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Abstract

Improving the optical absorption capability of solar cells’ materials is a crucial
factor in increasing their power conversion efficiency. To this end, the absorption can be
enhanced by minimizing the reflection and the transmission out from the absorbing layer.
While the reflection can be minimized using an antireflection coating, the transmission
can be minimized by exploiting a light- trapping mechanism. In this thesis, the Si
nanowires have been utilized to enhance the absorption and photocurrent without the
need for antireflection coating, and provide high field localization, which in turn
enhances the overall efficiency of the solar cell.

Vertically orientated single crystalline silicon nanowire (SiNW) arrays with
controlled diameters have been fabricated via a metal-assisted chemical etching (MACE)
method. The diameter of the fabricated nanowires is controlled by simply varying the
etching time in HF/H,O, solution. The fabricated SINWs have diameters ranging from
117 to 650 nm and length from 8 to 18 um. The optical measurements show a significant
difference in the reflectance/absorption of the SINWs with different diameters, where the
reflectance increases with increasing the diameter of the SINWs. The optical absorption
also has been measured at different incident light angle to determine the best angle for
absorption. The best absorption angle for different diameters was 10°. The SINWs showed
significant photoluminescence (PL) emission spectra with peaks lying between 380 and
670 nm. The PL intensity increases as the diameter increases and shows red shift for
peaks at ~ 670 nm. The increase or decrease of reflectivity is coincident with PL intensity
at wavelength ~ 660 nm. The x-ray diffraction (XRD) patterns and high-resolution
transmission electron microscope (HR-TEM) confirm the high crystallinity of the
fabricated SiNWs. In addition, the Raman spectra showed a shift in the first order
transverse (1TO) band toward lower frequencies compared to that usually seen for c-Si.

The current-voltage characteristics have also been investigated using
photoelectrochemical cell. The measurements have been done in two electrolytes; 10%
HF 10% and hydrobromic acid (40%) and bromine (3%). The measurements have been
done for the fabricated Si nanowires with different diameters under dark and illumination
conditions. The resulted photocurrent decreases with increasing the diameter of SINWs,
which has been explained based on the Debye length of SINWs.

Full wave electromagnetic analysis has been performed using finite difference time
domain simulations (FDTD) to confirm the effect of change of diameter on the optical
properties of the nanowires. The simulation results show good agreement with the
experimental findings for the SINWs of different diameters. Also, the simulation has been
done for different incident light angles to investigate the best incident angle that results in
the highest absorption and minimum reflection.
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Chapter 1

Introduction and Scope of the Thesis

1.1 Demand of Renewable enerqgy

The demand for renewable energy has increased in the last few years due to the limited
availability of the widely used fossil fuel. Various types of energy are shown in
Figure.1.1. Although fossil fuel supplies most of energy due to its low cost, it is
responsible of increasing the pollution in the environment. Moreover, it is considered as a
scarce energy source. Every year, the consumption of oils in fossil fuels is over 11 billion
tons. If the increase in the population is neglected and this consumption value is
consumed every year, the oil will vanish by 2052. M If the production of gas is increased
to fill the gap left by oil, there will be additional eight years added. However, the
consumption of fossil fuel is increasing every year due to increase of population.
Consequently, the fossil fuels will run out earlier.

There are many clean and cheap alternative sources of energy that can be used instead of
fossil fuel. There are many considerations for using energy including safety, economic,
and environmental issues. Solar energy is suitable for all the aforementioned
considerations. The solution for increasing demand of energy is the renewable energy.
The sources of renewable energy represent three fifths of the market’s electricity of the
world by the middle of the 21 century. @

SOLAR®
23,000 TWylyear

2009 World energy
consumption

16 TWylyear

Figure 1.1annual summery of all types of energy. &
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1.2 Photovoltaic solar enerqy: -

The solar radiation energy can be utilized for energy harvesting using two mechanisms;
the first is through direct conversion from light to electricity, the second is based on
exploiting the thermal effect via solar concentrators. For the first one the solar radiation is
converted directly to electricity is called photovoltaic (PV) energy based on the
photovoltaic effect. This effect implies the production of a potential difference at the
junction that between two different materials. The solar concentrator systems concentrate
the large area of sunlight by using mirror or lens. When the concentrated light is
converted to heat, the electric power is generated through steam stations.

There are different applications that depend on using solar cells such as space and
terrestrial application as presented in Figure.1.2. The efficiency of the solar cell, which
used in space application, is measured before setting the solar cell on the space. Today,
systems of PV have efficiency of 7 to 17 % for the terrestrial application.

Solar Cell

|

‘ Space applications ‘ ‘ Terrestrial applications |

—
GaAs || c-Si l l

* _ rd .
15 generation | | 2" generation || 3" generation

Bulk Silicon Thin Film Tandem
solar cell

Figure 1.2 Overview of solar cell applications.

The rate of production solar cell is increasing from 1995 till now as shown in Figure.1.3.
The global production was 0.6 GW at 1995 and has increased clearly from 2007 to be 10
GW.
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Figure 1.3 global production of electricity from solar PV 1995-2012. ¥l

1.3 Silicon solar cell:

Silicon has the basic electronic characteristics suitable for solar cell applications. It is the
second most abundant material on the earth that has electronic structure with a band gap
appropriate for absorbing most of the visible light spectrum. Figure 1.4 shows the
different structures of silicon that have recently been used for PV devices. ! Although
there are other types of solar cell materials such as copper indium selenide (CIS) and
cadmium telluride (CdTe), silicon provides the higher light conversion efficiency.
Figurel.5 shows the different light conversion efficiencies for different solar cell
materials. The latest reports on the efficiency of monocrystalline Si is about 25 % on the
lab scale, while the efficiency of CdTe is around 17%. Over the past ten years, research
on Si-based solar cell has successfully improved the conversion efficiency from 12% to
15 %, while the efficiency of the CdTe solar cell has only ascended to 11%.

22.8 GWp end of 2011

Thin film
Mono-Si
Multi-Si

Ribbon-Si

2000

Figure 1.4 Global annual PV installation based on silicon. [
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Figure 1.5 Efficiencies of different materials used for PV modules. !

The efficiency of solar cells has been improved through three generations. The first
generation relied on bulk single-crystalline and multicrystalline silicon. It aimed at
achieving high efficiency within Shockley-Queisser limit. ! The second generation of
solar cells aimed at reducing the fabrication cost through the development of thin film
solar cell, however, the objective of fabrication of economically efficient solar cells was
not greatly satisfied. Economically, the energy produced using the first and second-
generation solar cells is more expensive than other sources of energy. Consequently, the
need for a third generation solar cells, currently developing, combining recent
advancements in materials and optical sciences is crucial. This generation of solar cells
aims at reducing the cost and improving the efficiency of solar cells. The comparison
between those three generations is represented in Figure 1.6.
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Figure 1.6 Efficiency Vs. Cost of three generations solar cell. 1!

The low efficiency of the current solar cells is mainly due to two mechanisms that are
related to the cell material band gap energy. The first is the loss of photons having
energies lower than the band gap that cannot excite electrons and form electron-hole pairs
recombination (Figure 1.7(2)). The second is the loss of energy of higher energy photons
in the form of heat as the semiconductor material takes only a discrete energy value. In
this case, the hole and electron relax to the edges of the valance and the conduction bands
(1 in Figure 1.7). Those two mechanisms are responsible for losing about 50 % of the
incoming solar energy.

type
s ) &1, ®) e, <1> e

L._‘—“-\ Conduction
Iﬂa‘- Phﬂmﬂnﬂﬁ- & Ny o2 Band (CB)
A @

- AN

® ] © E*Q E,

%"‘5 hole (") ~—o © Valence
Band (VB)

Figure 1.7 Summary of the loss processes in solar cell: (1) thermalization loss; (2) inability of absorbing
photons with lower energy bandgap, (3) recombinati([)r]\ loss, (4) and (5) junction and contact voltage losses.
7
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Third generation solar cells have been used to overcome the Shockley-Queisser limit
(Figure 1.8). The fabrication of third generation of solar cell depends on fabricating
multilayers of gallium arsenide or amorphous silicon for improving frequency
conversion, multiple carrier ejection and hot-carrier effects.

Efficiency
35%
Shockley-Queisser Limit

25%
15% °
a-Si:H
& Ge
5%
0.5 1 1.5 2 2.5

Semiconductor band gap - Electron Volits

Figure 1.8 Relationship between bandgap of semiconductor and efficiency. !

Multiple junction solar cells enhance the efficiency through a composite of bandgap
energies to absorb wider wavelength range of the light spectrum. ! Actually, the increase
of stack layers in solar cell increases the number of energy levels as suggested by Jackson
in 1995.

The efficiency increased from 29% to 47.5% for tandem solar cells. For example, the
efficiency of solar cells based on bulk silicon is 29%. ! However, using bulk silicon in
tandem solar cells increases the efficiency to 42.5% due to adding solar cells with
bandgap 1.8 eV. Moreover, the efficiency of 47% can be achieved by adding two stack
layers of other semiconductor materials with bandgaps of 1.5 and 2 eV to bulk silicon in
tandem solar cells.

1.4 Scope and goals of thesis: -

The main goal of this thesis is studying, analyzing, fabricating and characterizations of Si
nanowires (SINWSs) for energy harvesting application. The dimensions of the SiNWs
have been optimized in order to maximize the absorption and provide high conversion
efficiency. Metal assisted chemical etching (MACE) method has been used for
fabricating SINWSs because it is the simplest and cheapest method. It is the first time for
controlling the dimensions of SINWs by MACE. The I-V characterizations of the
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fabricated SINWs with different diameters have been measured also by using
photochemical cell. The photocurrent increases with decreasing of the diameter of
SiNWSs. The thesis is organized as follows:

Chapter 2 gives a wide general physical background for transport properties of
semiconductor that used for solar cell applications and also summarizes the most
important benefits gives for using SINWs for photovoltaics.

Chapter 3 reviews three parts. Firstly, it reviews different methods that are used for
fabrication SiNWs including bottom-up and top-down approaches. Secondly, it reviews
the relevant literature on results of SINWs simulations that have different lengths and its
effect on changing the values of optical absorption. Thirdly, it reviews the relevant
reports on using SiNWSs for solar cell application including photochemical cell and p-n
junction.

Chapter 4 demonstrates the experimental steps for fabrication SiNWs using MACE
method and describes all used techniques for characterizing the fabricated SINWs.

Chapter 5 represents morphology of the fabricated SiNWSs with different dimensions.
The optical, Raman spectroscopy and I-V characterizations of the SiNWs are also
showed.

Chapter 6 shows the simulation results when the dimensions of SINW array have been
changed. The matching between experimental and simulated results are also presented.

Chapter 7 highlights the whole conclusion of thesis and discusses the future work.
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Chapter 2
Physical Background

2.1 Introduction

The basic function of solar cell is converting the light into the electricity. In most cases,
semiconductor material is used for solar cell. The energy conversion process consists of
two steps. When the semiconductor absorbs photons from sunlight, the electron-hole
pairs are produced and charge carrier separation has occurred. The p-n junction, in most
cases, is responsible of charge carrier separation. Consequently, the properties of the
semiconductor should be discussed to recognize the principle of p-n junction. ™

2.2 Basic properties of semiconductor: *®

2.2.1 Enerqy band and Concentration of carrier

Usually, every atom has electrons that are existed in separated energy levels. When atoms
start in forming crystal, electrons approach to each other. Thus, a closed space exists
between energy levels due to atomic interaction. There are two bands those electrons
move between them, the lower band (valence band (Vb)) and the upper band (conduction
band (Cb)). The energy gap that exists between theses two bands is called band gap, Eg.
At temperature of OK, all electrons are in the valence band, while the conduction band is
empty. At room temperature by thermal vibrations, some bonds can be broken.
Consequently, the electrons move to the conduction band. Figure 2.1 shows the energy
bands for semiconductor where E, and E. are the energies of the top of the valance band
and bottom of the conduction band, respectively. As the holes have opposite charge to
electrons, the kinetic energies of holes and electrons are measured downward from E, and
upward from Eg, respectively.

E, T - KB

[ &) E

v

Figure 2.1 Representation of energy bands in intrinsic semiconductor.

2.2.2 Mobility

The electrons in atom can be excited thermally. After thermal excitation, the motion of
the electrons is in all directions. This motion causes collision between excited electrons
and surrounded atoms (e.g. lattice atoms or impurity atom). The electrons loose their
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energies gained from the electric field. By applying electric field E, the electron has a

force - gE where the q is an electric charge of electron (1.6 x 1071°C). This force
accelerates in the opposite direction of E. The produced velocity by E is called the drift
velocity, v,.

2.2.3 Drift current

When applying electric field E to an n-type semiconductor with concentration n and
cross-sectional area A as shown in Figure 2.2, the total drift current is the summation of
the hole current density /,, and the electron current density /,, and is given by:

J=Jn+ Jp=(nqu, + pqu,)E= o E (1)

where ¢ is the conductivity, u,, and u, are the electron and hole mobility respectively.

Figure 2.2 Sample of semiconductor to show electron current density. "

As shown in Figure 2.3, by applying E to the semiconductor, the gradients of two bands
take place where the holes and the electrons flow to decrease the potential energy. The
electrons and holes move toward in opposite direction. The direction of the current
density of holes and electrons is the same.
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Figure 2.3 Drift of holes and electrons in a semiconductor [}

2.2.4 Diffusion Current:

In semiconductor, when there is a difference in concentration of electrons, the electrons
transfer from the area of high concentration to the area of low concentration. The
resulting current, in this case, is called the diffusion current. The diffusion current could
be demonstrated considering the concentration of electrons with 1D gradient in x-
direction as shown in Figure 2.4a.

nl dnidxs0
0
(a) « 00 «— Electron flux
c 000
. —> it
X
p| dpldis
Ey —00
«9 <+— Hole flux
(b) 00
0 — Jpyi
Y I —
X

Figure 2.4 Diffusion of electrons and (b) holes.!”)

If the concentration of electrons increases, the current flows in the x-direction. Similarly
for holes, if the concentration of holes increases, the holes diffuse in the opposite
direction of positive x.
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The relationship between the drift and diffusion current, is given by:

D, = 7 Un (2)

where D, is the diffusion coefficient of the electron.

2.2.5 Optical Absorption:

There is a relationship between energy of photon hv and the wavelength A of light that is
expressed by:

hc _ 1.2398
v hv (eV)

A(um) = == (3)
where h is the plank’s constant, v is the frequency of light, c is the speed of light in
vacuum, and A is the wavelength of solar light that is in region between 0.3 and 3
um. When the semiconductor is under illumination, there are two cases. First, if the
energy of photon is lower than the semiconductor’ band gap, the semiconductor is
transparent to the incident light. Second, if the energy of photon is larger than the
semiconductor’ band gap, an electron-hole pair is created due to absorption of photon.
Thus, the electron transfers from Vb to Cb (Figure 2.5).

When hv is bigger than the energy of band gap, the electron-hole pair is generated. The

excess energy gives additional kinetic energy to the electron or hole that is dissipated in
the form of heat in semiconductor.

%,

—F
\'u
oS

Figure 2.5 Absorption process in semiconductor
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2.2.6 Recombination in Semiconductor

After turning off the light source from semiconductor, the excess charge carriers are
dissipated. This process is called recombination process. This process can be direct
Figure 6a or indirect in bulk material by localizing the energy states in the forbidden
energy gap Figure 6b and Auger recombination Figure 6c. First, direct recombination,
which is inverse of absorption, usually occurs in semiconductor with direct band gap.
When an electron transfers from Vb to Cb, an electron - pair is dissipated and the photon
is emitted. In the thermal equilibrium case, the rate of recombination is equal to the rate
of generation that is fn,opno fOr n-type semiconductor where g is the proportionality
constant n,,, and p,, are the concentration of electron and hole, respectively. The
generation rate is the rate of generating electron-hole pair per unit volume per unit time.
The recombination rate depends on the number of holes in Vb and electrons in Cbh. When
excess carriers in semiconductor are generated under illumination, the rate of
recombination is increased to fnp. Thus, the net rate of recombination is proportional to
the concentration of excess minority carrier. T, = 1/8ny, is the lifetime of minority
carrier (holes) in n-type semiconductor. Similarly, 7, = 1/Bp,, is the lifetime of

minority carrier (electrons) in p-type semiconductor
%
a

E, l E, E,

(a) (b) (c)

Figure 2.6 Representation of different processes of recombination in semiconductor: (a) direct
recombination, (b) indirect recombination, and (c) Auger recombination. [’

For indirect recombination it usually occurs in semiconductor with indirect band gap. The
lifetime of the minority carrier does not depend on the concentration of the majority
carrier.

For Auger recombination Figure 6c, the electron gives its extra energy to another electron
in Cb or Vb. The excited electron transfers to a higher energy level. When the excited
electron relaxes to the band edge, the excess energy will give up in the form of heat.

2.2.7 Continuity Equation

In semiconductor, the drift current, the generation, the diffusion current and the
recombination processes occur altogether. For deriving the relationship between all
processes in 1D, let’s consider that there is small slice with area A and thickness dx as
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shown in Figure 2.7. Discussing the current density of electron at X is J,,(x), the increase
of electron in this volume per unit time will be the total net carrier generation in the slice
and net flow into the slice.

Area: A
J,(x) J(x+dx)
_) _)

x  xtdx
Figure 2.7 Expression of the continuity equation by a schematic of flowing electron in small volume. "

The concentration of the excess carrier in steady state can be calculated by discussing that
the generation of excess carrier occurs at x = 0 in an n-type semiconductor and the
continuity equation is

azpn Pn—Pno __
D 5x2 T =0 (4)

Because the concentration of the excess carrier should decrease when the applied E is
zero, the general solution is:

Pn — Pro = AP(0) e */Lr (5)

P Pno 4

Ap(0)

0
=/ D, X
L,=\ ~rh g

Figure 2.8 Steady state excess carrier concentration profile when the excess carrier is generated at x = 0. )

where L, = /D,t, is the diffusion length of holes and AP(0) is the concentration of
excess carrier at x =0. Figure 2.8 shows how the concentration of excess carrier
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distributes in steady state. The diffusion length of electrons also is L, = /D, t,. The
diffusion length is the average length in which carriers can move before recombination.
For heavily doped semiconductor, the diffusion length is short and the rate of
recombination is high. Semiconductor material with high diffusion length has long
lifetime. The lifetime is important for determining the quality of semiconductor when it is
used for solar cell application.

2.3 Basic principles of semiconductor solar cells

There are two methods for defining current-voltage characterization of semiconductor.
The first method is the p-n junction solar cell. In this junction, the photoactive junctions
are p-n junctions between two semiconductors. The n-type in junction is covered by a
metal layer to act as cathode. The p- type is covered with a metal layer to act as anode.
The second method is photochemical cell in which the photoactive junctions are between
semiconductor and aqueous solution. It is a minority carrier device with p-type acting as
a cathode and n-type acting as anode.

2.3.1 Electric properties of p-n junction solar cell

2.3.1.1 Built-in Potential

The function of p-n junction is separating charges of holes and electrons that are
generated by light. Figure 2.9 shows the majority carriers for n- type and p-type
semiconductor and the energy bands. When the p-n junction is created, the diffusion of
carriers occurs due to the carrier concentration gradients. The diffusion from n-type to p-
type occurs for electrons, and from p-type to n-type occurs for holes. When the diffusion
of holes and electrons occurs, a layer without mobile charge carriers is created.

Hole Acceptor Electron Donor
y ]
| / | |
|| JI.. l |I
— B s D o — — +‘++++ -P:.++._
_o_n_a__olq.o__r‘n‘_q +.i-.+.++l1.— .+.+ f:‘
o e e ° o - . ® . -
= = = == 0= s - + 4+ % et e+ U e+
I A . S + % L e bt
L] o - L3 L] -3 -3 - L] - - L - - -
- T T T & T T Te T ++ll+ +ot |++ +ll+"'
]
& B L e B B T
_____________ Ep:
_____________ E
_——————— E 7 E,
p-type n-type

Figure 2.9 Energy band and majority carriers of n-type and p-type semiconductors. !’

This diffusion obstructs the pass of the electric field that is created by the space charge as
shown in Figure 2.10(a). Because of passing the electric field through junction, the drift
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current is balanced and the thermal equilibrium is set up. At equilibrium, the Fermi levels
of n- type and p-type semiconductor are equal as shown in Figure 2.10 (b).

At thermal equilibrium, the existed potential difference is called the built-in potential Vp,
which is between the p-type and n-type semiconductor and is expressed by

s (6)

2
nj

KT
Vb = 7[71

where N, and N, are the concentrations of the acceptors and donors in p-type and n-type
semiconductors, respectively.

Depletion region

>
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Figure 2.10 (a) Schematic structures of p-n junction and (b) its energy band diagram in thermal
equilibrium. 1"

2.3.1.2 Depletion Region

The depletion region in the p- n junction is defined as the transition region that is free of
mobile carriers (Figure 2.10 (a)). Although the area behind the depletion region is
electrically natural, the ionized acceptor and donor ions charge the depletion region. The
width of depletion layer with a layer of p-type of doping N4 for x<0 and n-type of doping
Np for x>0 is presented in Figure 2.11. By neglecting the transition region, x,, and x,

indicate the width of depletion layer of p- and n-side, respectively.
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Figure 2.11 (a) the space charge and (b) the distribution of the electric field at the p-n junction. [

The total built-in potential will equal the area of the field triangle that is shown in Figure
2.11 (b) and is expressed by

Vp == - Eqzw (7)

The total width of depletion w is expressed by

2e | 1 1
w = \/; [N_A+ N_D] v, (8)
The width of the depletion layer increases with the decrease of concentration of donor or
acceptor.

2.3.1.3 1-V characteristics in dark

By applying a bias voltage Vg to n-side and p- side, the applied voltage decreases the
potential through the depletion region as presented in Figure 2.12 (a).
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Figure 2.12 Energy band diagram under (a) forward bias and (b) reverse bias. "

The resulting polarity is known as the forward bias. In this situation, the drift current
decreases. The diffusion of holes and electrons increases from the p-side to the n-side and
from n- to p-side, respectively. Thus, the injection of the minority carrier occurs in which
holes are injected into the n-side and electrons are injected into p-side.

Therefore, the total current density is given by

J=Tn +]p = (q Dz,pno + qDpro> (quF/kT — 1) = ]O(quF/kT _ 1) (9)
14 n

where J, is the saturation current density, and the L, is the diffusion length of electrons in
the p-layer.

If a reverse voltage Vg is applied across the junction, the voltage across the depletion

region is increased as presented in Figure 2.12 (b). Thus, the current density under a
reverse bias is expressed as

J = Jo(e 9Vr/kT — 1) (10)
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2.3.1.4 Influence of recombination and generation

There is no any p-n junction with ideal current-voltage characteristic. Every p-n junction
has two processes in the depletion region. These two processes are the generation and
recombination of carriers. In the case of reverse bias, the generation of holes and
electrons occur through the energy state in the forbidden energy gap. In the case of the
forward bias, the carriers recombine in the forbidden energy gap.

The forward current density of the p-n junction is expressed as
J = Jo(emaVF/mkT —1) (11)
where n is the ideality factor.

2.3.1.5 Current — VVoltage characterizations under illumination

When a p-n junction is under illumination, electron - hole pair is generated if the energy
of photons is higher than the energy of band gap. The quantity of generated electron —
hole pair is relative to the light intensity. The drift of holes toward the p- and electrons
toward n-side occur in the depletion region due to the electric field in the depletion
region. The flow of current is the result of the charge separation from n- to p-side when
an external wire is short-circuited as shown in Figure 2.13.

_
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Figure 2.13 Schematic presentation of carrier flow of p—n junction under illumination in the case of short-
circuited. [

If the p-n junction is under illumination, which is open-circuited, the voltage should be
generated from charge separation. Figure 2.14 (a) and (b) show diagrams of the energy
band for p-n junction in the short- and open- circuited, respectively. When the n- and p-
sides are short- circuited, if the series resistance is zero, the resulting current is equal to
the photogenerated current I., which is known as the short-circuit current Isc . If the p-
and n — sides are isolated, holes and electrons move toward the p- and n-side,
respectively. The resulting voltage is called the open-circuit voltage V.. Figure 2.15
presented the 1-V characterization under dark and illumination.
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Figure 2.14 Diagrams of energy bands for p-n junction under illumination (a) the short-circuited and (b)
open-circuited current. I
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Figure 2.15 1-V curves of p-n junction under darkness and illumination. "

If the area of the solar cell equals unity, the I-V characteristic of p-n junction under
illumination is expressed as

[= I, (e?/™T — 1) — I, (12)
When I = 0, which is the open circuited, the voltage is expressed as

nkT Isc
Voc = Tln (E + 1) (13)

When the solar cell is operated under a condition that gives the maximum current 1, and
the maximum voltage Vy, at the optimal operation point as shown in Figure 2.15.
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The Fill factor FF of the solar cell is defined as

FF = Zmm (14)

VOCISC
The conversion efficiency 7 is given by

Vinlm Voclsc FF
n= = (15)

Pin Pin

where Py, is the total incident power of light.

2.3.2 Photoelectrochemical Cell:
2.3.2.1 Introduction: -

Photochemical cell is one of the chemical means for converting solar energy. It is very
simple and it consists of two electrodes only, one from semiconductor and one from
metallic. The two electrodes are immersed into specific electrolyte and exposed to light.
The electrode of semiconductor can absorb light and affect on the separation of charges
to produce current. This type of cell is very effective in energy conversion process. The
efficiency of energy conversion in this cell is exceeding 15 %. B In this type of cell,
the semiconductor absorbs light and the interface between the liquid and the
semiconductor is the essential factor for energy conversion process.

When the semiconducting electrode is immersed in the liquid, the electric field is
produced at the interface between solid/liquid. If the semiconducting electrode absorbs
incident sunlight, the excited electrons have been created. These electrons are attracted or
repelled by the electric field (relaying on the sign) to produce current. In photochemical
cell also, free energy is responsible for separating charges for energy conversion process.

The overall process in the cell does not depend only on the semiconducting electrode, but
also on metallic counter electrode. If the reaction at the semiconducting electrode is
opposite of those at the metallic counter electrode, there is not any net chemical change in
the cell. Consequently, the photocurrent will produce only the electrical power in the
circuit.

There are three parameters that characterize the performance of the formed
photochemical cell (Figure 2.16). First parameter is the current that passes through the
external circuits. If there is no current in the external circuits, there is no extraction of
energy. The current can be measured when trivial work demanded. This current is called
the short circuit current (ls). It flows in the presence of a direct short circuit across two
electrodes. The second parameter is the voltage that is measured at open circuit. The open
circuit voltage (Vo) measures the maximum Gibbs free energy of the cell. The third
parameter is the fill factor (ff), it is the rate at which the current approaches the open
circuit value. The fill factor measures the maximum power of the cell.
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2.3.2.2 Charge transfer at junction of Semiconductor/Liquid

In the junction between semiconductor and liquid, the equilibrium state is produced by
flowing charges. For using semiconductor/liquid junction in energy conversion process,
this type of charge is a precondition. This charge can describe the process of storing
energy in the photochemical cell. For getting electrical energy from solar energy, the
flow of non-equilibrium current must be present through this junction.

2.3.2.3 - I-V characterization for a semiconductor/Liquid interface

The charge transfer process that at semiconductor electrode can be presented by the

following chemical equation:

electron in + acceptor in < electron vacancy + donor in (16)
solid solution in solid solution

In Eg. 16, the forward and reverse reactions represent the reduction and oxidation
reaction of the acceptors and donors, respectively. In the chemical system for n-type
semiconductor electrode, at equilibrium, the net destruction of reactant is not occurred.
At equilibrium, the flowing rate of electrons from semiconductor into solution in
semiconductor/liquid junction must equal to the rate of flowing electrons from solution to
semiconductor (Figure 2.16).
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Figure 2.16 an energy diagram that shows the transfer of charge at equilibrium for the interface
semiconductor/liquid. At equilibrium, the concentration of the surface electrons (ns) depends on the
concentration of surface electron in the bulk (n,) and the built-in voltage (Vbi%. The reduction reaction is
the forward reaction (A) and the oxidation reaction is the reverse reaction (A).

The simplest model of electron transfer across the interface between a
semiconductor/liquid assumes that the bimolecular kinetics can be applied to the charge-
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transfer reaction. In this model, there is a linear relationship between the current and two
concentrations. The first one is the concentration of electrons that is near to the surface of
semiconductor (ns). The second is the concentration of acceptors ions that has the ability
of capturing charges at the surface of semiconductor (Figure 2.16).

The solution now is containing a redox couple A/A’. The reduction reaction is the
forward reaction (A). In this reaction, the electrons transfer from semiconductor to the
acceptor. The oxidation reaction is the reverse reaction (A’). In this reaction, the electrons
transfer from the donors to Cb of the semiconductor. In this case, the electron enters an
empty state of solid; as a result, the concentration of this state can be taken as a constant.

At equilibrium, the forward rate must equal to the reverse rate. The concentration of
electrons that are at the surface of semiconductor at equilibrium can be represented by the
quantity ng,.

2.3.2.4 The dark Current -Voltage characterization of semiconductor/liquid
junction:-

The current is the rate of electron transfer multiplied by the area of the electrode (A) and
the charge on an electron. In the case of ng > ng,, a reduction occurs at surface of the
electrode in which electrode donates electrons to solution; as a result, the negative current
will flow.

At equilibrium, the concentration of electrons at the semiconductor surface is expressed
by

Ngo = Ny €XP (— %) (19)

By applying a voltage to the semiconductor, the voltage drop in the semiconductor
deplation region is V,,; + V. From equilibrium, an analogus Boltzman can be obtained

VpitV
ng = ny exp[— LD (20)

The above equation shows that the electron concentration at the surface of semiconductor
could be decreased or increased depending on additional voltage, because this voltage
controls the concentration of carrier at the surface.

The relationship between voltage and current in this type of junction is given by

I = —Cng, [exp(— %) —1] (21)

Equation (21) showed that there are two cases for studying the I-V properties of
semiconductor. For V<0, the relationship between current and voltage is exponential. For
V>0, the voltage has the opposite sign. As mentioned before, the net current of the
semiconductor/liquid junction is the difference between the forward and reverse interface
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of the rate of charge-transfer. Physically, when voltage is larger than zero, the
concentration of surface electrons decreases because the electric potential drop increases
in the semiconductor. Consequently, the rate of electrons that leave from the
semiconductor decreases (Figure 2.17a). However, the rate of electrons that enters the
semiconductor remains constant. This direction of voltage is called reverse bias and the
current will be independent of the applied voltage. In reverse bias, the electrons are
injected into the semiconductor from the solution.
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Figure 2.17 an energy diagram at equilibrium of the process of charge transfer at an n-type
semiconductor/liquid interface when applying (V) to the semiconductor electrode. (a) the decrease of the
forward reaction rate is porportinal to its equilibrium value, while the rate of the reverse reaction remains
constant. (b) the forward bias condition (i.e., where V <0). ¥

For forward bias (V<0) , the concentration of the surface electrons increases. In this case,
the electrons that leave semiconductor will increase; as a result, forward bias has been
obtained (V<0 for n-type semiconductor). The concentration of the surface electrons
increases with increasing the bias expontially. The concentration of reactant increases and
the forward rate of the charge transfer increases also (Figure 2.17b). This increase does
not affect on the reverse bias. Here, the net current depends on the applied voltage as
equation (21). Eg.21 can also be written with one constant, as follows:

= —1,[exp (— %) —1] (22)

where I, = Cng, and I, is called the exchange current in which current is at equilibrium.
it is positive quanitiy. This parameter is responsible of transforming products and
reactants and vice versa at equilibrium. I, depends on the value of the concentration of
surface electrons at equilibrium. At equilibrium, smaller exchange current should flow.

Equations 21 and 22 are called diode equations that can describe the current voltage
characteristics. The interface of semiconductor/liquid can be described by diode
equations when the rate of interfacial charge tranfer is used for determining step for
charge movement. In this case, the applied V varies the concentration of surface electrons
of semiconductor, so the relationship between current and voltage of a
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semiconductor/liquid interface is affected (Figure 2.18). This behaviour of diode would
not have procced for other surfaces or metal electrode because the concentration of the
surface electron does not depend on the applied voltage.

(Anodic) B

Current
[am]

(Cathodic) |

Voltage

Figure 2.18 the current-voltage curves of an n-type semiconductor/liquid junction in the dark. The Iy in
curve 1 is lower than curve 2.

2.3.2.5 The current-voltage characterization under illumination: -

A- Basic current-voltage equations under illumination:

Firstly, current comes from two components: majority carriers and minority carriers.
Under illumination, the absorbed photons create both minority and majority carriers. For
majority carriers, after absorbing sunlight, the concentration of majority carriers is small
compared to that which existed by thermal ionization of dopant atoms. In other words,
the behavior of majority carrier does not change under illumination. On the contrary, the
concentration of the minority carriers changes under illumination. As mentioned,
semiconductor can separate majority carriers from minority carriers when E is flowing
through it. This electric field drives the minority carriers towards the solid/liquid
interface. In the depletion region, electric field is strong enough to separate and collect
the photogenerated minority carriers.

The current of the photogenerated minority carrier I,, is equal the absorbed photon by
semiconductor multiplied by the charge of an electron g. The diode equation represents

the majority carrier current, while the minority carrier current is related to intensity of the
absorbed light.

I'= L, — I, [exp (— %) —1] (23)
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Under illumination, the oxidation current is generated when holes cross the
semiconductor/liquid interface, so the sign of minority carrier is opposite to the sign of
the majority carrier. In the reduction current, the electrons cross the interface (Figure
2.19).
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Figure 2.19 The current —voltage curves of a semiconductor/liquid junction, (1) in the dark and (2) under
illumination.

B- Energy conversion properties: -

As mentioned before, there are essential parameters that are related to energy conversion
applications: the open circuit voltage (V,.), the short circuit current (lsc), and the fill
factor (FF).

First parameter is the V.. This parameter can represent the maximum free energy that can
be extracted from an illuminated semiconductor/liquid interface. In general case,

Iyn > I, sothe *“ 1”” in eq. 61 can be neglected
14
I'=Ipn = I [exp (= 22)] (24)

As known, the net current I is zero at open circuit voltage. So the open circuit voltage is
definedas V. = |V|at1=0, and V,, is given by

Voo = % In (Ip—h) (25)

Iy

The open circuit volatge increases with increasing the intensity of light logarithmically
due to linear relationship between I,, and the flux of the absorbed photons. In addition,
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the V. of a system increases as I, decreases logarithmically. Small value of I, implyies a
slower rate of interfacial equilibrium, so large photovoltage could be obtained easily.
Equation 25 confirmed that the I, controlles the value of V. in this junction.

The second parameter that is esstinal for energy conversion application is the short circuit
current density ( /5. ). The short circuit current occurs at V=0. From equation 23, The
short circuit current density is equal to I,,,/A, where A is the area of electrode. The J,
can be used to measure the efficieny of the photogenerated carrier collection process in a
photochemical cell.

There are several factors that affect the value of the short circuit current density. When
light enters, it has three choises. First, it may be absorbed by solution. Second, it may be
reflected at different interfaces of the cell. Third, it may be absorbed by the
semiconductor and then converted to photocurrent. There are two quantums that used for
measureing the efficiency of the photocurrent collection in junction : the internal
quantum yield and the external quantum yield. The internal quantum yield is responsible
for measuring the collected charges based on the number of absorbed photons by
semiconductor. It is equal to J./q divided by the flux of absorbed photons by the
semiconductor. Recombination losses of minority carriers can be neglected at short
circuit for many semiconudtor/liquid junctions. Consequently, the internal quantum yield
approaches unity for photons of energy grater than E,.

The external quantum yield is Js./q divided by the flux of incident photons onto the cell.
Because of the optical transmission losses and reflection losses, the number of the
absorbed photons by semiconductor is a portion of the total number of the incident
photons. Consequently, the internal quantum yield is greater than the extrnal quantum
yield. The internal quantum vyield depends on the internsic properties of the
semiconductor/liquid junction. The external quantum yield depends on the design of the
photochemical cell. Both types of quantum yield are very important and sometimes called
quantum efficiencies.

To connect between a quantum yield and an energy conversion efficiency, the stored
energy must be included into the calculation. A photochemical cell at open circuit (V =
0) or short ciruit ( 1 = 0 ) does not produce power, beccause the power ( P ) equals IV.
The maximum energy conversion efficiency of semiconductor/liquid junction can be
expressed as follows:

Efficiency % = L 2mex 5 100 (26)

mn

where Py, is the incident solar power on the semiconductor electrode.

The third parameter that is essential for energy conversion application is the fill factor (
ff). 1t can be expreesed by the ratio of ( IV )max divided by IscVqc. The fill factor quantifies
how the power curve fills the maximum possible rectangle for a semiconductor/liquid
interface. A nother expression for the cell efficency is given by
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Efficiency % = U“Zﬂ x 100 (27)

mn

From eq. 27, the energy conversion efficienicies depend on the three essential
parameters: V,., I, , and ff. The short circuit current density can be increased by
decreasing the loss in recombination of the absorbed carriers.

2.4 Benefits of using Silicon Nanowires for Solar Cell Applications

There are essential steps as mentioned above for converting light to electricity including
absorbing photon, creating exciton, separating exciton to free carrier and collecting free
carrier by the electrode. Nanowires can be used for reducing the loss in the above
processes. The main advantage of using nanowires is minimizing the cost of solar cell by
decreasing the purity of the semiconductor material. The basic benefit of nanowires
associated with each photoconversion steps are shown in Figure 2.20.

Periodic array provides
excellent light trapping
and improves absorption

Reduced reflection
increases absorption
1
Small diameter
relaxes strain,
improves alloying
and epitaxy, and
tunes band gap

Charge
separation
along radius
increases
defect
tolerance

Single-crystal growth
directly on electrode
reduces substrate cost

Radial junction Axial junction Substrate junction
Maintains all the advantages Loses charge separation advantage Loses the single-nanowire solar cell
fabrication possibility

Figure 2.20 Advantage of the nanowire geometry for solar cell (a) Radial junction of periodic arrays of

nanowires preserve all pros such as increasing absorption, light-trapping, and separation of charge, (b) lose
in the radial charge separation benefit, and (c) Substrate junctions ™2

2.4.1 Absorption:

The loss in absorption is divided into two sections: reflection and transmission.
Antireflection coating and light-trapping schemes have been used to minimize the two
losses.

Reflection comes from the difference between two refractive indices of two media at an
interface. *® When there is no antireflection coating, semiconductor reflects between 10-
50 % of the incident light of wavelength range 400-2000 nm. The reflection loss in Si
solar cell that is without antireflection coating is more than 30%. ™ For overcoming this
loss, one or two layers of antireflection coating can be added. These layers have an
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intermediate refractive index n between two media. ¥ This coating layer causes
destructive interference between incident and reflected light, and removes reflection at
two interfaces. This way is available for a single wavelength at normal incidence.

Although most reports study the antireflection properties of nanowires, but these reports
neglect studying the effect of light-trapping schemes on decreasing the loss in optical
absorption. Light-trapping schemes have been investigated in the market for thin film
solar cell. 3% Yablonovitch et al. used geometrical optics and statistical mechanics
approaches to study light-trapping schemes. They found that both approaches could
demonstrate the enhancement of the intensity of light within the medium of 2n? compared
with the incident light. This matches with a path length of 4n?. The assumption here is
that the light was not absorbed by the medium and it enters randomly the structure.
Consequently, random arrays of nanowires may still have 4n? limit, but periodic arrays
exceed it. These random arrays work as centers for strong scattering, which have optical
mean free path. 71 The optical mean free path is the length in which light travels in the
array between scattering events of nanowires. This length decreases with the increase of
the energy of photon. There is also another effect called resonance effect that depends
strongly on the diameter of the nanowires. Cao et al ™! studied the leaky-mode
resonance in detail by measuring the photocurrent and spectrum of scattering of single
nanowire. They studied the effect of increasing diameter on resonance and found that
there is a redshift in the efficiency peaks of scattering and absorption with the increase in
the diameter and correspond to scattering calculations of Lorentz-Mie and finite
difference time domain simulations. Moreover, a single nanowire offers an enhanced
optical cross section over the geometrical cross section to improve the absorption with
less material. In addition, periodic arrays can also profit from collective resonance,
diffraction effect and changes in the optical density of states. These periodic structures
may not be leaped by the randomized scattering limit.

Garnett & Yang ?? measured the light-trapping by utilizing arrays with the various
lengths and found that the path length enhancement factor increases with increasing the
length of nanowire (Figure 2.21). The path length enhancement factor is the division of
the optical thickness of structure by its real thickness. The roughness factor in Figure 2.21
is the ratio between the surface area of the nanowire array and the planer control. The
increase of the path length enhancement is proportional to the roughness because the
increase of the length decreases the available amount of silicon for absorption. The best
array of nanowire presented path length enhancement factors of up to 73 that exceed the
randomized scattering limit (2n?~ 25 due to absence of back reflector). The efficiency of
optical absorption depends on the length of nanowire array because this dependence
comes from very poor coupling to photonic crystal and waveguiding modes for short
nanowires.
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Figure 2.21 Measurements of optical transmission, of thin silicon window with and without nanowires,
light trapping effect as function of roughness factor (RF) (a) nanowire arrays with length 2 um, (b)
nanowire arrays with length 5 pm, (c) Optical transmission of thin silicon window before etching (red) and
after etching to form 5 pm (black) and 2 pm (blue) nanowire arrays and optical model of thickness 7.5 pm
(gray) and (d) Light-trapping path length enhancement factor via RF and the current density Jsc for ordered
SiNWs with the same RF but different absorber thicknesses (red and black) and from the optical
transmission measurements in panel.?

Finally, nanowires show decrease in the loss of optical absorption due to higher surface
area compared with planer sample (Figure 2.22). Peters et al. ! studied theoretically the
absorption of nanowire with length 7um and diameter 50 nm. They found that the
absorption can reach 84% by nanowires of the above band gap radiation when dyes are
added, while the nanowire without dye can absorb only 56%. All these calculations
neglect the effect of the light-trapping. Using nanowire with optical resonance due to
increase of electric field at the surface can increase the transfer of energy.

Utilizing nanowire with optical resonances located at dye absorption peak may enlarge
the transfer of energy due to increase of electric field at the surface.
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Figure 2.22 “The effect of using photon harvesting shells (PHS) on increasing the absorption in nanowires
through resonant energy transfer. (a) Schematic of a nanowire solar cell with a PHS, (b) the relationship
between energy transfer efficiency (ETE) and dye photoluminescence (PL) efficiency for dye A (blue) and
dye B (red). The solid lines are for x values of 2,7 nm and dashed lines are for x values of 1.7 nm, where X
is the dye separation distance from the surface of nanowire, and (c) Fractions of photons above the band
gap of silicon that are absorbed with bare silicon nanowires (gray) and with dyes A and B attached to the
nanowires (red ) as a function of nanowire length.” 1%°]

2.4.2 Exciton Formation

The next loss after absorbing light is carrier relaxation. If the binding energy of exciton is
weak compared with bulk silicon at room temperature, the excited carrier will dangle to
the edge of band as free carrier. If the binding energy of exciton is strong, the carrier can
compose a bound exciton state. Coupling of carrier-phonon can occur this carrier
relaxation, so the energy is lost in the form of heat. This loss acts between 30-40 % of the
incident solar energy in every photovoltaic. Y For decreasing this loss, material with an
optimal band gap or different materials with optimal complementary band gap can be
used. The common method used for adapting material band gaps is alloying different
materials together. Nanowires solve the miscibility of gaps b]y improving the strain
relaxation due to broadening the range of absorption energies. *> Moreover, the increase
of band gap can also obtained by reducing the diameter of the nanowires to be near the
Bohr radius of the material. ® This method is useful for some materials such as
germanium that have large Bohr radii and small band gap. Another method for reducing
the heat loss is introducing nonlinear carrier generation schemes such as multiple exciton
generation (MEG). **! This method decreases the coupling of carrier-phonon, relaxes the
conversion of momentum and supports Auger processes in quantum-confined systems.
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2.4.3 Charge Separation:

Wu et al. ! studied the charge separation of nanowires by using density functional
theory. They found that the nanowires, which have various degrees of quantum
confinement, can separate holes and electrons without any dopant. The same author
presented in another work that charge separation could also be obtained by changing
strain along the nanowire length leading to changing in band gap. ! This mechanism
facilitates fabrication of solar cell from undoped materials with extremely low rate of

f\uger] recombination, which is the mean factor in limiting the efficiency of solar cell.
14,16,28

2.4.4 Carrier Collection:

After separation of carriers, they must diffuse to the contact. The geometry of nanowire is
very useful for this step because it enables rapid radial char?e separation and efficient
carrier collection during band conduction. ! Kayes et al. **! showed that radial p-n
junction of Si nano-or microwires shows very low efficiency degradation with reducing
lifetime until the diffusion length of minority carriers approaches to the radius of
nanowire. However, planer p-n junction cell shows several degradations once the
diffusion length is lower than the thickness of thin film. Figure 2.23 presents this effect
strongly where there is high incoherence between the diffusion length of minority carrier
and the absorption, which is commonly happening in indirect band gap semiconductor
such as silicon. When the defects are concentrated in the region of quasi-neutral of the
device (the upper surface in the Figure 2.12), the radial junction shows a high efficiency.
While large defect densities in the depletion region decrease the performance of radial
and planer junctions (the lower surfaces in Figure 2.23).
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Figure 2.23 the relationship between efficiency and thickness of cell L and the diffusion length of minority
electron L, for (a) planer p-n junction silicon cell, and (b) a radial p-n junction nanorods silicon cell. !
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Chapter 3

Silicon nanowires for solar cells applications

3.1Introduction

Great efforts from the last decades have been done to improve different types of PV
devices. ®! As the manufacturing cost of photovoltaic materials has decreased to a level
where electricity that comes by solar energy becomes competitive with other types of
energy. Solar cells that depend on crystalline silicon have been used since 50 years ago
due to different properties of silicon (Si). Firstly, Si is the second abundant material on
the earth. Secondly, it is nontoxic material that made it used in pure form with high
mobility of electrons and holes. Thirdly, Si can be doped with different types of
impurities to increase the concentration of holes (p-type) or electrons (n-type). The
doping process decreases the resistance of the contacts of devices. Finally, single junction
Si solar cell has high efficiency because of low carrier recombination rates. The band gap
of Si is 1.1 eV that matches with the visible light spectrum. However, it is not
economically to use large-scale applications because of the high cost of silicon wafer,
which acquires high purity of Si to get high performance. ™ ! Therefore, decreasing the
quantity and quality of silicon will help in using large scale of silicon photovoltaics.
There are extensive efforts to decrease the cost of thin film solar cell, ©® such as copper
indium gallium selenide (CIGS), cadmium telluride (CdTe), polycrystalline Si, and
amorphous Si (a-Si) PVs.The optical absorption can be improved by reducing light
scattering and trapping. ¥ For decreasing the cost, the design of PV depends on
nanostructured materials such as nanoparticles, ! quantum dots, ™°*? nanorods, [**¢!
nanotubes, ?>? and nanowires ¥*?!! due to their large surface areas. Semiconductor
nanowires with one dimension (1D) are a promising candidate because they have direct
paths for charge transport.

In particular, Si nanostructures such as Si nanowires (SiNWs) show interesting properties
[25-28] ‘jncluding high density electronic states, enhanced excitation binding energies,
enhanced thermoelectric properties, high surface scattering for phonons and electrons and
high surface- to- volume ratio. ?® All aforementioned properties provide high potential
for different applications such as energy harvesting, electronic and photonic devices,
chemical and biological sensors, £%2? thermoelectric systems, * and solar cells.®*! For
solar cell applications, SiINWs have been studied for reduced reflection ! and increased
absorption.% ¥ For example, the effective path length was increased by a factor of 73
for the absorption of light as compared to bulk silicon. ™ This increase of the path length
contributes to the effective trapping of light within the nanowires.
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3.2. Fabrication methods of Si nanowires:

Top- Down

Bulk

!
Powder
!

g g g Nnanoparticles

O O
Q)8bOO Clusters

O fo
O 0 Atoms
OC%)O
Bottom- UP

Figure 3.1Schematic shows the difference between bottom-up and top-down approaches

There are different methods for fabrication of nanostructured materials, but this chapter
will focus on different methods for synthesizing SiNWSs. Synthesis of SiNWs with
controlled orientation, length and diameter is important for different applications such as
field-effect transistors and devices for energy conversion. There are two basic approaches
for fabrication process: the bottom-up and top-down. The first approach depends on
building up the atoms of Si to form SiNWs. This method includes oxide-assisted growth
(OAG), B vapor-liquid solid (VLS) growth, B**!solution based and supercritical-fluid
based growth. “>*4 Secondly, the top-down approach that grows SiNWSs by reducing
dimensions of bulk material. This approach includes reaction ion etching (RIE), electron
beam lithography, and metal assisted chemical etching (MACE).
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Bottom-up Top-down
Vapor-liquid Oxide-assisted Reaction ion Electron beam Metal assisted
solid (VLS) growth (OAG) etching (RIE) lithography chemical etching
(MACE)

Figure 3.2 Schematic represents summery of different fabrication method of SINWs

All pervious methods have the same aim that is controlling the different parameters of the
SiNWSs. The most attractive method is MACE for different reasons. First, it is simple
where all steps can be done without expensive equipment. The SiNWSs with controlled
cross-sectional, length, diameter, doping type, orientation and shape can be fabricated
with low cost. Second, VLS method can be grown only wires with circular cross-section.
MACE is more flexible than VLS and gives high surface — to volume ratio. 1 *®! Third,
MACE controls the orientation of SiINWs without depending on the diameter of
nanowires not as VLS method. ™! For example, the growth of vertical or epitaxial of
SiNWSs on (100) or (110) substrates has not been achieved without utilizing template.
Moreover, electrochemical etching takes place anisotropically along < 100 > directions.
In contrast, MACE can fabricate vertical aligned SiNWs and controls the etching
direction. ¥ *! Fourth, there is no limitation on the fabricated size of nanowires by
MACE. This method can be used to fabricate well aligned SiINWs with diameters in
range 5 nm to 1 um. Fifth, by using MACE for fabrication, the quality of crystallinity of
obtained SiINWSs from single crystal substrate is high. In addition, the roughness of
surface is very high that increases the absorption in solar cell application. Sixth, the
deposition of metal catalyst in MACE process is at room temperature; as a result, the
obtained SiNWs do not have any contamination that comes from metal diffusion at high
temperature.
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3.3 Backgrounds and Mechanism of MACE Process:

The first use of MACE of silicon was reported in 1997, when it was used as electroless
etching technique for producing porous Si by Li et. al.”% They studied the effect of
depositing a thin layer of noble metal on the substrate. They found that adding this layer
helps in fasting the etching rate of Si.

In MACE, a noble metal covers partly the substrate of Si. The substrate is immersed in
etchant that contains from HF and an oxidant agent (e.g., Mg (NOg3),, H,0,, Fe (NOs)3,
KMNO,). MACE uses noble metal to make oxidation and reduction reactions without
any closed circuit. When metal is deposited on the surface of the substrate, it works as a
cathode to produce holes (h*). The holes are injected into the valence band of the
semiconductor for oxidization. The ionic form is formed that can be soluble in acidic
solution; as a result, the semiconductor material removed without any consuming of the
metal.

3.3.1 Reactions

The overall reaction of MACE of Si substrate is presented in this section.
For cathode reaction: H,O; is reduced at the metal
H,O, + 2H" — 2H,0 + 2h* (1)

Li et al. suggested there is another reaction in cathode that comes from reduction of
protons into hydrogen:

2H" — H, T+ 2h* (2)

On the contrary, the basic of reaction agent of Chartier et al. ! at cathodic sites was
H,0, instead of H"; as a result, there is no possibility of existing gas from a decay of
H,O, because there is no gas evolution on Ag-particles in solution with high
concentration of H,O, in the absence of HF.

At the anode, the oxidization and dissolution processes occur on Si substrate. There are
three groups for discussing the direct dissolution process of Si. First one occurs in a

tetravalent state % %2
Si + 4h" + 4HF — SiF, + 4H" (3)
SiF, + 2HF — H,SiFg ©

Second (RII) occurs in divalent state %

()
Si + 4HF; — SiFs” + 2HF + Hy 1 + 2¢
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(R111) Si oxide formation followed by dissolution of oxide ®*!

Si + 2H,0 — SiO, + 4H" + 4¢” (6)
SiO, + 6HF — H,SiFg + 2H,0 (7)

The difference between the last two models is in the formation of Si oxide, where it is
formed at the surface of substrate before occurring the dissolution process. The H; is
generated through the dissolution process. Because of the generation of hydrogen in
etching, the model RII has been occurred. Then Chartier et al. suggested another mixed

[r%?ction that is between the two states (divalent and tetravalent) dissolution for MACE:

Si + 6HF +nh* — HSiFe + nH' == H, 1 (8)
The overall reaction is:
Si + %HzOz + 6HF — nH,0 + H,SiFg+ 4—771 Hy 1 (9)

3.3.2 The overall of etching process

Figure 3.3 shows the process of MACE and it can be described in the following steps: (1)
the oxidant at the surface of the noble metal is decreased because of the activity of
catalyst of the noble metal. (2) Because of the diffusion of the oxidant, the holes are
generated and injected into Si substrate that is in contact with the noble metal. (3) The
injected holes oxidized the Si and then HF dissolves the Si at the Si/metal interface that
the diffusion process of the reactant (HF) occurs in. (4) At the Si/metal interface, the
concentration of holes reaches its maximum. Therefore, the etching occurs for the Si that
is in contact with metal by HF. (5) The diffusion process of holes occurs from the Si that
is covered by metal to free metal areas or to the well of the pore when the consuming rate
of holes is smaller than the injection rate at the Si/metal interface. As a result, the etching
process may occur at the free metal areas or sidewalls of the pore to form microporous
silicon.
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Figure 3.3 Schematic represents the steps of the process of metal assisted chemical etching method %

3.4 Effect of different types of noble metals on the etching:

Noble metals affect strongly the morphologies of the etched structures. For producing
straight pores, isolated particles are used such as Ag or Au in etching process (Figure
3.4a, b). *** |n contrast the behavior of Pt particles. When Pt particles are used to assist
in the etching process, the straight or helical pores are formed as reported by Tsujino et
al. (Figure 3.4 ¢). % **) On the contrary, Pt particles move randomly when they are
deposited by sputtering 7 or electroless plating 8 and produce curvy pores without a
uniform etching direction (Figure 3.4 d), although the etching rate by using Pt is faster
than that used Au. ®® In addition, the resulting wires by using Pt were surrounded by a
porous layer, °*** but in the case of using Ag or Au in etching, there is no observable a
porous layer.

Figure 3.4 Different behaviors of metal in etching process (a) Ag- particle, ™! (b) Au- particle, ®* and (c,
d) Pt- particle. ©®

3.5 Influence of change temperature of Etchant:

It has been reported that there is a linear relationship between the length of the fabricated
SiNWs by MACE and the time of etching process. Cheng et al. investigated the relation
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between the length of SiNWs and time of etching at temperature range 0: 50 °C. The
length of the fabricated SiNWSs increases with increasing the etching time at all
temperatures (Figure 3.5a). The rate of etching increases with increasing temperature of
etchant. Cheng et al. obtained the activation energy of the fabricated Si nanowires on a
(100) substrate, which is 0.36 eV, from changing the etching rate via the Arrhenius plot
as shown in Figure 3.5b. !
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Figure 3.5 (a) The relation between length of SINWs and time of etching at different temperature, and (b)
Arrhenius plot of the formation rate versus reciprocal absolute temperature.

Metal assisted chemical etching of Si substrate with orientation (100) p-type or n- type
that has the same resistivity (1-10 Q cm) have been conducted in two conditions (dark
and light). At the same etching time, there is difference in the etching depth between dark
and room light. For both substrates, the etching depth during light with a 20W bulb is
higher than the etching depth in the dark by 1.5.

3.6 Silicon nanowires for photovoltaic applications

Nanowires are used for solar cell applications because they reduce the optical loss of
absorption and improves both carrier extraction and design with low cost. Although
porous silicon is better than any surface-textured microstructures in reducing the
reflectivity as much as less <4% in visible light range, micropillars or SINWSs can reduce
the reflectivity further by controlling different parameters such as size, orientation,
length, diameter and density. ¥ Moreover, by fabricating nanowires with high aspect
ratio, the trapping of light occurs that enhances the absorption process. %2 This is
important for Si where it has indirect bandgap that requires very small dimensions of
material to enhance the absorption in solar cells. Thinner structures are also wanted for
carrier extraction, specifically for low pure materials. The high aspect ratio SINWs also
has another advantage for p-n junction that is decreasing the path of the minority carrier
collection. % %3
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Fabrication of the SiNWs by metal assisted chemical etching does not need any
infrastructure for crystal growth before growth of wires that reduce the cost of fabrication
of solar cell. High quality of Si nanowires with controlled density, diameter, length and
orientation can be obtained easily on single or polycrystalline Si substrate by using Ag or
Pt as catalyst, which are more effective more than using alkaline. [/

3.6.1 Optical properties of Silicon nhanowires:

3.6.1.1 Enhanced optical absorption and light trapping in silicon nanowires:

The nanowires that are fabricated by MACE method show excellent antireflection
properties as reported by Peng et al. > %8 Where SiNWs have been fabricated on single
or poly crystalline Si substrate. They immersed the substrate in aqueous solution of HF
and AgNO3zfor 20 min at 50 °C. They obtained SiNWSs with length ~ 10 pm. They used p-
type wafer and nanowires are converted to n-type by MACE thermal diffusion so they
produced p-n junction in this case and SiINWSs works as antireflection coating as showed
in Figure 3.6a.The Si nanowire arrays have a low reflection over a wide range of
wavelength. The reflectance of poly crystal SINWs was less than 2 % and less than 1.4 %
of single crystal SINWs that is lower than reflectance of porous and polished Si surface at
wavelength range 300 — 600 nm. The low reflectance of SiNWs comes from several
advantages of the geometry of wires: (1) the light trapping of the SiNWSs; (2) the high
surface area of SINW arrays with high density that decrease the life time of the minority
carrier and diffusion length; (3) the interactions of light scattering between SiNWSs, which
enhance light trapping to make light travel through long paths. As a result, SINWSs can
decrease reflection in solar cells without using any antireflection coating layer.
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Figure 3.6. a) Reflectance measurements of porous silicon, SINWs on multi crystalline Si, polished Si, and

SiNWs on Mono-crystalline Si. ! (b) absorption, transmission and reflection of fabricated SiINWs that

prepared[6%n glass substrate. ! (c) transmission of SiNWs of lengths 2, 5 pm, substrate and model of

SiNWs.

In addition, the optical properties of SINWs film fabricated on glass substrate by MACE
method have been investigated by Sivakov et al.®*'and Tsakalakos et al..®There is also
low reflectance at range 300-800 nm of wavelength, strong broadband absorption at 500
nm as shown in Figure 3.6b.The existed strong broadband absorption is related to the
strong resonance that is between SiINWs due to the high density of the Si nanowires.
Granet and Yang measured the optical transmission and photocurrent (Figure 3.6¢) in the
AM1.5G spectrum to show that the path length of the incident light has been increased by
73 times. ¢7]

3.6.1.2 Simulation of optical absorption of Si nanowires arrays

SINW arrays have optical properties that are different from thin films or bulk Si.
Recently, different researchers did simulation of SiNW arrays to study the optical
properties. " Hu and Chen used the transfer matrix method (TMM) for doing
numerical analysis to study the effect of changing different parameter of Si nanowire
such as length, diameter, and filling ratio on the absorption. ! The simulated Si
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nanowire arrays that are under study are shown in Figure 3.7a.The calculations showed
that there is an electromagnetic interaction between arrays of SiNW that cannot be
neglected. The reflectance of SINW arrays is much less than the reflectance of Si thin
film in the wide range of wavelength as shown in Figure 3.7b because of low density of
Si nanowires. Also, SINWs have higher optical absorption than Si thin films in high-
frequency regime due to the low reflectance of SINWSs. In low-frequency regime, SINWSs
have lower absorption than Si thin films because of high transmission of the SiINWs.
Although, in low-frequency regime, there is shortage in absorption due to the low energy
of photons, SINWs absorbed well due to light trapping phenomena that increases the path
length. The effect of changing filling ratio of SINWSs has also studied for both absorption
and transmission. The SINW arrays in the low-frequency regime that have high filling
ratios absorb more and have low reflectance, while arrays with low filling ratios have low
reflectance in the high-frequency regime that have the same length of Si nanowires.
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Figure 3.7. a) Schematic of SiINWSs array. The parameters are diameter d, length L and the period o and
angles are the zenith 0 and the azimuthal angle ¢. (b) Reflectance and transmittance of thin film and Si
nanowires,(c) absorption of SiINWs with different filing ratios obtained by Maxwell Garnet and TMM
approximation, and (d) reflection of SiNWs with different diameters. [

3.6.2 Radial p-n junction Si nanowire Photovoltaics:

High efforts have been done to produce Si thin film solar cell with low cost by decreasing
the quantity of Si. Although the efficiencies of thin-film solar cell with thickness1-2um
were very low (8 — 10 %), scientists are very motivated to improve Si based PVs with
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radial p-n junctions. ¢ 6677278 The advantage of radial p-n junction is in the geometry
of it. An n-type silicon layer surrounds each Si nanowire of p-type. This type of junction
makes travel distance of excited minority carriers short that reduces the recombination
and enhances the carrier-collection efficiency. There is another advantage of this junction
that is high tolerance of defects of PVs, allowing the use of low purity of Si. The above
two advantages are the solution of low cost and high efficiency of p-n junction.

3.6.2.1 Single radial p-n junction Si nanowires for photovoltaic devices:

Tina et al., > ™ in 2007, studied the experimental characterization of single p-
type/intrinsic/n-type (p-i-n) SINW solar cells. This type of solar cell consists of a p-type
of SINWs that prepared by VLS method and gold as catalyst. Then p-type nanowires are
covered with polycrystalline Si and n-type polycrystalline Si, respectively, by deposition.
The fabrication process and the SEM of the p-i-n coaxial Si nanowire solar cell is shown
in Figure 3.8 a, b. The maximum obtained power was 200 pW per nanowire deceive
when power measured under air mass 1.5 global (AM 1.5 global). The efficiency was 3.4
% and short circuit current density (Jsc) was 23.9 mA cm™. The results showed that the
photoexcited carriers along the length of the junction were collected regularly. The
scattering that came from metal contacts did not make any contribution in the
photocurrent. Moreover, Tian et al. reported that p-i-n junction of SINWSs can be used as
a strong power sources for sensors by connecting SINWs PVs in parallel or in series as
shown in Figure 3.8 ¢, f.
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Figure 3.8. “(a),(b) the fabrication process and the SEM of the p-i-n coaxial Si nanowire solar cell, (c)
current—voltage curves of fabricated p-i-n junction of SiNWs in dark and under illumination, (d) Light
current-voltage curves for two different n-shell contact locations, (e) real time of voltage across SiNWs at

different pH values, and (f) light I-V curves of two SiNWSs PVs that are connected in parallel and in series.”
[72]

3.6.2.2 Radial _p-n__junction SiINW__arrays for__ photovoltaic __devices:
P-n junction that forms from SiNW arrays has various pros for PV applications due to the
geometry of SiNWs. P& € 7 First the geometry of SiNWSs has antireflection
characteristics that absorb all light with energy higher than the energy of band gap of Si.
Second, the p-n junction of SINW array has efficient carrier separation and low
recombination. Third, the low dimensions of SINW decrease the quantity and quality of
Si; as a result, the cost of solar cell decreased. Finally, SINW arrays over large area can
be fabricated by CVD-VLS or MACE methods on different substrates that make solar
cell from SiNW very promising.
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Garnett and Yang fabricated coaxial p-type a-Si/n- SINW solar cell by combination of
CVD, MACE, and rapid thermal annealing (RTP) crystallization. ®® Figure 3.9 shows the
fabricated SINW solar cell and electrical characterizations. The Si single- crystal n-
SiINWSs, which fabricated by MACE, have diameters between 50-100 nm. Then, n-
SiINWSs are coated with a layer of polycrystalline p-Si with thickness 150 nm. After
making rapid thermal annealing for 10 s at 1000 °C, the contact electrodes of two sides
are formed by sputtering Ti/Pd onto the p-Si and Ti/Ag onto the n-Si. The efficiencies of
fabricated devices are about 0.46 % under AM1.5G illumination. This low efficiency was
because of high resistance of polycrystalline shell, low local shunting resistance, and high
recombination of the junction. Later, Garnett and Yang developed the SINW array solar
cells [ by decreasing the roughness of the surface by controlling the diameter and
density of fabricated SINWs by combination of RIE and silica bead assembly. The
fabricated SINWs array are elongated the path of light by a factor of 73, leading to
increased the short circuit current Jsc over planar control. The efficiency of such solar
cell, , which was 5-6%, is higher than that made by VLS method.
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Figure 3.9. “(a) Schematic presents cell design with single crystalline n-SiNW core in brown, the
polycrystalline p-Si shell in blue, and the back contact in black, (b) SEM of device showing the vertical
SiNWs, (c) Transmission electron microscopy (TEM) demonstrating polycrystalline p-Si shell and the
single crystalline n-Si core, and (d) Light and Dark 1-V characterization under AM 1.5 G.” 1¥%

3.6.2.3 Improving light trapping by using nanowires and microwires solar cell:

Jung et al. reported a new composition of SINWs and microwires (SiMWSs) that is
fabricated by MACE for solar cell applications. "' Figure 3.10 a and b show the process
of fabrication and SEM of fabricated array respectively. The SEM of array after etching
process by KOH for 60 s is showed in Figure 3.10 c. For forming high doping and n-type
shells, a spin-on-doping technique was used; however the nanowires were converted to n-
type because of small diameters as shown in Figure 3.11a. The co-integrated nano and
CNMW solar cells have low reflection in the range wavelength 300:1000 nm if it
compared with single nanowires or microwires as shown in Figure 3.11b. This type of
solar cell has efficiency of 7.19% under illumination AM 1.5G and short circuit current
of 20.59 mA.cm as shown in Figure 3.11 c.
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Figure 3.10. (a) Schematic presentation of the steps of fabrication process for the co-integrated wire
structure (CNMW) of MWs: (1) deposition of Ag nanoparticles; (2) formation of CNMW by MACE; (3)
fabrication of the CNMW structures; (4) result of KOH etching after 240 s, (b) SEM of fabricated CNMW ,
(c) 30-tilted view SEM of CNMW after KOH etching for 60 s. [’
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Figure 3.11. (a) Co-integrated wire structure (CNMW) solar cell structure with red (blue) color represents
n-type (p-type), (b) Comparison of optical reflection and 1-V characteristics of tapered NW (red), CNMW
(green), and MW(blue) solar cells. I’}

3.6.3 Silicon Nanowire Photoelectrochemical Solar Cells

Although p-n junction solar cell based on SiINW array are very attractive due to low cost
compared with traditional Si-based solar cells, it has low performance due to high loss of
recombination and high shunting. The radial liquid-junction nanowires PEC solar cells
appeared to be instead of radial p-n junction SINW solar cells. PEC solar cells become
attractive due to low cost and performance. ["®#1 For physical principles such as charge —
carrier transport and recombination, the photochemical solar cell is the same as radial p-n
junction.
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3.6.3.1 Photochemical cell of SiIMW arrays grown by CVD-VLS

Researchers at Caltech ® use CVD-VLS technique to deposit Si microwire arrays on
highly doped n-Si wafer as shown in Figure 3.12 a. The deposited arrays are from single
crystalline n-type that have lengths of tens of micrometers and diameters of a few
micrometers. For |-V characterization of the fabricated Si microwires, the PEC cell has
been used by using an organic electrolyte that consists of 200 mm of dimethylferrocene
(MezFc), 0.5 mm of MesFcBF, , and 1 M of LiClO4 in methanol. The electrolyte
performed as p* layer on the surface of SiMWSs. The SiMW arrays are photoactive and
the resulting photovoltage and photocurrent from PEC cell are higher than the control
planar Si samples because of carrier collection in SIMWs (Figure 3.12 b).
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Figure 3.12 (a) SEM image of fabricated SiMW array, and (b) relationship between current density and

voltage for SIMW array (solid) line and control sample (dashed) line™

3.6.3.2 PEC Solar Cells Based on MACE Silicon Nanowire Arrays

MACE method for fabrication SINW arrays has different advantages that make it better
than the VLS and OAG growth. MACE is very sample, low cost, and growth at low
temperature. 8 PEC cell by MACE SiNW arrays has been fabricated by peng et al.
The PEC cell contains an electrolyte of 40% hydrobromic acid and 3% bromine solutions
that is suitable for wetting of all Si nanowires. 8 The n-SiNW arrays at the PEC cell
were acted as photoelectrode and Pt mesh was performed as the counter electrode. The
cell was under illumination AM1.5G and the measurements of current and voltage were
taken by using a Princeton electrochemical workstation. The results of I-V demonstrated
that the SINWSs are photoactive and promoting for properties of photovoltaic. This cell
has medium performance with low efficiency (<1%) due to roughness of the surface,
poor carrier collection and extreme recombination. For improving the performance of the
cell, metallic nanoparticles were coated on n-SiNW to promote the solar energy
conversion (Figure 3.13). ¥ Using nanoparticle — SINW has unique advantage beside the
advantages of making short carrier collection and enhancing absorption of the
wavelength of the visible light. First, the fabricated SINWs are efficient for charge carrier
transport process due to the 1D pathway of SINW. Second, metallic nanoparticles used as
catalyst for electrochemical reactions that happen on the SiNWs electrode. Third, the
impinging light, which is between SiNWSs, has been scattered by metallic nanoparticles;
as a result, the absorption of light has been increased. This type of photovoltaic as shown

www.manaraa.com



50

in Figure 3.13 ¢ made enhancements in the short-circuit current density (ls;) from 1.74 to
12.73 mA cm™. Figure 3.13 ¢ shows the characteristics of photochemical cell solar cells
under illumination that done by different electrodes of n-Si. The fill factor (FF) of the
photovoltaic increased through decoration with Pt nanoparticles. Moreover, there is
relationship between the efficiency of the PEC and the amount of Pt nanoparticles. For
optimal Pt nanoparticles, the efficiency reaches its maximum 8.14 % (Figure 3.13 d). If
the pt deposition of Pt is lengthy on SINW, the photocurrent and fill factor decrease due
to formation of a porous Si layer that has high resistance.
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Figure. 3.13 (a) Schematic presentation of a Pt nanoparticle — decorated SiNW array, (b) TEM image of a
Pt nanoparticle — decorated SiNW, (c) 1-V curve of a Pt nanoparticle — decorated SiNW under illumination,
a naked planar n-Si electrode, and a naked n-SiNW array electrode, and (d) the effect of the time of the pt
deposition on the efficiency of the PEC. "]
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Chapter 4

4. Experimental Setup

In this chapter, the fabrication steps of Si nanowires using metal-assisted chemical
etching method is presented in details.

4.1 Growth SINWSs Using MACE Method:

4.1.1 Sample Preparation:

Before growth, the samples have to be cleaned starting from organic and ionic
contaminations using sequence of chemical treatments. All used chemicals do not react
with Si. The sequence of steps is as the follows:

General Cleaning: it is simple cleaning by using acetone and ethanol for 10 and 5 min,
respectively. The wafer is then steeped in sulfuric acid and hydrogen peroxide solution

[H2SO4 (97%): H,O, (35%) = 4:1 v: v] for 15 min at 80 °C, and thoroughly rinsed with
deionized water. This solution removes the organic and inorganic contaminations from

the substrate.

Particle Removal: The cleaned Si pieces were steeped in boiling solution containing
ammonium hydroxide, hydrogen peroxide and water [NH4OH: H,O,: HO =1:1:5 v: v:
v] for 15 min, thoroughly rinsed with deionized water. This solution also removes organic
and metal contaminations from the surface of the substrate.

Oxide Removal: Finally, Si pieces were immersed in dilute HF (10%) for 1 min to
remove the native oxide layer from the surface of the substrate, then cleaned with DI
water.

4.1.2 Deposition of metal layer

Using noble metals such as Au, Ag, and Cu as catalysts in the etching process is very
important as Si covered by a metal layer is etched faster than pare Si. Chapter 3 lists the
various types of metals and the effect of using each one on the structure of the fabricated
SiNWs. In our experiment, Silver was used to make metal layer using a mixture of silver
nitrate (0.005 M AgNOs) and HF (4 M HF) acid solution at room temperature for 1 min.

4.1.3 Growth of SINW with different diameters and lengths:

After metal deposition, the sample was immersed immediately in solution of 10% HF and
6% H,0, at 60-80 °C for 13-27 min to fabricate SINWSs with different diameters and
lengths. For obtaining diameter ~ 120 nm and length ~ 8 um, the sample was immersed
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in solution for 13 min at 60-80 °C. If the demanded diameter is ~ 200 and length ~ 10.5
um, the sample should be immersed in solution for 16 min at 60-80 °C.

4.1.4 Removing the remaining silver nanoparticles

Finally, the remaining silver nanoparticles on the surface of the substrate should be
removed. The dilute nitric acid solution is used for removing all silver nanoparticles by
immersing the sample in HNOj3 (30%) solution for 20 seconds.

Table 4.1 Summary of the fabrication processes of SINWSs:

Step Name Chemicals Immersion | Temperature | Properties
time
1 | Sample H,SO4 15 min 80 °C Removal of
preparation +H,0,; the organic

and inorganic
contaminations

NH,OH+ 15 min 80 °C Removal of
H20,+ H0 the organic
and metal

contaminations

Dilute HF 1 min Room Removal of
(10%) Sol. temperature the native
oxide layer
2 Deposition AgNO3 1 min Room Depositing of
of metal (0.005 M) + temperature silver layer
layer HF (4 M)
3 Growth of 10% HF and | 13:27 min 60-80 °C Growing
SiNWs 6% H,0, SiNWs with
different d and
L.
4 Removing HNO3 (30%) | 20 sec Room Removal of
silver temperature Ag
nanoparticles nanoparticles
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Etching Time Diameter of SINWs Length of SINWSs
13 min 120-170 £ 7.15 nm 8.5+0.3919 um
16 min 180-280 = 10.75 nm 10.5 + 0.44623 um
19 min 300-380 + 16.25 nm 12.5 +0.588 pum
22 min 400-450 + 21.25 nm 155+ 0.773 um
25 min 500-650 + 28.75 nm 18.5+0.913 um

HF/AgNO,
—_—

HNO,

Figure 4.1: A schematic of the fabrication process of SINWs by MACE

4.2 Characterization Technigues:

4.2.1 Morphological and Structural characterization

The morphology of the fabricated SINWSs was investigated using a Zeiss Ultra60 field
emission scanning electron microscope (FESEM) and FESEM- Zeiss 1550 VP equipped
with EDS (Energy dispersive X-ray spectroscopy) detector. High-resolution transmission
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electron microscope (HRTEM) JEM- 2100 with selected area electron diffraction
capability (SAED) has been used for investigating the crystallinity of the fabricated
SINWSs. Moreover, X-ray diffraction (XRD) using Cu Kal radiation source (A = 1.5406
A) was used to investigate the crystal structure of the SINWs.

4.2.2 Optical Characterizations

The UV-vis absorption spectra were performed using a Perkin-Elmer Lambda
UV-vis—NIR spectrophotometer with solid-sample holder for reflectance measurements
and an integrating sphere. The measurements of photoluminescence were performed with
RF-5301 Pc (Spectrofluorophotometer) using xenon Lamp and excitation wavelength of
325 nm at room temperature. While Raman measurements were performed by using
Raman microscope (ProRaman-L Analyzer with an excitation laser beam wavelength of
532 nm.

4.2.3 1-V characterizations

The setup used for the photoelectrochemical characterization of the fabricated SINWSs is
shown in Figure 4.2. The SiNWs sample was drawn by copper contact with conduction
silver epoxy. The sample acts as the anode in a three-electrode electrochemical cell. The
reference electrode in our cell was saturated Ag/AgCl and counter electrode was platinum
foil. The electrolyte was HF 10% (pH ~ 4.5) or a mixture of hydrobromic acid (40%) and
bromine (3%). A scanning potentiostat (CH Instruments, model CHI 600B) was used to
measure current in dark and under illumination at a scan rate of 10 mV/s. A 300W xenon
lamp (Spectra physics) was used as the light source, with AM 1.5 filter (Oriel) used to
prevent the incident light with wavelength range 320-400 nm. The incident power was 100
mW cm?, which was determined by using a power detector (Spectra Physics, CA, USA).

Potentiostat

AM 1.5 Filter ‘

UV 320-400 nm

L1111

1l

SINWs
‘Ag/AgCl

‘ HF 10 % solution

Quartz Window

Figure 4.2 a schematic for setup of photochemical cell
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Chapter 5

Results and Discussion

5.1 Fabrication of SINWSs:

5.1.1 Effect of H,O»:

The effect of H,O, concentration on the fabricated SiINWSs via metal-assisted chemical
etching was investigated. The etching solution consisted of HF/H,O, mixture The
concentration of H,O; has been changed from 0.2 to 0.4 M at room temperature.

Figures 5.1, 5.2, and 5.3 show the FESEM images of the fabricated SINWs using
different concentrations of H,O,. Increasing the H,O, concentration of H,O, resulted in
better nanostructured Si morphologies. High density SiINWs were resulted upon the use
of 0.2 M H,0,, which decreases with increasing the H,O, concentration to 0.3M. The
space between the nanowires also increases with increasing H,O, concentration. Further
increase in the concentration of H,O, to 0.4 M (Figure 5.3) resulted in the formation of
the porous structures with increasing the etching rate in the horizontal direction. This
increase in the etching rate was more than that in the vertical direction, leading to the
formation of a chaotic porous structure instead of SINWSs on the substrate.

After immersing Si substrate in AgNOg3 solution, Ag ions capture electrons and are
deposited on the surface of the Si substrate in the form of metallic silver nuclei. At the
same time of deposition, the Si is oxidized to SiO,. As mentioned in Chapter 3, the
presence of silver nanoparticles made etching rate faster in the vertical direction where
nanoparticles form pits and then sink in these pits due to gravity. With increasing the
concentration of H,O,, the oxidant speed increases; as a result, the etching speed in the
horizontal direction increases. When the concentration of H,0, is 0.2 M in solution, more
Si will be converted into SiO; and then dissolved in HF. Consequently, the density of the
fabricated SINWs decreases and the space between nanowires increases. For further
increase of concentration of H,O, (0.4 M), the etching speed in the horizontal direction
increases and overcomes the nanoparticles of silver gravity to shift its position; as a
result, a chaotic porous structure fabricated instead of SINWs on the Si substrate.
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Figure 5.1: (a) top and (b) cross sectional FESEM views of the fabricated SINWSs in the presence of 0.2 M
HzOz.

Figure 5.2: (a) top and (b) cross sectional FESEM views of the fabricated SiINWs in the presence of 0.3 M
H,0,.
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Figure 5.3: (a,b) Top and (c) cross sectional FESEM views with different magnifications of the fabricated
SiNWs in the presence of 0.2 M H,0,.

5.1.2 Effect of AQNO; concentrations and different methods of removing the
remaining Ag nanoparticles:

The morphologies of the resulting Si nanostructures were found to depend on the
concentration of AgNO;3 used in the HF/AgNO; solution. When the concentration of
AgNO; is lower than 0.005M, no SiNWs were observed because the silver nanoparticles
form unconnected islands (Figure 5.4). However, when the concentration of AgNOs3 is
increased to 0.005 M, the islands start to connect together and form non-circular clusters.
When the concentration of AgNO3 reaches 0.01 and 0.015 M, the nanoparticles of silver
form dendrites. With increasing the AgNO3; concentration, the rate of the deposition of
silver increases. For further increase of concentration, the nanoparticles will grow up and
form a stacked layer of dendrites.
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Figure 5.4 (a) and (b) FESEM of silver nanoparticles when the concentration of AgNO3; was lower than
0.005 M.

When Si is etched by HF/AgNO3;, the Ag nanoparticles enter the holes as they are
shaping. If the size of these nanoparticles is small, their lift-off action may occur
through the dissolution of Si, and disordered Si structures resulted. In contrast,
stable Ag nanoparticles would help in the formation of one-dimensional Si
nanostructures.

When the concentration of AgNOs is between 0.005 and 0.015 M, aligned vertical
Si nanowires formed. However, when the concentration of AgNO; increases, the
density of the SINWSs decreases. When the concentration of AgNO; increases, the
size of the clusters also increases and the areas without silver decreases. As
mentioned in Chapter 3, the areas of Si substrate covered with silver are etched
faster. If the area with silver increases, the Si nanowires density must be
decreased.
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Figure 5.5 (a) , (b) FESEM of SiNWs when the concentration of AgNO3; was 0.01 M at room temp., (c)
FESEM of SiNWs when the concentration of AgNO; was lower than 0.015 M at 50°C for 20 min.
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Figure 5.6 (a) , (b) FESEM of SiNWSs when the concentration of AgNO; was 0.015 M at room temp., (c)
and (d) FESEM of SiNWs when the concentration of AgNO; was lower than 0.015 M at 50°C for 20 min.

5.2 Morpholoagies of the fabricated SINWSs:

Figures 5.7, 8, 9,10,11 and 12 show the FESEM images of the obtained Si nanowire
arrays at different etching times. Note the pronouncing effect of the etching time on the
diameter and length of the grown nanowires. The average diameter and length of the
nanowires increases with increasing the etching time at temperature 60-80 °C. For
example, the nanowire arrays prepared at 13 min. (Figure 5.8) possessed an average
diameter of 143 nm and an average length of 8 um, while those prepared at 25 min have
an average diameter of ~ 600 nm and an average length of ~ 18 um as shown in Figure
5.12. This indicates the rapidity of the etching process. The concentration of Ag+ ions
decreases because Ag+ ions sink in the bottom of the nanowires. This decrease slows the
etching rate. Since the reduction — oxidation reactions take place between the bottom of
the SiINWs and the top of the substrate.
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Figure 5.8(a) and (b) FESEM of the fabricated SiINWs with different magnification when temperature was
50°C and etching time was 13 min.
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Figure 5.9 (a), (b), (c) and (d) FESEM of the fabricated SINWSs with different magnification and different
range of diameters when temperature was 50°C and etching time was 16 min.
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Figure 5.10 (a), (b), and (c) FESEM of the fabricated SiNWs with different magnification and different
range of diameters when temperature was 50°C and etching time was 19 min.
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Figure 5.11 (a), (b), and (c) FESEM of the fabricated SiINWSs with different magnification and different
range of diameters when temperature was 50°C and etching time was 22 min.

Figure 5.12 (a), (b), (c) and (d) FESEM of the fabricated SiNWs with different magnification and different
range of diameters when temperature was 50°C and etching time was 25 min.
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The results of the variation in the nanowire’ diameters and lengths are summarized in
Figure 5.12, which shows the linear increases in length and diameter with increasing the
etching time. Note that the length increases from 8 ~ 18 pm and the diameter from 117
nm to 600 nm upon increasing the etching time from 13 to 25 min, corresponding to
etching rates of ~ 600 nm/min for the length and ~ 16 nm/min for the diameter. The
increase in the diameter of the SINWSs with increasing the etching time may be related to
the aggregation of the nanowires.
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Figure 5.13: Variation of the diameter and length of the Fabricated SiNWs as a function of etching time.
The EDX technique has been used to show the percentage of silicon after removing all
remaining Ag nanoparticles. Figure 5.14 shows the EDX spectra of the SINWs samples

that synthesized at different etching times, shown the absence of Ag metal that have been
used to assist the etching process.
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Figure 5.14: EDX of different range of diameters: (a) d ~ 117 : 170 nm, (b) d ~ 180 :270 nm, (c) d~ 300:
380 nm, (d) d~ 400:450 nmand (e) d ~ 500: 650 nm.
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Figure 5.15: XRD patterns of the grown SiNWs at (a) 13 min, (b) 16 min, (c) 19 min, (d) 22 min and (e) 25
min, respectively.
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X-ray diffraction (XRD) using Cu Kol radiation source (A = 1.5406 A°) was used to
investigate the crystal structure of the SINWs. The common diffraction peaks appeared
around 33° can be related to crystalline silicon (c-Si) (100). ™ Where c-Si is better than
amorphous silicon (a-Si) for solar cell application because a-Si has high disorder and
dangling bonds that makes it a bad conductor for charge carriers and reduce the life time
of carrier and pin the Fermi level so that doping the material to n — or p — type is not
possible. Also, drop in the efficiency of devices made of a-Si has been reported which
was related to the Stabler-Wronski effect, especially when exposed to light. ! Moreover,
the two other small diffraction peaks appeared at 38° and 44° in panels can be related to
silver oxide and silver, respectively. ©!

The above results were obtained by using normal XRD for all different diameters of
SiNWs. For confirming absence of amorphous layer around fabricated Si nanowires,
XRD with angle 1° has been used and compared to the XRD of substrate. The peak of the
SiNWSs was similar to peak of substrate that is 33° Figure 5.16.
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Figure 5.16 comparison of the XRD diffraction patterns of the Si substrate and the peeled-off SINWSs
grown by etching for 19 min.

The high-resolution transmission electron microscope (HRTEM) has been used to
confirm the crystallinity of the fabricated SINWs. TEM used focused beam of electrons
with high energy in transmitting a sample to show the morphology, crystallography,
elemental composition, and particle size distribution of sample. TEM has the ability of
giving chemical information and atomic — resolution lattice images. HRTEM has been
used in our study because the crystal structures can be investigated because the images
are formed due to difference in phase of electron waves that scattered through a thin
specimen. ™ Figure 5.17 shows the HR-TEM of the fabricated SiNWs with space .32 nm
to confirm the crystallinity.

Figure 5.17 HRTEM of the fabricated SiNWs
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5.3 Optical characterizations of the fabricated SINWSs:

5.3.1 Optical absorption of SiINWs with different dimensions:

Nanosemiconductors have unique optical and electrical properties that offer advantages
in many applications such as solar cells, B detectors ® and optical sensors. P! In
particular for solar cell applications, SINWs are the most efficient approaches for
attaining the third generation solar cells, ™! because SiINWs can be easily integrated in
radial p-n junction solar cell devices. The enhancement in the conversion efficiency of
the radial p-n junction stems from the ability of the directional separation between carrier
collection and light absorption. ™ Using SiNWs for solar cell application decreases the
cost of the materials used. Moreover, SINWs showed strong broadband optical
absorption because of light trapping effects. The arrays of SINW decrease the reflection
over a wide range of wavelength and different incident angles of light due to the
transition of refractive indices across the air-to-substrate. ™**!

The effect of changing dimensions of the SiINWSs on the optical reflection has been
studied. Figure 5.18 shows the optical refection spectra of the SiNWSs fabricated at
different etching time. SINWs with five different averages of diameters are presented to
show the influence of the change in diameter on the light scattering characteristics.

In general, the prepared SiINW arrays have low reflectance throughout the entire
wavelength range, possibly due to the multiple reflection of light, which increases the
optical path length of photons. ¥ The SiNWs with diameters in the range 117-170 nm
showed reflectance below 4% over the wavelength range 330 — 1000 nm. A minimum
reflectance of 2.56% is found at 360 nm. As the diameter of the SINWSs increases to 650
nm, the reflectance increases over the spectral range of 350-860 nm, which is below 10%
in the wavelength range 350-750 nm with a minimum reflectance of 4.65 % around 390
nm. However, the reflectance is over 11 % in the near infrared region. Consequently, it
seems that increasing the diameter has a significant effect on increasing the reflectance of
the SINWSs. This may be attributed to the increase of the effective refractive index of the
medium. It was reported that the absorption could be easily calculated from reflectance
spectra where the transmittance of silicon in the wavelength region 300-1000 nm is
almost zero. ™ The absorption intensity is found to increase with decreasing the SiINWs
diameter as shown in Figure 5.18b. This can be explained on the light confinement basis,
i.e. increasing the SINWSs diameter would result in a decrease in the confinement of light,
causing increased multiple light scattering between the SINW arrays. ™ Moreover, based
on wave optics, the decrease in the reflection can be related to the interaction between
incident light and objects. ™ When the dimensions of the objects are mush shorter than
the wavelength of the incident light, SINWSs are penetrated without interaction with the
incident light. This process can account for the poor absorption of Si nanowire with d ~
143 nm at long wavelength. If the object dimensions are comparable to the wavelength of
the incident light, light scattering from the object will be enhanced, resulting in elongated
optical path length and thus increased light harvesting. However if the dimension of the
objects is greater than the light wavelength, reflection will become the dominant process.
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Figure 5.18: Variation of the (a) reflection, (b) absorption, and (c) reflectivity % of the fabricated SINWSs as
a function of their diameter at a wavelength of 500 nm.

The length of the fabricated SiINWSs has also a significant effect in changing the optical
properties. Although long SiNWs absorb light more efficiently, if the length was too
long, overlapping would occur between nanowires. The variation in the reflectivity as a
function of the SINWs diameter is summarized in Figure 5.18c.
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Figure 5.19: Absorption of Si substrate and SINWs with different ranges of diameters at incident angles ()
Si substrate (b) SiINWSs with diameters of 117:170 nm, (c) SiNWSs with diameters of 180:270 nm, (d)
SiNWSs with diameters of 300:380 nm, (e) SiNWSs with diameters of 400:450 nm , and (f) SINWs with
diameters of 500:650 nm.

In addition, changing the incident angle of the absorbed light affects on absorption.
Figure 5.19 shows the absorption measured at different incident angles (0, 10°, 20°, 30°,
40°, 50°, and 60°) for SiINW arrays with different diameters over the wavelength range of
350 — 850 nm. Because of the vertical orientation of the SINWSs, all arrays of SINWs
showed lower absorption at normal incidence angle (6 = 0) than other angles The Si
nanowires with all diameter ranges absorb more light at an angle 10° as shown in Figure
5.17. King et al. ™® found that with increasing the angle of the incident light, the light
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becomes more oblique and decreases the absorption. Generally, the reflection increases
with increasing the incident angle of light clearly after 50°.

5.3.2 Photoluminescence of the SiNWs with different diameters:

PL studies different parameters of material. PL spectroscopy can be used to provide
electrical characterization of sample, and it is very sensitive to discrete electronic states.
PL is a technique that is used to identify the surface, interface, impurity levels, and
roughness of the interface. For intensity of the PL, it can be used to study the quality of
interfaces and surfaces. Changing the intensity of PL can be used also for mapping the
electric field at the surface of a sample.

The PL emission spectrum at room temperature of the fabricated SiINWs has been
measured. Figure 5.20a shows significant PL emission in the wavelength range 350 <A <
800 nm for SINW arrays with different diameters. There are two peaks observed, the first
peak is between 350 and 500 nm and the second peak is between 635 and 670 nm. The
intensity of the PL peaks increases with increasing the time of etching till 16 min. Then,
PL intensity decreases at 19 min and again increases for 22 and 25 min.

As the etching time increases, PL emission peak shows a red shift, which can be
explained by the quantum confinement luminescent center (QCLC) model. *°! According
to the quantum confinement model, the emission of the PL depends on the size of the
crystallinity of Si because of the transition of the PL emission from band to band; higher
size of crystallinity shifts the PL emission peak to longer wavelength. As our samples
exposed to air after fabrication, silicon oxide layer may be formed. The grown silicon
oxide has different luminescent centers that are responsible for appearing the radiative
recombination. As a result of recombination, the red PL shift occurred.
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Figure 5.20 (a) PL of different SINWSs diameters, (b) plot of PL and reflectivity at different etching time for
wavelength ~ 660 nm.

It is important to correlate the PL emission at ~ 660 nm with the reflectivity of the
SiNWs fabricated at different time of etching. As shown in Figure5.20b, as etching time
increases, reflectivity and PL intensity both decreases for 13 and 16 min at ~ 660 nm.
Then the reflectivity and PL intensity decreases at 19 min and increase again at 22 and 25
min. These two sudden increases of reflectivity and PL intensity for etching time of 19
min cannot be explained on the basis of usual interference of light if SINW arrays have a
refractive index between those of Si and air. It may depend on the porosity of the
fabricated SINWs where the rate of porosity increase with etching time till attaining a
certain value that slows down the rate as shown in Figure 5.21. The porosity % of the
fabricated SINWSs at 13 min was 79.8 % and then increased to 83.1% at 19 min. The
percent of porosity decreased when the etching time was 22 min to ~ 77.7 %.
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Figure 5.21: the relationship between porosity and etching time.

3.3.3 Raman Spectroscopy

Raman spectroscopy is an efficient method to study quantum confinement in SiNWs, [2°
getting information about lattice defect, Y doping concentration, ¥? and crystal
orientation. ! Due to the Heisenberg uncertainty principle, the essential Raman
selection rule (q ~0) is relaxed for a finite-size domain, allowing the participation of
phonons away from the Brillouim- Zone center. The scattering of phonons is affected by
the diameter (d) of nanowires where Aq ~ 1/d. This is expected to result in a downshift to

the Si peak and an asymmetric broadening. ¥ The micro-Raman spectra of the SiNWs
synthesized at different etching times are shown in Figure 5.22a.

The SiNWs with different diameters show Raman peaks located a round 518 cm™,
corresponding to the first order transverse optical mode (1TO) of c-Si. Compared to the
1TO peak usually seen for c-Si at ~ 520 cm™, ® the obtained 1TO peaks for all SINWs
with different diameters are downshifted toward lower frequencies as expected. The
broad peaks at 296 and ~ 940 cm™ were related to the second order transverse acoustic
phonon mode SZTA) and to the second order transverse optical phonon mode (2TO),
respectively. 28

The 2TO peak is a convolution of three phonon scattering events giving
rise to peaks at ~ 942 cm™ {TO (X)}, ~ 966 cm™ {TO (W)} and ~ 979 cm™ {TO (L)}.

Richter et al. ®" and Campbell and Facuchet *® (RCF) reported a model of phonon
confinement to evaluate the relationship between the Raman shift and the nanoparticles’
size. They found that increasing the diameter of Si nanospheres led to a shift in the 1TO
peak toward a higher wave number. The Raman band location and curve shape depended
on the size uniformity, crystallinity, and the variation of crystal constants. *® The
crystallinity of the SINWs decreases with increasing he nanowire diameter, resulting in
the 1TO peak towards lower frequencies. 1®

The Raman intensity in the RCF model is given by %]
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Where w (k) represents the phonon dispersion, I' is the full width at half maximum
(FWHM) of the reference bulk Si, C(0,k) is a Fourier coefficient of the confinement
function, and quantities the q # 0 phonons participating in the scattering. As the SINWs

are column-shaped crystals, the Fourier coefficients can be written as " I
M kgl ikyLo |
|C(0,ky, ky|?* = e 16n2e " ton? 1—erf(_rzz,i (2

where L; and L, are the diameter and the length of the SINWSs, respectively. For the
cylindrical nanowire, length >> diameter, which means that the confinement effects
mainly occur along the lateral (diameter) direction of the nanowires not along the vertical
axis unlike quantum dots.

In order to investigate the clear confinement effect, a plot of the observed FWHM for the
first-order optical phonon mode for different diameters is presented in Figure 5.22b. The
Raman peaks have larger broadening as the diameter of nanowires decreases.
Furthermore, the confinement effect is clearer when the diameter of the nanowires
becomes smaller, where FWHM should not decrease more than 5 cm™ as compared to the
electronic confinement length (5nm). 2!
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Figure 5.22: (a) Raman spectra of the fabricated SiNWs, and (b) FWHM of the first-order optical phonon
mode for SINWs with different diameters.
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5.4 Current-Voltage Characteristics

5.4.1 1-V characteristics in photoelectrochemical cell

The setup of the photochemical cell that has been used for measuring I-V characteristics
is shown in Chapter 4 in details. Figure 5.23 shows the |-V curves for different range of
SINW diameters. The obtained photocurrent decreases with increasing the diameter of
SiINWSs. For example, Figure 5.23a shows the current density of the SiINWs with
diameters of 200 nm, the maximum current density was 1.256 mA/cm? measured under
an applied voltage of 0.25 Vagagci. The current density decreased to 1.109 mA/cm? upon
increasing the diameter to 350 nm as shown in Figure 5.23b. For diameters in the range
of 550 nm, the current density further decreased to 0.7725 mA/cm? as shown in Figure
5.23d.
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Figure 5.23 I-V curves in dark and light for SINWs with diameter range (a) 200 nm, (b) 350 nm, (c) 450
nm, and (d) 550 nm.
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The relationship between the open circuit voltage (Vo) and the short-circuit current
density (Jsc) has been studied for different diameters of SiNWSs (Figure 5.24). Js
decreases with increasing the diameter of SINWs. When the diameter range was 200 nm,
the Jsc was maximum, which is 0.3717 mA/cm?. With increasing the SiNWs diameter to
550 nm, the Js. decreased to 0.17758 mA/cm?. Figure 5.25 shows the relationship
between Jsc and diameter of SiNWs. There is a strong relationship between absorption
and short circuit current density (Jsc), where the absorption in small diameters increased,
increasing the amount of light absorbed and thus increases the Js.. Note that the short
circuit current density is proportional to the light absorbance in the wavelength range
300-1000 nm, 033

The measurements of I-V characteristics were also investigated in a mixture of
hydrobromic acid (40%) and bromine (3%). The I-V measurements were done for 2
samples that confirmed the effect of changing diameter on the resulted photocurrent as
shown in Figure 5.26.
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Figure 5.24 J;. Vs. V. for SINWSs with different diameters
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Figure 5.25 relationship between J;. and SiNWSs diameter

The dimension of the fabricated SINWs strongly affects on the resulted photocurrent. The
charge carrier separation takes place effectively in small diameters. The Debye length of
silicon is an effective factor in determining the obtained photocurrent. The Debye length
Lp depends on the doping concentration of the substrate and is given by B4

£€oKkT
Lp = \’ZeZND (5)

The Debye length of SiNWs is ~ 170 nm. B® Consequently, with increasing the diameter
of the fabricated SiNWs to more than 170 nm, the recombination rate is faster and easier.
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Figure 5.26 1-V curves of SiNWs with different diameters under illumination when electrolyte was a
mixture of hydrobromic acid (40%) and bromine (3%).
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Chapter 6

Simulation Results

6.1 Introduction:

Using of semiconductor materials for nanowires has been increased in the recent years
due to their promising properties including electrical, ™! mechanical, ! optoelectronics,
B1'and chemical properties. ™! The most attractive aspect of nanowires is the interaction
of sunlight of broad wavelength with the nanowires on substrate, which is improved the
optical and optoelectronic applications. Si nanowires have optical anisotropy due to the
high aspect ratio and sharp dielectric contrast that is with its surrounding (e.g. glass or
air). ' In addition, sub-wavelength leads to excellent optical properties such as high
absorption and low reflectance.

The effect of resonance between nanowires is very effective in improving the optical
properties of Si nanowires compared to solid thin film. It has been showed that high light
trapping that enhances the short-circuit photocurrent can be obtained by using Si
nanowire[sé]instead of solid thin film. Thus, the efficiency of solar cell increased as much
as 25 %.

6.2 Theory: -

The finite-difference time-domain (FDTD) method is one of the most important tools for
electromagnetic simulation methods that is utilized for modeling different nanophotonics
components such as light emitting diodes, Y% lasers, ™ plasmonic cavities, 42
waveguides, *? and nanoantennas. ?* The FDTD has the ability of describing behavior
of light in many micro- and nano-scale optical system, because it is not restricted by

eriodic, homogeneous or circular condition compared to analytic Lorentz-Mie solutions.
2223 For example, the FDTD method can be used successfully for analysis and
calculation of the optical resonance of a nanowire that is located on a substrate. 2224 |n
addition, the FDTD analyzes different materials that have dielectric or magnetic
properties. (%!

In our simulations, OptiFDTD ! software has been used in simulating each Si
nanowires array with the incident normal plane wave. The Si nanowires have been
modeled by using Lorentz-Drude model.

The main optical excitation, which is limited to a metal/dielectric interface, is the Surface
Plasmon Polariton (SPP), as showed by Ritchie. *”) The SPP is hailed from coupled mode
that can be utilized to reserve light; as a result, the electromagnetic field is increased that
is at an interface between two media. 23" Plasmonics in semiconductor materials plays
a vital role in designing optoelectronic chips. B2 Optical plasmons are agitated utilizing
the interface of metal/dielectric because of the high concentration of high charge carriers
in metal, and they have many applications. [®*! Recently, the SPPs in
semiconductor/dielectric interface have attracted interests, and the optical plasmons that
have supported by semiconductor/dielectric interface have been numerically studied
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without inclusion of losses. B! The dispersion of SPPs and the resonance frequency rely
on the order of interface. (283

For semiconductor, the theory of permittivity is complex because it depends on the
doping concentration that determines the free charge carriers in the semiconductor. The
plasma frequency of the semiconductor can be determined by the doping concentration
and the effective carrier mass. Starting with Drude model to obtain a theoretical model
for describing the dielectric function of semiconductor, which is utilized for describing
dielectric function of metals. Then, by adding Lorentz model to Drude model, the
dielectric function of semiconductor can be described.

For getting dispersion relation, Drude-Lorentz model has been used to describe the
dielectric function by solviné Maxwell’s equation for the interface that is between
semiconductor and dielectric. ¥

Lorentz-Drude model has been used in frequency domain. Some complex dielectric
function for some surface plasmas and metals are presented by Rakic et al. % and can be
given as follows:

g (W) = & () + &2(w) 1)

The above form separates the intraband ef (w) from interband £ (w) effects where they
referred to as free electron and bound-electron effects, respectively. The intraband part
can be described by Drude model %3 and the interband part can be described by
Lorentz model for insulators.

QZ
5[(“)) =1+ ja)rozi w? @
QZ
& (w) =( %=1w,2n_wz—p+jwrm) N

where w is the plasma frequency, m is the number of oscillators with frequency w,, and
lifetime 1/T;,,, Q,_ Sy is the plasma frequency as related to intraband transitions with

oscillator strength G, and damping constant [,. [, is the damping factor and w,,, is the
resonant frequency.

A general equation of the Lorentz-Drude model can be given as the follow:

_ M Gmﬂgn
gr((‘)) = &, + Zmzl wrzn_

w2+jwly, (4)
where ¢, ., is the relative permittivity in the infinity frequency. Q,, is the plasma
frequency. When m and w, = 0 in the above equation, the equation presents the Drude
model asineq.2. Ifm =1and Q; = Q, = -+ = Q,, in the above equation, the equation
presents the Lorentz model as in eq.3.
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4.3 Design: -

To understand how light interacts with the sub-wavelength vertically aligned nanowire
arrays and the significant effect of diameter of the SiINWs on reflectivity, a model of
SiNW arrays has been performed using finite difference time domain method 3% that
shows the collective optical resonance between nanowire arrays. In our model, the
simplified periodic boundary conditions (PBC) in transverse direction has been used
because it can work with other boundary condition such as perfect matched layer (PML)
and generates a simple plane-wave simulation. The Si nanowires have been modeled by
using Lorentz-Drude model as shown in Figure 6.1.
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Figure 6.1 Drude-Lorentz module of silicon

where

S = Strength of the corresponding terms
P (rad/s) = Plasma frequency

R (rad/s) = Resonant frequency

D (rad/s) = Damping factor
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The calculated absorption spectra is obtained without assuming any surface states. The
model size was 2.5 x 2.5 um with nanowire 10-16 um in length and 150-400 nm in
diameter on top of a 1 um thick solid Si.

Ref. ldx
g Ref. ldx

(a) (b)

Figure 6.2 snapshot of our designs for (a) d = 150 nm and (b) d = 400 nm.

4.4 Optical absorption results for different dimensions of Si nanowires: -

Figure 6.3 shows the agreement between the experimental and theoretical values of
optical absorption spectra. The values of optical absorption has been obtained when
model was 2.5 x 2.5 um with diameter 150 nm and 10-14 pum in length. As presented, the
difference between theoretical and experimental values is ~ 2.5 % at shorter wavelength
because of the small roughness of the etched silicon.
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Figure 6.3 Comparison of the experimental and FDTD simulated absorption for the SINWs of diameter 150
nm.
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Another effect that already studied by using OptiFDTD simulation in this work is the
effect of changing diameter of nanowires on absorption. The increase of SiNW'’s
diameter leads to decrease in absorption as shown in Figure 6.4.
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| -
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——d=400 nm

o
400 500 600 700 800 900 1000
Wavelength, nm

Figure 6.4 absorption vs. wavelength for different diameters of SINWs

In these simulations, the diameter has been changed from 150 to 400 nm and length from
10 to 14 um. The optical absorption of SINWs is measured at wavelength range 350-950
nm. The peak of absorption increases with decreases of diameter and theses results match
with our experimental results (Figure 6.4). At long wavelengths, the absorption of
nanowires is very low that allows the light to penetrate through the nanowires and reflect
back the silicon interface. The absorption of nanowires with different incident light
angles are also simulated and shows that the absorption decreases with increasing the
incident light angle as shown in Figure 6.5.
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Figure 6.5 the relationship between the optical absorption and wavelength at different incident light angles.
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Chapter 7
Conclusion and Future Work

7.1 Conclusion

From chapters 5 and 6 the conclusions are:

o Single crystalline vertically-oriented Si nanowires can be fabricated with different
diameters by metal assisted chemical etching method.

o The diameter of Si nanowires increases with increasing the etching time at
temperatures in the range 60 — 80 °C.

o The absorption of SINWSs is strongly dependent on the diameter of the nanowires,
where it increases with decreasing the diameter.

o Changing of the angle of incident light also affects on the amount of optical
absorption. The average light absorption of Si nanowires with different diameter
decreases with increasing the incident angles from 10-40° in the wavelength range
350 and 850 nm.

o HR-TEM and all XRD diffraction peaks confirmed the presence of c-Si,
indicating the high crystallinity of the fabricated nanowires. There is not any
amorphous layer around the fabricated Si nanowires.

o All the Raman peaks have a red shift and are broadened compared to bulk c-Si.

o The confinement effect is obvious for all diameters as they have full width half
maximum larger than 5 nm.

o The SiNWs show significant PL emission spectra with two peaks lying between
380 and 670 nm. The PL intensity increases with increasing the etching time till
16 min and then start to decreases at 19 min, then increases again due to porosity
of SINWs with an observed red shift.

o The I-V curves for different SINW diameters showed that the small diameter has
high short circuit current density and vice versa.

o The finite difference time domain simulations of silicon nanowires confirmed that
the change of diameter has a strong effect on the optical properties of nanowires.

o Changing the diameter of Si nanowires has affected the absorption, where it
increased with decreasing the diameter of SINWs.

o The simulation results are in agreement with the measured absorption of the
fabricated Si nanowires.

o The effect of changing incident light angle also studied by FDTD, where the
absorption decreases with increasing the angle of incident light.

7.2 Future Work

o The second method of measuring I-V characterization that is p-n junction can be
formed by depositing p-type Si on the fabricated n-SiINWs and then depositing
metal contact on the two sides for connection as shown in Figure 7.1.
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Metal-contacts ( C)

P-type Si

n-SiNW

n-type Si

Figure 7.1 (a) , (b) FESEM of n-SiNWs after deposition by p-type Si, and (c) Schematic present the design
of p-n junction based on SiINWs
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