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Abstract

In this work, an efficient method is reported for creating a metal nanoparticle (silver) / Si composite structure consisting of
a vertical array of silicon nanowires (SiNWs) decorated with silver metal nanoparticles. A two-stage metal-assisted etching
method is employed to obtain SiNWs and Silver (Ag) metal nanoparticles are decorated on the SiNWs using the electroless
deposition method. It allows the good coverage of silver metal nanoparticles over SiNWs. Scanning Electron Microscopy (SEM)
analysis revealed that Ag was covered with SINWs. High-work function metal nanoparticles such as Ag nanoparticles on SINWs
have been utilized in different applications such as photovoltaics and sensors. The size of SINWs is determined through the
Raman shift. The silicon optical phonon peak showed an increase in redshift and a decrease of full-width at half maxima
with a decrease in diameter due to the quantum confinement. The Electron Field Emission (EFE) characteristics of the Ag-
decorated SiNW films were studied based on the current-voltage measurements and analyzed using the Fowler-Nordheim
(F-N) equation. The low turn-on field is obtained through the Ag metal nanoparticles which have wider applications in low-

power operational devices.
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1.0 Introduction

Nanostructures such as Nanowires (NWs), Nanoparticles
(NPs), Nanorods (NRs), and nanotubes have attracted
increasing attention in a diverse array of nanodevice-
related applications due to their fascinating physical
and chemical properties'. The properties of SINWs can
be modified through a Heterostructure Approach (HS)>
Among different HS approaches, metal nanoparticle
HS is very prominent in different applications®. SINW's/
noble metal Nanoparticle (NP) HS facilitate excellent
photocatalytic properties*. Metal NP decorated SiNWs
have been investigated for different applications such
as bio-chemical, and gas sensing applications. A variety
of nanoparticles are decorated on SiNWs such as silver
(Ag), Gold (Au), and Platinum (Pt) and are studied in
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different applications. Among all the metals, Ag is the
most effective material for the multifunctional SINW
HSs®. The synthesis of Ag-decorated SiNWs is an easy
and cost-effective and efficient process and its utilization
in different areas of nano technology is very effective.
Thus Ag@SiNWs is preferred compared to SINWs. The
Raman spectra of nanostructures have become a powerful
tool in determining the size of the nanostructures®.
When the phonons are confined in nanostructures, the
translational symmetry gets disturbed and does not
obey the conservation of momentum. This produces the
asymmetric broadening and hence the Raman shift’. Ag
@SiNW size is calculated using Raman shift by the Bond
Polarizability Model (BPM)?. Field emission is considered
one of the interesting phenomena in the field of science
and technology which depends on the size of the material.
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Field emission properties of many other nanomaterials
like carbon nanotubes’, titanium dioxide nanotubes',
and tin oxide nanotubes' have been studied over the past
few years. In Field emission science, many methods have
been reported to enhance the field emission properties
of Carbon Nanotubes (CNT). One of these methods is
the Attachment of metal/metal oxide nanoparticles for
reducing the work function and the addition of new
energy levels near the Fermi energy level (E)"*'*. Chen et
al., demonstrated the improvement in the field emission
current density by reducing the contact resistance
between the substrate and SWCNTs by constructing the
Ag nanoparticles”. SINWs are good field emitters that
have promising applications in cold cathode electron
devices and microwave devices'®. Thus, in our work, We
have incorporated Ag metal nanoparticles on SINWs to
study the field emission.

In this work, we have fabricated Ag-decorated SINWs
by a typical Metal-Assisted Chemical Etching (MACE)
process using Ag as the noble metal catalyst and HF/
H,O, as the etchant. The size of Ag-decorated SiNWs
has been studied through SEM analysis and Raman
spectroscopy Later we studied the electron field emission
in Ag-decorated SINWs.

2.0 Methodology

The cleaned silicon samples have been used to synthesize
SiNWs by the MACE method. It begins with pre-
immersion treatment. In the pre-immersion treatment,
the cleaned silicon wafers are immersed in H,SO, and
H,O, solution of a ratio of 3:1 for 10 mins followed by
rinsing with deionized water. After pre-immersion
treatment, the Ag-nanoparticles were deposited on the
silicon wafer by immersing silicon samples in the aqueous
solution comprising 0.02 M AgNO, and 4.8 M HF for 40
sec. These Ag-deposited silicon wafers were dipped in
an etching bath consisting of HF and H,O, for different
etching times 45 min,60 min, and 90min followed by
immersion in nitric acid and then in 5% HF-solution to
remove the native oxides on silicon wafers respectively.
After the fabrication process, the SINW samples are
rinsed with de-ionized water and dried”. To decorate
Ag nanoparticles on SiNWs, the samples were dipped in
an aqueous solution of 0.02M AgNO, and 4.8M HF for 1
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minute in the dark. The morphology and cross-section of
the prepared SiNWs are studied using SEM (JSM-6701F,
JEOL). The field-emission properties of SiNWs were
analyzed in a vacuum chamber with a base pressure of 1
X 10~ Pa. The distance between the sample and electrode
is calculated by digital micrometer and in our work, it is
adjusted to 100 pum. The bias is applied between anode
and sample and EFE properties are studied by Keithley-
electrometer'.

3.0 Results and Discussion

SEM images in Figure 1 illustrate the morphology and
cross-section of fabricated SINW samples after an etching
time of 45 min. Figure 1(a) shows the morphology
of the SINW sample which consists of pores that are
conglomerated. To understand the real structure of
SiNWs, a cross-sectional SEM image was taken as shown
in Figure 1(b). The cross-sectional image

shows that SINWs are vertically aligned and they are
uniformly distributed on the entire surface of the sample.
Figure 1(c) is the cross-section image of Ag-decorated
SiNWs. Both cross-section images reveal that the nanowire
must be a combination of submicron nanowires. Thus,
the actual size of SINW should be less than how it appears
in SEM image which can be investigated using Raman
spectroscopy®. The mechanism for the formation of Ag
decorated SiNWs is as follows: When the Ag deposited
silicon is placed in an etching solution consisting of HF/
H,0,/H,0,; silicon beneath the Ag particle dissolves in the
solution and the Ag nanoparticle will sink in the holes
and their sinking tracks will look like porous silicon and
walls of pores left Ag nanoparticles constitute 1D Silicon
nanowires. As the etching time increases the sinking track
length of Ag nanoparticle increases and hence SINW
length increases". After the synthesis of SINWs, silver
nanoparticles are decorated on the surface of SiNWs
through electroless deposition. The Ag decoration is
preferred on SiNWs to increase the conductivity and to
enhance the field emission in different applications.

Raman spectra from bare-Si and etched samples
of 45 mins, 60 mins, and 90 mins are shown in Figure
2 (a-d) respectively. Raman spectrum from the bare-Si
is centred at 520 cm™ with FWHM of 3.71 cm ™ as
shown in Figure 2(a). Raman spectra from samples of
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Figure 2. SEM images of SINWs grown using MACE (a) Morphology of SiNWs. (b) Cross section of SiNWs after

etching time 45 mins. (c) Ag decorated SINWs.

45 mins,60 mins, and 90 mins are shown in Figure 2(b,
¢, d), respectively. Raman spectra of these samples show
the following variations with increasing etching time. (1)
The Raman peak of the SiINW is red-shifted as compared
to the usual Raman active optical mode of bare-Si (i.e.,
520 cm). Raman peak shifts gradually from 520 cm
to 515.0 cm™ as the etching time is increased from 45
mins to 90 mins (2) As the etching time is increased, the
Raman spectra of SINWs are broadened compared to
bare-Si and asymmetric nature increased with etching
time. (3) Raman spectra get broadened in comparison to
that of the bare-Si. The results from Raman spectra can be
explained based on the quantum confinement effect. As
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the etching time is increased, the Raman peak is shifted
towards the lower frequency side and asymmetry in the
shape of the curve is increased. Thus Raman shift is a
function of SINW size. The SiNW size can be estimated
through the BMP model given by

an\Y
Aw = w(L) — w(0) = —A(Z) (1)
where, L gives the size of SINWs, Aw is the Raman
shift, A=20.92 cm™ and y =1.08 have taken from previous
reports® and a=Lattice constant of silicon = 5.43 cm’. The
size of the SINWs is calculated using Equation (1). The
results from Raman spectra and SiNWs size are shown
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Figure 2. Raman spectra of SINWs (a) bare silicon (b)

45 mins etched sample (c) 60 mins etched sample (d) 90
mins etched sample.

in Table 1. It is observed that the Full-width half maxima
is increased and the size of SINWss is decreased with the
increase of etching time. After an etching time of 90 mins,
the SINW size is decreased to 24.85 nm. The decrease in
the size of SINW s will enhance the electron field emission.
Thus 90-minute etched sample which is decorated with
Ag metal nanoparticles has opted for Field emission
measurements.

The EFE measurements have been carried out at room
temperature. Figure 3(a) shows the I-V characteristics of
S,,S,and S,at 45 min and 90 min. S, and S, are the SINWs
sample and Ag decorated SiNWs sample respectively
after 90 min etching time. The emission current is noted
as a function of the applied voltage from 0 V to 1200 V.
The Turn-on field (the field required to detect a current
of 0.01 mA/cm?) is calculated from the I-V data. It was
found to be 9.55 V/um and 6.08 V/um for the S, and S,
samples respectively.

The turn on-field is decreased in the S, sample. This
is because the work function of silicon is decreased
due to the incorporation of Ag metal nanoparticles on
the SINWSs. As a result, the structural and electronic
properties are modified and the potential barrier is
reduced which promotes the quantum tunnelling of
electrons at low turn-on field®. The other EFE parameter
is the field enhancement factor be determined by F-N
equation?, i.e.,
aEefer . b¢3/2

xp(— )

I =
¢ Eeffe (2)

a where, a and b are constants that depend on the
work-function ¢ of the material. For silicon a = -1.54x107

Table 1. Raman shift, Silicon nanowire (SINW) size and FWHM at different etching times

Sample Raman Shift SiNW size nm FWHM cm’!
Bare silicon -- -—-- 3.71
45 min etched silicon 2.2 54.73 7.16
60 min etched silicon 3.7 33.82 8.24
90 min etched silicon 5.16 24.85 9.64

) | January 2024 | http://www.informaticsjournals.com/index.php/jmmf

Journal of Mines, Metals and Fuels



Karanam Madhavi, N. Hanumantha Raju, M. C. Basappa and V. C. Veeranna Gowda

a
2.0x10° @
—=— 90 min(s,)
=z —e— 60 min(s,)
E;LOﬂO‘S —— 45min(s,)
&
0.0
r T r T r
0 400 800 1200
Voltage(V)

0.00105

0.00100

Figure 3. (a) I-V characteristics of SINWs, (b) F-N plot of SINWs.

Table 2. Field emission parameters of SINWs

Sample Size of Nanowire (nm) Turn on field V/um Field enhancement factor ()
S, 54.73 --- 303
S, 33.82 9.55 394
S, 24.85 6.08 524

A eV V? and b=6.83 x10° eV*?>u VLE _is the effective
electric field, E_eff= BE_0, where B is field-enhancement
factor and E_0 = V/d is the average effective electric-
field, V is the voltage applied, d is the distance between
silicon nanowire tip and anode. Then F-E equation can
be written as

I aB?\ bol2d
im(z) =1n FYE) R (3)
; 1
Plotting In (ﬁ) versus |72 | yields a straight line
bo*l2 d
which is called F-N plot with the slope of | — il

2
a
and with the intercept of (1 (@)22

Figure 3(b) displays the F-N plots of SiNWs. The field
enhancement factor  was calculated from the slope,

_bgpd

where slope = , where =4.15 eV, d=100 pm,

b= -6.83X10°eV*? um™. The field enhancement factor
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for s1, s2 and s3 are 303.5, 339.16 and 524, respectively.
The enhancement in the p shows superior EFE quality.
The enhancement of p in Ag decorated SINWs due to the
addition of new energy levels near the fermi energy level
which modifies the density of states through Ag metal
nanoparticles®>. Thus, low turn-on field and enhancement
of field emission factor are the evidence to believe that Ag
metal nanoparticle decoration on SiNWs could improve
the electron field emission property of SiNWs. The
electron field emission parameters attained from the F-N
plots are listed in Table 2.

4.0 Conclusions

Metal-assisted chemical etching provides a simple
approach to prepare SINWs. Ag metal nanoparticles are
decorated on SiNWs by electroless method. It is observed
from the SEM images that the vertically aligned SINWs
are formed along the whole surface of the silicon wafer.
Raman analysis measurements were carried out to

Journal of Mines, Metals and Fuels I 49 -



Effect of Metal Nanoparticles in the Field Emission of Silicon Nanowires

measure the size of SINWs at different etching times by
the BPM model. It was found that SINWs size decreased
with the increase in etching time. electron field emission
measurement had been carried out in Ag-decorated
SiNWs. A low turn-on field of 6.5V/pum and enhancement
of B from 339 to 524 is achieved in Ag decorated
SiNWs. Further optimization of parameters may lead to
improvement in the EFE properties.
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