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Fabrication and characterization of silicon nanowires for pressure
sensing applications

Elham Aghabalaei Fakhri

March 31, 2023
Abstract

Nanostructures made from crystalline silicon, especially in the form of nanowires
(SiNWs), have shown great potential as pressure sensors due to their unique proper-
ties such as high sensitivity, small size, and low power consumption. When a force is
applied to SiNWs, they undergo a mechanical deformation that results in a change in
their electrical resistance. Such an effect has been referred to as the piezoresistance
effect. This change in resistance can be measured and used to determine the amount
of pressure being applied. By integrating these nanowires into a sensor device, it is
possible to create a highly sensitive pressure sensor that can be used in a variety of
applications such as in medical devices, aerospace technology, and robotics. Many
available techniques can be applied to fabricate such SINWs. One of the simplest ones
is the so-called metal-assisted-chemical-etching (MACE) which has gained significant
attention in recent years. This process involves the use of a metal catalyst, such as
silver, to etch silicon in a controlled manner to produce nanowires with high aspect
ratios. The nanowires can be integrated with other materials to create a flexible and
stretchable sensor that can conform to curved surfaces and be used in a variety of
applications. One advantage of using MACE to fabricate silicon nanowires is that it
is a low-cost and scalable process. This makes it possible to produce large quantities
of nanowires at a low cost, which is important for commercial applications.

This thesis describes the fabrication of SiNWs using MACE and applications of
the SiNWs as an accurate and sensitive pressure sensor for an isostatic and uniaxial
load. Its use was further extended to fabricate a novel, small, and compact, breath
sensor that could potentially have an impact on sleep research.

Keywords / Efnisord: Silicon nanowires, pressure sensors, piezoresistance
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Chapter 1

Introduction

Semiconductors made of silicon (Si) are arguably the most important base mate-
rial for electronic devices today and like no other material dramatically changed our
world. Especially, the whole of information, electronics, and communication tech-
nology would have developed completely differently without the availability of sili-
con. Furthermore, nanostructured Si has been shown to possess some unique prop-
erties quite different from its bulk counterpart. Nanostructured Si is a structure made
of silicon with at least one dimension in the nanoscale range. Examples include
nanowires, quantum dots, nanopillars, nanoparticles, and nanotubes. They have
many potential applications in various fields and are considered extremely promising
candidates for future high-performance nanoelectronic and nanophotonic devices
[1]-[6]. Silicon nanostructures as rods or wires (SiNWs) with nanoscale diameters
have been highly investigated in recent decades due to their desired properties and
versatile production methods. For some decades, SiNWs have been highly touted as
promising building blocks in the fields of nanoelectronics, optoelectronics, energy
conversion, energy storage, biochemical and piezoresistive sensors [7]-[13]. SINWs
have been studied on their ability to exhibit high energy peaks of photoluminescence
(PL) spectra at room temperature. Strong visible photoluminescence is suitable for
the fabrication of light-emitting devices. Studies on the PL spectrum of different types
of SINWs related the origin to the quantum confinement (QC) effects and surface de-
fects [14]-[18]. SiNWs have also been shown to exhibit exceptionally large changes
in their electrical resistance upon applied pressure, a property normally referred to as
piezo-resistivity. Piezoresistive sensors are among the simplest, most common, and
most investigated classes of sensors and continuous efforts are focused on creating
further improved devices that can be used in many commercial and non-commercial
applications (e.g. evaluation of strain, pressure, acceleration, force, etc.) [19]-[21].
Many commercially available microelectromechanical systems (MEMS), which suf-
fered from low sensitivity, are now using the second generation of such devices, re-



named nanoelectromechanical systems (NEMS), by using nanostructured materials
instead of bulk material. In this regard, the new generation of NEMS is developing
around using SiNWs instead of bulk silicon. The origin of piezoresistivity has been
argued but most frequently it is attributed to surface states [22]. However, to date,
most experimental and theoretical studies were focused on PZR effect in a single
SiNW and only a few studies exist on PZR effect in arrays of SINWs, as is done here.

This thesis focuses on the fabrication and preparation of arrays of random SiNWs
with metal-assisted catalyzed etching of single crystalline Si-wafers and their char-
acterization through structural, optical, and electrical measurements. The structural
characterizations of the samples, in particular, form the base of the study since it
strongly affects their optical and electrical properties. The variable parameters in the
fabrication process affect the final structure of synthesized SINWs. In the first step,
a comprehensive investigation was carried out to determine the optimal structure.
Afterward, the prepared samples were characterized with different methods such as
X-ray diffraction, scanning electron microscopy (SEM), and energy-Dispersive X-Ray
(EDX) analysis. Depending on the type of electrical measurements, different elec-
trode configurations (either co-planar or top-bottom electrodes) were employed by
using electron-beam evaporation. A detailed description of the fabrication process is
given in Chapter 3.

The second main subject of the thesis is to investigate the piezoresistance effect, of
which a theoretical discussion is given in Chapter 2. As mentioned earlier, a compre-
hensive study on the piezoresistance effect in arrays of randomly distributed SINWs is
still unavailable and scientists who studied this effect were mainly focused on single
SiNWs or periodic arrays under isostatic load. To fill this gap, we employed differ-
ent types of pressure applications on prepared samples and the results are described
in Chapter 3. The results of electrical characterization lead us to a study of the so-
called memristive behavior of SINWs. The theory of memristors is briefly introduced
in Chapter 2.

Finally, the SINWs samples were evaluated as human respiratory (breath) sen-
sors. Chapter 4 is devoted to the respiratory sensor design and tests methods and
discussions about the possible mechanisms behind this phenomenon.



Chapter 2

Theoretical frame of reference

2.1 Semiconductors

Semiconductors are a group of materials having conductivity somewhere between
those of metals and insulators. Semiconductors may be of a compound type, such as
gallium arsenide (GaAs) and indium gallium arsenide (InGaAs), or elemental, such
as silicon (Si) and germanium (Ge). If we consider an individual atom, each of its
electrons has a certain discrete level of energy. As many atoms come together to form
a solid, the energy levels of the electrons merge and form a bundle of energy levels,
so-called energy bands, in which the electrons reside. The highest occupied energy
band at zero temperature (0 K) is called valence-band, and the first unoccupied band
is called conduction-band. These two bands are separated by a certain energy dif-
ference, referred to as bandgap or simply energy-gap. A completely filled band or
completely empty band cannot carry an electric current. At any temperature above
0 K, a certain population of the outermost electrons has sufficient thermal energy
to overcome the bandgap and thus become free to carry a current through the semi-
conductor. For each electron that leaves the valence-band, a positively charged hole
(thus, lack of electron) that also can carry a current, is created in the semiconduc-
tor. For undoped (intrinsic) semiconductors, this population increases exponentially
with temperature. By substituting some atoms of the semiconductor’s crystal lattice
with atoms having either fewer or more valence electrons than the host atom (a pro-
cess called doping), new energy levels are created in the bandgap. Doping atoms
having fewer valence electrons are referred to as acceptors, and those with more are
referred to as donors. If the donor’s population is higher than the acceptor’s pop-
ulation, an excess of loosely bound electrons are created, and the semiconductor is
said to be n-conductive or simple being n-type. Vice versa, if the acceptor’s popu-
lation is higher, the structure lacks electrons, and positively charged holes are cre-
ated. Such semiconductors are said to be p-conductive or p-type. Semiconductors
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Figure 2.1: Schematic representation of semiconductors band structure alignment
in k-space: (a) direct transition with accompanying photon emission; (b) indirect
transition.

can further be classified as either direct bandgap or indirect bandgap based on their
band structures. In direct bandgap materials, electrons exited over the bandgap to
the conduction-band can make the smallest energy transition without changing their
momentum. Thus, in order to create a photo-emitted electron-hole pair, in addition
to photon emission, a phonon absorption must occur to conserve both momentum
(lz-vector) and energy. Similar applies to de-exitation of electrons (electron-hole re-
combination) where the emission of a phonon is required.

In an indirect transition, a part of the energy is generally given up as heat to the
lattice rather than as an emitted photon. This difference between direct and indirect
band structures is very important for deciding which semiconductors can be used in
devices requiring light output. For example, light emitter semiconductors and lasers
generally must be made of materials capable of direct band-to-band transitions or
of indirect materials with vertical transitions between defect states. The mechanism
of current conduction in semiconductors is similar to insulators at low temperatures
and conductors at higher temperatures. They have a filled valence band and an empty
conduction band at 0 K, so basically the same structure as insulators. The difference
lies in the size of the band gap Eg, which is much smaller in semiconductors than
in insulators. The relatively small band gaps of semiconductors allow for the ex-
citation of electrons from the valence band to the conduction band by reasonable
amounts of thermal or optical energy. In addition, after electrons are excited to the
conduction band, the empty states left in the valence band (holes) can contribute to
the conduction process. If the conduction band electron and the hole are created by
the excitation of a valence band electron to the conduction band, they are called an
electron-hole pair (EHP).
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2.2 Silicon

Silicon (Si) is the world’s most perceived material in modern electronics and optics,
mainly due to its abundance, relatively low production cost, and incoherent toxicity
[23]. Si crystallizes in a diamond structure with a lattice constant a, of 5.431 A (see
Fig. 2.3). Si has an indirect bandgap and, therefore, poor emission properties. Its
bandgap is E, of 1.12 eV which means that intrinsic Si has low conductivity at room
temperature. Si is in group IV of the periodic table and thus has 4 valence electrons.
By doping with atoms with different valences, such as group III (acceptors) or group
V (donors) elements, the resistivity of Si can be varied over a wide range, up to 10
orders of magnitudes.

Figure 2.3: Unit-cell of the diamond lattice-structure of silicon.

2.3 Silicon nanowires, SINWs

Silicon nanowires (SiNWs) are rod-like structures made of silicon with diameters on
a nanoscale. Fabrication methods of semiconductor nanowires can be divided into
two fundamental types: bottom-up and top-down. With the bottom-up approach,



the nanowires grow up from a substrate and are typically used to fabricate nanowires
from III-V semiconductors, but may also be suitable for silicon nanowires [24]. One
of the best-known methods is the so-called vapor-liquid-solid (VLS) which relies on
the growth of a crystal through direct adsorption of a gas phase onto a solid surface
and is generally very slow [25]. In contrast, the top-down methods use material re-
moval to produce nanostructures from a bulk precursor and involve either wet or dry
etching of a substrate to a certain depth, such as with laser beam ablation [24], ion
beam etching [26], thermal evaporation oxide-assisted growth (OAG) [27], molecular
beam epitaxy (MBE) [28], and metal-assisted chemical etching (MACE) [29]. The ap-
proaches used for SINWs fabrication have a crucial impact on their application fields,
influencing the performances and the cost of the final devices. Compared to other
techniques, MACE offers the perspective of easy integration with microelectronics
technologies at a lower cost with larger processable areas. Both disordered and or-
dered arrays of SiNWs can be obtained by tuning different parameters according to
the desired applications, enabling the route for the realization of commercial devices
based on SiNWs as electronic circuits. [30], [31]. A more detailed theoretical and
experimental demonstration and discussion of structures obtained with this method
are given in subsequent sections.

2.4 Piezoresistivity

The term “piezo” is rooted in the term “piezen” from the Greek meaning to press. The
history of the piezoresistance (PZR) effect dates back to the late nineteenth century
(1856) when the change of resistance in copper and iron wires was discovered [32].
Briefly, the property of some solids to change their electrical resistivity upon applied
mechanical stress has been referred to as the piezoresistive effect. ”Piezoelectricity”
sounds similar, but with a very different effect, where an electronic charge is gener-
ated by applied stress. In contrast to piezoelectric materials, piezoresistive materials
are not inherently able to generate an electric signal when strained. The former needs
to be supplied by an external voltage source. As Ohm’s law states; the resistance of an
electrically conductive rod of length [ and cross-sectional area A, with resistivity p, is
R = pl/A. By stretching the rod, its length increases, its cross-section area decreases,
and its resistance increases. In this case, the change of resistance is strictly related
to the change of the geometric parameters of the rod, or in general of the conductor.
The piezoresistive effect in semiconductors, which manifests itself at the atomic level
is less evident but much more important than the purely geometrical effect and con-
tributes to the dependence of the resistance variation on the strain. The resistivity
can change with stress via small changes at the level of the crystalline structure of
the material, like inter-atomic spaces or lattice constant [33], [34]. Also, other mi-
croscopic details are important for the electrical conduction in this material, such
as doping level; due to the sensitivity of the bandgap and effective mass of charge



carriers [34]. Pressure sensors based on this effect are being widely used and com-
mercially available and have the reputation of being robust and reliable [35]. Such
sensors made of PZR material have conventionally been in the form of bulk material
or thin film [36].

2.4.1 Piezoresistance effect in silicon

The various effects of stress and strain on silicon and silicon technology have been
studied since the 1950s. It was recognized early that when the band structure of a
material is changed, many material properties are altered, including band gap, the
effective mass of carriers, mobility, the diffusivity of dopants, and oxidation rates
[37], [38]. The PZR effect was found to be much larger in Si than in other materi-
als [39] and quickly adopted to make sensors based on silicon [40]. Due to its high
PZR response and mature processing/fabrication infrastructure, Si has become a nat-
ural choice for such devices. Various sensors based on PZR of bulk silicon have been
proposed over time, like pressure transducers [41], cantilevers for atomic force mi-
croscopy [42], accelerometers [43] and biosensors [44]. Pressure sensors based on
PZR of Si have mainly been studied and commercialized because of their high yield
and wide dynamic range. Still, they suffer from relatively low sensitivity and large
size compared to other common sensors [45].

2.4.2 Piezoresistance effect in SINWs

In order to overcome the low sensitivity of PZR sensors based on bulk Si, SINWs
PZR sensors were proposed over time. Scaling down the physical dimensions of the
sensing units has thus become a focus of interest and many microelectromechanical
systems (MEMS) using Si PZR properties are now commercially available. A new
generation of such devices, renamed nanoelectromechanical systems (NEMS) has
been proposed over the recent years, now using SiNWs instead of bulk Si, more sen-
sitive and faster than the traditional MEMS [46]-[51]. NEMS-based SiNWs sensors
have been shown to possess the ability to increase significantly the PZR response, and
in fact, the sensitivity of such SINWs has been referred to as a Giant PZR [52]. The
giant PZR was observed in p-doped SiNWs with diameters of 50-350 nm and a length
of few um, initially, under tensile uniaxial stress [52]. However, the PZR effect in n-
doped nanowires was found to be comparable to that in the bulk counterpart, both for
tensile and compressive uniaxial stress [53]. Many applications based on PZR prop-
erties of SINWs have been proposed, for instance, airflow sensing devices [10], [54],
mechanical sensors [55]-[59], pressure sensors [60]-[62], gas sensors [63]-[67], flexi-
ble sensors [68]-[72], and human breath sensors [73]. All these experimental devices
use either a single SiINWs fixed at both ends (clamped-clamped) or periodic patterned
SiNWs arrays, of diameter between few tens and few hundred nm and length of up to
several um. The theoretical origin of the PZR effect in SINWs has been debated, and



it has been referred to as anomalous PZR effect [10]. It has been related to quantum
confinement effects [70], surface charge effects [74], [75], strain-induced bandgap
shift [76], or changes in the charge carrier’s effective masses [77]. A complex model
incorporating these mechanisms has been proposed to quantify analytically the PZR
effect in silicon and its nanostructures [34]. We examined the PZR effect in randomly
oriented SiNWs in the paper I and discussed its possible origin.

2.5 Memristors

The term “memristor” is an abbreviation of memory resistor, i.e., a resistor having
a memory effect. A memristive behavior was predicted by Chua in 1971 from a the-
oretical study of symmetries in electrical devices and circuits [78]. These electronic
devices are non-linear, two-terminal, electrical components that limit or regulate the
flow of electrical current in a circuit and remember the amount of charge that has
previously flowed through it, and provide key features to combine memory and com-
putational elements at the same location to reduce device size and power consump-
tion. The memristive properties of various electronic devices can be a consequence
of several physical and chemical processes, such as; formation of conductive fila-
ments [79], migration of ions and/or dopants [80], or modulation of Schottky barrier
heights [81]. Schottky-barrier modulation is especially relevant to our study due to
the Schottky junction created by depositing aluminum electrodes on the Si substrates.
The properties of the Schottky junction depend on both macro and microscopic fea-
tures of a semiconductor-metal contact. Two main microscopic components should
be taken into account:

« Defective surface states of the semiconductor itself and nanostructures
+ Metal-induced gap states (MIGS)

The Schottky junction arises from the abrupt termination of metal and semiconduc-
tor lattices (which render some of the forbidden states allowed), followed by elec-
tron flow, equilibrating the Fermi levels of both materials. The sign of the accu-
mulated charge of MIGS depends on the work-functions of the metal ¢,; and the
semiconductor ¢5. The electron density can shift toward the semiconductor if ¢y <
¢, which results in a downward band-bending and positive interface charge. The
opposite changes are expected when ¢y > ¢g. Depending on the relation between
work-functions, both positive and negative contributions to surface charge can be ex-
pected [82]. A discussion of the results of Ohmic and Schottky contacts will be given
in the subsequent section. All these processes contribute to the complex structure
of the metal-semiconductor interface and a hysteresis loop should appear in its I-V
characteristics. Such characteristics are a fingerprint of a memristor and can be in-
terpreted in terms of memory features of the junction [83]. This kind of hysteresis
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Figure 2.4: Hysteresis current-voltage characteristics of Al/SiNWs/Al structure syn-
thesized from p-type silicon.

I-V characteristics is displayed in Fig. 2.4 which is driven by our synthesized SiNWs
with Al contacts (Al/SiNWs) at room temperature which suggests that a process of
trapping and de-trapping of (e) charge carriers take place at the Al-SiNWs-Al inter-
face.

2.6 Ohmic and Schottky contacts

A metal contact on a semiconductor can behave in two ways; as a rectifying Schottky
contact or as a low-resistant ohmic contact with linear I-V characteristics. The band
bending concept was first developed by Schottky and Mott to explain the rectifying
effect of metal-semiconductor contacts [84]. Schottky contacts are typical for low-
doped semiconductors. In a highly doped semiconductor, the ohmic behavior origi-
nates from the tunneling of carriers through the thin Schottky barrier. Semiconduc-
tors, depending on their doping state (n- vs p-type conductivity) accumulate charge
carriers at the surface, which results in band bending (upward for n-type semicon-
ductors and downward for p-type semiconductors). In the space charge region, the
energy band edges in the semiconductor are also shifted continuously due to the elec-
tric field between the semiconductor and the metal due to the charge transfer, which
is called band bending. Fig. 2.5 shows the ideal energy band diagrams of metal and n-
type semiconductor contacts [85]. When the metal and semiconductor are in contact,
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the free electrons will transfer between the metal and semiconductor due to the work
function difference. When ¢, < ¢ in an n-type semiconductor (electrons as the ma-
jority of charge carriers), there is no Schottky barrier and the metal-semiconductor
contact is ohmic, and when ¢ _ > ¢_ barrier forms at the metal-semiconductor in-
terface, which is called the Schottky barrier ¢, that the electrons are depleted in
the space charge region, and this region is therefore called the depletion layer and
it is characterized by an excess positive charge. An opposite trend occurs in p-type
semiconductors (holes as the majority of charge carriers); when ¢ _ > ¢_ in a p-type
semiconductor, there is no Schottky barrier and the metal-semiconductor contact is
ohmic,andwhen ¢ < ¢  aSchottky barrier forms at the metal-semiconductor inter-
face and a Schottky contact is formed. In this study, Schottky contacts were obtained
by depositing Aluminium (Al) on p-type SiNWs and Gold (Au) on n-type SiNWs;
Whereas ¢ Al < ¢ and ¢, > ¢, [86].
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Chapter 3

Experiments and methods

This chapter gives a brief overview of methods employed by the author for fabrication
as well as a brief description of characterization techniques. After fabrication and
characterization, samples undergo structural investigation, surface analysis, electri-
cal and optical measurements. Other characterization methods such as capacitance
measurements in Paper II and hydrogenation methods in Paper I which were per-
formed by others will not be described.

3.1 Metal assisted chemical etching, MACE

In 1997, Dimova reported the first demonstration of metal-assisted chemical etching
of Si [88]. Porous Si was fabricated by etching an aluminum (Al) covered Si substrate
in a solution composed of HF, HNO; and H,O. The widely used MACE method was
first investigated in some detail by Li and Bohn, who found that a thin layer of no-
ble metal (e.g., Ag, Au, Pt, or Au/Pd alloy) sputtered on the surface of a Si substrate
catalyzed the etching of Si in a mixed solution containing HF, H, O, and EtOH, result-
ing in straight pores or columnar structures. The etching method described by Li and
Bohn gained increasing attention and various approaches derived from their method
were developed to fabricate Si-based nanostructures [89]. Later, in 2002, Peng et al.
[90] realized a high density of vertically aligned SiNWs with the MACE by using an
AgNO;:HF aqueous solution in a Teflon-lined stainless-steel autoclave. Due to the
formation of silver precipitates and to the use of AgNO3, this method is commonly
known as the silver salts approach and it is identified as the main single-step MACE
approach. In a typical MACE procedure, a Si substrate partly covered by a noble
metal is subjected to an etchant composed of HF and an oxidative agent. Typically,
the Si beneath the noble metal is etched much faster than the Si without noble metal
coverage. As a result, the noble metal sinks into the Si substrate, generating pores in
the Si substrate or SINWs. This also implies that the metal film must be sufficiently
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Silicon substrate
Il Etchant solution (HF/H,0,)
Ag NPs

Figure 3.1: Mechanism models for the redox reactions between Si and reactants in so-
lution through a metal catalyst (Ag) during MACE process and formation of SINWs.

thin (or porous) to allow for a migration of the liquid to the interface. Dissipation of
the dissolved product, the metal-silicon interface, must also be active for a fast etch-
ing. Si etching and dissolution occur selectively only at the interface between the
metal and silicon layer by the redox reaction formulated as stated below:

. . 1
Si + 6HF + 3h+ d HleF6 + 3h+ + EHZ (31)

The reduction of an oxidizing agent (in our case H,0,) is catalyzed at the surface
of a noble metal NPs (in our case Ag). Due to this redox reaction, holes (k") inject
into the valence band of the Si substrate. These holes weaken chemical bonds in the
Si and thus, dissolution of the substrate at the metal-substrate interface takes place.
Fig. 3.1 depicts the MACE mechanism and formation of the SINWs.

The detailed geometries of the resulting SINWs depend mostly on the initial mor-
phology of the noble metal coverage. Deposition of the noble metal can be done
by different methods, for instance; thermal evaporation [91], sputtering [26], elec-
tron beam (e-beam) evaporation [92], electroless deposition [93], focused-ion-beam
(FIB)-assisted deposition [94], or spin-coating of particles via other methods such as
laser interference lithography (LIL)[30], [95]. To obtain patterned structures of Si or
periodic SINWs, LIL+MACE method can be used and the morphology of the noble
metal film and consequently, the geometry of the SINWs can easily be determined
by this method [30]. Electroless deposition is a simple and low-cost method for the
deposition of noble metals and is usually utilized to deposit the noble metal if there
is no strict demand on the morphology of the resulting SiNWs. In this study, electro-
less deposition of Ag nanoparticles was carried out for SINWs fabrication, resulting
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Figure 3.2: Top-view SEM image of a SiNWs obtained by MACE processing on n-type
Si, the scale bar provided is 10 um.

in randomly distributed and interconnected SiNWs with diameters around 50 ~ 150
nm. An SEM image of a typical SiNWs array, is shown in Fig. 3.2.

3.2 Deposition by electron-beam evaporation

Metal contacts were deposited by electron beam (e-beam) evaporation. This tech-
nique uses a focused electron beam to heat and evaporates metals. A high-voltage DC
source accelerates electrons toward the target material. A schematic of the electrons
forming a unified beam by a magnetic field is shown schematically in Fig. 3.3. The
e-beam can be generated from electron guns by thermionic emission, accelerated to
high kinetic energy, and focused toward the target material. The kinetic energy of the
electrons is converted into thermal energy that will increase the surface temperature
of the target, leading to evaporation and deposition of the target onto the adjacent
substrate. Evaporation occurs at a highly localized point near the beam bombard-
ment site on the surface of the target, minimizing contamination from the crucible.
In this study, an e-beam evaporation system (Polyteknik Cryofox Explorer 600 LT)
was utilized to deposit metallic contacts (Al or/and Au) on synthesized SiNWs, ei-
ther two co-planar or top-and-bottom contacts, with respect to the type of electrical
measurements. A schematic of co-planar and top-bottom contacts configuration is
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depicted in Fig. 3.4.
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Figure 3.3: Schematic of e-beam evaporation technique [96].
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Figure 3.4: Schematic of co-planar and top-bottom contacts configuration.
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3.3 Photoluminenescence

The simplest light emission from a semiconductor occurs due to the recombination
of an electron-hole pair (EHP) created by the excitation of an electron from valence-
band to the conduction-band (also referred to as exciton). Emissions can also origi-
nate from defect states located within the bandgap of the semiconductor, upon exci-
tation and subsequent recombination. This general property of the semiconductor’s
light emission is called luminescence. If the EHPs are created by photon absorption,
the resulting radiation is called photoluminescence (PL) [97]. SiINWs have been stud-
ied on their ability to exhibit high energy peaks of PL spectra at room temperature,
due to quantum confinement (QC) effects and surface defects [16]-[18]. Results of
Naffeti et. al. [18], indicated that for the QC effect to take place, the dimension of the
nanostructures should be less than the exciton Bohr radius (in principle the physical
distance between the electron and the hole of the EHP). However, for NWs with a
diameter larger than the excitons Bohr radius (i.e. ~ 5 nm for Si), the resulting PL
spectra are unlikely to originate from the SINWs. In such cases (as in our SiNWs
structures), it is more likely that the emission originates from the Si nanocrystals or
nanopores on the surface.

In the paper II, our XRD results indicated that the MACE process had caused the
formation of 0D defects, nanocrystals, or nanopores on the surface of SINWs, rather
than extended structural defects. In our papers II and III we analyzed the nature
of structural defects by recording the PL emission from SiNW arrays using a Prince-
ton Instrument Acton SP2750 triple grating monochromator/spectrograph equipped
with a Si-CCD detector. The samples were mounted in a cryogenic pump (Leybold-
Heraeus RG 210) and excited with 15 mW HeCd laser of 325 nm wavelength and spot
diameter of ~ 100 to 200 um. A combination of bandpass filters, mirrors, and vari-
ous lenses mounted over a guided rail was utilized to guide the laser and remove sec-
ond and higher-order diffractions. The observed red-shift with longer etching time is
shown in Fig. 3.5. The enhancement of the PL intensity and the wavelength red-shift
could be attributed to increased porosity of the SINWs surface and a porous Si layer
formed at the base of SINWs, as a result of longer MACE process [98], [99].
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Figure 3.5: Red-shift, RT PL-spectra of synthesized SINWs by increasing etching time.

3.4 Piezoresistance analysis

With the aim of studying the PZR phenomena in synthesized SiNWs, two different
approaches (uniaxial load, and isostatic load) were utilized and will be discussed in
this section. The results are published in paper I.

3.4.1 Piezoresistance under uniaxial force

In semiconductors, the inter-atomic spacing may be altered by strain. Consequently,
apart from geometric changes in semiconductors, bandstructure-related details, such
as the bandgap or effective mass, may change, as well as the resistivity. The quantita-
tive relation between resistivity or conductivity and stress/strain is given by a fourth-
rank piezoresistance tensor[40]. When uniaxial stress X is applied to the wires, the
PZR coefficient of a wire array with resistivity p, in the direction of the stress is de-
fined as

_Ap1

= =, (3.2)
"7 oo X
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where Ap is the stress-induced change in the resistivity and p, is the reference resis-
tivity of the unstressed material[52]. The resistivity is then given as the reciprocal of
conductivity (the product of carrier concentration, carrier mobility, and charge of the

carrier) p = p(x) = ﬁ So-called piezoresistivity is observed when an applied
n(x)un(x)q
strain changes the bandgap and the effective mass of charge carriers, which, in turn,

affects the carrier concentration, as well as their mobility [100]. This relationship is
linear in a certain range of strain [34], [101]. Niquet et al [102] showed that electron
mobility eventually saturates with strain. Subsequently, the PZR response saturates
above a certain range of strain. This has been observed experimentally in other stud-
ies such as by Kim et al [69], showing SINWs arrays to exhibit good linearity below a
certain amount of pressure.

In this study, a simple measurement setup was utilized to study the PZR under
uniaxial force, using a force meter (Mark-10, M5-012). A schematic of the setup is
shown in Fig. 3.6. The force meter was mounted on a vertical rod allowing for move-
ment on the z-axis (vertical) by a manually adjusted screw. Uniaxial pressure was
applied to the samples by pressing the pin of the force meter into the samples’ surface
with an intensity determined by the aforementioned screw. Finally, a Keithley 2400
source meter was used to measure the resistance R through the sample as a function
of applied pressure at a constant bias voltage of 2 V. Fig. 3.7 shows an example of the
PZR response of SiNWs under force variation as a function of time when the force
and the instantaneous resistance are measured after applying the force to the SINWs.
As clearly visible, the resistance changes significantly and inversely with pressure. In
order to check the repeatability and reproducibility of the sensor, 4 replica samples
were fabricated. The same measurements were repeated four times on each replica
sample. The results are shown in Fig. 3.8. The error bars show the average values
of all measurements on all replica samples. Fig. 3.8 also shows a striking difference
between the PZR response of SINWs vs. bulk Si. No measurable change in resistance
is seen for the bulk Si, in very sharp contrast to the SINWs samples.

@ Force gauge
@ T-contact

Il’l\l\“ll W

Keithley 2400 @ sample
P B

Figure 3.6: Schematic of the force-meter setup for testing PZR characteristics.
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Figure 3.7: Instantaneous resistance (right y-axis, red line) in response to applied
force (left 4-axis, blue line) over time.
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Figure 3.8: Resistance vs. applied force for SINWs samples (blue line), and bulk-Si
(red line). Data for SiNWs are average values of four distinct replica samples; the
error bars show the range in which the measurements fell on.
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3.4.2 Piezoresistance in isostatic pressure

To date, the origin of the PZR effect in SiNWs has been debated, and most frequently,
itis referred to as anomalous PZR [10]. Studies have been focused on using gas flow to
apply direct pressure on SiNWs, either single SINW or arrays of them[11], [57], [103],
[104] and SiNWs modified by graphene [105]. Few if any deals with arrays of SINWs
under isostatic load. To fill this gap we studied the SiNWs response in a vacuum
chamber, which creates a pressure uniformly distributed on the sample surface.
The resistance over the samples was measured at a fixed bias voltage of 5 V while
the air vacuum chamber was either gradually filled with air or evacuated. In order
the get maximum exposure to the air, the contacts were made in co-planar configu-
ration, two separate strips on each side of the SINWs area, instead of top-and-bottom
contacts as used for the uniaxial measurements. As shown in the Fig. 3.9, the samples
were mounted on a fixed sample station inside the chamber with tungsten needle tip
kelvin probes as a steady connection. The chamber was evacuated of air to the pres-
sure of 10~* mbar and the PZR response was tested under repressurizing up to the
atmospheric level of 10° mbar. A PZR response of a SINWs sample is shown in Fig.
3.10 with a comparison to a bulk Si. We observed a dramatic increase in the SINWs
resistance by more than two orders of magnitude when pumping the air out of the
vacuum chamber, which is significantly higher than for bulk Si. The pressure sen-

sitivity of the sensor in the isostatic pressure variation given by S = %R /AP [106],

gives the highest sensitivity of 8.8 x 1073Pa~!, at the pressure range of roughly 1072
and 10! mbar.
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Figure 3.9: A photograph of the vacuum chamber and sample during the test.
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Figure 3.10: The resistance of sample E (on a log 10 scale) as a function of pressure

measured in the vacuum chamber, is shown with the blue curve. For comparison, in
red color, the resistance of a bulk silicon sample (i.e. without nanowires).
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3.5 X-ray diffraction

In 1912, Maxvon Laue, discovered that crystalline substances act as three-dimensional
diffraction gratings for X-ray wavelengths similar to the spacing of planes in a crystal
lattice. X-ray diffraction (XRD), is based on constructive interference of monochro-
matic X-rays in a crystalline sample [107]. This technique is used to study period-
ically ordered structures at atomic scales. When the X-rays enter the material they
will be scattered by the electron clouds around the atoms. The periodicity of the lat-
tice planes gives rise to constructive interference of the X-rays and the intensity of
the scattered X-rays can be plotted against the angle 20 [108], [109]. The interference
is described mathematically by Bragg’s Law:

2dsin6 = nd (3.3)

Where, d is the separation distance between the Bragg planes, 0 is the Bragg angle,
n is the diffraction order, and 1 is the X-ray wavelength. The term Bragg planes refer
to planes that are comprised of these constructively diffracting atoms (see Fig. 3.11).
Conversion of the diffraction peaks to d-spacing allows one to identify the chemical
composition of the sample because each crystalline material has a set of unique d-
spacings. Typically, this is achieved by comparing the obtained results with that of
d-spacing from standard reference patterns.

(] [ ] [ NvAX e e
6'6 2d sin®
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P P PS P ° P (Bragg's Law)

Figure 3.11: Illustration of constructive interference when Bragg's law is satisfied.

3.6 Scanning electron microscopy

A scanning electron microscope (SEM) can be defined as a tool that uses a beam of
electrons to generate images for analysis of the topographic features of a specimen.
In contrast to an optical microscope, which uses visible light to illuminate samples
and a series of optical lenses to magnify samples in the range approximately between
10 to 1,000 times, the SEM permits the observation of materials down to nm scale. In
the SEM, a beam of electrons is focused on a spot volume of the specimen, resulting
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in a transfer of energy to the spot. These bombarding electrons, also referred to as
primary electrons, dislodge electrons from the specimen itself. The dislodged elec-
trons, known as secondary electrons (SE), are attracted and collected by a positively
biased grid or detector and then translated into a signal. Scattered primary electrons
can also be used to give an image. To produce an SEM image, the electron beam is
swept across the area being inspected, producing many such signals. These signals
are then amplified, analyzed, and translated into images of the topography being in-
spected. Finally, the image is shown on a computer screen. Fig. 3.12 shows the basic
structure of an SEM from the link: (https://www.thinkymixer.com).
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Figure 3.12: Schematic diagram of SEM.

In this study, SEM is applied to get topographic and cross-sectional images of
the fabricated SINWs, along with the elemental and structural determination. Zeiss
Supra 35 scanning electron microscope was utilized for structural and elemental
analysis.

3.7 Energy-dispersive X-ray analysis

The energy dispersive X-ray (EDX) microanalysis is a technique of elemental analysis
associated with electron microscopy and is based on the generation of characteristic
X-rays that reveals the presence of elements present in the specimens. This technique
is ideal for revealing what elements - and by inference chemical compounds - are
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present in a particular specimen. Basically, EDX consists of detecting the character-
istic X-rays produced by each element after bombarding a sample with high-energy
electrons in an electron microscope. Using a process known as X-ray mapping, in-
formation about the elemental composition of a sample can then be overlaid on top
of the magnified image of the sample. The spectrum of EDX microanalysis contains
both semi-qualitative and semi-quantitative information. The EDX technique is an
important tool to detect nanoparticles [110], [111]. Qualitative analysis involves the
identification of the lines in the spectrum and is fairly straightforward owing to the
simplicity of X-ray spectra. Quantitative analysis (determination of the concentra-
tions of the elements present) entails measuring line intensities for each element in
the sample and for the same elements in calibration Standards of known composi-
tion. An EDX system typically consists of several key units that is depicted in Fig.
3.13. These include: a semiconductor detector housed with a field-effect transistor
(FET) pre-amplifier, cooled to a sub-ambient temperature; and a main amplifier that
provides further amplification and a fast pulse inspection function to reduce pile-up
events. When the electron beam hits the sample, there is a high probability that an
X-ray will be generated. The resulting X-ray escapes the sample and hits the detector
which creates a charge pulse in the detector. This short-lived current is then con-
verted into a voltage pulse with an amplitude reflecting the energy of the detected
X-ray. Finally, this voltage pulse is converted to a digital signal, and one more count
is added to the corresponding energy channel. Once the measurement is completed,
the accumulated counts produce a typical X-ray spectrum with the major peaks su-
perimposed on the background.

An EDX analysis was carried out from a cross-sectional SEM image of the Germa-
nium coated SiNWs (Ge:SiNWs) and annealed at 700 °C to explore the distribution of
the Ge nanoparticles, and the respective EDX spectra are shown in Fig. 3.14. Figure
3.14(a), shows Ge-nanoparticles (appearing as white spots), roughly 50 nm in diam-
eter, formed on SiNWs after rapid thermal annealing at 700 °C. As seen in Fig. 3.14(b
and c), the length of the SINWs is around 6 um and the EDX vertical line-spectra in-
dicate that the majority of Ge nanoparticles residing at the tips of the SiNWs rather
than covering the side-walls of the wires. The provided results from the EDX analysis
will be discussed in detail in the following chapter.
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Figure 3.13: Components of a modern digital energy dispersive spectroscopy system.
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and c) respective EDS line-scan analysis (yellow line in (b))



Chapter 4

SiNWs as human respiratory sensor

Breathing is one of the most fundamental processes of human life, and monitoring it
accurately can provide valuable insights into an individual’s health and well-being.
Human health monitoring requires developing sensors to be able to monitor pre-
cisely the vital signs and provide alerts of possible harm in real-time. SiNWs-based
sensors can provide real-time analysis of the breath due to their high sensitivity to
low-pressure detection which is critical for bio-compatible devices such as breath
sensors[10]. The development of SiNWs breath sensors can be traced back to early
2000 when Cui and Lieber et al. first explored the use of SINWs as transducers for
gas-sensing applications which laid the foundation for using SiNWs in breath analy-
sis [112]. In 2011, Chen et al. reported the use of SINWs for humidity sensing appli-
cations, demonstrating their capability to detect humidity changes in real-time [113].
Recently, Gosh, et al. [75] proposed a breath sensor on n-type arrays of periodic sili-
con nanorods [75] and related this effect to the piezoresistance effect. However, the
mechanism behind this effect may be controversial and in the following sections, the
possible mechanism behind this effect and respiratory tests will be discussed.

4.1 Sensor’s mechanism

It was observed that the electrical resistance over the SINWs was highly dependent
on the breath (thus, inhaling and exhaling) of a human. Such changes in resistance
have been referred to as piezoresistance (PZR) or anomalous PZR but surface effects
due to humidity or temperature changes may also account for the changes. Section
2.4 provided theoretical discussions on the piezoresistance effect, while section 3.4
covered experimental discussions on the same topic. Briefly, according to the model
of piezoresistance effect, any pressure applications such as airflow on the SINWs sur-
face can impart sufficient normal pressures that can deform the SINWs and cause
a change in the resistance [40]. In our study on the PZR effect on the SiNWs (pa-
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per I), we demonstrated that the effect was significantly reduced by hydrogenation.
Hydrogenation is known to passivate shallow and deep defects in SINWs, so these
results strongly indicate that surface states may play a significant role in the PZR
effect. Surface states of the SINWs may also have played an important role in the
humidity-sensing mechanism described in a review article by Akbari-Saatlu et al. for
metal-oxide semiconductors [114]. The humidity sensing mechanism is commonly
based on the variations in capacitance or resistance resulting from the adsorption
and desorption of water molecules on SiNWs [113], [115]. Research has shown that
the adsorption of water on nanowires can alter the conductance and capacitance of
porous silicon by changing its dielectric constant or electrical resistance. Addition-
ally, it may result in chemisorption and physisorption on the surface of the silicon,
causing changes in its surface states, which can be detected by measuring the current
flow through the sensor [116]. In order to determine the source of SINWs’ response
to human breath, a qualitative investigation was conducted, utilizing a sensor made
of SiNWs, exposed to air, N, gas, and human breath. From these experiments, we ob-
served that the humidity level at the SINWs decreased by 10% and 20% for compressed
air and N, gas, respectively, compared to the ambient humidity level. In contrast, ex-
posure to human breath resulted in a humidity level increase of up to 35%. While
SiNWs demonstrated increased resistance upon exposure to compressed air, N, gas,
and human breath, the response to breath was more pronounced. Therefore, we can
conclude that the breath-sensing mechanism is a combination of piezoresistive re-
sponse and humidity effect.

4.2 Experiments on SiNWs as a respiratory sensor

The SiNWs samples were synthesized as explained in chapter 3. Two parallel and
coplanar metal electrodes (Al, Au, or V) were deposited on SiNWs samples by using
an electron beam evaporator. Then the sensor samples were mounted on a ceramic
chip having patterned interdigital Au-electrode. Thin Al-wires were attached to co-
planar electrodes on the sample’s electrodes. The sensor was mounted firmly on to
philtrum of a volunteer, using double-sided tape. A schematic of the sensor is given
in Fig. 4.1. The connection between the sensor and the signal processing unit was
suitably secured inside the cannula tube to prevent any possible loose connections
or interference with other objects. The measurement was carried out at a fixed bias
voltage of 2 V. Keithly meter 2400 was used to monitor and record the resistance
variation. The breathing patterns were obtained by exhaling and inhaling over the
samples for three different breathing modes i.e., normal (NB), rapid (RB), and deep
breathing (DB). Fig. 4.2 (a) shows an example of the response of a SINWs sensor
breath in the aforementioned three different modes. It can be observed that there
is a significant drift in the resistance baseline with time. In order to overcome this
issue and to obtain the optimum respiratory sensing, the SINWs were coated with a
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thin film of germanium and annealed at 700°C, using rapid thermal annealing for 5
minutes. A similar respiratory test was repeated on Ge:SiNWs sample, for which the
result is shown in Fig. 4.2 (b). It was observed that Ge:SiNWs resulted in an improved
signal profile and much less baseline drift in resistance. We attribute this difference
to the higher germanium hole mobility as compared to silicon. Additionally, our
sensors effectively captured breathing patterns while retaining all their features over
time, suggesting their potential as cost-effective and versatile devices for diagnosing
respiratory diseases in humans. These SiNWs sensors have the ability to detect risky
situations, such as sleep apnea or other breathing-related issues, and can serve as
useful healthcare monitoring devices.
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Figure 4.1: Schematic of measurement setup for breath monitoring, the inset graph
shows an example of long-term breath monitoring in (NB = normal breathing) mode.
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breathing, RB = rapid breathing and DB = deep breathing) for p-type SINWs with Au
electrodes in (a) as-grown state and (b) Ge:SiNWs annealed at 700°C.



Chapter 5

Summary of papers

Papers II, and III discuss the optical, electrical, and structural properties of SINWs.
Papers I and IV discuss the functionality of SINWs as piezoresistive and bio-sensing
devices.

« Paper I: Piezoresistance characterization of silicon nanowires in uni-
axial and isostatic pressure variation

The piezoresistance response of SiNWs was analyzed by measuring their elec-
trical resistance variation under applied uniaxial as well as isostatic pressure
variation. The PZR coefficient of SINWs calculated based on uniaxial pressure
application resulted in almost two orders of magnitude higher than reported for
a single SINW. In isostatic pressure variation, the electrical resistance of SINWs
measured in a vacuum increased by more than two orders of magnitude.

« Paper II: Structure and electrical behavior of silicon nanowires pre-
pared by MACE process

Structure and electrical characteristics of SINWs prepared by the MACE method,
investigated by SEM and high-resolution X-ray diffraction (HR-XRD) methods.
X-ray reciprocal space maps (RSMs) indicated the presence of OD structural
defects rather than extended defects. The I-V characteristics of the nanowires
showed a memristive behavior with hysteresis vs applied voltage rates that were
used to assess the effect of surface traps on the transport properties of the pris-
tine SINWs.

+ Paper III: Synthesis and photoluminescence study of silicon nanowires
obtained by metal assisted chemical etching

The morphology and photoluminescence properties were investigated for SINWs
of different lengths obtained by varying the Ag concentration (as silver nitrate,
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AgNO;) and the etching time. The PL spectra revealed that the emission inten-
sity from the SiNWs arrays increased with increasing etching time. This was
accompanied by a red-shift in the peak position of approximately 0.09 eV.

Paper IV: Germanium coated silicon nanowires as human respiratory
sensing device

Germanium-coated SiNWs structures were synthesized with MACE method
and tested as human respiratory sensors. SINWs were coated by 50 nm thick Ge
film using a magnetron sputtering and post-treated by rapid thermal annealing
at 450 and 700C. It was observed that SINWs coated with Ge and annealed for 5
min at 700C resulted in higher efficiency, faster response, and improved signal
profile, and without any baseline drift in the resistance.
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Abstract: Silicon nanowires (SINWs) are known to exhibit a large piezoresistance (PZR) effect, making
them suitable for various sensing applications. Here, we report the results of a PZR investigation
on randomly distributed and interconnected vertical silicon nanowire arrays as a pressure sensor.
The samples were produced from p-type (100) Si wafers using a silver catalyzed top-down etching
process. The piezoresistance response of these SINW arrays was analyzed by measuring their I-V
characteristics under applied uniaxial as well as isostatic pressure. The interconnected SINWs exhibit
increased mechanical stability in comparison with separated or periodic nanowires. The repeatability
of the fabrication process and statistical distribution of measurements were also tested on several
samples from different batches. A sensing resolution down to roughly 1 mbar pressure was observed
with uniaxial force application, and more than two orders of magnitude resistance variation were
determined for isostatic pressure below atmospheric pressure.

Keywords: silicon nanowires; MACE; piezoresistivity

1. Introduction

Low-dimensional structures may possess unique mechanical, electrical, optical, and
thermoelectric properties. Particularly, silicon nanowires (SINWs) have demonstrated prop-
erties suitable for various advanced applications [1-3], including low-cost thermoelectric
devices and chemo-biological sensors with ultrahigh sensitivity [4,5]. The integration of
SiNWs in electronic devices is favoured by their compatibility with the well-established
Si-Si0, electronic industrial technology. Bulk silicon has been known for a while to exhibit
high piezo resistance (PZR) effect [6]. In bulk semiconductors, the PZR-effect takes place, in
principle, due to a change in the electronic structure and modification of the charge-carriers
effective masses. This phenomenon has found practical applications in many Si-based
devices, such as pressure transducers [7], cantilevers for atomic force microscopy [8],
accelerometers [9], biosensors [10], and multi-axis force sensing tools [11].

Recently, nanowires have been shown to possess the ability to significantly increase the
PZR response [12]. A giant PZR was observed in p-doped SiNWs with diameters of 50 nm
to 350nm and a length of microns initially under tensile uniaxial stress [13]. However,
the PZR effect in n-doped nanowires was found to be comparable to that in the bulk
counterpart, both for tensile and compressive uniaxial stress [14].

On the theoretical side, the origin of the PZR effect in SiNWs has long been under
debate, and most frequently, it is referred to as anomalous PZR [15]. It has been related to
quantum confinement effects [16], surface charge effects [17-19], strain-induced bandgap
shift [20], or changes in the charge carrier’s effective masses [21]. A complex model
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incorporating these mechanisms has been proposed in order to analytically quantify the
PZR effect in silicon [22].

A survey of several PZR sensors based on SiNWs, e.g., cantilever [23], opto-mechanical
sensor [24], flexible pressure sensor [18], or breath detector [19], shows that different
methods have been used for fabricating the SINWs, such as vapor-liquid-solid (VLS), laser
ablation, and metal-assisted catalyzed etching (MACE) [25]. Among these methods, MACE
is the simplest and most versatile one [26]. It relies on catalyzed etching with assistance
from a perforated metal template film (typically gold or silver) [27] or randomly distributed
metallic nanoparticles (typically gold or silver) [28,29] spread on the Si-wafer. To date,
studies have been focused on using different gas types to apply direct pressure on SiNWs,
either single SINW or arrays of SiNWs [19,30], and have neglected the SINWs response
under isostatic pressure, which creates a load uniformly distributed on the sample surface.
Here, we report on the PZR effect in SiNWs obtained by MACE under uniaxial compression
load as well as isostatic pressure in a vacuum chamber. We find that the interconnected
SiNWs are mechanically stronger and functionally more stable compared with the arrays of
separated wires under applied uniaxial pressure. They show higher PZR sensitivity under
isostatic pressure variation. We also demonstrate a simple, low-cost, and reproducible
fabrication method for a robust and sensitive pressure sensor.

2. Materials and Methods
2.1. Fabrication of SINWs

Arrays of interconnected SiNWs were fabricated by silver (Ag) MACE in a three-step
process, from p-type, single-side polished 525 um-thick Si wafers, with resistivity, p, of
10Q cm to 20 Q cm. The nanowire patterns were made on areas of about 1cm? on the
polished side of the wafers. The sequence of steps used to prepare the SINW areas is as
follows:

1. Deposition of metal catalyst: Ag nanoparticles were deposited on the surface of the Si
wafers by immersing the wafers in a solution of 3M HF and 1.5M AgNO; for 60s.

2. Wire etching: The samples were etched by immersing them in HF:H,O, (5M:0.4M)
solution to obtain vertically aligned SINWs.

3. Removal of residual Ag nanoparticles: Samples were immersed in 20% w/v HNO;
to remove residual silver particles. A more detailed description can be found in
Refs. [28,29].

Subsequently, 150 nm-thick aluminum electrodes were deposited on the samples
by electron beam evaporation (Polyteknik Cryofox Explorer 600 LT). For the uniaxial
measurements, the electrodes were deposited on the top and backside of the samples, while
for the isostatic pressure measurements, the electrodes were made co-planar.

Four sets of interconnected SINWs samples, denoted as follows, were prepared by
varying the etching time: A (1min), B (3 min), C (5min), and D (7 min) were made for
uniaxial pressure application, and sample E (40 min) was made for isostatic pressure
testing.

Additionally, periodic SiNWs, such as sample F, were made as described in the Sup-
plementary Material. Table 1 shows the list of the samples with corresponding etching
times and length.

A scanning electron microscope (SEM, Zeiss Supra 35) was used to characterize the
SiNW'’s geometry. Top and cross-sectional SEM images were used to estimate the average
diameter of the wires. The Gwyddion software for data visualization and analysis was
applied to surface SEM images in order to estimate the total top area of the wires. Figure 1
shows (a,b) the cross-section of the wire array and (c) the surface area of SiNWs obtained
after 7 min etching. It is worth mentioning here that the SEM analysis was carried out on
the sample prior to the removal of Ag nanoparticles, which are visualized as bright spots at
the base of the nanowires in the cross-section.



Sensors 2022, 22, 6340

30f10

Table 1. List of samples with different etching times and corresponding lengths. Samples A, B, C, D,
and E are random wires, and sample F is with periodic wires (shown in the Supplementary Material).

Sample Etching Time (min) SiNW Length (um)
A 1 0.7
B 3 15
C 5 2.2
D 7 3
E 40 10
F 5 0.65

As can be seen in the top-view image, the wires are partly interconnected, forming
a continuous rigid structure. Further, also seen from place to place are free-standing
nanowires forming bundles. Such bundle formation may take place because of capillary
forces acting during the drying process following the wet-etching step. In the cross-sectional
image, one may observe that the length of the wires is relatively homogeneous, around
3um, and their typical diameter is approximately 150 nm. According to Peng et al. [5],
porosity plays an essential role in the PZR response, which increases with increased porosity.
The porosity is most conveniently controlled by the concentration of Ag deposition solution
and etching time. In a previous study [28], it was demonstrated that the SINWSs porosity
was highly affected by the concentration of the AgNO; during the Ag deposition. A
1.5mM AgNO;3 (as used for samples A-D) provided highly porous SiNWs with maximum
photoluminescence spectra intensity.

Figure 1. SEM image of SiNWs etched for 7 min (a), high-magnification cross-section of the same
image (b), and (c) top-view SEM image of SiNWs etched for 7 min.

From the SEM image analysis, the wire’s cross-sectional surface coverage was esti-
mated at roughly 28% by using the Gwyddion program, Figure 2. By counting the average
number of wires on several line scans, the wire density was estimated to be 1.6 x 107 mm?,

which corresponds to roughly 8 x 108 wires under the force meter area (7 x 7 mm).
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Figure 2. (a) Gwyddion analysis of top-view SEM image in (100 pm?). (b) Two Gwyddion line-scans
of the figure to the left (red color—horizontal axis, black color—vertical axis).

2.2. Measurement Setups

For uniaxial PZR tests, the samples were clamped between a metal pin of a force meter
(Mark-10, M5-012), touching the top side of the samples, and a rigid copper (Cu) plate at
the backside, as shown in Figure 3. In order to improve the electrical contacts, the samples
were glued to the Cu backside plate with silver paste. The force meter was mounted on a
vertical rod allowing for movement on the z-axis (vertical) by a manually adjusted screw.
Uniaxial pressure was applied to the samples by pressing the pin of the force meter into the
samples’ surface with an intensity determined by the aforementioned screw. The applied
force was in the range of 100 mN to 900 mN on an area of 7 X 7 mm (the cross-sectional
area of the pin). Taking the wire coverage (28 %) into account, this corresponds to a gauge
pressure of 7 kPa to 66 kPa. Figure 3 shows a sketch of the experimental setup. A Keithley
2400 SourceMeter was used to measure the resistance R through the sample as a function
of applied pressure at a constant bias voltage of 2V.

Force g
meter

§ Source
= meter
==

150 nm Al [ I

150 nm Al

Figure 3. Schematic of the force meter setup for testing PZR characteristics.

For PZR tests under isostatic pressure variation, a vacuum chamber was used, and the
air was removed while the resistance was measured at a fixed 5 V. In this case (for sample
E), the contacts were made in co-planar configuration, with separate contacts on each side
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of the patterned area, such that the nanowires are maximally exposed to air instead of
top-and-bottom contacts as for the uniaxial measurements (performed with samples A-D).
Furthermore, the wire length was increased (to 10 pm) to increase the surface area exposed
to the air. The samples were mounted on a fixed sample station inside the chamber with
tungsten needle tip kelvin probes as a connection.

3. Results
3.1. Electrical Response under Uniaxial Force

A maximum force of approximately 900 mN was applied to the samples using the
setup shown in Figure 3. The maximum vertical force exerted on each wire thus corresponds
t0 900 x 1073 N/8 x 108 ~ 1.1 x 10~? N/wire or 6.6 x 10* Pa (0.65 bar).

The force and the instantaneous resistance measured after applying the force to the
sample with nanowires of length 3 um (etched for 7 min) are shown in Figure 4a as a
function of time. The maximum force was applied at the beginning (time zero) and then
reduced step-wise while the resistance was being measured. Each force level was kept
constant for roughly 50 s to confirm that the resistance value was stable with time. As
clearly visible, the resistance changes significantly and inversely with pressure.

900 90 40
Force

Resistance

351
1 80
30

170 25 1

Force (mN)
-AR/R(%)
S
(=)

1 60

Resistance (Q)

1 50
100

0 Ty
0 50 100 150 200 250 300 350 400 0
Time (s) Normalized Force
Figure 4. (a) Instantaneous resistance (right y-axis, red line) in response to applied force (left 4-axis,
blue line) over time for sample D. (b) Relative resistance change versus normalized force for SINWs
samples A (purple), B (green), C (red), and D (blue).

We define the relative resistance change vs. force variation for each step k = 1,2, ... as

AR _ Ry Ry

R R (00

where Ry is the average resistance obtained for the constant force step k. The measurements
were repeated four times on each sample (A, B, C, D), each time reproducing the force steps
as well as possible with the adjustable screw. A second average, this time of the relative
resistance in step k, defined by Equation (1), obtained for the four measurements vs. the
average normalized forces for each step, is presented in Figure 4b. Here, by normalized
force, we mean the ratio of the force in a particular step k to the initial force, F/F;. Hence,
the maximum force values for each step-wise measurement are normalized to unity. Note
that the resistance decreases when the force increases and that in Figure 4b, we show the
negative of AR/R.

Increasing the length of the nanowires (by increasing the etching time) leads to higher
relative resistance, although the trend appears to saturate; only a relatively small difference
between the 5min and 7min samples has been obtained. The highest relative change
(37.3%) in resistance is observed for the longest etching time (sample D) with regards to
uniaxial pressure.

In Figure 5, the resistance versus applied force is shown again for sample D (blue line),
now compared with the case of the bulk Si (red line). For this measurement, we replicated
sample D four times, in the same conditions of a 7 min etching time, and performed the
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measurements on each sample replica. These measurements have been performed to test
the repeatability of the sensor’s response in the same conditions as have been performed
in Figure 4a. It is worth noting that the un-uniform step size observed in Figure 4a is
due to the manually adjustable screw of the force meter shown in the schematic. The
data displayed are average values measured on these samples (D-like), shown with the
error bars. A striking difference between these two configurations (SiINWs vs. bulk Si) is
observed. No measurable change in resistance is seen for the bulk Si, in very sharp contrast
to the SINWs sample.

75

SINWs —m—
70l Bulk Si —e—

65
60

551

Resistance (Q)

50

45 &

H RS —

100 200 300 400 500 600 700 800 900
Force (mN)

Figure 5. Resistance vs. applied force for the D-like samples (blue line) and bulk-Si (red line). Data
for SiNWs are average values of four distinct samples; the error bars show the range in which the
measurements fell.

Up to a 35 % change in resistivity was observed over the pressure variation in the
range of 0.1 N to 0.9N. In order to test the stability of SINW’s PZR response and response
time, we performed several sets of measurements over different samples. In this stability
test, the resistance shift was measured in periods of 60 s of loading and unloading force for
all the samples. All samples were loaded by 860(10) mN and then unloaded to 220(10) mN.
We observe a fast response (below 0.5 s), good stability, and high sensitivity to repeated
pressure changes. The results of a reproducibility test for sample D are presented in
Figure 6.
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Figure 6. SiNWs PZR response due to repeated load—unload forces in real time for sample D.

Hydrogenation (exposure to hydrogen plasma) is widely used in the electronic in-
dustry to increase the mobility of charge carriers in semiconductors. It neutralizes deep
and shallow defects and charged surface states [31,32]. Because the PZR effect has been
attributed to surface states, we applied a hydrogenation treatment in order to explore the
origin of the PZR effect in SiNWs. For hydrogen plasma treatment, we used a custom-built
inductively coupled discharge setup with cylindrical geometry (290 mm long quartz tube
with a diameter of 34 mm). The quartz tube was held inside a circular copper inductive coil
with a diameter of 54 mm. A radio-frequency power generator CERSAR (c) (13.56 MHz)
source coupled with an impedance-matching unit was utilized. For hydrogenation, a gas



Sensors 2022, 22, 6340

7 of 10

mixture of Ar/Hj (30 /—70%) was used, and the throttle valves were adjusted to stabilize
the gas pressure of 29 mbar. A more detailed description and schematic of the hydrogena-
tion setup can be found elsewhere [33,34]. In Figure 7, we compare the behavior of sample
D before and after the hydrogenation. The PZR effect decreases dramatically and can be
attributed to the passivation of the surface states [35].

40

Before Hydrogenation
After Hydrogenation

35
30
25
20

-AR/R(%)

Normalized Force

Figure 7. SiNWs PZR response for sample D before and after hydrogenation.

3.2. Electrical Response under Isostatic Pressure

Sample E (10 pm) was used for the investigation of the PZR response to isostatic
pressure in a vacuum chamber. The PZR response was tested in the chamber under re-
pressurizing conditions in the range of 107 mbar to 10> mbar. The results are shown
in Figure 8, where the resistance is plotted as a function of the pressure measured at a
fixed bias voltage of 5V. We observed a dramatic increase in the resistance by more than
two orders of magnitude when pumping the air out of the vacuum chamber. We believe
this is a result of combined mechanical and chemical effects: the pressure drop removes
mechanical stress, and the lack of air and humidity suppresses the chemisorption. Note
that the resistance values for sample E are much higher than for samples A-D because
of the co-planar configuration of the contacts and also because of the larger length of the
nanowires.

In the Supplementary Material we show, for comparison, the behavior of periodic
arrays of SINWs with increasing isostatic pressure.

SINW ——
Bulk Silicon

Resistance (Q)
S
>

4 3

107 w0t 10”0t 10t 10
Pressure (mbar)

10410
Figure 8. The resistance of sample E (on a log 10 scale) as a function of pressure measured in the
vacuum chamber is shown with the blue curve. For comparison, in red, the resistance of a bulk silicon
sample (i.e., without nanowires).

4. Discussion

For solid materials, the inter-atomic spacing may be altered by strain. Consequently,
apart from geometric changes in semiconductors, bandstructure-related details, such as
bandgap or effective mass, may change, and thereby the resistivity may change as well. An
applied strain changes the bandgap and the effective mass of charge carriers, which, in
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turn, affect the carrier concentration as well as their mobility [36]. Within a certain range
of strain, this relationship is linear [22,37]. Niquet et al. [36] show that electron mobility
saturates with strain. Subsequently, the PZR response saturates above a certain range of
strain. When a uniaxial stress X is applied, the piezoresistance coefficient of the resistivity
p in the direction of stress is defined as

_Apl

T
where Ap is the stress-induced change in the resistivity and py is the reference resistivity of
the unstressed material.

In our case, a uniaxial compressive force F was applied to SINWs along their length
by a force meter. The stress is X = F/A;, At being the total cross-sectional area of the
nanowires, which is equal to pAm, where Ay, is the cross-sectional area of the pin pressed
into the wires, and p is the relative cross-sectional area of the wires. Assuming the electrical
resistivity of the nanowires is proportional to their resistance, Equation (2) becomes

Am _ AR
:LFmXR—O. ®)

The structure of our SiNWs array is robust and stable as the wires are partially
interconnected, which provides high structural strength. Such stability and fast response
of SiNWs is a desired property for many devices, such as solid-state accelerometers and
bipolar transistors [38]. Further, our results are in agreement with the study of Ghosh
et al. [19], in which large-diameter Si nanorod-based sensors were used for force detection.

He et al. [13], who measured PZR coefficients of single (p-doped) SiNWs, with
diameters 50 nm to 300 nm, made from wafers with resistivities of 0.003 QO cm to 10 Q cm,
found that the PZR was roughly inversely proportional to the diameter and proportional to
the wafer resistivity. For a similar diameter and wafer resistivity as in our present work,
~150nm and 10 Q cm, respectively, the PZR coefficient 71; for a single wire was of the
order 10~7Pa~1. (According to Figure 2d of Ref. [13]). Using Equation (3), with p = 0.28,
Ay =49mm?, F = 0.8N, and AR/R = 0.35, we obtain 71; ~ 6 x 107°Pa~!, i.e., almost two
orders of magnitude higher. Note that, in principle, Equation (2) does not depend on
sample details, such as the number of nanowires or their configuration, which we believe
plays a role in our case. Therefore, we attribute this higher value to a collective PZR effect
brought about by the interaction between multiple and interconnected wires rather than
the response of a single nanowire. Additionally, the pressure sensitivity of the sensor in
the isostatic pressure variation given by S = % /AP [39], in the pressure range of 1074
to 10% mbar, is 9.98 x 10~° Pa~1. It is also seen that the highest sensitivity (highest slope
in Figure 8) is found in the pressure range of roughly 10~2? and 10~! mbar where the
sensitivity measure is 8.8 x 1073 Pa~!.

T

5. Conclusions

In summary, large arrays of interconnected SiINWs were fabricated in a simple three-
step wet chemical process and used for testing the piezoresistance effect in nanowires. The
interconnected structures of the SiNWs provide a great increase in mechanical stability.
A pressure change of 100 Pa could be measured with this robust device. The calculated
PZR coefficient based on SINWs array with NWs length of 3 um as resulted after MACE
etching for 7 min, sample D, was almost two orders of magnitude higher for our sensor
than reported for a single SINW. Repeated measurements for different samples fabricated
with the same process demonstrated good reproducibility with less than 5% deviation
in pressure sensing. The electrical resistance of SINWs of 10 um length increased more
than two orders of magnitude when measured in a vacuum. These findings make the
device based on random and interconnected SiNWs a strong candidate as a simple and
inexpensive alternative to various pressure-sensing applications.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s22176340/s1, Figure S1: Cross-sectional SEM micrographs of
periodic SINWs-ZnO array with wire length of 650 nm, inset shows the top view image; Figure S2:
(a) I-V characteristics for direct bias of the 650 nm periodic SiNWs, with applied pressure in the
range 0.5-3.5 MPa. The blue curve corresponds to atmospheric pressure. (b) Variation of AR/ Ry with
applied pressure for a fixed direct bias of 2 V.
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ARTICLE INFO ABSTRACT

Keywords: We report on the structure and electrical characteristics of silicon nanowire arrays prepared by metal assisted
Silicon nanowire arrays chemical etching (MACE) method, investigated by cross-sectional scanning electron microscopy (SEM) and high
MACE

resolution X-ray diffraction (HR-XRD) methods. SEM micrographs show arrays of merged parallel nanowires,
with lengths of 700 nm and 1000 nm, resulted after 1.5 min and 5 min etching time, respectively. X-ray
reciprocal space maps (RSMs) around Si (004) reciprocal lattice point indicate the presence of OD structural
defects rather than of extended defects. The photoluminescence spectra exhibit emission bands at 1.70 eV and
1.61 eV, with intensity significantly higher in the case of longer wires and associated with the more defected
surface. The transient photoluminescence spectroscopy reveals average lifetime of 60 0s and 111 6s for the two
SiNW arrays, which correlate with a larger density of defects states in the latest case. The I-V characteristics of
the nanowires, show a memristive behavior with the applied voltage sweep rate in the range 5-0.32V/s. We
attribute this behavior to trap states which control the carrier concentration, and model this effect using an
equivalent circuit. Photogeneration processes under excitation wavelengths in visible domain, 405 nm - 650 nm,

X-ray reciprocal space maps
Surface trap states
1-V hysteresis

and under light intensity in the range 20-100 mW/cm? provided a further insight into the trap states.

1. Introduction

Silicon nanowire (SiNW) arrays with controlled morphology
(porosity, length, orientation) have been efficiently prepared by metal
assisted chemical etching (MACE) processing [1-3], aiming to widen
their applicability to performant light emitting devices, photodetectors,
energy storage and conversion, or sensors [4-6]. Yet, defective surfaces
of SiNWs resulting from chemical-assisted preparation processes can
affect the electric parameters of the devices [7,8].

The dynamic hysteresis of the electrical characteristics of a nano-
electronic device when the applied voltage changes in time is one of
the first indications of the presence of a charge trapping mechanism
inside the devices with a relaxation time comparable to the time of the
voltage variation. This phenomenon is used in memristive device, often
based on metallic nanowires [9], but also on silicon nanowires [10,11].

* Corresponding author.

Sensing devices based on SiNWs have also been proposed, where the
dynamic occupation of the nanowire surface states created by the
external charges from the adsorbed biomolecules modify the hysteresis
loop [12]. Or field effect transistors where the nanowires are in contact
with a dielectric, or polymer [13].

The electrical hysteresis is also present in solar cells based on
perovskite materials, and associated to the degradation of the cell, due
to ionic migration, charge accumulation at interfaces, and their influ-
ence on the photogenerated current [14-16]. Apart of the possible
hysteretic effects, the surface states of SiNWs are also important for the
characteristics of nanostructured solar cells, where the electrons trapped
by surface states can act as a gate bias that enhances the photoconduc-
tivity [17-19].

In this work we report on the electrical response of Al/SiNWs/Al
device structures with pristine SiNW arrays prepared by the MACE
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method. The nanowires are highly imperfect and in lateral contact to
each other, forming a system of inter-connected wires rather than in-
dependent wires. The current-voltage (I-V) and capacitance-voltage (C-
V) curves, measured in dark and under various illumination conditions
in terms of wavelengths and intensity, are analyzed using an equivalent
circuit with lump elements. The model, although simplistic, is able to
reproduce satisfactorily the normal and inverted hysteresis observed in
the I-V curves. We suggest that the intimate mechanism accounting for
the hysteresis may be related to the effect of charge carrier trapping and
detrapping at the surface states present in the pristine SINW arrays. We
show that traps filling by tuning the light wavelength may be used as a
method to determine their origin and electronic properties.

2. Experimental

Inter-connected silicon nanowire arrays have been fabricated via
metal-assisted chemical etching (MACE) as shown in the flow chart
presented in Fig. 1 Single-sided polished samples (1 x 1 cm?) cut from
(100) oriented silicon wafers (p-type, with resistivity of 1 — 10 Q-cm
and thickness of 625 om) were used in the process. The samples were
cleaned with acetone, methanol, isopropanol, and deionized water fol-
lowed by drying in N gas flow, then treated with HF:H,O (1:3) solution
for 3 min to remove the native oxide. To obtain the SINW arrays, the
polished side of the samples were coated with Ag nanoparticles by
immersing them in HF [3 M]:AgNO3 [1.5 mM] solution for 1 min. The
coated samples were then cleaned with DI-water to remove the excess of
Ag nanoparticles. The samples subsequently underwent etching process
by immersing them in an etching solution of HF [5 M]:H;02[0.4 M] for
1.5 min and 5 min, respectively, followed by immersion in H,O:HNO3
(3:1) to remove residual Ag nanoparticles. Finally, the samples were
cleaned with DI-water, then dried with N; gas. For electrical measure-
ments, two coplanar Al contacts, 2 x 10 mm? each, with the thickness of
150 nm were deposited on the surface of the samples via a hard mask.
The distance between the two contacts is 6 mm. Contacts deposition was
made by using an electron beam evaporator (Polyteknik Cryofox Ex-
plorer 600 LT).

Micrographs of the SiNWs were recorded on the top and at a tilt angle
to observe the in-depths of the structures, by using a field emission
scanning electron microscope (FE-SEM), FEI NovaTM NanoSEM 630.
The structural characteristics of the SINW arrays were investigated by
using a SmartLab X-ray diffraction system from Rigaku Corp. (Osaka,
Japan). X-ray reciprocal space maps (RSMs) around Si (004) reciprocal
lattice point were recorded in triple-axis configuration (ultra-high res-
olution) with a four-bounce Ge monochromator with two reflections at
incidence and a two-bounce Ge monochromator with two reflections in
the front of detector. Bending profiles were obtained using grazing-
incidence XRD in asymmetric skew geometry on (111) reflection. In
this configuration, the incidence angle of the source was varied from 0.5°
to 4° to obtain different X-ray penetration depth.

The photoluminescence (PL) emission spectra of the SINW arrays
were recorded with an Edinburgh FL920 fluorescence spectrophotom-
eter equipped with microsecond flashlamp as an excitation source.
Time-correlated single photon counting (TCSPC) technique was used to

BN — kel

Deposition of Ag N-Ps on MACE processing to form
Si(100)-substrate Nanofibers

mmm

Deposition of 150 nm Removal of Ag N-Ps
coplanar Al contacts

Fig. 1. Schematic illustration of the MACE steps for SINWs preparation and Al/
SiNWs/Al structures fabrication.
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determine the photoluminescence lifetime, using excitation at 300 nm
and recording the emission at 770 nm wavelength. FAST Version 3.4.2.
Edinburgh Instruments Ltd software was used for experimental fit.

The I-V and C-V characteristics were measured using a Keithley 2400
and SCS 4200 Keithley system, in dark and under light illumination with
various wavelengths, as well as under white light using a solar simula-
tion lamp, with intensities in the range 20-100 mW/cm?2. The curves
were recorded by forward and reverse sweeping the applied voltage in
the range -10V to +10V.

3. Results
3.1. Structure and PL properties of silicon nanowires

The top and cross-sectional SEM micrographs of the SINW arrays
obtained at 1.5 min and 5 min etching time, are shown in Fig. 2a—d. The
length of the NWs is about 700 nm after 1.5 min etching (see Fig. 2a-b)
and 1000 nm after 5 min etching (Fig. 2 c-d). In the following we refer to
these two samples as SiNWg,o and SiNW,,, respectively. There is a
saturation value so that the lengths of the wires are limited with the
respect of the concentrations of the oxidizing agent H;02, AgNO3 con-
centration, and specific resistivity (p) of bulk Si [20]. As seen, the wires
are laterally interconnected and form continuous structures of walls in
both arrays. According to ImageJ analysis, the coverage area is 36% and
32% for SiNWiho and SiNW),, respectively, which suggests that the
longer etching time leads to a higher porosity. Note that the coverage
area means the surface occupied by tips of SiNWs observed in SEM top
view image and by longer etching time the diameter of SINWs decreases
and as result the coverage area decreases. In order to investigate the
microstructural features of the nanowire arrays, we performed X-ray
diffraction in high resolution setup. X-ray reciprocal space maps (RSMs)
around Si (004) reciprocal lattice point give information regarding the
out-of-plane lattice value, relative lattice strain and the crystal imper-
fections. X-ray RSMs along (q;,qx) coordinates for SiNWg and
SiNW)., arrays are presented in Fig. 3a and b. The reciprocal space
coordinates g, and g are projections of the scattering vector along [100]
and [001] directions, respectively, and are related with the angular
coordinates as: g, = [2sin(w —6)]/4 and g, = (2sind)/A.

The X-ray reciprocal space maps present an intense peak located
around g, € (0.7360 —0.7365) A1, Using the crystallographic relations
for cubic crystals, the lattice constant a can be expressed as qiz [21],
giving a lattice constant equal to 5.43 A, which corresponds to the lattice

Fig. 2. SEM micrographs of the SiINWs arrays prepared by a MACE process. The
etching time was: (a), (b) 1.5 min and (c), (d) 5 min.
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Fig. 3. X-ray reciprocal space maps (RSMs) recorded near Si (004) reciprocal
lattice point on the nanowire arrays with length of (a) 700 nm and (b) 1000
nm SiNWs.

parameter of bulk Si. This is an indication that the MACE process does
not affect the value of the lattice parameter of the samples. Further, it
can be observed that the spot broadening increases with increasing the
nanowire length in both g, and g, direction. The broadening of the RSM
spot can be ascribed to the occurrence of bending and torsion of nano-
wire array, which is more pronounced for the longer (1000 nm) SiNWs,
due to a higher surface energy. At the same time, the X-ray scattering in
the reciprocal space looks different. For instance, the area elongated
along gy, which is related to the diffuse scattering, could be determined
by crystal imperfections (e.g. point defects, extended defects, or stacking
faults), and broader angular dispersion is observed for the longer
nanowires. The cross section of intensity distribution of our RSM along
gy is presented below in Fig. 4a.

The X-ray rocking curves indicate two types of scattering: (1) the
narrow peak is related to the specular scattering (.., also called Bragg
scattering, where the X-ray scattering has taken place on the atomic
planes; (2) the broad feature indicates the presence of the X-ray diffuse
scattering (XDRS), further denoted as Iy. This scattering is determined
by the structural imperfections in the Si lattice. To have a qualitative
description of the X-ray scattering, we obtain the ratio between Iy
/(Lsifr + Igpec). For instance, the shorter SINWs exhibits a ratio of 0.31,
whereas the longer SiNWs exhibits ratio of 0.94. Clearly, this ratio can
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Fig. 4. Cross section of intensity distribution along q, direction for short and
long nanowire arrays (a) and (b) bending profiles.
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be viewed as a measure of the structural defect density in our samples. It
is reasonable to assume that the longer SINWs possesses a higher density
of the structural defects, being promoted by the strain relaxation pro-
cesses due to the bending and torsion phenomena [22].

To prove the existence or absence of the strain relaxation processes,
we obtained bending profiles of our samples, which correspond to the
average tilt of the arrays - Fig. 4 b. These profiles were obtained in the
framework of grazing-incidence X-ray diffraction on highly-asymmetric
(111) reflection, which allowed us to attain different X-ray penetration
depths, varying the incidence angles of the X-ray source. Further details
regarding the grazing-incidence X-ray diffraction technique on (111) in
nanowires, as well as for the bending profiles can be found in [23].

The evolution of the FWHM of the X-ray spectra with the incidence
angle gives the tilt of nanowire array at different penetration depths.
One may observe that the shorter nanowires determine a smaller tilt, e.g.
0.028°, comparing to the longer ones which have an average tilt of
0.037°. It is clear that the higher tilt for the longer nanowires is deter-
mined by a higher surface energy of the nanowire array. However, for
both samples the bending profiles do not present dips, whose occurrence
can be assigned to a quasi-local manifestation of some relaxation
mechanisms in the nanowires. The absence of the strain relaxation
processes can be further attributed to the absence of the extended
structural defects, such as edge and screw threading dislocations. This is
possible by taking into account the small length of our arrays. Also,
previous investigations in highly dense nanowire arrays prepared by
MACE showed the occurrence of edge and screw threading dislocations
only for wires longer than 9 x m [23]. At the same time, we must
consider the previous findings from the rocking curves profiles, indi-
cating a relationship between the array length and the XRDS intensity,
which was attributed to the presence of the structural defects.

The XRD findings indicate that the MACE process has determined the
formation of 0D defects, nanocrystals or nanopores on the surface of
SiNWs, rather than extended structural defects. The nature of structural
defects is analyzed by recording the photoluminescence (PL) emission
from SiNWs arrays. The PL spectra are shown in Fig. 5.

The SiNW,, presents a rather weak PL intensity, about 1/15 of the
PL for the SiNW),,,. The spectrum is centered at 730 nm (1.70 eV).
Sample SiNW,,, shows an intense and broad PL emission spectra in the
VIS-NIR region, centered at 770 nm (1.61 eV). The red-shift in energy of
80 meV of the PL maximum position, observed for the longer NWs, could
be related to the structure of interconnected skeletons and increased
porosity, as resulted during the MACE process with a longer duration
[20]. The observed red-shift with longer etching time is in agreement
with our previous results [20]. It has however worth noting that others
researchers [24], have observed blue-shift upon increasing etching time
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Fig. 5. PL spectra of SiNWs arrays under excitation with Xe lamp at wavelength
of 350 nm and 450 W power.
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and correlated that with the presence of SiOy. It appears that in our case,
the SiO, fraction is not increasing with the etching time and conse-
quently has a low contribution to the PL emission which strongly shifts
towards NIR spectral range. A slow (S) band in the red-yellow spectral
range with long microsecond decay times is reported and analyzed in
porous silicon nanostructures PL spectra and attributed to
phonon-assisted exciton recombination within the silicon nanostructure
[25]. It was also reported that TEM images of the luminescent SiNWs
prepared by MACE technique reveal that the surfaces of the SINWs are
very rough, with a few nano-sized silicon particles being attached to the
SiNWs. The PL spectrum of such SiNWs was peaked at 700 nm for an
excitation wavelength of 400 nm [26].

Lin et al. [27] reported that SiNWs synthesized via MACE exhibit a
nanoporous structure. The PL emission band in the red region, at 730 nm
was attributed to the excitons captured by the interface states between
the Si nanostructures and the native oxide layer. The PL intensity in-
creases with the porosity [27]. It was also reported that longer etching
time, or higher H,O, concentration could facilitate the diffusion and
nucleation of Ag ions and effectively enhance the porosity of the
nanowires [28]. Recently, it was shown that MACE-produced SiNW ar-
rays are covered with porous structures, silicon nanocrystals, which
result from the lateral etching of NWs sidewalls. The broad PL spectrum
centered at 695 nm (1.78 eV) is attributed to radiative recombination of
excitons in these nanocrystals [29]. In our experiment, even if the length
of the NWs does not differ very much, the PL intensity is substantially
higher in the case of long wires which suggests the formation of a larger
number of luminescence centers.

The enhancement of the PL intensity and the wavelength red-shift
could be attributed to enhanced porous structure of the SINWs surface
and also of a porous Si layer formed at the base of SINWs, resulting after
a longer MACE process [30,31]. Previous studies reported that HF post
etching treatments of SiNWs are mandatory in order to obtain light
emission [32]. Other experiments demonstrated that H,O, could favor
PL emission, which is attributed to SiO, layer formation on the NWs
surface [24]. However, in this work a different etching process in terms
of reagents concentration leads to a significant intensity of the PL
emission, without any post-treatment, as also observed by reference
[33]. This result underlines the essential role of the etching solution
concentration on the formation of various light emitting centers, such as
Si nanostructures, SiO;, layer, other specific Si bonding structure. The PL
lifetime of the SiNWs arrays, was measured by transient photo-
luminescence spectroscopy (TCSPC) method.

Fig. 6 shows PL emission decay curves of the SiNWs arrays obtained
by using the excitation wavelength 300 nm and the emission wavelength
770 nm. The monoexponential lifetime decreases sharply for shorter
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Fig. 6. PL emission decay curves of the SiNWs arrays, with average lifetime
111 p s (1000 nm length) and 60 x s (700 nm length), respectively.
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SiNWs, indicating a smaller contribution of the surface disorder. Long
lifetime observed for the longer SiNWs should be mostly dictated by
nonradiative processes involving surface defects, in agreement with the
results of XRD-RSM maps presented in Fig. 3. The average lifetime ob-
tained by fitting the experimental values is 60 0s for the short SiNWs and
111 6s for long SiNWs. By increasing the etching time, the number of
both radiative and non-radiative centers increases, however their ratio
remains relatively unchanged and that determines longer luminescence
lifetime coupled with stronger radiative emission.

3.2. Electrical characteristics of silicon nanowires

The I-V curves of the Al/SiNWs/Al structures, measured at various
voltage sweep rates in dark and under illumination, are presented in
Fig. 7 a-j. The plots are non-linear, characteristic to two diodes in
antiparallel configuration, due to the Al-Si Schottky contacts. The cur-
rent intensities under illumination are slightly higher compared to those
measured in dark. The hysteresis observed in the I-V curves of both
samples suggests that a process of trapping and de-trapping of minority
(e) charge carriers, with different time constants, may take place. A
dependence of the hysteresis area (in VA units) as a function of the
voltage sweep rate may also be observed, see Fig. 8a and b.

In the case of the SINW,,« sample the hysteresis area in quadrant 1,
defined as area of the “down” curve minus the area of the “up” curve,
shows a continuous decrease as the voltage sweep-rate increases, see
Fig. 8a, but remains in the positive range of values. A different behavior
may be observed in the case of SiNW),,,, as the hysteresis area takes
negative values at small V rates and positive values for rates beyond
1.38 V/s, see Fig. 8b. Also, the data reveal that the hysteresis area in-
creases under illumination for short NWs, see Fig. 8a, but exhibits an
interesting evolution at sweep rates below 4 V/s in the case of long NWs,
Fig. 8b. Additional results obtained on SiNW arrays with lengths larger
than 1000 nm and exhibiting different morphologies are shown in the
Supplementary Material, Fig. S2. where it has been observed that post-
treated SiNWs with HF shows minimum hysteresis and confirm that
surface defect-free nanowires can be prepared by MACE using an HF
post-treatment. This result is in good agreement with Choi et al [34]. It is
worth noting that the untreated bulk Si shows no hysteresis and confirms
the larger defective surface area of SiNWs is associated with charge
trapping and hysteresis effect. The corresponding plot is shown in
Supplementary Material, Fig. S3. As apparent, the extend of the hys-
teresis is not related with etching time in the range tested (2-10 min).

4. Modeling the I-V characteristics

We consider an equivalent electrical circuit of the Si/SiNWs/Al
structures to model the observed memristive behavior of measured I-V
curves. The memristive effect consists in the dependence of the I-V
curve, and consequently of the electrical resistance of the device, on the
history of the applied voltage, i. e. increasing or decreasing [9]. I-V
hysteresis loops for multiple cycles are shown in the Supplementary
Material, Fig. S1. The I-V experimental data show exponential-like de-
pendencies, and a difference between the current &upg, I, i.e. when
the voltage increases, and the current &downg Ijown, i.e. when the
voltage decreases. A simple model to account for this behavior should
combine a resistor, two diodes, and one or two capacitors, as illustrated
in Fig. 9. The role of the diodes is to give the exponential-like current as a
function of voltage, and the role of the R — C block is to generate a
voltage drop u which controls the number of charge carriers passing
through the circuit. The voltage u corresponds to an electric field in-
ternal to the diodes, such that the currents through each diode
Dj, (j=1,2) can be written as:

V() —u(s) —qu(s)

ID/(t) = le T _ i @
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Fig. 7. Current-voltage characteristics of Al/SiNWs/Al structures: (a)-(e) short SINWs and (f)-(j) long SiNWs, measured at various voltage sweep rates. In dark and
under illumination measurements.

where I; and n; are diode parameters (saturation current and ideality the circuit is then:
factor, respectively), q is the elementary electric charge, k is Boltzmanns
constant, and T the temperature. We begin by considering only one
capacitor, Cy, and ignore the second one, i.e. C, = 0. The total current in

I=1Ip +1p, =Ix + I, 2

where Iz = u/R, and I, is discussed below.
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Fig. 8. Hysteresis area vs voltage sweep rate for the device: (a) short SNWs and (b) long SiNWs.

The order of magnitude of the charge associated with the capacitance
C; needed to explain the experimental data can be inferred from the
observed hysteresis effect. The total charge going through the circuit
corresponds to the area of the current versus time, which can easily be
evaluated since the voltage has a constant rate in time. For example, for
the SiNW,,« sample, at a voltage rate of 0.63 V/s in dark (Fig. 7d), the
hysteresis area between the positive voltages 4 V and 5 V, corresponding
to a time interval of 1.6 s, is 0.15 mVA, or 0.24 mAs or 0.24 mC of
electric charge. This gives an estimated C; ~ 0.24 mF, which is obvi-
ously a very large value for such a small sample. A more realistic
assumption is to assume a much smaller capacitance, and associate the
capacitor with a trapping mechanism, which temporarily stores a rela-
tively small amount of charge, Q;, but contributes significantly to the
voltage u, which in turn has a much larger effect on the current than the
stored charge. The capacitance is associated to a temporary polarization
effect, likely due to interface states in the Schottky diodes [35] and/or
surface states [11,12]. Therefore, we assume that the current controlled
by the capacitor is

dQ,
Ie, = b? (&)
where b is a coefficient describing the amplification factor of the number
of carriers controlled by the polarization effects associated with the
charge Q;. Here Eq. (3) is a simplified version of Equation (5) of
Reference [12], where both acceptor-like and donor-like traps are
considered.

Next, we denote by 7; the time constant associated to the relaxation
of this electric or trapping charge. This relaxation process may depend
on more complex phenomena, like ion displacement, diffusion, etc.,
which we cannot describe in detail. Instead, we define the relaxation
time 7, via the equation
do _ Qi(t) — Cuu(r)

dar T @

which leads to an exponentially asymptotic charging or discharging with
a time factor e /71, A similar assumption has been used to explain the
hysteresis phenomenon in perovskite based solar cells [36].

In Fig. 10 we show the calculated I-V characteristic using empirical
parameters inspired by the experimental results, but also adjusted for
the convenience of the numerical calculations: I; = 0.04 mA, I, = 0.03
mA,n; = —ny =30,71 =65,C; =1.5nF, b =10° R = 1600 Q. The
voltage is swept from -5 V to 5 V and back to -5 V in 50 seconds, i.e. with
arate of 0.4 V/s. The current was calculated numerically using Eqs. (1)-
(4), by discretizing the time in small steps, with initial conditions Q; =
0. (The current in the two diodes was obtained using the Lambert
function, since the voltage u(t) implicitly depends on the current.)

The intersection of the “up” and “down” curves at negative voltages
occurs because of the initial and final state of the capacitor (uncharged

vs. charged). However, one feature of the hysteresis loop shown in
Fig. 10 differs from the experiment. For positive voltage, the &upg curve
is always above the down curve, i.e. opposite to the experimental data
obtained for the sample A (700 nm). The reason is that after the voltage
reached the maximum and begins to decrease, the capacitor C; pushes
current against the main current of the source, i.e. decreasing the current
compared to the “up” values. This effect does not depend on the
magnitude of the coefficient b, but on its sign, which is positive. To
match the experimental data with this simple model we need to assume
a negative sign of this coefficient b for the “up” segment of the I-V
characteristic, i.e. in that phase the trapping mechanism releases current
with the same orientation as of the total current. The resulting I-V curves
are shown in Fig. 11.

The I-V characteristic looks now qualitatively similar to the experi-
mental data shown in Fig. 7a—e. This similarity suggests a negative
intrinsic polarization mechanism of the sample, during the measure-
ments, with a relaxation time of the order of seconds. Such a situation
can also be obtained in perovskite based solar cells, where the “up” and
“down” currents in the hysteresis loops can be inverted, depending on
the sign of the polarization of the cell [16,36]. It is also seen in Fig. 7 that
in presence of light the magnitude of the current increases, due to
increased number of photogenerated charge carriers.

An additional feature may be observed in the I-V curves of the sample

/

—

c| ¢,

urR

Fig. 9. A simple circuit model for the I-V characteristic with hysteresis. The
direction of the current depends on the polarity of the main voltage V(t).
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Fig. 11. The calculated I-V curves with the same parameters as in Fig. 9, but
negative coefficient b. In this case the current for positive voltage is smaller
when the voltage decreases, as observed for the samples of 700 nm.

SiNWy,,, where the hysteresis for positive voltage reverses with
decreasing the voltage rate, see Fig. 7f—j. An initial shoulder is visible at
high rates on the ““up” curve, below the “down” curve, which then
moves above the “down” curves at lower voltage rates, below 1.38 V/s.
For lower voltage rates the hysteresis loop becomes twisted. A possible
interpretation is that in this situation another capacitor, C,, is activated
at a certain positive voltage, acting now in the regular manner, i.e.
pumping current against the source, I, = b dQ,/dt with the b coeffi-
cient always positive. In Fig. 12 we show the results with C, = 0.6 nF.
Such an example looks qualitatively similar with the data for the sample
SiNW/one shown in Fig. 7h—j. Such a twisted hysteresis loop has been
shown by Thissandier et al. [37], for an array of disconnected SiNWs,
when the voltage was increased above a certain threshold.

We emphasize that the model used for explaining the I-V curves is
primitive, and only qualitative. The magnitude of the b coefficient and of
the capacitances have somehow a complementary character: we could
increase one by decreasing the other one. However, for a small b value
the capacitances would be unrealistic, and for this reason we believe
their role is more like a trigger for activation of more charge carriers,
typical for a small polarization field inside a Schottky or a p-n diode, or
for a gate inside a transistor. Since the NWs are formed in p-type Si, with
resistivity of the order of 1-10 Q-cm, then shunt resistors should be
included for a more realistic circuit model. Still, the development of a
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Fig. 12. The calculated I-V curves with the same parameters as in Figure 3, plus
second capacitor C; = 0.6 nF which is activated gradually between voltages
0.5-1 V. The current created by the second capacitor has always a positive
coefficient b.

more complex equivalent circuit is beyond the scope of this study.

4.1. Capacitance behavior under illumination

The C-V characteristics of the SINW arrays measured at various fre-
quencies are shown in Fig. 13a and b. Both structures exhibit reduced
capacitance by increasing the frequency in the range 5-100 kHz, with
maximum value of 9.9 nF, Fig. 14a, and 3.7 nF, Fig. 14b, at 5 kHz.
However, the SINW arrays with long NWs exhibit asymmetric behavior
in the region of positive voltages, 0 to +10V, where large and switching
hysteresis loops appear under the forward and reverse polarization. The
presence of a positive or negative sign of the current due to traps, or
equivalently, negative or positive capacitance, as proposed in the
equivalent circuit, could explain the observed behavior.

Next we show the C-V characteristics measured under illumination
with various wavelengths, in Fig. 14a and b. The capacitance of the
structure with short NWs slightly increased when the structure is illu-
minated at 650 nm and 532 nm wavelength, Fig. 14a, while the structure
with long NWs exhibits a significantly reduced capacitance under illu-
mination at these wavelengths, Fig. 14b, likely due to the effect of
photogenerated carries trapped at the surface states, lowering the value
of the capacitive reactance. Fig. 14b also shows the capacitance
changing slightly under illumination with 450 nm or 405 nm wave-
length. In this case the photogenerated carriers behave like free carriers
and determine the increase of the current intensity, see I-V character-
istics in Fig. 7.

Fig. 15 shows the C-V characteristics under illumination with white
light, with various intensities. Both structures exhibit higher capacitance
when the light intensity increases, reaching 26 nF for the structure with
short NWs, Fig. 15a, and 1.6 nF for SiNWs with long NWs, Fig. 15b,
under illumination with 100 mW/cm?. All the C-V curves present hys-
teresis, noticeable under positive applied voltage, 0,4+-10V. The structure
with long NWs shows also a supplementary capacitance peak at positive
applied voltage, that increases with the intensity of light. Also, the
occurrence voltage shifts towards higher values, from 1.82 V to 2.16 V
with increased light intensity.

5. Discussion and conclusions

The analysis of hysteresis exhibited by the I-V characteristics shown
in Fig. 7a—e, reveals that charge carriers are trapped on the surface states
in sample SiNWg,«, with PL average lifetime of 60 y s, when the voltage
sweep rate varies from 5 V/s to 0.32 V/s. The hysteresis area linearly
increases by lowering the sweep rate, see Fig. 8a, which suggests that the
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Fig. 13. Capacitance-voltage characteristics of Al/SiNWs/Al structures at various frequencies: (a) SINWs with 700 nm length and (b) SiNWs with 1000 nm lengths.
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slow traps are involved in the process. The situation changes for the
SiNWi,,, sample, with PL average lifetime of 111 u s, where larger
hysteresis areas appear at faster voltage sweep rates, Fig. 7fj. In fact, as
the variation of the hysteresis area vs voltage sweep rate presented in
Fig. 8a and b suggests, at slow V rates, of 0.32 V/s and 0.63 V/s, the slow
traps act in the both structures. Also, since faster voltage sweeps are
required to activate the fast surface states, the evolution of the hysteresis
area in Fig. 8b indicates the presence of fast surface traps in the SINW)qq,
sample. The I-V hysteresis in SiNWs prepared by MACE has also been
obtained in Ref. [6], but the dependence on the voltage rate has not been

reported. The presence of the traps in the SINWs can also be inferred
from the non-ideal diode characteristic of the Schottky contacts,
observed in the I-V characteristic [38].

The C-V response of this structure to excitation with various wave-
lengths suggests the presence of electron traps active at energy below
2.4 eV (observed in C-V responses at 1.9 eV and 2.33 eV irradiation),
which are within the band gap of porous silicon [39-41]. Although these
band gap values are also within the (broad) emission band limits
observed in Fig. 5, they are different than the values derived from the
maxima in the PL emission spectra, centered at 1.70 eV for SINW . and
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1.61 eV for SiNW,,g, suggesting that different trap centers are involved
in the PL emission and photogeneration processes.

In summary, the evolution of I-V hysteresis vs applied voltage rates
was used to assess the effect of surface traps on transport properties of
the pristine SiNWs arrays. The transition from an inverted to a direct
hysteresis is demonstrated considering the effect of a capacitance asso-
ciated with the surface traps which controls the charge current through
the structure. The I-V and C-V characteristics measured under illumi-
nation with various wavelengths in the visible domain indicate that
traps filling can be detected by tuning the photons energy. Using this
method we assessed the energy range of the surface trap states energy of
a SiNWs array.

However, the characterization methods used in this work, including
PL, I-V and CV, bring evidence on effects due to the presence of surface
states, but hardly allow an accurate assignment of their energy to a
specific defect or complex. First, taking into account that different
techniques may give specific energy values to the same defect type, and
second, the fact that we deal with a highly irregular surface which al-
lows a variety of local environments and therefore prevents an accurate
identification of the defect type, then a schematic representation of the
associated energy levels may be misleading.
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Abstract— Silicon nanowires (SiNWs) hold potential
applications in optoelectronics and SiNW-based optical
sensors. Here, a photoluminescence study of SINW arrays
fabricated with a simple two-step silver (Ag) catalyzed
etching of silicon wafers is presented. The morphology
and photoluminescence properties were investigated for
SiNWs of different lengths obtained by varying Ag
concentration (as silver nitrate, AgNO3) and etching time.
The samples consist of vertically aligned SiNWs with
length in the range ~10-40 um. Our foremost result is that
the photoluminescence intensity from the SINW arrays is
an order of magnitude higher than that from bulk Si. This
is accompanied by a red-shift in the peak position of
approximately 0.09 eV, which may be attributed either to
the variation in size of the Ag-nanoparticles created
during the etching process or different lengths of the
SiNWs. The results indicate that SiNWs obtained by
simple and cost-effective metal catalyzed etching, are
potentially promising for optoelectronic applications.

Keywords— MACE, SEM, Si-nanowire arrays,
Photoluminescence, optoelectonics.

1. Introduction

Owing to their unique mechanical,
electrical, optical and thermoelectrical
properties, silicon nanowires (SiNWs) have
shown potential application in
optoelectronics,  bio-chemical  sensing,
flexible-electronics, photovoltaics and energy
storage [1,2].

The commonly used approaches to
fabricate SiNWs can be divided into two
main categories: a) bottom-up (for instance
chemical-vapor-deposition, thermal
evaporation and laser-ablation) and b) top-
down lithography-based methods (such as
metal assisted chemical etching, MACE).
The bottom-up methods are generally known

978-1-6654-3571-0/21/$31.00 ©2021 IEEE

to have limitation in terms of equipment
complexity and expense which will hinder
their application for industrial settings. On
the other hand, top-down methods,
particularly MACE, has proven to be
scalable, inexpensive and simple to fabricate
nanowires, often with superior quality [3].
Silicon MACE processing involves the
deposition of either a metallic nanopattern or
nanoparticles, followed by catalyzed etching
water-based solution of hydrofluoric acid
(HF) and an oxidizer (most commonly H>O3).
Several metals have been proposed in
assisting the etching process, of which Ag
has shown to give superior results. Peng et al.
[3] showed that the immersion of silicon
wafer in a mixture of HF/AgNO; allows
deposition of Ag-nanoparticles (Ag-NPS).
After such metal deposition, a solution
containing HF and H>O; is used to etch the
silicon. This method enables high etching
rate, exceeding 1 um/min, and the possibility
to fabricate a wide range of vertical structures
with aspect ratio of up to 10°, depending on
the shape, distribution and density of the
catalytic metal particles [4]. Nanoscale
silicon structures such as SiNWs are well-
known for their ability to exhibit high energy
peaks in room temperature
photoluminescence (PL) spectra, due to
quantum confinement (QC) effects and
surface defects [5].

In this contribution, we report on the
fabrication of SiNW arrays via MACE
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process by using AgNO; (aq) solution. The
effects of varying AgNOs concentration and
etching time on the SINWs morphology and
PL emission were investigated. Optimum
AgNO; concentration and etching time was
determined to give long, vertically aligned,
SiNWs. We find that the PL intensity from
the SINW arrays is an order of magnitude
higher than that from bulk Si, with a red shift
of ~ 0.09 eV in the peak position. The
possible causes for the red shift are discussed.

2. Experimental details

Single-side polished p-type (boron
doped) crystalline-Si (100) wafers with
thickness of 550 um and resistivity of 10-20
Q.cm (carrier concentration of 10 cm™)
were used for the NW arrays fabrication. The
process consisted into two steps: A)
deposition of Ag-NPs, and B) Ag catalyzed
etching of the Si wafer.

A) Prior to deposition of Ag-NPs, the
samples were cleaned with acetone,
methanol, isopropanol, and deionized water
(DI-water) followed by drying with N> gas.
Subsequently, the samples were treated with
a solution of 40% W/V HF and water in 1:1
ratio for 3 min., to remove native oxide. After
rinsing with DI water and drying with N3, the
polished sides of the Si-wafers were coated
with Ag-particles by immersing them in HF
[3 M]:[x mM] AgNOs solution for 1 min,
(x=0.8, 1.0, 1.5, 3.0 mM). The deposition was
ended by immersing the sample in DI-water
and let to dry.

B) The samples were etched by immersion in
a solution of HF:H>O, [5 M:0.4 M] for a
given time, followed by immersion in a
mixture of H>O and 60% w/v HNOs in 3:1
ratio to remove residual Ag-particles [4].
Then, the samples were rinsed with DI water
and dried with N> gas.

In this study, the molar ratio of AgNO; and
etching time were varied in order to
determine their effects on the SiNWs
morphology, as listed in Table 1.
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Table 1. List of samples with different AgNO3
concentration, y, and corresponding etching time, f.

AgNO; | 0.8 | 1.0 1.5 3
x [mM]
Etching | 45 | 45 | 30 | 45 | 60 | 100 | 150 | 45
time,
t. [min]

The morphology of the SiNWs was
characterized by SEM (ZEISS SUPRA 35),
and energy dispersive X-ray spectroscopy
(EDS). The PL spectra were collected at
room temperature (RT) using a Princeton
Instrument Acton SP2750 triple grating
monochromator/spectrograph equipped with
Si-CCD detector. The SiNWs samples were
mounted in a cryogenic pump (Leybold-
Heraeus RG 210) and excited with a 15 mW
HeCd laser, at 325 nm wavelength and a spot
diameter of ~100-200 pm. A more detailed
description of the set-up can be found
elsewhere [6].

3. Results and discussion

Fig. 1 shows the SEM micrographs in
different magnification of Ag-NPs on top of
the Si wafer after being immersed in the
AgNOs solution for 1 minute, rinsed and
dried. The Ag-NPs are isolated, with
diameters between 70 and 180 nm (for 1.5
mM AgNOs), varying with the deposition
time and/or AgNOs concentration [7,8]. The
SEM cross-section images of etched
structures presented in Fig. 2 show quasi-
ordered SiNWs, with a preferential
orientation along [100] crystallographic
direction, in agreement with [8,9]. Initially, in
the case of SiNWs obtained by etching in
solutions with 0.8, 1.0 and 1.5-mM
concentration, it was observed the formation
of wvertically aligned columnar structures,
with a uniform etching depth as evidenced in
the SEM images. In Fig. 2(c) the diameter of
SiNWs for (1.5 mM AgNOs concentration)
determined from SEM images varies between
90 and 135 nm. Also, the obtained nanowires
are bundled together as a consequence of
capillary forces being activated when
extracting the samples out of the etching
solution [7,10]. These forces become more
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dominant as the length of the NWs increases,
thus resulting in more like a columnar
structure rather than free-standing individual
NWs [10]. Increasing the concentration
further to 3 mM resulted in the formation of
porous columnar structure with deep etch
pits-like structures and reduced length. The
length of SiNWs decreased from ~ 17, 15, 13
for 0.8, 1.0 and 1.5 mM, respectively, to 9
pum for the 3.0 mM AgNOs concentration, for
an etching time of 45 min. The decrease in
NWs length may be attributed to Si surface
having less coverage, i.e. larger Ag-NPs and
therefore a longer time is needed for HF to
dissolve and dissipate the oxidized Si [8].

To investigate the effect of etching time (%
= 30, 45, 60, 100 and 150 min) on the
morphology, the 1.5 mM structure was
considered (Fig. 3). It was observed that
vertically aligned SiNWs were obtained for
etching time up to 60 min (Fig. 3(b)). When
increasing f. to 100 and 150 min (Fig. 3(c)),
the tips of the nanowires start to congregate
and form bundles, as also has been observed
in [4,11]. As seen in Fig. 3(d), the length of
the SiNWs increases roughly linearly
(0.37£0.05 pm/min) with etching time up to
~ 100 min, and shows a smaller dependence
for longer periods.

Fig. 4 shows the PL spectra of SiNWs
obtained by etching samples with various
AgNOs3 concentrations and fixed etching
time. The PL spectra measured on structures
with fixed AgNO3 concentration and various
etching times are plotted in Fig.5. The data
were deconvoluted by fitting the spectra with
Gaussians to determine the peak value. Figs
4 and 5 show that the PL peak intensity
increases and red-shifts from 728 to 752 nm,
and from 724 to 761 nm with increasing
AgNO; concentration and etching time,
respectively. These results are in fair
agreement with previous studies [5]. Several
mechanisms, including oxygen deficient-
related defect centers and QC effects [11]
were reported for explaining the PL-emission
of such nanostructures. The QC contribution
requires that the size of nanostructures to be
less that the exciton Bohr radius. However,

recently it has been shown that when the
diameter of the NWs is much larger than that
of excitons Bohr radius (i.e. ~5 nm for Si),
the resulting PL spectra is unlikely to
originate from SiNWs. In such cases (as in
the present one), it is more likely that the
emission originates from the Si nanocrystals
or nanopores on the surface of SINWs [11].

am nc?‘ ﬁL’\ v

Figure 1. SEM micrographs of Ag-NPs obtained by
immersing the sample in HF:H20:AgNO3 (1.5mM) in
different magnification.

Figure 2. SEM micrographs of SiNWs obtained by etching
the samples having varying AgNO; concentration i.e. (a)
0.8, (b) 1, (¢) 1.5 and (d) 3 mM, respectively.

150

50 100
Exching time (miny

Figure 3. SEM images of nanowires obtained by etching for
(a) 30, (b) 60 (c) 150 min, respectively. For each structure
the Ag-NPs were obtained by immersing the samples in
HF:AgNOs[1.5 mM]. (d) Plot of the SiNWs length obtained
for varying etching time.
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Figure 5. RT PL-spectra of SiNWs obtained for various
etching time f. for a fixed concentration of AgNO3, 1.5 mM.

4. Conclusions

In summary, crystalline Si(001) p-type
substrates were utilized to obtain arrays of
random, vertically aligned SiNWs via
MACE using Ag as a metal catalyst. The
morphology and length of obtained SINWs is
evidenced to be dependent on Ag (as
AgNO3) concentration and the etching time.
The analysis of the PL spectra reveals that
the emission intensity from the SINW arrays
increases with increasing the etching time
(NW length, respectively). The PL emission
is likely to originate from the Si nanocrystals
or nanopores on the surface of SINWs. The

results demonstrate that MACE is a
promising, scalable and cost-effective
process to obtain SiNW arrays with

geometrically controlled PL emission, for

potential application in optoelectronic and
Si-based sensors.
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Abstract—We report on germanium coated silicon nanowires
structures synthesized with metal assisted chemical etching and
qualify their functionality as human respiratory sensor. The
sensors were made from p-type single-crystalline (100) silicon
wafers using a silver catalyzed top-down etching, afterwards
coated by 50 nm germanium thin layer using a magnetron
sputtering. The germanium post-treatment was performed by
rapid thermal annealing at 450 and 700°C. The sensors were
characterized by X-ray diffraction diffractogram and scanning
electron microscopy. It is demonstrated that the sensors are
highly sensitive as human breath detectors, with rapid response
and frequency detectability. They are also shown to be a good
candidate for human respiratory disease diagnoses.

Index Terms—Silicon nanowire arrays, MACE, air flow sen-
sors, humidity sensors

I. INTRODUCTION

Sleep apnea syndrome is a potentially serious disorder
during which breathing readily stops and starts with the occur-
rence of approximately 30 apneas during 7-8 hours of sleep.
Increasing number of individuals suffer from sleep apnea
complications, for instance hypertension and stroke, making
sleep apnea a frequent cause of stroke. Therefore, respiratory
monitoring of individuals posing sleep apnea syndrome is of
prime importance.

In this context pressure and humidity sensors are of particu-
lar interest as they offer broad application in industry process
control, environmental monitoring, clean rooms, medical or
health care facilities, and more [1]-[3]. With rapid growth
in technology, a vast variety of materials have been inves-
tigated for pressure and humidity sensing, to mention sili-
con nanowires (SiNWs), ZnO, GaN,TiO,, carbon nanotubes,
composite fibres/polymers(such as PDMS) combined with
conductive nanostructure such as metals, carbon nanotubes and
modified graphene [1], [2], [4]. However for these composite
systems the long term sensing is not reliable as they tend
to degrade in ambient atmosphere over time. Of these ma-
terials SINWs pose superior characteristics due to its unique
structural, electrical, optical, and thermoelectric properties [5],
device compatibility, having larger surface area with high
sensitivity to pressure and humidity.

It has been shown that SiNWs exhibit an anomolous
piezoresistance effect, much higher than bulk silicon [6], and
several sensors based on piezoresistance properties of SINWs,
prepared with metal assisted chemical etching (MACE) have
also been proposed, for instance flexible pressure sensors [7],

airflow sensing devices [8], or other pressure sensors [9].
Zhang et al [10], reported a flow sensor based on SiNWs
NEMS sensors for a low pressure range which is critical for
bio-compatible devices such as breath sensors. Additionally,
stability, fast response and recovery time, and stabilized resis-
tance baseline are important factors that most of the proposed
sensors could not achieve [4]. Recently, a breath sensor based
on periodic silicon nanorods was proposed [2]. In this paper
we report a fabrication rout and characterisation of a low-cost,
easy to fabricate, bio-compatible, and rapidly scalable breath
sensor, based on random and interconnected SiNWs, coated
with germanium nanoparticles.

II. EXPERIMENTAL
A. Materials and methods

Synthesis of arrays of random and interconnected SiNWs
were fabricated on 10x 10 mm? p-type, single-side polished,
525 um thick Si (001) substrates, with resistivity of p of
0.1-0.5 Qcm. A full description of synthesis process can be
found in previous publication [5]. Briefly, a three step MACE
process, with silver as metal, was performed as follows:

1) The Si substrate was deposited with Ag nanoparticles

catalyst by immersing the substrate in a solution of 3 M
HF and 2 mM AgNOj; for 60 seconds.

2) To obtain vertically aligned SiNWs, after deposition
of Ag nanoparticles, the substrate was etched by a
HF:H505 (5M:0.4M) solution.

3) After etching the excess Ag nanoparticles were removed
by immersing the sample in a 20% w/v HNOj solution.

Two structural schemes were utilized in this study including
SiNWs and Ge-coated SiNWs either in as-synthesized or
annealed state. For the Ge deposition, direct current magnetron
sputtering was utilized at constant power of 30 W using a 5N-
Ge target. Argon was utilized as working gas and the throttle
valves were adjusted to stabilize the growth pressure of 0.7 Pa.
After deposition, the sampler were subjected to rapid thermal
annealing and ex-situ characterizations. JPilec JetFirst 150 was
used to anneal the samples at 450 and 700°C under vacuum
at 2 x 1075 bar.

B. Characterization

The samples were characterized using X-ray diffraction
(XRD) measurements using a Panalytical X pert diffractome-
ter (CuKe, 0.15406 nm) and scanning electron microscopy
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Fig. 1. (a) Top-view and (b) cross-sectional SEM micrograph of SiNWs
obtained by MACE. The scale bar provided is 2um.

(SEM, Zeiss Supra 35). A detailed description regarding X-
ray diffraction analysis is provided in our previous work [11].
For electrical measurements, two co-planar Au-contacts, 2x10
mm?2 each, with 250 nm thickness, were deposited on the
surface of the samples via a hard mask using an electron
beam evaporator (Polyteknik Cryofox Explorer 600 LT). The
distance between the two contacts was 6 mm.

III. RESULTS AND DISCUSSION
A. Structure characterization

Figure 1 shows (a) top view and (b) cross-sectional view
of SiNWs obtained after 20 min etching. The top view image
indicates that the wires are interconnected, forming a bundled
rigid structure. Such bundle formation may take place because
of capillary forces acting during the drying process following
the wet-etching step. In the cross-sectional image one can see
that the length of the wires is relatively homogeneous, around
5.5 um. The XRD diffractogram obtained over structures (i.e.),
SiNWs annealed and un-annealed (UA) around (004) atomic
plane. Fig. 2, shows a variation in FWHM of peak, which
is strongly influenced by strain-relaxation related phenomena
[12]. For (UA) SiNWs the XRD plot showed a peak along with
broad hump, which when annealed at 700°C showed a sharp
feature. Such an effect can be attributed to structural defects
and consequent strain relaxation phenomena in nanowires,
which arise due to bending and torsion as has been well-
documented in a study by Romanitan ez. al. [12].

B. Respiratory sensing

The human respiratory sensing was investigated using var-
ious SiNWs based sensors, as shown in Fig. 3. All structures
were tested for three different breathing modes i.e., normal,
rapid, and deep breathing, and are labeled respectively in Fig.

Fig. 2. XRD diffractorgram along Si (004) atomic plane obtained over SINWs
based structures both in un-annealed (lower plot) and annealed (upper plot)
state.

3. In order to show the repeatability of the measurements, two
breathing sequences are shown for each mode. For SiNWs
(both annealed and UA) there is a significant drift in the
resistance baseline with time (indicated by arrow), unlike
Ge-coated SiNWs in both UA-state and annealed at 450
and 700°C. We attribute this difference to the higher Ge-
hole mobility as compared to Si. Additionally, for the bare
SiNWs and for two samples coated with Ge, UA and annealed
at 450°C, the amplitude of the resistance waves caused by
breath is higher than for the Ge-SiNWs annealed at 700°C.
However, the sensitivity to capture detailed features of the
resistance oscillations, with lower response and recovery time,
along with several non-periodic kinks during exhaling and
inhaling breathing cycles, may vary between our samples.
Such detailed features in breathing profile can be visualized
in the differential plots in Fig. 4(a-c). We can see differences
that may possibly be related to breathing details, but also to
internal sample behavior, such as delayed response, hysteresis,
or other transient phenomena to be studied separately [13].

The sensor samples were mounted on a ceramic chip
having patterned interdigital Au-electrode. Thin Al-wires were
attached between co-planar contacts on sample and electrodes
on ceramic chip. The sample was than mounted firmly on
to philtrum using a double-sided tape, while the thin coaxial
cables between the signal processing unit and sample were
properly dressed within a canula tube to avoid any loose
connections and/or interference with unintended objects. A
schematic illustration of setup is shown in Fig. 5(a).

Fig. 5(b) shows the response of a sensor (Ge coated SINWs
annealed at 700°C) to periodic monitoring of the human
breathing. It can be observed that the sensor can efficiently
detect the different breathing states i.e., in our case normal,
rapid, and deep breathing, Fig. 5(c). We want to emphasize
that the fabrications of our samples is considerable simpler
than those with complex multi-step process and materials [4],
[14]-[16], particularly composite fibres or polymers combined
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Fig. 3. Room-temperature resistance change as a function of time for (a)
UA-SiNWs (b) SiNWs annealed at 700°C, (c) UA-Ge:SiNWs and annealed
Ge:SiNWs at (d) 450°C and (e) 700°C, respectively, under normal (NB),
rapid (RB), and deep (DB) breathing, also represented as highlighted regions.

with conductive nano-materials like metals, carbon nano tubes
or graphene, which are often unstable and tend to degrade in
ambient atmosphere over time.

Our sensors were able to capture breathing patterns without
losing any features. It is to mention here that the waveform
obtained during breathing is assumed to mimic the intended
breath modes, while a discontinuity between waves may
indicate a potential menace. Therefore, our sensors can provide
a possible indication of risky situation, for instance in case of
sleep apnea, or other breathing threats like f.ex. choking and
asthma. Moreover, our samples were tested for re-usability,
after aging them for four weeks. The samples were also tested
for longer and repeated breathing cycles. A longer breathing
sequence is shown in Fig. 6, as a differential plot (dR/dt vs
time), for NB and RB breathing modes, where the inset in the
NB plot shows the repeatability of the signal.

Fig. 4. Differential plots obtained from Fig. 3 of NB states for (a) SiINWs
annealed at 700C°C (b) UA-Ge:SiNWs and annealed Ge:SiNWs at (c) 450
°C and (d) 700°C, prospectively.

Fig. 5. (a) Schematic of the respiratory setup utilized. (b) The breathing
response in real time recorded using annealed (700°C) Ge:SiNWs. (c) The
data marked as 1, 2 and 3 expanded.
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Fig. 6. Differential plot for Ge:SiNWs structure annealed at 700°C, 5 min,
under RB (upper plot) and NB (lower plot) modes for an increased number of
cycles. The sensor was tested again under similar condition for repeatability
the results from which are shown in an inset for NB mode.

IV. CONCLUSION

In conclusion, we synthesized random arrays of SiNWs by
MACE for application in respiratory sensing. The obtained
structure were characterized via XRD and SEM showing
SiNWs of ~ 5.5 pum, bundled together. The structures were
further treated either by rapid thermal annealing and/or coated
with Ge films with aim to increase the sensitivity and ef-
ficiency. It was observed that SiNWs coated with Ge and
annealed for 5 min at 700°C resulted in higher efficiency,
faster response, and improved signal profile, without any base-
line drift in resistance. We have demonstrated the fabrication
of portable, easy to fabricate, and wearable sensor with a
great potential for application in devices intended to monitor
a human respiratory profile and for other possible applications
of pressure sensing.
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