on P-Si/Si-NW
Substrate

The Raman spectra of 101 M R6G and SERS spectra of 107° M R6G on different
substrates are shown in Figure 5.11a. The Raman peak of R6G at 613, 772, 1182,
1312, 1364, 1512 and 1560 cm ™! are observed clearly [145-147]. Table 5.5 shows the
calculated SERS EF for the peak at 1572 em ™! for all the substrates. A significant
enhancement factor of 105 — 10° is observed for all the substrates. This shows that
the substrates can be used as effective SERS active substrates.

Due to its various roughness scale, the substrate also shows very good hydrophobic
property [174]. The CA shown by P-Si sample is 99.85° which increases to 119.65°
when we deposit Ag on P-Si and is shown in Figure 5.11c. Highest value of contact

angle (135.46°) was obtained for P-Si/Si-nanowire sample shown in Figure 5.11d.
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Raman Peaks EF of ) EF of P-Si/NW-Si | EF of P-Si/NW-Si
em ™t P-Si/NW-Si | and Ag N, annealed | and Ag O, annealed
613 7.5 x 10 1.1 x 10° 1.5 x 10°
775 - 1.2 x 10* 1.0 x 10*
1187 —~ 3.1 x 10* 3.2 x 10*
1305 —~ 3.5 x 10° 3.4 x 10*
1360 1.1 x 10° 1.7 x 10° 2.1 x 10°
1572 1.6 x 10° 2.3 x 10° 2.6 x 108

Table 5.5: EF from SERS measurement for different Raman peak of 1 x 1075 M
R6G.

The contact angle equation of water on rough surfaces can written according
to Cassie model as [175],

cosf, = ficosf — [y (5.11)

where 0 and , are the water CA on the plane and rough surfaces respectively. f;
and fy are the fractional interface areas of the porous structure and of the air in
the interface between them respectively.

Water droplet on P-Si almost covers the entire top and valley portions of the
pyramid resulting a very small air fraction between them which leads to smaller
increments in the water contact angle compared to that on planar Si. With the
introduction of nanowire structure on the pyramidal surface a stable interface be-

tween the droplet, P-Si/Si-nanowire binary structure and the air portion between
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Figure 5.11: (a) SERS spectra of 107> M R6G on different substrates and 1071 M
R6G on P-Si. (b—e) Variation of water contact angle for different substrates.

them is produced. According to the observation made by Li et al. for P-Si/Si-
nanowire binary structure 93.3% air portions can be obtained. Which gives the
value of fo = 0.933 and f; = 0.067 resulting a C.A of almost 162° [175]. In our

case, we obtain the C.A = 135° for the binary structure.

5.4.1 FDTD Simulation of Ag deposited on Si-Nanowire

FDTD simulation was used to study the interaction of incident EM waves with
different structures. The direction of propagation and direction of polarization of
the incident wave is shown in Figure 5.12. The incident EM wave is observed to get

enhanced at the tip of Si-nanowire as shown in Figure 5.12a. From Figure 5.12b it
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Figure 5.12: (a) X-Z view of FDTD simulated e-field distribution of Si NW on
Si pyramid. (b) Ag sphere on P-Si/Si-nanowire configuration showing mazimum
enhancement at the mid-portion between two spheres. (c) E-field distribution when
two spheres are separated by a longer distance. The polarization direction is taken
along X-axis.

is clear that the near field intensity increases when Ag nanoparticles are situated at
the top of Si-nanowire compared to only Si-nanowire. For our simulation purpose,
we took two Ag particles of radius 50 nm separated by a distance of 20 and 50
nm. The radius of the particles was taken according to the observations made by
SEM. It was also observed that the interparticle distances between the spherical Ag
nanoparticles increase as we go from the bottom towards the top of the pyramid.
Hence, to observe the effect of inter-particle distances on the near field intensity two
separation distance was taken and it was observed that the intensity decreases with
increasing particle separation. We have observed EF of 10* which is lower than
the experimentally observed value. However, in real samples, a single spherical
particle is surrounded by a number of spherical particles in all the direction but
we have considered only two particles residing side by side for the simulation

purpose. It is known that near field intensity enhances greatly when the two
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particles are very close together hence, the experimentally observed EF must be
greater than that obtained from the simulation [176, 177]. We have shown that
when the inter-particle distances are 50 nm the intensity decreases rapidly at the
mid-portion between them (Figure 5.12c). The incident laser also gets periodically
reflected after incidence on the pyramidal Si surface, which also contributes to
the enhancement significantly. Considering all these factors in a single simulation
requires a huge memory and hence we had to limit our simulation for two Ag

nanoparticles.

5.5 SERS Activity Measurement of Pd Nanopar-
ticles Deposited on Semiconductor Substrate

The SERS activity of the substrates was measured by using R6G as the probe
molecule. To prepare the SERS substrate 50uL of 107% M R6G was drop cast on
the nanoparticle deposited substrates and then dried overnight. The SERS spectra
of the substrates are shown in Figure 5.13. All the samples show the characteristic
Raman spectra of R6G as described in the previous chapters. The SERS EF of
the different substrates was measured using the method described previously. The
highest SERS EF and lowest detection limit of 1071% M was observed for the S60
sample (Figure 5.13d). R6G of 107° M concentration was detected by the other
samples. The intensities of the Raman bands for S60 at 1364, 1512, and 1650 cm !
are 2.5, 3.1, and 2.6 times higher than S20 and 1.8, 2.1, and 1.7 times higher than
G20. The SERS spectra were taken from three different points for all the sub-
strates to ensure homogeneity. The average EF with standard deviations are listed
in Table 5.6 for all the substrates. EF of (8.5+2.1) x 10° was observed for S60 for

the peak at 1650 cm~t. This value is very much comparable to the EF obtained
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Figure 5.13: (a), (b) SERS spectra of G20 and G60, respectively for different
concentrations of R6G. (c), (d) SERS spectra of S20 and S60, respectively, for

different concentrations of R6G.

from chemically synthesized Pd nanoparticles and also Pd nanoparticles deposited

on Si substrate. EF for G20 and G60 are(3.5 £ 0.

the peak at 1650 cm 1. The highest EF of R6G

attributed to the following reasons.

3) x 10° and (3.440.9) x 105 for

peaks for the S60 sample can be

The nanorod clusters produce very sharp metal edges on planar Si giving effec-

tive condition for EF enhancement [82, 87]. For S10 the enhancement is also due

to the same reason but the very low coverage of nanoparticles does not allow to
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Sample | EF at 1362 cm™! | EF at 1512 cm~! | EF at 1650 cm ™!
Number x10° x10° x10°
G10 2.7+0.1 3.3+04 4.9+0.5
G20 2.0%0.1 24+0.3 3.54+0.3
G60 2.1+04 24 +0.8 3.4+0.9
S10 1.44+0.2 2.3+0.3 2.54+0.3
S20 1.9+£0.3 22402 3.31+0.6
S60 4.7+14 6.8 £ 1.7 8.5%2.1
PS10 6.1 0.8 121+ 1.3 45409
PS20 6.8+ 1.1 126 £ 1.8 824 1.8
PS60 16.5 £ 2.3 204+7.4 16.8 £1.7

Table 5.6: Average EF with standard deviations from SERS measurement for dif-
ferent Raman peak of 107°M R6G.

produce sufficient number of hot spots. For the Ge substrate, the growth rate is

much faster than Si and leads to continuous film of Pd, on which spherical-shaped

nanoparticles containing shafts are situated. The ratio of the shaft structure to

spherical-shaped core is low here and it does not provide ideal conditions for SERS

enhancement. This is also observed in FDTD simulation and discussed in the lat-

ter part of this thesis.

The relationship between the concentration of R6G for different samples and
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Figure 5.14: (a), (b), (¢) and (d) shows intensity versus concentration graph for
G20, G60, S20 and S60 respectively.

the SERS intensity of the peaks at 1364, 1512, and 1650 cm! and is shown in Fig-
ure 5.14. The samples show a linear relation with concentration. The values of R?
(standard deviations) for different samples indicate the fact that all the samples
can analyze concentration of R6G quantitatively. The R? value of S60 shows the
least standard deviations, indicating improved uniformity with increment in the

deposition time.

A 3 to 7 times increment in the SERS signal was observed compared to the
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Figure 5.15: (a) and (b) shows SERS spectra of G20, S20, and PS20 and G60, S60,
and PS60 substrates taken with 10°% M concentration of R6G. (c) and (d) shows
intensities of the Raman spectra for 101 and 1071 M concentrations of R6G for

the PS20 and PS60 samples, respectively.

previous samples for all the peaks of R6G when Pd was deposited on P-Si. As the

peak position did not change and also the substrate material remains the same,

it is clear that the huge enhancement results from EM origin. From the SERS

spectra of Figure 5.15 it is observed that the relative intensity of the peaks at

1312cm ™' /1364cm ™! increases while that of 1572cm ™! /1650cm ™! decreases. The

peak at 1312 em~! has a different origin than the peaks at 1364, 1572, and 1650

em™!. The change in adsorption geometry of R6G molecule on P-Si compared to
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Ge and Si is responsible for such change in relative intensities. The higher intensity
at 1364 and 1650 cm ™! indicates that the long axis of R6G molecule aligns parallel
to the Pd surface (ethylamine up configuration). This configuration increases the
interaction with the aromatic ring resulting higher charge transfer. On P-Si surface
the intensity of the peaks at 1572 em ™! decreases due to reduced charge transfer.
However, to understand the features correctly a detailed theoretical understanding
is necessary. Figure 5.15a and Figure 5.15b shows the SERS spectra for PS20 and
PS60 sample using 10~ M R6G. For PS20 the EF obtained for the peaks at 1364,
1512 and 1650 cm ™! is 8.3 x 10°, 1.5 x 10°% and 1.1 x 10° respectively. For PS60
these values are 1.9 x 10°, 3.8 x 10% and 1.9 x 10° respectively. These values of
EF are much higher compared to the previously obtained substrates based on Pd
nanoparticles. The huge enhancement can be explained by the following reasons.
Significant enhancement of the incident EM signal occurs at the sharp ridge and
edges of the P-Si structures. According to Lee et al. the enhancement on 3D
Si substrate is 3.9 times higher than that on planar Si. Secondly, the periodic
pyramidal arrangement will make the incident laser oscillate and the incident light
will get trapped which will further contribute to the enhancement. Also, the Pd
nanostructures formed on P-Si have a sharp edge compared to the ones formed
on planar Si and Ge. Figure 5.15¢ and Figure 5.15d shows the SERS spectra of
the two samples with R6G concentration on 107 M and 10~'* M respectively.
Both the substrates show significant SERS enhancement even for such low concen-
tration of the analyte molecule which is remarkable using any substrate with Pd

nanoparticles.
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Figure 5.16: (a), (b), (c), (d), (e) and (f) show SERS spectra of 105 M concen-
tration of R6G after 1 month for G20, G60, 520, S60, PS20 and PS60 sample,

respectively.

We have also tested the stability of the substrates by taking the SERS spectra
of the samples after keeping them in ambient atmosphere for one month. Figure
5.16 shows the SERS spectra of all the samples after one month and it is observed
that the intensity of the SERS peak decreases for all the substrates but significant
enhancement still remains. The highest reduction is observed for both G60 and
520 (52%). While for PS20 and PS60 the reduction in intensity is 30% and 32%
respectively. This fact indicates that Pd on P-Si substrate is superior compared

to others in terms of EF and also stability. A comparative graph of the SERS
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intensity for the three different peaks of R6G is plotted for different samples and

is shown in Figure 5.17.
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Figure 5.17: SERS intensity for different substrates for 3 different peaks of R6G.
The highest is observed for PS60 (R6G concentration is 1075 M ).

5.5.1 FDTD Simulation Study

FDTD simulation was done to understand the near-field intensity distribution
around the nanostructures for three different substrates. Figure 5.18a shows the
near-field intensity distribution of Pd deposited on Ge substrate. It is observed that
the highest enhancement occurs at the tip of the Pd nanostructures. However, the

enhancement at the nanostructure surface is much lower. The EF is proportional

B[

B’ where Fj is the intensity of incident electric field and E is

to the ratio of
the intensity of the local electric field. The EF obtained by the simulation is

1.6 x 10° which is slightly lower than the experimentally observed value (Figure
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Figure 5.18: (a), (b) and (c) shows FDTD-calculated near-field electric field distri-
bution of Pd on Ge(100), Pd on Si(100) and Pd on P-Si. (d), (e) and (f) shows

calculated EFs in the logarithmic scale for the same three substrates respectively.

5.18d). This can be attributed to the fact that, in real sample, the number of
shafts on spherical Pd is different in different spheres. The incident EM field gets
enhanced at the gaps between two spheres when two shafts are situated very closely.
So, when two spheres lie very close to each other, incident EM field can also get
enhanced between the two spheres. By using a finer mesh we have also done FDTD
simulations considering more than one particle for all the substrates and indeed
observed large enhancement of the incident EM radiation between the particles
which is shown in Figure 5.19. For simulation purposes, we have considered only
four shafts on Pd nanoparticles situated on Ge. But from different TEM images,

we have observed seven to eight numbers of shafts on the nanostructures which in
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practical case must effect in the enhancement. We restrict the simulation for four
shaft due to limited computing facilities. In case of Pd on planar Si, a single cluster
is observed to form with six to nine nanorods, however, for simulation purposes
we have considered a cluster formed with only three nanorods which must have
affected the enhancement. The scale bar indicates enhancement of the order of
105 — 10° for Si and Ge and 10° for P-Si. From the log-normal distribution, it
is also clear that the distribution of hot spots is very much widespread. As the
enhancement factor obtained from the experiment is averaged over all the hot
spots, it must be lower than the highest enhancement shown in the simulation.
Figures 5.18b and ¢ show the local electric field intensity for Pd on Si and P-Si
respectively. It shows that significant enhancement occurs at the sharp edges and
also at the nanogap between the nanorods or nanoparticles. However, significant
enhancement is also observed to occur due to pyramidal structure of the substrate

which is contributed by the factors described earlier.

5.6 Conclusions

In conclusion, stable SERS active substrates are made based on Ag and Pd nanopar-
ticles. For Ag deposited on planar and pyramidal Si, we obtain from FDTD sim-
ulation that the nano-gap between the sphere and triangle is observed to be the
source of hotspots which plays the most dominant role to enhance the Raman
signal. To the best of our knowledge this is the first report where the effect of
annealing environment on the SERS activity of Ag deposited on pyramidal Si is
reported. Also, using the composite structure (Ag triangle and Ag sphere) a bal-

ancing between forward scattering and absorption of the incident EM field can be
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Figure 5.19: FDTD calculated near-field electric field distribution for more than
one Pd nanoparticle of (a) Pd on Ge (100) (b) Pd on Si (100) and (c¢) Pd on P-Si.
Calculated EF in log scale for the same 3 substrates are shown in (d), (e) and (f)
respectively.

obtained which is very much important for plasmon based solar cell applications.
Also the SERS activity of different Pd based substrates is also heavily dependent
on the structure. We have observed 2 order (10°) higher enhancements compared
to the previously reported result (10*) using same Pd nanoparticle. A 3D surface
(pyramidal structure) produces higher enhancement of the SERS signal of R6G

compared to the planar substrate



Chapter 6

Electrochemical Detection of
Glucose and AA Using Pd
Nanoparticle Deposited on
Semiconductor Substrate

This chapter describes the effectiveness of the Pd deposited semicon-

ductor substrates as an electrochemical Glucose and AA sensor

164
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6.1 Introduction

CV is a versatile method to study the electrochemical properties of electroactive
surfaces. It helps to understand the redox reaction mechanism, reversibility of
any reaction and also the kinetics of electron transfer of an electro-active species
present in the solution. Also, a rapid information on the heterogeneous electron-
transfer kinetics, adsorption and coupled chemical reaction can readily be obtained
from this. It is the mostly adopted method to find the effectiveness of a material
for different applications.

In CV a three-electrode configuration is used where potential is scanned at the
working electrode with respect to reference electrode and current flows through a
counter electrode, which is monitored in an analyte solution which remains un-
stirred. The potential between working electrode and reference electrode is varied
linearly with time and is scanned back and forth between two extreme values at a
constant rate of few mV/s to few V/s, the waveform of the potential is triangular.
A current flows through the analyte during this process and the current flows be-
tween the working electrode and counter electrode is plotted against the voltage by
which the CV curve of the analyte is obtained. The current between the electrode
is highly dependent on the nature of the working electrode, composition of the
analyte and the scan rate. The reduction and oxidation potential of the analyte
and its diffusion co-efficient can be found with very good accuracy. The working
electrode material can be considered to have good pseudo-capacitive properties
with better rate capability if the peak anodic current increases with increasing the
voltage scan rate. As, during higher scan rate more electro-active species appear at

the working electrode surface, the number of redox reactions increases. However,
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there is a chance of missing the reduction or oxidation peak during slow scan as
the reduction or oxidation products can have sufficient time to undergo chemical

reaction in the analyte which may not be electro-active.

15
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Figure 6.1: (a) Graph of a typical input waveform in CV experiment (b) Typical
cyclic voltammogram. E,, and E,. are the anodic and cathodic peak potentials, and
Upa and iy, are the anodic and cathodic peak currents, respectively. Source: Elsevier

Figure 6.1 shows a typical CV diagram of an electrochemical reversible process,
where 4, . and i, . are the anodic and cathodic peak current and E, ,, E, . are the
corresponding peak potential. The peak current at 25° C' is given by Randless
Sevick expression,

I, = (2.69 % 10°)n'* AC D"V (6.1)

Different factors i.e. number of electrons transferred during redox reaction, the
factors limiting the rate of the reaction can be found by CV. The diffusion rate of
the analyte can be obtained from the difference between the two peak potentials.
The nature of the system can also be predicted from the CV curve. The system is
reversible, quasi-reversible and irreversible depending on the ration of the cathodic

to anodic peak current ratio. If the ratio is 1 then the system is reversible, if it is
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nearly equal to 1 then the system is said to be quasi-reversible and if one of the
peak is absent then the system is said to be irreversible.

During amperometric sensing experiment the potential across the electrode is kept
fixed at either at the reduction or oxidation potential of the analyte and the cor-
responding current is measured. In this condition, the current only changes when
the applied potential is equal to the oxidation or reduction potential of the analyte.

The current ¢ during amperometric sensing can be written as,

o nF AcD%®
L= 770-540.5

(6.2)

where n is the number of electrons transferred/molecule during oxidation and re-
duction, t is the time elapsed during the application of the potential. The diffusion

co-efficient for the analyte molecule can be found out from this equation.

Diabetes mellitus arises due to deficiency of insulin and can leads to serious
health problems in the human body, decreasing life expectancy. The normal sugar
level in the body is 80 — 120 mg/dl, but anything over 200 mg/dl is an alarming
sign and needs to treat accordingly [184]. Glucose detection is very much impor-
tant to detect and treat diabetes. AA is also a very important vitamin in human
diet and also works as an anti-oxidant. It is used for the treatment of infertility,
common cold, mental illness, HIV and also in cancer [185, 186].

So the detection of AA and glucose is not only important in neurochemistry and
biological field but they are vastly important in biological and pathological research
purposes. Hence, efficient detection of these two is highly required. Enzyme based
sensor shows good detection efficiency for these two but they suffer from poor sta-

bility and also get very much affected by the electro-oxidized species [187, 188].
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These difficulties can be overcome by non-enzymatic amperometric sensors and
metal nanoparticles have already shown vast effectiveness to serve this purpose.
Electrochemical method is a very simple, low-cost detection method. Effective sen-
sors based on glucose, hydrogen peroxide (Hy03) and AA were already been made
by different metal nanoparticles like Au, Ag, Pd, Pt, Mn and Fe [189-195, 195].
However, to made the sensor using metal nanoparticles the particles are needed
to be drop cast on the substrate before use and this process does not provide
good adhesion and can destroy the stability of the sensors. During deposition of
metal nanoparticles on semiconductor using GDR method a chemical bond forms
between them which provide very good adhesion and make the substrate stable

giving less disturbance in the signal.

6.2 Electrochemical Cyclic Voltammetry Study

The CV characteristics of all the samples using 1 M NaySOy as electrolyte at a
scan rate of 60 mV//s is shown Figures 6.2. An enhanced current density is observed
for PS60 and G60 electrodes compared to S20. As the electrochemical response
of G60 and PS60 is better than other samples, further study on biosensing was

carried out by using these two substrates as electrodes.

6.2.1 Glucose and Ascorbic Acid Sensing Study

Nonenzymatic electrochemical sensing study for the detection of Glucose and AA
by G60 and PS60 samples was done using 1 M NasS0O, as the electrolyte which

is shown in Figure 6.3. The oxidation peak of Pd was observed near 0 V. This
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Figure 6.2: CV comparison plot for (a) S10, S20 and S60 (b) PS10, PS20 and
PS60 (c) G10, G20 and G60 in 1 M NaySOy solution as electrolyte and at a scan
rate of 60 mV/s

oxidation peak of Pd was also observed by Wang et al. for dendritic Pd nanos-
tructures and by Burke and Casey for bulk Pd structures [202, 203]. According to
their observation the reduction peak of palladium oxide occurs at —0.37 V' during

the negative scan.

They also observed an increment in the oxidation/reduction peak current with
increasing methanol concentration. From Figure 6.3b it is observed that the detec-
tion of glucose is prominent at the reduction potential of H,Oy (at —0.6V). Figure
6.3c and d shows the Pd oxidation and reduction cycle at 0 V' and —0.3 V respec-
tively and the reduction current is observed to increase significantly with increasing
AA concentration. The PS60 and G60 electrodes adsorb the AA molecule from the
electrolytic mixture, and then AA gets oxidized by hydrolysis process and converts
it to dehydroascorbic acid. This process releases two protons and two electrons,

which convert Pd*" to Pd® [204]. The increment in the peak current density of
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Figure 6.3: (a) and (b) shows CV study with different molar concentrations of
glucose using PS60 and G60 substrates as working electrodes, respectively. (c¢) and
(d) shows CV study with different molar concentrations of AA using PS60 and G60
substrates as working electrodes, respectively.

PdO/Pd redox system on PS60 is weaker than that of G60, indicating larger elec-
troactive surface area for G60 sample. As the reduction current of PdO formed
at the surface dominates the CV properties, the adsorbed species at the surface
region is the most dominating here.A linear change in the reduction current with
the scan rate is also observed from (Figures 6.4), which indicates a surface-confined

process.

The amperometric sensing study of glucose and AA was performed at —0.6 V

and —0.3 V respectively and is shown in Figure 6.5. The amperometric current
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Figure 6.4: (a) and (b) shows linear response of peak reduction current with scan
rate (with R? error) for glucose detection using PS60 and G60 as working elec-
trode respectively. (c) and (d) linear response of peak reduction current with scan
rate (with R* error) for AA detection using PS60 and G60 as working electrode
respectively

density-time curve for sensing of glucose using PS60 and G60 sample is shown
in Figure 6.5a and in Figure 6.5b. Stable current steps were obtained whenever
glucose were added to the electrolyte. Figure 6.5¢ and Figure 6.5d show the same

for AA sensing using PS60 and G60 as the working electrode.
Figure 6.6 shows the calibration curve used for the amperometric sensing study

for different substrates. For glucose sensing using PS60 and G60 as the work-

ing electrode, the calibration curve can be fitted with the equation, Ipseo g =
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Figure 6.5: (a and b) Amperometric current density—time curves for glucose sens-
ing using PS60 and G60 as working electrodes, respectively. (¢ and d) Amperomet-
ric current density—time curves for AA sensing using PS60 and G60 as working
electrodes, respectively.

—19.273 — 1.04Cy;,, and Igeo g = —58.75 — 2.65Cy;, respectively. The calibration
curve for AA sensing using these two samples can be fitted with the equation,
Ipseoaa = —17 — 0.92Cy,, and Igeo,aa = —33.29 — 18.67C 44 respectively. The
highest sensitivity values for both glucose and AA were obtained for G60 (2.658
and 18.67uAmM ~tem ™2, respectively). The detection limits for PS60 and G60 for
AA are 4.35 and 2.01uM, respectively, and the detection limits for the same two

substrates for glucose are 2.86 and 7.19uM, respectively (S/N=3).
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Figure 6.6: (a) and (b) linear response graph of glucose concentration (with residual
errors) with the current density for PS60 and G60, respectively. (c¢) and (d) linear
response graph of AA concentration with the current density for PS60 and G60,
respectively.

The comparison of our samples with the previously made electrochemical non-
enzymatic biosensors for AA and glucose detection is shown in Table 6.1 and 6.2
respectively. Which show that the sensitivity of our sample is very much compara-
ble to the previously reported results. Due to the presence of more active catalytic

sites the sensitivity of G60 sample is highest.



174

6.2.2 Interference Study

Selectivity towards the desired material in the presence of other electro-active
material is a very important property a sensor has to possess. Figure 6.7 shows
the current density-time graph for the working electrodes to test the selectivity.
The working potential was fixed at the detection potential (—0.6 V' for glucose
detection and —0.3 V' for AA detection) of glucose and AA. The interference effect
was observed in presence of DA, tap water, UA, hydrogen-peroxide (H50O,). All the
sensors show a significant change in the current density whenever glucose and AA
were added to the electrolyte. The current also changed for the addition of other
electro-active material but this change is very small and also the current attains
the previous stable value after some time. So, from the current density-time curve
it is clear that the substrates also have very good selectivity for glucose and AA

detection.

6.3 Conclusions

The Pd deposited semiconductor substrates show very good sensing properties for
the detection of glucose and AA. The highest sensitivity (18.67uAmM tem™2) for
AA is observed for Pd deposited on G60 in the linear range of 20 u M to 40 mM,
and for glucose, the highest sensitivity (2.658uAmM ~tcm™2) is also observed for
the same substrate in the linear range of 1 mM to 40 mM. The lowest detec-
tion limits for AA and glucose are 2.19 and 7.19 p M, respectively, for the same
substrate. Clearly, the substrates we prepared have strong implications in iden-
tifying new SERS substrates using low-cost materials as well as electrochemical

nonenzymatic sensors. It would be much more beneficial if the smaller interference
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Figure 6.7: (a and b) Selectivity of glucose (working potential 0.6 V') over other
electroactive materials using PS60 and G60 as working electrodes. (¢ and d) Se-

lectivity of AA (working potential 0.3 V') over other electroactive materials using
PS60 and G60 as working electrodes.

from other electroactive material can be minimized further by introducing some

structural or chemical modification to the Pd nanostructures.
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Electrode Sensitivity Linear | Detection | ref
um mM~' em™2 | Range Limit

Mesopore Rich Active 0.5-

C-Modified Pyrolytic 2.27 2000 0.3 uM [192]
Graphite Electrode uM
Pd Nanoparticle 20-

Supported Graphene 6.18 2280 N.A [193]
Oxide M
Poly(N-Methylpyrrole)/ 0.05-

Pd nanocluster 5.6 1 mM 7 uM [194]

Graphene Anchored 20-

with Pd- 8.9 900 | 0.11 uM | [195]

Pt Nanoparticles

M
GD of Pd 20- Our
on Ge 18.67 40000 2.01 uM | Work
for 60 min uM

Table 6.1: Comparison of the Analytical Performance of the Proposed AA Biosen-
sor with Other AA Biosensors Reported Previously



Electrode Sensitivity Linear | Detection | ref
pwm mM~1 em™ | Range Limit
Mesoporous Pt 9.6 10 mM N.A [205]
NiTiO3/NiO 0.1-
Nanoparticles 1454 18.8 uM | 0.06 mudl | [189]
glucose oxidase- 50 M
Nanoporous Au 12.1 to 1.02 uM | [190]
10 mM
bimetallic Pt Up to
Nanoparticles 10.7 15 mM 0.5 mM [191]
GD of Pd 1- Our
on Ge 2.66 40 mM 7.09 uM | Work
for 60 min

177

Table 6.2: Comparison of the Analytical Performances of the Proposed Glucose
Biosensor with Other Glucose Biosensors Reported Previously.
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Synopsis

During the last decade, remarkable improvement is observed over the growth
of nanomaterials. Controlling the growth of nanoparticles is very much important
because the optical, chemical and conductive properties of nanomaterials depend
heavily on their size and shape [1, 2]. Noble metal nanoparticles having the size
in the nanometer regime have attained significant interest due to their unique op-
tical, electrical properties. Localized surface plasmon resonance, which is the col-
lective oscillation of conduction electrons is responsible behind the unique optical
properties of noble metal nanostructures [3]. Localized surface plasmon resonance
(LSPR) is produced when the surface conduction electrons of metals interact reso-
nantly with the incident electromagnetic wave. This interaction produces a highly
intense localized EM field around the nanoparticle which remains confined in a
sub-nanometer region and is called "hot spots”. These "hot spots” are mainly
generated around the sharp apexes, edges, and tips of the metal nanoparticles.
This LSPR not only increases the local electromagnetic field around the nanopar-
ticles (near field) but it also enhances the scattering field at the far-field. Surface-
enhanced Raman scattering (SERS) is an excellent tool to determine molecular fin-
gerprint up to single-molecule level [4]. This ability of SERS technique has made it
very much useful for low concentration sensing and imaging of biomolecules [5, 6].
The SERS enhancement is very much dependent on the formation of "hot spots”
which as stated previously is very much dependent on the size, shape and interpar-
ticle distances of the nanoparticles. Gold (Au) and Silver (Au) are the two most
studied materials to prepare SERS active substrates or nanoparticles. It is due to
the well established synthetic method, easy tunability of their plasmon wavelength
and very high scattering cross-sections in the NIR and uv-visible region of the
spectra which makes them superior compared to other noble metals for SERS ap-
plication [7]. Au and Ag also show better thermal stability and resistance against
corrosion. Ag shows better SERS enhancement and catalytic activity compared
to Au due to its increased scattering efficiency in the uv-vis region [8]. However,
Au shows very good stability against oxidation but Ag nanoparticles or Ag-based
substrates become oxidized very much rapidly in ambient atmosphere and lost its
efficiency. Also at high-temperature agglomeration occurs which reduces its effi-
ciency further. Noble metal /semiconductor substrates have much advantages over
their colloidal counterparts. As the semiconductor substrate holds the nanoparti-

cles strongly hence agglomeration cannot occur easily at room temperature, which
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is an important factor to obtain a stable SERS substrate [9]. Hence overcoming
the oxidation related problem at high temperature is very much important for Ag-
based semiconductor substrates. This will also increase its application in sensing,
catalysis related research. However, extensive use of Au and Ag for SERS related
applications limits the use of other noble metals like Platinum (Pt) and Palladium
(Pd) in this field. Pd and Pt show very good catalytic activity and they found
their application in hydrogen storage, fuel cells [10, 11]. Their effectiveness will
increase further if their SERS enhancement can be increased significantly. Pd also
shows very good stability against corrosion and oxidation, hence finding a SERS
active substrate based on Pd should with significant enhancement factor (EF) will
be very much beneficial. Srnova et al first studied the SERS effect of Pd and they
observed an EF of 190 [12]. Different types of morphology like hexagonal, cubic Pd
nanoparticles were made but an enhancement factor greater than 10* is very hard
to achieve. Various methods were used previously to produce metal-semiconductor
substrates i.e. molecular beam epitaxy (MBE), chemical vapor deposition (CVD),
atomic layer deposition (ALD), electrocatalytic deposition, pulsed laser deposition
(PLD) and galvanic displacement reaction (GDR) [13-15]. between these pro-
cesses, GDR is an electroless process that does not require any external voltage
source and it is also very much easier and cheap. The difference between the
reduction potential of two material with respect to standard hydrogen electrode
(Vsur) is the sole driving force behind the reaction. The metal-semiconductor
interface obtained in this case is very much clean as no external reducing agent is
used in GDR. In this thesis work we have studied growth of metal nanoparticles
(Ag and Pd) on planar and patterned semiconductor surfaces. The structure of
the as-deposited nanoparticles and their evolution due to rapid thermal anneal-
ing at different atmosphere (Os and (N3) is studied extensively using scanning/
transmission electron microscopy (S/TEM), scanning electron microscopy (SEM)
and X-ray diffraction. The optical properties of the nanomaterials were studied
experimentally using cathodoluminescence spectroscopy, uv-vis spectroscopy. The
applicability of the substrates as SERS active material were shown using a Raman
spectrometer and the enhancement factor (EF) were calculated theoretically by
finite-difference time-domain (FDTD) simulation.

Firstly, I have studied the thermal evolution of Ag nanoparticle deposited on
planar Si (100) by GDR process. The two half cell reactions of the deposition process
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can be written as,
Si+6F~ — SiFg~ +4e”  (E"=—-0.86V) (1)

Agt+e — Ag (E°=0.8V) (2)

Effect of RTA at different atmosphere (Oy and N;) on the nanoparticle struc-
ture were also studied extensively by TEM. We have observed that when the
as deposited Ag nanoparticles are annealed in Oy AT 550°C, a combination of
spherical Ag and endotaxial Ag were produced in a regular manner. However, no
such endotaxial structure formation was seen during annealing at N, atmosphere
keeping other parameters the same. The enhanced kinetics of Ag in presence
of Oy atmosphere is the reason behind the formation of such endotaxial struc-
ture. Ag nanoparticles on planar Si (100) remains in thermodynamically unstable
configuration due to their high surface energy [16]. So when the substrate is
rapidly annealed, the enhanced kinetics helps the nanoparticles penetrate into Si
via interstitial-substitutional reaction. Also, Si tend to diffuse through Ag at tem-
perature 150 — 200° C, which helps Ag to completely buried into Si and finally
produce the endotaxial structure. From interface energy consideration, if the in-
terface energy o44/5i0, is less than o4, then the nanoparticles will get embedded
into the Si. Now the surface energy for Ag is o4, = 1.25Jm ™2 and that for SiO, is
05i0, = 0.29Jm~2. The value of the surface energy of the interface can be obtained

from Young’s equation which can be written as,

O-Ag/SiOQ = 0'5'1'02 — O'Ag COSs ‘9 (3)

The average contact angle of the nanoparticles with the subbstrates were obtained
as 137.33° 4 6.66°, which was obtained from different TEM images. Considering
this, the value of 044/5i0, comes as 1.209 which definitely lower than the value
of 044. Hence, formation of endotaxial structure was thermodynamically favor-
able. Previously, endotaxial structures were produced using lithography, vapor
deposition and all of them are challenging, expensive [17, 18]. Here, using simple
electroless process we were able to produce endotaxial structure which according to
best of our knowledge was not previously reported. The stability of the endotaxial
system was also studied by keeping them in ambient atmosphere for one month.
The endotaxial structures were observed to remain unaffected by the atmosphere,

however, the spherical particle on top of them got distorted significantly which
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also proves the superiority of the endotaxial Ag over the particles residing at the

surface.

50 nm

N, annealed

Figure 1: (a) Low magnification bright-field XTEM image of S1 and S2, (b) STEM-
HAADF image of Oy annealed substrate and the EDX spectrum showing presence
of Ag and Si (inset), (¢) EDX elemental map from the rectangular region in (b),
(d) Enlarged view of S1 showing the formation of buried Ag nanoparticle, (e)Low
magnification bright-field XTEM image of S1 and S2, (b) STEM-HAADF image
of Ny annealed substrate showing formation of only spherical Ag particle

The SERS enhancement of the substrates were examined using rhodamine 6G
(R6G) as the dye. The enhancement factor of 10° was obtained for the endotaxial
and spherical Ag combination. While maximum EF of 10° was obtained for spher-
ical Ag particle only. To understand the reason we have done FDTD simulation
and it shows that the nano-gap between the spherical and endotaxial Ag contains
highly intense EM field which provides the dominant contribution to the enhanced
SERS signal observed for the combined structure.

I have also studied the evolution of Ag nanoparticles due to annealing at Oy and
N, atmosphere when the deposition was carried out on pyramidal Si. Pyramidal Si
was produced by saw-damage removal method. In which planar Si (100) substrates
were first immersed in a solution of 30wt% NaOH in de-ionized (DI) water heated at

75°C for 3 minutes. In this process a few p m thick layer use to come out from both
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sides of the Si substrate. In second step, the substrates were immersed for 40 — 50
minutes in a solution containing 2wt% NaOH and 10% isopropyl alcohol (IPA)
solution to finally produce pyramidal Si substrate. Ag nanoparticles were deposited
on the substrate using the previously described GDR process. The time required
to obtain a uniform coating of Ag on Si is 90 seconds. Again, the as-deposited Ag
substrates were subjected to RTA at 550°C in Oy and Ny atmosphere respectively.
We have observed formation of triangular Ag and spherical Ag combination due to
annealing at Oy atmosphere and formation of only spherical shaped particle due to
annealing at N, atmosphere. The triangular and spherical structure were observed
to form in pair and in this case the triangular Ag do not penetrate into Si but they
form along the slope of the pyramid. The size of the nanoparticles also changes
from the top towards the bottom of the pyramid. TEM study reveals formation of
tilted hetero-epitaxy between Ag and Si. Such kind of epitaxy between Ag and Si
can form with the introduction of domain matching epitaxy (DME) where a 3 x 3
domain of Si matches with a 4 x 4 domain of Ag which leads to a lattice mismatch
of only 0.6% [19].

The SERS effect of the substrates were also studied extensively using rhodamine
6g (R6G) as the dye molecule. The highest EF was obtained as 9 x 107 for the
peak at 613cm ™! of R6G using the O, annealed sample. The SERS data were
also taken at three points for every measurement to ensure the homogeneity of the
samples. The main reasons behind the significant enhancement are (i) The nano-
gap between the triangular Ag and spherical Ag which acts as the source of hot
spots (i7) The 3D Si also has a significant role to play. It can effectively oscillate
the incident EM radiation due to its structural and trap a significant portion of
it. The SERS stability of the samples were studied by keeping the substrate in
ambient atmosphere for 1 month. The EF was observed to decrease only 18%
over the one month time span and gives significant SERS enhancement. Which
shows that rapid annealing in Oy atmosphere actually enhances the ability of the
substrate as a SERS active material, which is due to the formation of the complex
structure in this environment.

As 3D Si substrates were observed to give higher SERS enhancement com-
pared to their 2D counterparts, we have also observed the SERS enhancement of

Ag deposited on Si nanowire [20]. Si nanowire has already achieved much technical
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Figure 2: (a) SE image of Ny annealed sample showing the particle size variation
from bottom to top of the pyramid (b) BSE images showing the atomic contrast
between Si and Ag (c) bright-field XTEM image of Ny annealed sample showing
formation of only spherical particle on Si. (d) SE image of Oy annealed sample
showing the particle size variation from bottom to top of the pyramid and also
formation of triangular Ag underneath of spherical Ag (e) BSE images confirming
that the triangular particles are Ag (f) bright-field XTEM image of Oy annealed
sample (g) SERS spectra at day 1 using 107% M R6G for all the three samples (h)
SERS spectra at day 28.

importance due to its unique optical, electrical property induced by quantum con-
finement effect. Different processes were used to produce Si nanowires like molec-
ular beam epitaxy, vapor-liquid-solid method and laser ablation method [21-23].
All of this are very much expensive, time-consuming and require heavy instrumen-
tation. Metal-assisted chemical etching (MACE) method is a electroless process
to produce Si nanowire. Compared to other processes this process is very much
cheap, easy and controlled tunability can be obtained by this. In this process, the
oxidation of Si to S70, occurs in presence of metal ions which acts as a cathode.
The reduction of the oxidative agent (mostly H,O, ) occurs at the noble metal
surface and the hole reaches to the substrate to oxidized it. The SiO; produced

in this process get dissolved into the DI water solution by reacting with HF' and
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the etching continues.The governing equation can be written as,

H202 + 2HT — QHQO + 2K (4)

Si+4HF; +2ht — SiF;™ +2HF + Hy(g) (5)

Figure 3: (a) Bright-field XTEM image of Si nanowire on planar Si produced by
MACE process (b) HRTEM image of sidewall of a Si nanowire showing forma-
tion of amorphous sidewall (¢) HRTEM image of Ag-Si interface. (d) bright-field
XTEM image of Si nanowire on pyramidal Si (e) HRTEM image showing presence
of Ag nanoparticles at the bottom of the nanowires (f) HRTEM image of a single
Si nanowire showing formation of zig-zag sidewalls.

In this work, we have produced Si nanowire on planar Si as well as on pyramidal
Si and did an extensive comparative study on their structure. From high resolution
transmission electron microscope (HRTEM) study we have observed that the side-
walls of Si nanowire produced from planar Si substrate has straight and amorphous
sidewalls, whereas the sidewalls of the Si nanowires produced from pyramidal Si
has crystalline and zig-zag sidewalls. The local variation of the oxidant concen-
tration is assumed to be responsible behind the formation of different sidewalls.
Ag nanoparticles were deposited on the Si nanowire by GDR method and they are
subjected to RTA at 550° C in Oy and N, atmosphere respectively. Initially the Ag
nanoparticles are observed to be randomly oriented on the Si nanowire but after
annealing Ag sphere is observed to form at the top of almost all the Si nanowire.
Such kind of arrangement has many special optical properties and obtained pre-
viously only by costly VLS or CVD method [21, 22]. But here we could obtain
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the same structure by a combination of GDR and MACE which is of very low-cost
and easier. The substrates are observed to be both SERS active and hydrophobic.
The hydrophobicity property is mainly contributed by the dual roughness scale
contributed by the Si nanowire and pyramidal Si structure.

I have also studied the evolution of Pd nanoparticles deposited on Si, Ge and

pyramidal Si by GDR process. The governing equation can be written as,
2PdCI; (agq.) + Si°(s) + 6F (aq) — 2Pd(s) + SiF; (aq.) +8CI~ (6)

The rate of growth and final morphology of the Pd nanoparticles are heavily de-
pendent on the surface energy of the substrate and the number of defects present.
On planar Si the growth rate is observed to be very slow due to its lowest surface
energy among all of them. Highest growth rate was observed for deposition on Ge
substrate and growth rate on pyramidal Si lies in between. For small deposition
time the Pd particles form an urchin like structure of average size of 120nm con-
sisting of spherical core and dendritic shaft as observed from TEM images. With
increasing the deposition time the individual spherical shape gets diminished while
the dendritic structure remains. For a deposition time of 60 minutes it almost at-
tains a flat top morphology. On planar Si (100) initially nanorod like formation
of 30 nm length occurs. Which for higher deposition time produces an urchin like
shape with an increment in the nanorod length. The growth rate of Pd is much
higher on pyramidal Si. Where an almost continuous layer of Pd of thickness 45
nm is observed for only 10 minute deposition time. So, depending on the surface
energy and defect the growth rate is controlled which leads to the formation of
different shaped structure. Previously different shape of Pd nanoparticles were
produced by using different capping molecules to control the growth rate. How-
ever, this capping molecule could not be removed and they reduce the SERS and
catalytic efficiency of the substrates [23, 24].

The highest EF we observed for Pd deposited on pyramidal Si and it is «~3.8
x10% which greater than all the SERS active substrates made using Pd. We could
detect up to 107 M of R6G using the substrates. Besides this, the substrates
were all observed to have very good catalytic efficiency and can be used as electro-
chemical sensor to detect glucose and ascorbic acid. The highest sensitivity (18.67
pA mM~t em?) for AA is observed for Pd deposited on a Ge substrate for 60 min
in the linear range of 2040 mM, and for glucose, the highest sensitivity (2.658 ©A

mM~! ¢m?) is also observed for the same substrate in the linear range of 140 mM.
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Figure 4: (a), (b) and (c) shows formation of Pd on Ge for 10, 20 and 60 minutes
respectively, (d), (e) and (f) shows formation of Pd on Si for 10, 20 and 60 minutes
respectively and (g), (h) and (i) shows formation of Pd on pyramidal Si for 10, 20
and 60 minutes respectively.

The lowest detection limits for AA and glucose are 2.19 and 7.19 M, respectively,
for the same substrate. Substrates that we prepared are very useful for multifunc-

tional applications like SERS and electrochemical nonenzymatic sensing.

In conclusion, in the thesis work, we have successfully deposited different shaped
noble metal nanoparticles on planar and patterned semiconductor substrates. The
morphology and shape of the metal nanoparticles are observed to be heavily de-
pendent on the substrate pattern, deposition time and annealing environment.
The metal-semiconductor substrates are observed to show good SERS and cat-
alytic effect. They also posses very good stability against oxidation. The three
dimensional Si substrate along with sharp metal edges is observed to be responsible
behind such enhancement, which was shown in detail by FDTD simulation. The
substrates hence produced ins very much capable to produce efficient SERS active

and catalytic devices.
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Surface-enhanced Raman scattering (SERS) is a very powerful novel analytical tool that provides
a very high level of detection sensitivity with molecular precision and has excellent potential
to be used as a tool for chemical and biological sensing. The base of SERS is the Raman scattering which
has a very low cross-section. In the SERS process, the scattering cross-section can be increased up
to 10 times using metal nanoparticles by “localized surface plasmon resonance (LSPR)”. It is the

lllumination by
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dominant reason behind such a huge enhancement

observed in SERS. It occurs when the incident light interacts
GDR

with rough metal surfaces (apex, edges) and produces a sub S

nano-meter region of immensely concentrated EM field

called “hot spots”. Gold (Au) and silver (Ag) are the two most
used metal for this purpose as they possess superior optical
properties compared to others in the UV-Vis region.

Here, we have shown that rapid thermal annealing of Ag-
based SERS substrate (2D and 3D) actually enhances its
performance. This is contributed by the formation of a

Em Catalysis -
comp05|te nanostructure con5|st|ng of endotaxial Ag with Ag * — "

sphere on planar Si substrate and triangular Ag with Figure 1. Schematic of formation of complex

spherical Ag on pyramidal Si substrate in O, atmosphere. shaped metal nanoparticle due to RTA process
and their applicability as multifunctional

The morphology, interface was studied extensively using
substrate

different complementary techniques. The substrates

produced in this process are very much low-cost, reproducible, efficient, and showed very efficient detection
of rhodamine 6g (R6g) dye even after keeping them in an
ambient atmosphere for one month. The extensive use of Ag and Au in SERS restricts the use of
other metals, especially Pt group metals for SERS related applications because of their relatively
poor optical properties. To overcome this limit, we also tried to produce SERS active substrate
based on Pd nanoparticles which have a very good catalytic efficiency. We have observed that
different nanostructure of Pd can be grown on different semiconductor substrates by keeping the
other parameters the same (solvent concentration, temperature, deposition time, etc.) during
deposition. This process does not involve any surfactants to control the morphology and we
observed enhancement factor 108 using this process. The substrates were
also able to detect glucose and ascorbic acid (AA) qualitative as well as quantitatively with very
good sensitivity and detection limits. This opens up the possibility of using these substrates in
various important applications like diagnostic detection, illicitly sold narcotics detection, and civil

defense applications in forensic laboratories.
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