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ABSTRACT

SILICON NANOWIRES FOR NETWORK PHOTODETECTORS AND
PLASMONIC APPLICATIONS

MULAZIMOGLU, Emre
M. Sc., Department of Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. H. Emrah UNALAN
Co-Supervisor: Prof. Dr. Rasit TURAN

July 2013, 56 Pages

Being the key component of the semiconductor industry, silicon in nanowire form has gained
increased attention. In this thesis, vertical arrays of silicon nanowires (Si NWs) have been
fabricated with metal assisted etching method (MAE). MAE method is a simple, solution
based and low temperature process. In this method, fabricated nanowires inherit the starting
wafer characteristics, such as doping type, density and crystal orientation.

In the first part, fabricated NWs in network form have been demonstrated as the active layer
in metal-semiconductor-metal photodetectors. Devices showed partial transparency and fully
reversible switching behavior. Moreover, fast dynamic response has been obtained with 0.43
milliseconds for the rise time and 0.58 milliseconds for the fall time. Flexible PDs were
fabricated on polyethylene-terephtalate substrates and operational during bending up to a
radius of 1 cm.

In the second part, surface plasmon resonance properties of the silver (Ag) nanoparticle
decorated Si NWs have been investigated. Si NWs were fabricated through one-step and
two-step MAE method. Two-step MAE method involved the use of hydrogen peroxide. Ag
nanoparticles were decorated onto Si NWs through simple evaporation and annealing
processes. The hydrogen peroxide in MAE method was found to degenerate the surface of
nanowires and created oxygen defects. Defects enhanced infrared absorption at higher
frequencies and led to emission of light by radiative recombination. Almost 50-fold
enhanced localized-surface-plasmon-resonance (LSPR) was obtained. It was attributed to the
change in the dielectric constant of effective medium. LSPR wavelength could be tuned by
changing Ag particle size and NW length.

Keywords: Silicon nanowires, photodetectors, surface plasmon resonance
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SILISYUM NANOTELLERIN AG YAPILI ISIK DETEKTORINDE
KULLANILMASI VE PLAZMONIK UYGULAMALARI

MULAZIMOGLU, Emre
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boltiimii
Tez Yoneticisi: Doc. Dr. H. Emrah UNALAN
Ortak Tez Yoneticisi: Prof. Dr. Ragit TURAN

Temmuz 2013, 56 Sayfa

Yariiletken endiistrisinin en Onemli yapitasi olan silisyum nanotel formunda da son
zamanlarda yogun olarak arastirma konusu olmusglardir. Bu tez ¢aligmasinda, dik olarak
hizalanmig silisyum nanoteller (Si NWSs) metal yardimli daglama (MYD) yontemi ile
iiretilmiglerdir. Bu metod basit bir yontem olup ¢ozelti tabanl ve diisiik sicaklik prosesi
olmasi sebebiyle olduke¢a yayginlasmistir. Bu metod ile {iretilen nanoteller baglangis substrati
ile ayn1 agilama tipi ve yogunlugu gibi temel 6zelliklere sahiptir.

Bu tez galigmasinin ilk kisminda, iiretilen nanoteller ag halinde metal-yariiletken-metal 151k
detektorlerinin aktif kisminda kullamlmislardir. Uretilen detektorler kismi transparanhik ve
tekrar edilebilir acilip kapanma 6zelligi gostermislerdir. Buna ek olarak, detektorlerin agma
ve kapanma hizlari 0.43 milisaniye ve 0.58 milisaniye olarak belirlenmistir. Esnek
detektorler ise kullanilan substratin PET ile degistirilmesi sonucu iiretilmislerdir. Uretilen
esnek detektorler 1 santimetrelik yaricapa kadar biikiilme testine tabi tutulmus olup biikiilme
sirasinda da ¢aligmaya devam etmislerdir.

Tez calismasinin ikinci kisminda ise giimiis (Ag) nanopargaciklar ile dekore edilmis dik
hizalanmis silisyum nanoteller yiizey plazmon rezonansi 6zellikleri agisindan incelenmistir.
Silisyum nanoteller tek adim ve iki adim MYD metodu ile iiretilmislerdir. Iki adim MYD
metodu hidrojen peroksit kullanimini igermektedir. Giimiis nanoparcgaciklar ise buharlastirma
ve tavlama ydntemi ile nanoteller iizerinde olusturulmuslardir. iki adim metodu nanotellerin
ylizeyini deforme ederek oksijen kaynakli kusurlar yaratmislardir. Bu kusurlar yiiksek
frekanstaki kizilotesi 1siklart absorbe etmekte olup 1simimli rekombinasyon ile 11k
yayabilmektedirler. Yaklasik 50 kata kadar artmig lokalize yiizey plazmon rezonansi (LYPR)
elde edilmistir. Bu artis nanotellerin ylizeyinde bulunan oksijen kaynakli kusurlarin ortamin
dielektrik katsayini degistirmesi ile ilintilendirilmistir. Rezonans dalgaboyu glimiis
nanoparcaciklarin biiyiikliigii ve nanotellerin uzunlugu ile degistirilebilmektedir.

Anahtar kelimeler: Silisyum nanoteller, 1sikdetektérleri, yiizey plazmon rezonansi
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All that is gold does not glitter,

Not all those who wander are lost;

The old that is strong does not wither,
Deep roots are not reached by the frost.

From the ashes a fire shall be woken,

A light from the shadows shall spring;
Renewed shall be blade that was broken,
The crownless again shall be king.

JRR Tolkien
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CHAPTER 1

INTRODUCTION

1.1  FEATURES OF NANOMATERIALS

The concept of nanotechnology was first disclosed by the lecture entitled, “There is plenty of
room at the bottom”, given by famous physicist Richard Feynman in 1959 at Caltech USA.
Some of the presented ideas have been accomplished; but, some have not. For instance
fabrication of functional nanomaterials has been discovered only in the last decades.
Nanomaterials are in atomic or molecular level and their sizes are within the range of 1-100
nm. Compared to the bulk materials, nanomaterials have enormously high surface to volume
ratio. Moreoever, there are too many unbounded atoms at their surface. Hence, they exhibit
unique electrical, thermal, magnetic, optical and mechanical properties. There are 4 types of
nanomaterials according to their dimensionality, as shown in Figure 1.1.1. Quantum dots
(QDs) are classified as zero dimensional (0D), nanowires, nanotubes, nanorods and
nanobelts as one dimensional (1D), thin films as two dimensional (2D) and nanoparticles are
classified as three dimensional (3D) nanomaterials.

(a) (b) !!!! (c) (d)
Figure 1.1.1: Schematics of the classification of nanomaterials according to their

dimensions; (a) 0D (QDs), (b) 1D (nanowires), (c) 2D (thin films) and (d) 3D
(nanoparticles).

1.1.1 Thermal, Electrical, Optical and Magnetic Properties of Nanomaterials

One of the surprising properties of nanomaterials is their thermal behaviour. When melting
point of a material is considered, it is evident that it can be directly correlated to the bond
strength. In bulk systems, surface to volume ratio is small and the surface curvature effect
can be neglected. Decreasing the size to nanometer scale; however, drastically increases
surface to volume ratio. Moreoever; the surface curvature effect becomes more dominant.
These two parameters decrease the melting temperature of the nanomaterial leading to a size
dependent melting point. Size dependency of melting temperatures for gold (Au), copper
(Cu) and silicon (Si) are given in Figure 1.1.2.



Another interesting point is the electrical properties of nanomaterials. Decreasing the size of
the material creates distinct energy levels in the energy band diagram. In fact, playing with
the size can change the behavior of materials being from metallic to semiconductor or to an
insulator in extreme cases. Size reduction in materials causes two different effects in terms of
electrical properties. First one is the separation of energy levels from each other creating
quantum confinement effect. Quantum effect is confining charge carriers in an area small
enough that their wave-like behavior dominates over particle like behavior. Second one is
the classical effect in which the size of the system approaches the mean free path of inelastic
scattering of electrons. In this case, drastic decreases in the scattering events occur. For 0D
and 1D nanomaterials, an interesting phenomenon may takes place between distinct energy
levels, called electron tunneling. This is simply the penetration of the electrons through a
potential barrier although it does not have enough energy to overcome. This phenomenon
can be used to build single electron transistors and quantum computers. The requirement
behind the quantum computing is using QDs, where individual electrons can tunnel through
upon application of a bias voltage between electrodes that are connected to the quantum dot.
Following tunneling, individual electrons could stay within the dot for a distinct period of
time. Since the energy levels for electron occupancy are limited, another electron is
prevented from tunneling causing Coulomb Blockade. Figure 1.1.3 shows the coulomb
diamonds. Inside the diamond’s area, there is no electron tunneling to the QD due to
Coulomb Blockade and it can be manipulated by adjusting applied potential between
electrodes and to the QD.

(a) (b) (c)
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Figure 1.1.2: Particle size dependent melting temperature of (a) Au, (b) Cu and (c) Si [1].

Nanomaterials also have interesting optical properties. Absorption and emission of photons
depend on the energy difference between valence and conduction band edges of the materials
and tuning these properties by particle size is possible. As the size decreases, the band gap of
material increases. This widening of the band gap may alter the absorption characteristics of
the matter turning an opaque material to transparent. Same phenomenon can be observed for
light emission. Since the band gap can be tuned by the particle size, wavelength of the
emitted light from luminescent materials can be changed. Figure 1.1.4 shows the particle size



dependent color variation of the emitted light from colloidal QDs. An increase in the particle
size redshifts the wavelength of the emitted light.
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Figure 1.1.3: Coulomb diamonds formed due to the Coulomb Blockade with different
applied voltages [2].
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Figure 1.1.4: Color variation of the emitted lights from QDs depending on particle size.
Wavelength of the emitted light redshifts with particle size. (b) Corresponding emission
spectra of the QDs [3].



For the case of magnetic properties, the most prominent effect of nanomaterials might be
giant magnetoresistance (GMR). The principle behind this phenomenon is the resistance
between two different ferromagnets and different spin states (spin up or spin down). In this
case, conduction depends on the magnetization being whether parallel or anti-parallel.
Parallel condition would allow electrons with certain spin states (up or down) to pass
through leading to a net current (Figure 1.1.5 (a)). On the other hand, anti-parallel
magnetization would not create any current between two ferromagnets (Figure 1.1.5 (b)).
The main application of this effect is magnetic field sensors. They are used to read data from
the hard disk drives. They can also be used for magnetic data storage as in the case of
magnetoresistive random-access memory (MRAM).

(a) 5 W (b)
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Figure 1.1.5: Current flow between two ferromagnetic films that are aligned (a) parallel and
(b) anti-parallel [4].

1.1.2 Nanowires as 1D Nanomaterials

Combination of quantum confinement with improved electrical transport and increased
surface area, 1D nanomaterials show unique properties, which open up new application areas
compared to their bulk counterparts.

Nanowires can be further categorized in three groups according to their electrical properties,
namely metallic (i.e. Ag and Cu NWs), semiconducting (i.e. ZnO and Si NWSs) and
insulating (i.e. SiO, and TiO, NWSs). Scanning electron microscope (SEM) images of Ag,
ZnO and Si NWs are provided in Figure 1.1.6. All of these may become functional units for
electronic, optoelectronic and electromechanical devices. Large scale synthesis and assembly
of these nanowires with controlled morphology, dimensions, purity and composition is
crucial for their utilization in these devices.

Semiconducting NWs have received special interest among others due to low electron
density, efficient charge transport and low effective mass [5, 6]. Si NWs may be the most
important semiconducting nanowires since Si in bulk form is the building block for
optoelectronic and microelectronic industry [7, 8]. Si industries R&D investments are around
45 $ billion per year [9]. Almost 50 years of effort has been spent on the evolution of Si
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technology. Hence, shifting this level of knowledge and capital onto another material is not
affordable. Being the key component of the semiconductor industry, Si in the NW form has
become one of the most emerging 1D nanomaterial.

3 um

Figure 1.1.6: SEM images of (a) metallic Ag NWs, (b) semiconducting ZnO NWs and (c) Si
NWs.

1.2 FABRICATION OF Si NWS

Si NWs can be fabricated by two approaches. First one is the bottom-up approaches. This
method can be regarded as building up of a nanomaterial starting from its building blocks,
atoms. Some of the bottom-up approaches are vapor-liquid-solid (VLS) [10], molecular
beam epitaxy (MBE) [11], supercritical fluid liquid solid (SFLS) [12] and laser ablation
methods [13]. Second one is the top-down approaches. Within these, a bulk material is
carved down to get nano-size materials. Some of the top-down approaches include
lithographical methods [14], deep reactive ion etching (DRIE) [15] and most recently
introduced, metal-assisted-chemical etching (MAE) method [16-19].

1.2.1 Bottom-Up Approach for the Fabrication of Si NWs

1.2.1.1 Vapor-Liquid-Solid (VLS) Method

VLS method is one of the most common bottom-up method for the fabrication of Si NWs. It
is first proposed by Wagner and Ellis in 1964 [10]. It necessitates a metal catalyst and a
vapor source. Furthermore, NW material to be synthesized should form a eutectic phase
within the metal catalyst used. For the synthesis of Si NWs, gold (Au) is used as metal
catalyst and silane (SiH,) or silicon tetrachloride (SiCl,) gases are used as silicon precursors.

A representative sketch for the growth of Si NWs through VLS and Au-Si phase diagram are
provided in Figure 1.2.1. A very thin layer Au is deposited on growth substrate. At a certain
temperature, Au film divides into droplets and reacts with Si feedstock and forms Au-Si
eutectic alloy. Then, Si starts to dissolve in the droplet and after the supersaturation point, Si
nucleates beneath the droplet. From this point, supersaturation and growth of Si NW occurs



simultaneously. The fabricated NW diameter is defined with the size of Au-Si droplet.
Although it allows fabrication of high purity NWSs, the Au cap remains at the top and may
cause some problems for device applications. Additionally, this method requires controlled
atmosphere to prevent oxidation of the NWSs and necessitate the use of hazardous precursors
(i.e. SiH4 and SiCl,) and relatively high temperature (~900 °C). In addition, synthesis of Si
NWs over large areas is trivial due to the system and vacuum limitations.

1.2.1.2 Super Critical-Fluid-Liquid-Solid (SFLS)

This method is similar to the VLS method. However, instead of growing wires in a vacuum
environment, SFLS method uses a solution phase. SFLS necessitates supercritical fluids of
precursors at high temperatures and a metal catalyst like Au. Au nanocrystals define the
diameter and the orientation of the NWSs. They have been isolated from each other with
organic surfactants. Since most of the organic ligands boil at high temperature, pressure is
needed to catalyze the growth. At high temperature and pressures, supercritical fluid starts to
decompose forming the precursor of the intended NW. From this point, supersaturation,
nucleation and the growth of the NW occurs as in the case of VLS method. The schematic of
SFLS method is given in Figure 1.2.2.

SiClg#+2H, — Si+4HCI

\ 1/

Si Whisker 1600

Substrate

Au0 at% Si 100 Si

Figure 1.2.1: Schematic illustration for the synthesis of Si NWs via VLS method and Au-Si
phase diagram [20].

This method has higher yield than VLS, since the solution phase has higher precursor
solubility compared to the vapor phase. Moreover, this method allows the fabrication of
single-crystal, defect free NWs close to the diameters of metal catalyst. The presence of
organic ligands prevents agglomeration of crystals. Hence, control over the diameter of the
NW is higher than the VLS method.



Dissolution into
nanocrystal

Figure 1.2.2: Schematic model explaining the SFLS method. The supercritical fluid first
dissolves into a metal catalyst (nanocrystal), then nucleation and growth of NW occurs [12].

1.2.2 Top-Down Methods For the Fabrication of Si NWs

1.2.2.1 Deep Reactive lon Etching (DRIE)

This method is utilized for the production of high aspect ratio features using anisotropic
etching. It consists of several steps for the fabrication of Si NWs. The first step is defining
the diameter of the NWs with an etching mask. The mask prevents the etching of the
substrate underneath so that the diameter of the Si NWs can be determined. In this manner,
lithographical methods are used. Nanosphere lithography, electron beam lithography and
nanoimprint lithograph are widely used for this purpose. Figure 1.2.3 (a) and (b) shows the
SEM images of the nanospheres deposited onto substrate for defining the etch mask and
produced etch masks following chromium (Cr) deposition, respectively. After creating the
lithographical features, plasma etching takes place. Etching includes two different reactive
chemicals. First one is sulfur hexafluoride/dioxide (SF¢/O,) mixture. SF¢/O, etches substrate
isotropically. However, the second chemical, octafluorocyclobutane (C4Fg), passivate the
sidewalls and prevents lateral etching. These two chemicals are sequentially bombarded onto
the substrate. After hundreds of etching and passivation steps, anisotropic etching occurs
yielding high aspect ratio Si NWSs as shown in the SEM images provided in Figure 1.2.3 (c).

1.2.2.2 Fabrication of Si NWs Through MAE Method

Bottom-up methods usually necessitate complex equipment, high temperatures, vacuum and
hazardous Si precursors, all of which drastically increase the cost of the processes. However,
top-down approaches and especially the MAE method allows cost effective fabrication. It is
first proposed by Peng et al. [17] and widely used since then. It is because it offers a
powerful, simple and solution-based process. It allows the fabrication of Si NW arrays over
large areas without patterning prior to the etching process. By the nature of the process, the
resulting Si NWs inherit the starting wafer characteristics, such as the doping type, density,
conductivity and crystal orientation [6].
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Figure 1.2.3: SEM images showing (a) nanosphere lithoghraphy for the production of an
etching mask, (b) produced etch mask from Cr and (c) morphological variation of fabricated
Si NWs with etching time [21].

In this method, etching of Si occurs in aqueous solution containing Ag ions (Ag*) and
hydrofluoric acid (HF). This method can be summarized into cathodic reduction of Ag ions,
anodic oxidation and dissolution of Si taking place underneath the Ag deposits. The electron
transfer between Si and Ag occurs within energetically favorable crystallographic
orientations yielding to an anisotropic etching.

Ag'+e — Ag(s) (1)
Si(s) + H,O — SiO, + 4H"+ 4¢” )
S|02 + 6HF — HgSlFe + 2H20 (3)

The proposed mechanism for the MAE method is as follows. Through the immersion of Si
wafer into AgNOz/HF solution, Ag ions capture electrons from the valence band of Si and
form Ag nanoparticles. Since heterogeneous nucleation necessitates lower energy compared
to homogeneous counterpart, Ag nanoparticles easily form near the defects of Si. Due to the
different electronegativities, Ag nanoparticle attracts electrons from Si and become
negatively charged. Hence, negatively charged nanoparticles catalyze the further nucleation
of Ag ions. As a result of this, Si underneath Ag is oxidized. As SiO, forms, HF immediately
dissolves and forms etching pits. Hence, Ag nuclei sink toward Si. The schematics



explaining mechanism of MAE are given in Figure 1.2.4. These reactions are spontaneous
and continue unless stopped, forming vertical arrays of Si NWs.

(a)O (b)
R

Silicon Wafer

(c) /,silverdendrides (d)
, = .

Silicon Wafer

(&) o

Silicon Wafer

Cross sectional view Top view

Figure 1.2.4: Schematics for the evolution of vertical arrays of Si NWs in MAE process
from cross-sectional and top views. Ag nanoparticles catalyze etching of the underlying Si.
At the end of the process, vertical arrays of Si NWs were formed [26].



There are some important parameters in this technique. Since oxidation and dissolution are
competitive reactions, solution concentration might be the most important parameter for
obtaining decent NWSs. There are many efforts for the investigation of the optimum solution
concentration and optimum concentration is reported as the mixture of 0.02 M AgNO; and
4.6 M HF [17-19, 22-25]. Figure 1.2.5 shows the cross sectional SEM images of NWs
fabricated at different solution concentrations. As it can be seen from SEM images, vertical
arrays of Si NWs forms when the solution concentration reaches to mixture of 0.02 M
AgNO; and 4.6 M HF [26]. The other important parameters are solution temperature and
etching time. Cross sectional SEM images of Si NWSs fabricated changing solution
temperature and etching time are provided in Figure 1.2.6 and Figure 1.2.7, respectively.
NW length was found to be linearly dependent on both parameters.

Figure 1.2.5: Effect of solution concentration on the evolution of decent Si NWs; a) 0.01 M
AgNO3/4.6 M HF, b) 0.02 M AgNO3/7.0 M HF, c) 0.04 M AgNO3/4.6 M HF and d) 0.02 M
AgNO3/4.6 M HF. Scales are the same and corresponds to 10 um [26].
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Figure 1.2.6: Effect of solution temperature on NW length in MAE process. Etching time
was fixed to 60 minutes and a solution concentration of 0.02 M AgNO,/4.6 M HF was used
[19].
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Figure 1.2.7: Effect of etching time on NW length in MAE process; (a) 20, (b) 60, (c) 100
and (d) 210 minute. Etching temperature was fixed to room temperature and solution
concentration of 0.02 M AgNOs/4.6 M HF was used.
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1.3 EMERGING APPLICATIONS OF Si NWS

Si NWs have been used in a wide range of prototype applications, where they offer new
functional properties for future technology. These applications can be listed as solar cells
[22, 24, 25, 27-33], field effect transistors (FETS) [34, 35], thermoelectric applications [36,
37], lithium batteries [38, 39], light emitting diodes (LEDs) [40] and photodetectors [41-48].
In this chapter, the new insights offered by Si NWs will be covered in detail for FETs and
solar cells.

1.3.1 Field Effect Transistors (FETS)

FETs are the key elements for computer technology. Enhancing their performance is a
challenge for future computers with higher speed and/or capacity. Adapting NW technology
into current FETs might open up new insights for future electronics. In addition,
implementing Si NWs into this technology is easier than other semiconducting materials.
Deposition of a NW onto an insulating substrate, deposition of contacts to the ends of NWs
is the most basic approach for the fabrication of the FETs. This approach allows the creation
of nanoscale building blocks that can simply be integrated into a more complex planar
circuitry. Initial studies of Si NWs on FETs showed low transport and carrier mobilities [49].
However, further studies done by Cui et al. [50] revealed that surface passivation and contact
annealing are the two important parameters for achieving high performance FETs. They have
used an individual p-type Si NW and defined the electrical contacts (Ti/Au) with electron
beam lithography. They found that rapid thermal annealing decrease the contact resistance
by almost 260 times. Moreoever, they have coated the NWs with 4-nitrophenyl
octadecaonate for surface passivation. This chemical allowed a stable and nonpolar Si-O-C
linkage leading to passivation. Figure 1.3.1 (a) shows the schematic of the fabricated device,
SEM image of a single NW between source and drain electrodes. Figure 1.3.1 (b) and (c)
shows the effect of thermal annealing on the contact resistance and effect of surface
passivation on the device characteristics, respectively. Green (red) color designates before
(after) thermal treatment or surface passivation. Thermal annealing decreases the contact
resistance, while surface passivation enhances the transconductance and mobility.
Transconductance and mobility of 2000 nS and 1350 cm®/Vs obtained, respectively. They
have compared the transconductance values with planar Si devices and obtained almost a 10-
fold enhancement. Hence, Si NWs have the potential for exceeding the conventional device
performance limits and could be ideal building blocks for future electronics.

Another interesting study on FETs were performed by Moon et al. [51]. They have
fabricated Si NW thin film composite on the poly (4-vinylphenol) (PVP) layer and obtained
flexible high performance FETs. They have fabricated Si NWs through the MAE method.
The NW solution was drop casted on glass and then polydimethylsiloxane (PDMS) was used
to transfer NWs onto PVP layer. Flexible Si NW based FETs were fabricated by evaporating
aluminum (Al) as back gate and gold (Au) as source and drain electrodes. Flexible devices
upon a bending radius of 2.5 mm was measured and stable values up to 2000 bending cycles
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were obtained. Hence, Si NWs might become building blocks for printable and flexible
electronics. PDMS stamping schematics, SEM image of NWSs in contact with electrodes, a
photograph of bended device and its FET characteristics with different bending radiuses are
given in Figure 1.3.2.
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Figure 1.3.1: (a) Schematic of a single p-Si NW FETs and SEM image of the NW in contact
with electrodes, (b) effect of thermal annealing on the 1-V behavior of the device and contact
resistance and (c) effect of surface passivation of the NWs on the transconductance and
mobility [50].

1.3.2 Heterojunction Solar Cells

Due to the high carbon dioxide (CO,) emission from petroleum based fuels and limited fuel
sources all around the world, green and renewable energy sources have been received
significant attention in the last decade. In this manner, solar energy is one of the best
candidates for the reduction of CO, emission. Among the semiconductor family, Si has been
widely used for the fabrication of solar cells. Methods and industrial scale processes for the
fabrication of Si solar cells were already optimized. However, to decrease the cost of solar
modules in terms of watt per dollars, new approaches are needed. There are too many
different approaches for this purpose. First one is the use of thinner Si wafers in solar cells
[52]. Second one is the use of copper (Cu) top electrode instead of Ag [53]. Cu is cheaper
material as compared to Ag and it may help in decreasing the cost of the solar modules. Last
one is the introduction of new light trapping mechanisms that could eliminate the need for
antireflection coatings (ARCS).
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Vertical arrays of Si NWs have enhanced light trapping abilities. Figure 1.3.3 shows the
reflectivity of Si NWs compared to bare Si wafer. The enhanced absorption on the NW
textured wafer can also be observed by eye (see inset of Figure 1.3.3). Hence, NW textured
solar cells do not necessitate the use of ARCs yielding to a decrease in the production cost of
solar modules.

8i0, (2000m)

Back gate ’ 10 pm

X & 8 8

Figure 1.3.2; Fabrication schematics of Si NWs based thin film composite FETs, SEM
image of NWs in contact with electrodes, photograph of bended device and its FET
characteristics [51].

Through the use of vertical arrays of NWs within solar cells, one can obtain radial junctions
within the complementary materials instead of a planar junction. Working mechanism of
solar cells simply includes the absorption of the incoming photon, generation of
electron/hole pairs, their transport and finally collection by the respective electrodes. Radial
junction decreases the carrier diffusion length, yielding to enhanced collection and thus solar
conversion efficiencies. Figure 1.3.4 (a) shows the schematic structure of planar and radial
junctions. Investigation of radial junction for organic-inorganic heterojunction solar cells has
been done by Ozdemir et al. [25]. The schematic of the fabricated solar cell is also provided
in Figure 1.3.4 (a). Their results are summarized in Figure 1.3.4 (b)-(d). In Figure 1.3.4 (b),
increased quantum efficiencies were obtained for radial junction solar cells. This is, in fact,
related with the enhanced collection due to the decreased diffusion length of minority
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carriers. Furthermore, a similar increase in the current density was obtained, which is also
related with the enhanced collection of charge carriers as shown in Figure 1.3.4 (c).
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Figure 1.3.3: Reflectivity of bare Si and Si NWSs, showing the excellent light trapping ability
of NW textured surfaces [25].

The current-voltage characteristics of solar cells with different NW lengths are provided in
Figure 1.3.4 (d). There was almost a 9-fold increase in the efficiency for the shortest NWs
compared to planar wafer. However, this enhancement got lost through the increase in NW
length. This was correlated to the carrier entrapment at the surface of the NWs. The MAE
process was used for the fabrication of vertical arrays of NWs. Etching nature of the MAE
process somehow yields rough surface features for the NWs. The rough surface acts as
trapping centers for the charge carriers, enhancing recombination, leading a decrease in the
solar conversion efficiency for increased NW length. Similar behavior was obtained in a
study by Kulakci et al. [24]. In that particular work, industrial size multicrystalline
homojunction solar cells were fabricated with Si NWs and their optoelectronic properties
were compared to that of conventional ARC textured Si solar cells. Photographs of the
fabricated solar cells are given in Figure 1.3.5 (a). Figure 1.3.5 (b)-(d) shows the effect of
NW length on photovoltaic conversion efficiency, external quantum efficiency and current
density-voltage characteristics of the devices, respectively. Competitive efficiency values for
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the shortest NWs were obtained. Longer NWSs were found to deteriorate the efficiency of the
solar cells. Although, NWs offered superior properties compared to planar solar cells,
surface passivation was recommended as a future work for the stabilization of the cell
performances.
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Figure 1.3.4: (a) A representative schematic of the fabricated heterojunction solar cells and

sketches of radial and planar junction, comparison of radial and planar junction solar cells in

terms of (b) external quantum efficiency and (c) current density-voltage characteristics and
(d) photovoltaic conversion efficiencies with different NW lengths [25].
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CHAPTER 2

SILICON NANOWIRE NETWORK METAL-SEMICONDUCTOR-METAL
(MSM) PHOTODETECTORS

2.1 INTRODUCTION

The use of Si NWs in photodetection is an emerging field since these nanostructures offer
numerous opportunities for photodetector technology. NWs offer thin active regions, which
would be interesting for photodetector technology due to following reasons. First, thinner
active regions shorten the carrier transit time. Decreased carrier transit time would result in
faster detector response although it decreases absorption and quantum efficiency. Second,
thin layers allow the fabrication of miniaturized devices with greater structural compatibility
for device integration. This would lead to devices with energy optimized conditions. Last,
thin layer devices may offer flexible applications, which is clearly the future trend. Three is a
great interest in flexible technology and Samsung® already announced a flexible mobile
phone named YOUM, using an organic light emitting diode screen (OLED). Hence,
application of flexible Si based electronics would be necessary to catch up with the future
trends in electronics technology.

2.1.1 NW Configurations used in Photodetection

Integrating NWs for active photon absorbing elements within the photodetectors is essential.
The main idea of integration is to place an individual or large number of NWs mechanically.
There are two main approaches for the integration that are, direct growth of NWs between
two electrodes and transfer printing of the fabricated NWs from mother substrate to a device
substrate. The latter approach is also called as pick and place method.

2.1.1.1 Direct Growth

Figure 2.1.1 shows the schematics of different approaches for direct growth method for the
integration of NWs into photodetectors. A single NW can be grown between two electrodes
as shown in Figure 2.1.1 (a). Figure 2.1.1 (a-d) shows schematics of multiple nanowires
between two electrodes as; (b) ordered, (c) random in plane and (d) random with out of
plane. Another approach is to grow nanowires vertically as ordered or random as shown in
Figure 2.1.1 (d) and (f), respectively. This approach necessitates deposition of an insulating
dielectric layer prior to top electrode formation.
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(a) (b)

Figure 2.1.1: Schematics of different integration routes using direct growth of; (a) single,
(b) multiple ordered, (c) multiple random in plane, (d) multiple random out of plane, (e)
vertical ordered and (f) vertical random NWs [54].

2.1.1.2 Transfer Printing or Pick and Place

For transfer printing or pick and place method, prior to transfer of NWs to device substrate,
NWs were grown on the mother substrate. Following growth, either by dry or wet methods,
NWs were transferred to the device substrates. Different designs within these approaches are
schematically provided in Figure 2.1.2. Figure 2.1.2 (a) show schematic of NWs that were
grown ordered as a 2D film and transferred to substrate while preserving their alignment. In
(b), vertical arrays of NWs were fabricated randomly and transferred onto substrate without
any alignment. In Figure 2.1.2 (c) and (d), following the fabrication of vertical arrays of
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ordered NWs, they are transferred onto substrates either as 2D film or as 3D arrays,
respectively.

Contact Formation Contact Formation

Figure 2.1.2: Schematics of different NW integration routes for transfer printing or pick and
place; (a) ordered 2D to 2D, (b) random 3D to 2D, (c) ordered 3D to 2D and (d) ordered 3D
to 3D [54].

2.1.2 Major Photodetector types for Si NWs
2.1.2.1 Photodiodes

Nanowires offer a variety of new architectures for photodiode applications. A photodiode
can be built with creating a p-n junction. The built in electric field between junctions
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separates the photogenerated carriers resulting in a net current upon illumination.
Homojunction photodiodes are created with the same material; but, different doping types to
create p-n junctions. Heterojunction photodiodes, on the other hand, are the combination of
two different materials making p-n junctions.

(a) =g (b)
- Jaa :

R —

Figure 2.1.3: Schematics of (a) axial junction and (b) core-shell radial junction photodiode
architectures [55].

2.1.2.2 Metal-Semiconductor-Metal (MSM) Photodetectors

Typical MSM photodetectors simply produce electrical signals (i.e. current) through the
absorption of photons. Photoabsorption results in the generation of excited photoelectrons
and holes that are drifted under the electric field applied externally between the two metal
contacts. This kind of photodetectors are quite attractive due to their fast response and low
noise performance [56]. Moreoever, they store a few minority carriers, which make them
suitable for fast switching devices. Up to date, planar MSM photodetectors with Si NWs
were formed through the deposition of metallic contacts on both ends of a single NW or
arrays of NWs. Schematic structure of these array devices are provided in Figure 2.1.4.
These structures suffer from low-photoinduced current [57]. Moreover, the electrical
contacts in these devices consist of metallic thin films deposited by vacuum based methods
that increase the cost of fabrication and deteriorate the device properties due to the
shadowing effect. Some studies have recently been carried out in order to find alternatives to
metallic contacts, such as transparent and conducting indium tin oxide (ITO) [41]. However,
vacuum deposition necessity, limited indium sources and limited flexibility are a few
inherent problems of ITO yet to be solved.

2.1.3  Si NW Architectures Used In Photodetector Applications

The use of Si NWs in photodetectors has already been demonstrated in two different forms.
The first one utilizes vertical arrays of Si NWs as the active layer of the devices, as shown in
Figure 2.1.5 [41, 46, 57]. Figure 2.1.5 (a) shows a metal-insulator-semiconductor (MIS)
photodetector fabricated with vertical Si NW arrays [41]. Surface oxide of the NWs served
as the insulator layer and ITO were used as metal in the MIS architecture. Although this
morphology gives enhanced light harvesting and high quantum efficiencies, the rigidity of
the structure prevents flexible applications.

22



Light

Metal
Contact

NW arrays

/

Z
V4
L

Substrate

(V)
Y

Figure 2.1.4: Schematic structure of an MSM photodetector. Bias is applied through metal
contacts where in between photoactive region (NWs) is located.
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Figure 2.1.5: SEM image of vertical arrays of Si NWs used in (a) MIS photodetector [41]
and (b) MSM photodetector. Scale bar corresponds to 500 nm [58].

In the second form, planar single/multiple Si NW(s) has been used as the active layer of the
devices as shown in Figure 2.1.6. These structures are totally compatible with the integrated
optoelectronic systems [58, 59]. They were fabricated through lithographical processes.
Flexible photodetectors with Si NWSs have been fabricated in this architecture by Oh et al.
[59]; however, lithographical methods increased the cost of the process for large scale
production. Moreoever, the use of thin metallic layers limited the inherent flexibility of the
devices.

While vertical arrays of Si NWs suffer from the rigidity of the structure, lithography usage of
planar Si NW photodetectors increase the cost of the devices [59]. Fabrication of low-cost
and flexible Si NW photodetectors is somehow limited and definitely necessitates novel
approaches. Moreoever, the new approaches have to decrease the cost of the process and
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allow fabrication of flexible devices. These approaches for the case of planar NW networks
would be combined with transparent conducting contacts (TCCs) decreasing the cost and
allowing flexibility. Among the alternative transparent and conducting contacts, random
networks of silver (Ag) NWs could be a promising candidate. These transparent NW
electrodes show no shadowing effect as in the case of thin metallic films on devices and
offer true flexibility [60-62].

.

Figure 2.1.6: SEM images of planar Si NW arrays in photodetector applications [58, 59].

This chapter reports on the fabrication and characterization of the solution processed Si NW
network based MSM photodetectors. Although buckling of Si NWs on elastomeric substrates
have been studied [63, 64] and Si NW network based devices have been shown for FET
applications [51, 65], these structures had not been studied for flexible photodetection. In
order to realize, vertical arrays of Si NWs have been fabricated through simple and low cost
MAE method and then transferred onto device substrates in the form of random networks.
Ag NWs, on the other hand, were synthesized via the polyol route [66] and spray coated onto
device substrates, such as glass and PET. Ag NW networks acted as the electrodes. The
channel (gap) within the Ag NW networks was formed via mechanical means. Fabricated
MSM photodetectors showed fast response and fully reversible switching behavior. The
same structure was obtained on flexible substrates and devices preserved their optoelectrical
characteristics upon bending.

2.2 EXPERIMENTAL DETAILS

2.2.1 Fabrication of Nanowires

All chemicals were purchased from Sigma® Aldrich and used without further purification.
For the Si NW fabrication, the MAE method, as reported in the introduction part of this
thesis and elsewhere, was followed [19]. The cleaning process was applied to Si wafers (400
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um thick, <100> orientation, p-type, resistivity 5-10 Q.cm) prior to etching. Si wafers were
cleaned with consecutive sonication in acetone (99.8%), isopropanol (99.8%), and deionized
(DI) water baths for 15 min. To remove metal and organic residues from the wafer, boiling
piranha solution was prepared by mixing sulfuric acid (H,SO,4 95-97%) and hydrogen
peroxide (H,O,, 35%) by a volume ratio of 3:1 and the samples were immersed into this
solution for 1 hour. The samples were dipped into diluted hydrofluoric acid (HF) (38—40%)
solution for the removal of native oxide. A MAE solution was prepared by mixing HF (38-
40%) and AgNO3 (99.5%) at a molar ratio of 4.6 M:0.02 M.

All the etching procedures have been carried out at room temperature with an etching rate of
20 um/hour. Following the achievement of the desired NW length, etching was finalized by
rinsing samples with DI water. Ag dendrites, which were formed as by-products of MAE,
were removed through a nitric acid (DI water 1:3 HNOs by vol. ratio) rinse.

Ag NWs were synthesized using the polyol method as reported elsewhere [66]. In a typical
experiment, 0.45 M of poly(vinylpyrrolidone) (PVP) (MW = 55,000) and 7 mg of sodium
chloride (NaCl) (99.5%) were dissolved in 10 mL ethylene glycol (EG) and heated up 170°C
in a silicon oil bath. In the meantime, a 0.12 M AgNO; (99.5%) solution in 5 mL of EG was
prepared and added drop-wise into the PVP solution by a syringe pump at a rate of 5 mL/h.
The solution was stirred at a rate of 1,000 rpm by a magnetic stirrer throughout the whole
process. Following their synthesis, Ag NWs were purified via multiple centrifuging
processes (dispersion in acetone and ethanol, 8,000 rpm for 20 min) and then re-dispersed in
ethanol. Purified Ag NWs were coated onto glass and PET substrates through spray coating.
Following deposition, Ag NW networks were annealed at 200°C for 20 min in order to
remove residual PVP and thus decrease the resistance of NWs at junction points.

2.2.2 Fabrication of Photodetectors

For the fabrication of devices, Ag NW networks with a transmittance and sheet resistance of
83% (at 550 nm) and 15 Q/sq, respectively, was used as electrodes. A 40 um gap within the
Ag NW network formed by mechanical means (i.e razor blade) served as the channel in
photodetectors. Si NW networks were then transferred onto the Ag NW network.

To fabricate Si NW network photodetectors, the native oxide of the Si NWs were removed
by a diluted HF (38-40%) rinse (volume ratio 1:20). Afterwards, Si NWs were dispersed in
DI water through sonication. Si NW networks were then fabricated through simple vacuum
filtration and stamping process. NW density in the network was controlled during vacuum
filtration, where a desired amount of solution was filtered. NW density of the networks was
determined via ImageJ® analysis software using the SEM images.
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2.3 CHARACTERIZATION METHODS

2.3.1 Scanning Electron Microscopy

Si NWs and the devices were characterized through a scanning electron microscope (SEM)
using FEI® Nova Nano SEM 430 microscope operated at 10 kV.

2.3.2 Electrical Characterization

Current-voltage (I-V) characteristics of the photodetectors were obtained using a Keithley
2400 sourcemeter. AM 1.5G solar simulator was used as a light source. Light ON-OFF
measurements were conducted at a bias of 5 V. The rise and fall time of the photodetectors
(1.87 NW/um?) were measured with an Agilent® brand oscilloscope (10 MQ oscilloscope
probe) using a 1.3 mW Xenon light source (Cermax® Xe fiber optic light source) around a 3
mm diameter circle illuminated area and chopped (NewFocus® 3501) at 200 Hz under 2.5 V
bias. The spectral photoresponsivity of the photodetector with a 10 V bias (1.87 NW/um?)
was measured using 100 W QTH lamp (Oriel® instruments), Cornerstone 260 1/4m
monochramotor (Oriel® instruments 74100), and Keithley 2440 source meter. The light
power was measured using a single channel powermeter (Newport® 1936-c).

2.3.3 Optical Characterization

Transmittance measurements were made through the same Xe light source as in the case of
electrical characterization and a spectrometer (Ocean Optics®). All of the measurements
were conducted at atmospheric conditions and room temperature.

24 RESULTS

2.4.1 Fabrication of Si NWs and Vacuum Filtration Technique

Photograph on the left and right hand side of Figure 2.4.1 (a) shows Si wafer with vertically
aligned NW arrays formed by the MAE process and Si NWSs dispersed in DI water following
sonication. As shown by the SEM image, the length of Si NWs used in this work was
approximately 40 um. In order to control the density of the Si NWs in the solution, 1 cm?
area of Si NW containing Si wafer was immersed in a 20 mL of DI Water (18.3 MQ-cm)
following oxide removal. Only a few seconds of sonication was enough for the rupture of Si
NWs from their roots and their consequent dispersion. Further sonication was avoided to
prevent NW damage. Si NW dispersion was achieved as evidenced by the brownish color of
the solution. The solution was kept at room temperature for a few hours for the precipitation
of large NW bundles. Then, the Si NW solution with a known volume was vacuum filtered
and a network was formed on a mixed cellulose ester (MCE) membrane as shown in Figure
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2.4.1 (b). Following vacuum filtration, Si NW networks were transferred onto substrates
through simple stamping processes. A photograph of a semi-transparent Si NW network
deposited onto glass substrate is shown in Figure 2.4.1 (b).

(a)

Sonication

Vacuum / Stamping
Filtration

Figure 2.4.1. (2) A photograph of Si wafer with Si NW arrays, SEM image of vertically
aligned Si NWs and Si NWs dispersed in water. (b) Photographs of the vacuum filtration
setup, Si NW networks on filtration membrane and on glass.

2.4.2  Density Dalculation of NWs and Transmittance result

The NW density was calculated via the Image J® analysis software using the SEM images
shown in Figure 2.4.2 (a)-(c). NW density was determined to be 0.87, 1.87 and 3.44
NW/umz for the filtered solution volumes of 2.5, 5 and 10 mL, respectively. Variation of the
transmittance of Si NW networks with different NW densities are provided in Figure 2.4.2
(d). For comparison, the transmittance spectrum of the Ag NW network was also provided in
the same figure. As expected, the transmittance of the NW networks decrease with
increasing NW density. Transmittance of the network with a density of 0.87 NW / um® was
found to be 40%, whereas that for a density 3.44 NWs / um’ was 5% at 550 nm. The Ag NW
network has almost 80 % transmittance at the same wavelength.

Inset of the Figure 2.4.3 (a) shows an SEM image of the channel (gap) which was free from
Ag NWs following mechanical scratching. SEM image of the MSM structure is given in
Figure 2.4.3 (a). MSM structure was obtained through vacuum filtering and stamping of Si
NWs onto the channel formed within Ag NW networks. A schematic of the devices
fabricated and investigated in this work is provided in Figure 2.4.3 (b). Following the
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deposition of the NWs and creating the MSM structure, Ag contact pads were formed by
colloidal Ag paste for electrical measurements. A photograph of the finalized device is
provided in Figure 2.4.3 (c).

0.87 NW/um? 1.87 NW/um?

3.44NW/um? §

80+
344 NWI?

1.89 NW/um®*

60} ——0.89 NW/um?
y/
40 ——

% Transmittance

0 1 1 1 1
400 600 800 1000
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Figure 2.4.2: SEM images of Si NW networks with different densities of (a) 0.87, (b) 1.87
and (c) 3.44 NWs / um®. (d) Transmittance spectrum of the NW networks with different NW
densities. Transmittance of Ag NW network was provided for comparison.

2.4.3 Device Characterization

Figure 2.4.4 (a) shows the photoresponsivities of the Si NW network photodetectors within
the wavelength range of 400 to 1000 nm under a 10 V bias. The photoresponse of the
devices decreased with increasing wavelength. There is almost no response at 1000 nm since
the band gap of Si is around 1100 nm.
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Si NW Network

Figure 2.4.3: (a) SEM image of the MSM structure. Inset shows that the channel gap was
free from Ag NW prior to Si NWs transfer. (b) Representative device architecture and (c)
photograph of the final device and scale bar corresponds to 2.5 cm.

The decrease in the responsivity could be attributed to lower photon energies and decreased
absorption at longer wavelengths (see Figure 2.4.2 (d)). I-V measurements showed that
fabricated MSM photodetectors had a small Schottky barrier at low voltages due to
semiconductor NW-NW junctions in the network devices, as shown in Figure 2.4.4 (b).

From the light ON/OFF measurements, photodetectors were found to exhibit fully reversible
switching behavior, as shown in Figure 2.4.4 (c). We also see that both the dark and
photocurrent of the devices increase with NW density. The increase in the dark current was a
result of the creation of alternative conduction paths within the random Si NW network. The
enhancement in the photocurrent, on the other hand, is due to enhanced carrier generation
from the increased number of NWs in the active layer of the device.

The rise and fall time (dynamic response) of the devices, as shown in Figure 2.4.4 (d), were
measured under a 5 V bias. The rise time of the device was determined by measuring the
time necessary for the current to increase from 10% to 90% of its saturation value, whereas
the fall time was defined as the time necessary for the current to decrease from 90% to 10%
of its saturation value. The rise time was found to be 0.43 milliseconds, while the fall time
was 0.58 milliseconds. The fall time was relatively high compared to the rise time, which
could be related to the deep trap levels created by the defects on the NW surface. The surface
passivation of the NWs could be utilized as a solution to improve the photoresponsivity and
dynamic response of the devices. A comparison can be made with Si photodiodes fabricated
by Li et al. [67] using high quality float zone Si substrates. The typical rise and fall times of
0.55 and 0.3 milliseconds were obtained in this device, respectively. This signifies that our
devices exhibit competitive dynamic response values compared to that of the typical Si
photodiodes. On the other hand, photodetectors utilizing Si NW arrays with a vertical
structure showed higher responsivity with a faster dynamic response [41, 57]. These superior
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characteristics were due to better light trapping, higher carrier generation and collection
efficiencies owing to the vertical NW structure. Moreover, the collection efficiency was
enhanced in these vertical structures due to the reduced carrier entrapment at the NW-NW
junctions. Since the NW arrays were not detached from the substrate, collection efficiencies
were also considerably high. Compared to this vertically aligned system, the NW network
photodetectors studied in this work exhibit slightly lower responsivity and slower temporal
response. Light trapping is less pronounced for planar NW network devices (as evident from
the color of the samples) and therefore, results in poor light absorption and less carrier

generation.
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Figure 2.4.4: (a) Photoresponsivities with different NW densities under a 10 V bias. (b) I-V
characteristics of the device (1.87 NWs/um®). Inset is the logarithmic plot. (c) Light ON-
OFF measurements with different NW densities under 5 V bias and (d) dynamic response

behavior (1.87 NWs/um?) under a 5 V bias.

In addition, the trapping of photogenerated carriers at the adjacent NW-NW junctions
deteriorated the charge collection efficiency of the fabricated photodetectors. However, NW
networks offer easy and cost-effective fabrication, partial transparency and flexibility. The
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combination of these properties within a photodetector structure could only be realized
through the use of planar NW networks. Further optimization studies primarily including
surface passivation would improve the device performance.

2.4.4  Flexible MSM Photodetector

In order to test the flexibility of the MSM photodetectors, the devices (1.87 NW/um®)
fabricated on PET substrates underwent a bending test while measuring their optoelectronic
properties. The photoconductor performance was recorded as a function of number of
bending cycles for a fixed bending curvature of 1 cm. Figure 2.4.5 (a) shows the light
ON/OFF measurements upon bending. The reproducible ON/OFF characteristics were
obtained with at least an order of magnitude lower current compared to devices on glass
substrates. The I-V characteristics of the device both in the dark and illuminated case are
shown in Figure 2.4.5 (b), showing similar behavior as in the case of devices fabricated on
glass substrates. The dark and photocurrent of a device measured as a function of bending
cycles up to a maximum of 500 are shown in Figure 2.4.5 (c). Bending resulted in a decrease
of both the light and dark current of the device during the first 200 cycles; however, further
increase in the bending cycles did not lead to any change in the current. The decrease in the
dark and photocurrent could be due to the loss of mechanical contacts between Si NW
junctions and also Ag and Si NWSs. After 200 cycles, bending did not lead to any further loss
in contacts and therefore, a stable value was achieved. Photograph of the bent device is given
in Figure 2.4.5 (d).
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Figure 2.4.5: (a) Light ON-OFF measurements under 5 V bias showing that the device is
operational upon bending. (b) I-V characteristics of the bent device. (c) Dark/light currents
under a bias of 5 V showing stability of the devices in the investigated range. (d) Photograph
of a flexible device at a bending radius of 1 cm. A NW density of 1.87 NW/um? was used for
flexible devices.
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CHAPTER 3

SILVER NANOPARTICLE DECORATED SILICON NANOWIRES FOR
LOCALIZED SURFACE PLASMON RESONANCES

3.1 INTRODUCTION

3.1.1 Light and Metal Nanoparticle Interactions

Plasmons through the use of metallic nanoparticles have been investigated for various
applications including molecular sensing [68, 69], photonics [70, 71] and solar cells [72, 73].
Incident electromagnetic wave can interact with metallic nanoparticles in two different ways.
These are far-field effect and near-field effect, as shown in Figure 3.1.1 (a) and (b),
respectively. In the former, nanoparticles might act as scattering elements for the incident
light. Light is coupled into the medium underneath the nanoparticles leading to the trapping
of the light into the medium. For optical applications, light trapping improves absorption in
devices. This far-field effect of plasmonic particles gained special interest especially for thin
film devices.

PRI

Figure 3.1.1: Light-metal nanoparticle interaction, (a) scattering of light by far-field effect
and (b) enhancement of electromagnetic field close to the metal nanoparticle by near-field
effect [74].

Second, the excitations and enhancements in the electromagnetic field in the vicinity of the
metal nanoparticle may occur, as shown in Figure 3.1.1 (b). In this case, metallic
nanoparticles act as subwavelength antennas. These antennas couple the incident
electromagnetic field creating near-field effect around of the metal nanoparticles. Moreover,
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for the case of solar cells, these coupled fields enhance the generation of charge carriers
leading to improvements in solar conversion efficiency.

Figure 3.1.2 shows the polarization of free electrons in metal nanoparticles by the
interactions with the incident electromagnetic wave. This gives resonance and denoted as
localized surface plasmon resonance (LSPR).

electron cloud

Figure 3.1.2: Schematics showing the relative motion of free electrons with the incident
electromagnetic field in the resonance condition [68].

Application of the near field effect is often impractical for solar cells. It necessitates metal
nanoparticles right at the depletion layer of the p-n junction, which is quite impractical.
Otherwise, the generated carriers via near field effect would recombine before reaching to p-
and n-side. On the other hand, studying far-field effect is easier compared to near-field
effect; since the fabrications of these structures are more reasonable. Hence, this thesis
focuses on the far-field effect and LSPR mode.

3.1.2 Localized Surface Plasmon Resonances

For a spherical metal, if the incident wavelength is much bigger than the size of the particle,
dipolar mode dominates the LSPR mode with polarizability («) given by [75];

a =3gV(EE>) 1)

Emt28g

, Where V is the particle volume, &, is the vacuum permittivity, &, is the frequency
dependent dielectric function of the metal and ¢ is the dielectric constant of the medium.
The overall scattering efficiency, Q,.,, from the particle is the ratio of the scattering cross
section, C,.,, to total extinction and can be expressed by;

Qsca = Csca/(Csca + Caps) 2
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, Where the scattering efficiency, Cs.4, can be given as [76];

1 2w
Gy

Csca = )*lal? @).
Near the surface plasmon resonance (g, = —2&; ), light interacts with the particles at a
specific wavelength leading to a strong scattering.

Scattering can be manipulated through changing the polarization parameters given in
equation (1). In brief, changing the material type (&,,), surrounding medium (e;), particle
size (V) and shape would change the scattering efficiency (C,s.,). Moreoever, the physical
distance between metal and the medium is also an important parameter for tuning the LSPR
wavelength [77, 78].

Scattering is widely used for light trapping in thin film and organic solar cells and
particularly in Raman spectroscopy [79-81]. Among plasmonic materials, Au, Ag and Cu are
widely used ones since their resonance corresponds to visible frequencies [75]. Ag is one of
the most effective metallic nanoparticles used to obtain LSPR mode. It has higher scattering
efficiency and lower absorption cross section compared to other metallic plasmonic particles.
Furthermore, the scattering/absorption cross sections can be tuned by the particle size. It has
been reported that, when the diameter of the Ag nanoparticle exceeds 70 nm, scattering
process starts to dominate over absorption [82].

Another nanoscale material system is composed of Si nanowires with new optical and
electrical functionalities. Many device systems have been demonstrated with Si nanowires
that can be synthesized by various methods. Among these, MAE method stands out as being
probably the easiest, solution based route for the fabrication of vertical Si nanowire arrays
with desired length and doping characteristics [17, 19]. Successful application of this
technique to crystalline Si solar cells with industrial size has been recently demonstrated
[24]. There are two alternative pathways in the MAE process; in one-step etching, an
aqueous solution of Ag ions together with hydrofluoric acid is used, while in the two-step
etching that is an earlier version of this method, a second solution step that contains
hydrogen peroxide is utilized. This solution catalyzes the etching of Si underneath the Ag
particles.

This chapter reports on the investigation of the scattering behavior of Ag nanoparticle
decorated Si NWs. Vertical arrays of Si NWs were fabricated with one-step and two-step
MAE method. Si NWs were decorated with Ag nanoparticles via thermal evaporation and
subsequent annealing processes. The scattering behavior of the Ag nanoparticle decorated Si
NWs were investigated through reflectance measurements.
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3.2 EXPERIMENTAL DETAILS

3.2.1 Fabrication of Nanowires

For the Si NW fabrication steps, similar to the ones reported in the previous chapter was
followed. For one-step etching, MAE solution was prepared by mixing HF (38-40%) and
AgNO; (99.5%) at a molar ratio of 4.6 M:0.02 M. For two step etching, seed solution was
prepared by mixing HF (38-40%) and AgNO; (99.5%) at a molar ratio of 5 M:0.005 M
AgNOs. The samples were then immersed into the seed solution for 1 minute to allow Ag
nanoparticle nucleation on the substrate surface. Then, the samples were removed from
solution, rinsed, gently dried with N gas and placed into second solution prepared by mixing
5 M HF and 0.5 M H,0,. All etching procedures have been carried out at room temperature.
After the achievement of the desired NW length, etching was stopped by rinsing samples
with DI water. Ag dendrites, which were formed as by-products of MAE, were removed
through a nitric acid (DI water 1:3 HNO; by vol. ratio) rinse.

3.2.2  Silver Nanoparticle Decoration

Ag nanoparticle decoration was achieved through thermal evaporation. Ag evaporation was
started at a base pressure of 10 torr and achieved at a rate of 0.8 A/seconds. Samples were
then annealed at 600 °C for one hour in a vacuum furnace under argon atmosphere. Although
evaporation of Ag onto Si NWs directly results in the formation of Ag nanoparticles on NW
surfaces, annealing was found to be necessary to obtain more discrete and spherical particles
through Ostwald ripening.

3.3 CHARACTERIZATION METHODS

3.3.1 Scanning Electron Microscopy (SEM)

Si NW samples were characterized through a scanning electron microscope (SEM) using
FEI® Nova Nano SEM 430 microscope operated at 10 kV.

3.3.2 Transmission Electron Microscopy (TEM)

Surface morphologies of the fabricated Si NWSs were investigated through a high resolution
transmission electron microscope (HRTEM JEOL® TEM 2100 F microscope operated at 200
kV). For the preparation of TEM samples, ethanolic solution of NWSs were drop casted onto
lacey carbon coated Cu grids and allowed to dry in air.
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3.3.3 Reflectance Measurements

Reflectance measurements were conducted using a 8-inch integrating sphere (Oriel® Model
no. 70679NS), halogen light source (100 W), a monochromator (Oriel® Model no: 74100)
and a UV enhanced Si photodiode detector (Oriel® Model no: 70356).

3.3.4 Fourier Transformed Infrared Spectroscopy (FTIR)

Surface chemistry of the fabricated NWSs were investigated through Fourier transform
infrared spectroscopy (FTIR) conducted in transmission mode through Bruker® Equinox 55
IR Spectrometer in the mid-infrared range (700 — 1300 cm™).

3.3.5 Photoluminescence Spectra (PL)

Photoluminescence (PL) measurements of two-step etched NWs were conducted at room
temperature using a 523 nm continuous Nd-Yag laser as an excitation source and response
was detected via CCD camera mounted on a monochromator (Oriel® Model no:77700).

3.4 RESULTS

3.4.1 Morphological, Chemical and Optical Properties of NWs

Morphological differences between the one-step and two-step etched NWs were firstly
evaluated through TEM. TEM images of one-step and two-step etched NWs are provided in
Figure 3.4.1 (a) and (b), respectively. Diameters of both NWs were around 70 nm. One-step
etched NW surface was found to be relatively smooth compared to the two step etched
counterpart (see Figure 3.4.1(b)). From this point, smooth surface for one-step etched NWs
and rough surface for two-step etched NWs will be used interchangeably. The oxidizing
agent (H,0,) in two-step etching clearly deteriorated the surface of the NWs and changed the
surface topology. This alteration can be assumed as the main reason for apparent discrepancy
between two different etching routes.

Figure 3.4.1 (c) shows the FTIR absorption spectrum of the NWs in the range of 700-1300
cm™. Peak centered at 812 cm™ is related with stretching of O-Si-O bonds showing the
bisector of Si atom in between two oxygen atoms [83]. Oxidized hydride deformation mode
is located at 880 cm™ [84]. This deformation related peak does not exist for one-step etched
sample, hence oxidized hydride deformation might be correlated with the presence of H,0,
in the etching solution. Transverse optic (TO) mode of Si-O-Si vibration occurs at 1080 cm™,
while longitudinal optic (LO) Si-O-Si stretching mode is a shoulder peak located at 1200 cm’
! [85]. This broad vibration mode from 950 to 1250 cm™ can be correlated to interstitial site
occupancy of oxygen atoms in the Si network. This interstitials create vacancies and point

defects in the Si matrix and also between Si-O interfaces causing strong absorption at higher
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frequencies [86, 87]. Comparing FTIR spectrum of both samples, a clear difference for
absorption at high frequencies is apparent. Moreoever, this can be further investigated by PL
measurements. Figure 3.4.1 (d) shows the PL spectrum of the two-step etched sample. It is a
well-known fact that bulk form of Si does not create any light emission due to its indirect
band gap (E4~ 1.1 eV). One-step etched Si NWs does not give any PL signal either; unless
radius of the nanowires are smaller than the Bohr’s radius.
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Figure 3.4.1: TEM images of (a) one-step and (b) two-step etched Si NW showing surface
morphologies. (c) FTIR spectrum of one-step and two-step etched Si NWs. (d) PL spectrum
from two-step etched NWs.

On the other hand, there are numerous studies showing photoluminescence from Si NWs
fabricated with two-step etching [88, 89]. Within the PL spectrum, signal is centered at 697
nm with a full-width-half-maxima (FWHM) value of 140 nm, which is consistent with the
literature [90, 91]. The PL signal is created through radiative recombination on neutral
donor-acceptor species from deep trap levels caused by broken Si-O bonds and oxygen
related additional localized impurity states created via two-step etching process [90-94].
Hence, it can be concluded that two-step etching degenerates the surface of the NWs creating
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oxygen intersitials. Broken bonds and point defects through degeneration enhance infrared
absorption at higher frequencies and creates PL signal.

3.4.2 Localized Surface Plasmon Resonance

3 um long Si NWs were fabricated through both one-step and two-step etching routes as
explained. Ag thin films with the thicknesses of 12, 24 and 36 nm were deposited onto
samples to investigate the LSPR mode and the effect of the particle size. Instead of the Ag
nanoparticle size, evaporated film thicknesses were reported in the results part since the
determination of the nanoparticle size would yield non-accurate results due to the 3D nature
of the samples. However, change in the size and shapes of the nanoparticles were clear
enough for discussions made for LSPR modes.

Figure 3.4.2 shows SEM images of Si NWs with evaporated and annealed Ag nanoparticles.
As it appears, discrete and spherical Ag nanoparticles were formed upon annealing.

Figure 3.4.2: Evolution of discrete and spherical Ag nanoparticles upon annealing. Cross-
sectional SEM images of (a) as evaporated and (b) annealed Si NWs. Both scales are the
same.

Top-view SEM images of two-step etched samples with Ag thicknesses of 12 and 24 nm are
provided in Figure 3.4.3 (a) and (b), respectively. Figure 3.4.3 (c) shows the 36 nm thick Ag
decorated two-step etched NWs. Ag nanoparticle size was found to increase with the
thickness of the evaporated thin film as evidenced by Figure 3.4.3 (a)-(c). As the thickness
increases, nanoparticles form elongated ellipses rather than spheres. SEM image of 36 nm
thick Ag deposited one-step etched Si NWs resembles the same structure obtained from two-
step etched counterpart, shown in Figure 3.4.3 (d).

Figure 3.4.4 (a) shows the diffuse reflectance spectrum of the Ag decorated Si NWs
fabricated through one step etching. Reflection from bare NWs was also provided for
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comparison. LSPR peak was observed for the 12 nm Ag deposited sample. Increasing Ag
thickness to 24 and 36 nm produced weak and redshifted LSPR peak. It is a known fact that
LSPR wavelength redshifts with increasing particle size [77]. The LSPR wavelength for the
24 nm Ag deposited sample could not be determined accurately since the mode was very
weak in intensity. However, the LSPR signal, A¢pr 0f 36 nm thick Ag deposited sample was
determined to be at 495 nm. Figure 3.4.4 (b) shows the enhancement factor, which is
calculated using the equation;

— (Rnp_Rref)

r
Rref

(4).
The enhancement factor for 24 nm thick Ag deposited sample was around 0.3 and it was
found to increase to 1 for the 36 nm thick Ag deposited sample. On the contrary, when two-
step etching route was used, LSPR mode was found to enhance almost 30-fold for 24 nm
thick Ag deposited sample, as shown in Figure 3.4.4 (d). Similar to PL case, this
enhancement can be attributed to the presence of oxygen related defect sites created by
H,O,. These defect sites alter the SiO, shell covering crystalline core of the NWs and change
the dielectric constant of the effective medium.

Dielectric constant of the medium, &, changes the polarizability, «, of the particles
according to equation (1). Eventually, scattering cross section, Cs.,, and overall scattering
efficiency, Qs.q, Change with the polarizability of the particle. Enhanced polarizability was
obtained from the change in the dielectric constant of effective medium at the NW surface
caused by defect sites giving an almost 30-fold enhancement in LSPR mode. Higher
dielectric constant of medium and refractive index were known parameters for the increased
scattering efficiency [75, 95]; for instance, enhancement in the LSPR mode was obtained by
Underwood et al. [96] for Au colloids in a high refractive index medium. However, it is the
first time to our knowledge that it is observed for Ag nanoparticle decorated Si NWs. LSPR
mode was obtained even for 12 nm thick Ag deposited sample on the contrary to one-step
etched counterpart. Increase in Ag thickness redshifted the LSPR wavelength from 438 nm
to 477 and to 504 nm for Ag thicknesses of 12, 24 and 36 nm Ag, respectively.

Moreover, increasing the particle size broadened the LSPR peak. The FWHM values, for
instance, for the 12, 24 and 36 nm Ag deposited samples were 75.7, 107.8 and 128 nm,
respectively. This increase can be attributed to a broader distribution of the particle size and
change in the nanoparticle shape from sphere to elongated particles with increasing Ag
thickness. Additionally, the enhancement in the resonance mode was found to increase from
15 to 30, as shown in Figure 3.4.4 (d), with changing Ag thickness from 12 to 24 nm.
However, there was a slight decrease in the LSPR mode enhancement for 36 nm Ag
deposited sample. This could be correlated to the fact that larger particles tend to start
multipole oscillations and reduce the overall scattering efficiency [72]. Hence, for a fixed
NW length there exists an optimum particle size to get overall enhancement for a wavelength
window.
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Figure 3.4.3: Top-view SEM images of Ag nanoparticle decorated two-step etched Si
nanowires with different Ag thicknesses of (a) 12 nm, (b) 24 nm and (c) 36 nm. (d) Top-
view SEM image of Ag nanoparticle decorated one-step etched Si nanowires with Ag
thicknesses of 36 nm. All scales are the same. Inset shows the 3 um long vertical arrays of Si
NWs fabricated with two-step etching. Inset scale corresponds to 5 um.
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Figure 3.4.4: (a) Diffuse reflectance spectrum for 12, 24 and 36 nm Ag deposited samples
that are (a) 3 um long one-step etched Si nanowires and (b) their corresponding spectral
enhancement ratios. (¢) Diffuse reflectance spectrum for 3um long two-step etched Si
nanowires and (d) their corresponding spectral enhancement ratios.

The difference in the LSPR mode between one-step and two-step etched samples was also
clear through visual inspection. Two-step etched sample with an Ag thickness of 12 nm had
a deep blue color as shown in Figure 3.4.5; however, one-step etched counterpart was
grayish and there was no color variation upon the change in deposited Ag thickness. For the
two-step etched samples, on the contrary, redshift of the mode with increasing Ag thickness
could be easily realized. Deep blue color for the 12 nm Ag deposited sample turned greenish
showing a redshift in the resonance mode for 36 nm Ag deposited sample. The same color
variation was obtained on Ag deposited planar Si samples, which confirmed the strong
resonance of our samples [72].

The effect of NW length on the resonance mode was also investigated. 24 nm Ag was
evaporated onto 3, 5 and 10 pm long two-step etched Si NWs. Diffuse reflectance spectra for
the samples are provided in Figure 3.4.6 (a). For 3 um long Si NWs, A¢pg Was found to be at
479 nm and redshifted to 490 nm for 5 um long sample. Furthermore, FWHM value of the 3
um long sample was 109.6 nm and it decreased to 97.7 nm for 5 um and to 80.8 nm for 10
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um long NWs. The FWHM decreases since the size distribution of the nanoparticles
becomes more uniform. This could be correlated to the increased surface area for the
deposition of Ag nanoparticles and reduction in the particle-particle interactions.
Enhancement factors of the samples are provided in Figure 3.4.6 (b). The enhancement
factor increased from 30 to almost 50-fold by changing NW length from 3 um to 5 pm.
Further increase in the NW length to 10 pm diminished the resonance mode since particle-
particle interactions become weaker. This suggests that in addition to optimum Ag thickness,
NW length also plays an important role in obtaining overall scattering efficiency for three
dimensional structures.

Bare NW 12 nm Ag 24 nm Ag 36 nm Ag

Bare wafer V;&Q

’1\
S,
lo %

Figure 3.4.5: Photographs of one-step (below) and two-step (above) etched Si NWs with
different Ag thicknesses.
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Figure 3.4.6: (a) Diffuse reflectance spectra for 24 nm thick Ag deposited 3, 5 and 10 pm
long Si NWs. Dashed lines indicate the bare NW. (b) Corresponding spectral enhancement
ratios.
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CHAPTER 4

CONCLUSIONS AND FUTURE RECOMMENDATIONS

4.1 CONCLUSIONS

This thesis is mainly composed of two parts. First part includes the use of Si NWs for
photodetectors and the second part includes the use of Si NWs for plasmonics. Si NWs were
fabricated through MAE method, which is simple, low cost and solution based. In the first
part of the thesis, following fabrication, Si NWs were dispersed in DI water through
sonication. Si NW networks were then formed through simple vacuum filtration and
stamping process. NW density in the network was controlled during vacuum filtration, where
a desired amount of solution was filtered. Fabricated photodetectors showed partial
transparency and fully reversible switching behavior (with a switching ratio of ~20). The
dark and photocurrent of the devices increased with NW density. The increase in the dark
current was a result of the creation of alternative conduction paths in the random Si NW
network. The enhancement in the photocurrent, on the other hand, was due to enhanced
carrier generation from the increased number of NWs in the active medium of the device.
Fabricated devices showed fast dynamic response with a rise and fall time of 0.43 and 0.58
milliseconds, respectively. Almost the same device characteristics were obtained for the
devices fabricated on flexible substrates. Moreover, the dark and photocurrent of the flexible
devices were measured as a function of bending cycles up to a maximum of 500. Bending
resulted in a loss of dark and light current for the first 200 cycles. However, further increase
in the number of bending cycles did not lead to any changes in the current. The results
presented provide the basis for the fabrication of cost-effective and flexible photodetectors
using Si NWs in a network form. The Si NW networks offer flexibility to the “Silicon
World” and could certainly be used for the fabrication of other optoelectronic and sensing
devices.

In the second part of the thesis, investigation of the LSPR on Si NWSs has been done. For this
purpose, vertical arrays of Si NWs were fabricated via one-step and two-step MAE method.
NWs fabricated with two-step etching route had rough and degenerated surfaces as revealed
by TEM analyses. FTIR spectrum of the two-step etched sample showed strong absorption
compared to one-step etched counterparts at high frequencies (950-1250 cm™). Strong
absorption was correlated to the defect sites created by oxygen intersitials in Si matrix.
Moreover, these defect sites emitted visible light by band-to-band radiative recombination
confirmed by PL measurements. PL signal was centered at 697 nm consistent with the
literature. Furthermore, LSPR of the NWs was investigated upon Ag nanoparticle
decoration. Two-step etched NWs showed an almost 30-fold enhanced LSPR mode, while
that for one-step etched samples were only 0.3 for an Ag thickness of 24 nm. Enhancement
increases to 50-fold increasing the NW length to 5 pm for two-step etched samples. This
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distinct enhancement was attributed to the increased dielectric constant of the effective
medium around the NWs caused by defect sites. To get an overall enhancement in LSPR
mode, NW length and Ag thickness were found to be important parameters. Enhancement
obtained in the LSPR mode by two-step etched Si NWs, as investigated in the second part of
the thesis, is quite promising for optoelectronic and photonic devices.

4.2 FUTURE RECOMMENDATIONS

In the first part of this thesis, it is proven that Si NWs may become the key element for the
flexible optoelectronic applications. Moreover, alignment of the NWs during transfer may
yield better photodetection properties. Aligned NWs in the devices may allow better
understanding of photodetection physics. As it was discussed, NW-NW junctions trap the
carriers resulting in a decreased photoresponse and low detector speed. Hence, horizontal
alignment may reveal the behavior of the junctions. Combination of alignment with surface
passivation of the NWs may further improve the detector speed and photoresponse. Since the
longer wavelengths require thicker active area for absorption, thicknesses of NWs in the
active area cannot satisfy this requirement. Light trapping may increase the absorption of
light while preserving the device thickness. Since Si does not absorb most of the infrared
light, plasmonic antennas may absorb the light and inject the excited carriers to the NWs.
Hence, plasmonic application of NW PDs might be an exciting field to study.

In the second part of this thesis, it is revealed that vertical arrays of Si NWs fabricated via
two-step etching enhance the far-field effect of plasmonic particles. Moreover, simulations
of the discussed system may confirm the results. Investigation of the near-field effect of
these NWs would be a next step to clarify effect of two-step etching explained in this thesis.
Near-field effect may be studied building a radial junction solar cell, since placement of
plasmonic particles into the depletion region is possible for the NW case, it would be an
exciting research to study plasmonic enhancements for the radial junction solar cells.
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