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Growth: Silicon Nanowires
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Abstract

The topic of nanowires is one of the subjects of technological rapid-progress 
research. This chapter reviews the experimental work and the advancement of 
nanowires technology since the past decade, with more focus on the recent work. 
Nanowires can be grown from several materials including semiconductors, such as 
silicon. Silicon is a semiconductor material with a very technological importance, 
reflected by the huge number of publications. Nanowires made of silicon are of 
particular technological importance, in addition to their nanomorphology-related 
applications. A detailed description of the first successfully reported Vapor–Liquid–
Solid (VLS) 1-D growth of silicon crystals is presented. The bottom-up approach, 
the supersaturation in a three-phase system, and the nucleation at the Chemical 
Vapor Deposition (CVD) processes are discussed with more focus on silicon. 
Positional assembly of nanowires using the current available techniques, including 
Nanoscale Chemical Templating (NCT), can be considered as the key part of this 
chapter for advanced applications. Several applied and conceptional methods of 
developing the available technologies using nanowires are included, such as Atomic 
Force Microscopy (AFM) and photovoltaic (PV) cells, and more are explained. The 
final section of this chapter is devoted to the future trend in nanowires research, 
where it is anticipated that the effort behind nanowires research will proceed 
further to be implemented in daily electronic tools satisfying the demand of low-
weight and small-size electronic devices.
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1. Introduction

The topic of semiconductor nanowires is timely developing research. A legiti-
mate question is then: what makes a material in a nanowire different from a bulk 
one? The direct answer is the extremely large surface-to-volume ratio. Any applica-
tion occurs at the surface, such as chemical reactions; it will speed up at a medium 
of high surface area. Indeed, there are more features of integrating nanowires with 
the current available technologies (such as PV, AFM, and Raman spectroscopy) 
[1–5] and as stand-alone applications, such as sensors [6, 7]. Moreover, semicon-
ductor nanowires can be functionalized and tailored in accordance with different 
requirements. For example, we can dope them with particular elements in the 
growth stage to change electrical properties or change the growth conditions to vary 
their shape or size.
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There are several techniques of growing semiconductor nanowires. These 
fabrication methods are based on the semiconductor industrial capabilities, mainly 
top-down and bottom-up approaches. Photoresist patterning on top of a silicon-on-
insulator layer followed by etching silicon and creating vertical silicon columns is 
explained as a top-down approach. Techniques based on the direct epitaxial growth 
of nanowires from a seeding material on a substrate are called bottom-up growth 
techniques, which is the main technique discussed in this chapter (see Figure 1).

Studies on silicon nanowires (Si-NWs) started with the pioneer work of Wagner 
and Ellis in 1965 [1]. The Vapor–Liquid–Solid (VLS) growth method uses metallic 
droplets or particles as a catalyst to nucleate the growth and absorb gaseous precur-
sors and precipitate them into a solid form to permit crystal growth. The classic 
example is the VLS growth of Si-NWs on a Si substrate using gold (Au) eutectic 
droplets. Studying the structural properties of NWs is particularly important so 
that a reliable procedure of fabrication based on the desired functionality can be 
designed. Due to the enhanced surface-to-volume ratio in nanowires, their proper-
ties may depend critically on their surface condition and geometrical configuration. 
Even nanowires made of the same material may possess dissimilar properties due 
to differences in their crystal phase, crystalline size, surface conditions, and aspect 
ratios, which depend on the synthesis methods and conditions used in their fabrica-
tion. Moreover, the temperature of growing NWs is of critical importance, when we 
integrate them with other electronic devices so that the rest of the components of 
the electronic circuit do not get damaged at high temperatures. Si-NWs have been 
thus tried to be grown at low temperatures by utilizing metal catalysts, such as gold 
(Au) and Aluminum (Al), whose alloys with Si have low eutectic temperatures. 
Generally speaking, Si-NWs have been shown to provide a promising framework 
for applying the bottom-up approach (Feynman, 1959) for the design of nanostruc-
tures for nanoscience investigations and for potential nanotechnology applications. 
We are progressing in accordance with the predictions of Moore’s Law, which sug-
gests that the number of transistors in a dense integrated circuit doubles every two 
years [8]. Electronic devices are getting smaller and smaller, and the capabilities of 
these devices are becoming more leading-edge with the integration with the NWs 
technology.

Figure 1. 
Schematic representation shows the original substrate, and the top main approaches of creating nanowires: 
Bottom-up and top-down approaches. Notice that the building blocks of materials (atoms) are moving toward 
(deposition) the substrate in the bottom-up process, while atoms are moving away (etching) from the substrate 
in the top-down mechanism.
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2. Semiconductor nanowires

The procedure of the bottom-up growth process of semiconductor NWs can 
be described as follows (see Figure 2); a semiconductor substrate, which could a 
bulk semiconductor substrate or an epitaxial layer of a semiconductor materials 
on a glass, for instance, (see Figure 2, step 1). A thin continuous layer of few 
nanometers-thick metal (step 2) evaporated on the surface of the semiconduc-
tor epitaxial layer, which segregates in isolated droplets during annealing (step 
3). Precursor gas flows in the Chemical Vapor Deposition (CVD) reactor, where 
semiconductor atoms react at the metal-droplet surfaces, depositing semicon-
ductor vapor atoms into solution within the metal droplets (step 4). The catalyst 
droplets supersaturate, inducing precipitation of crystalline semiconductor 
vapor atoms upon the substrate. As precipitation occurs only at the droplet 
metal (liquid)–semiconductor (solid) interfaces, the semiconductor atoms 
crystallite in wire structures with diameters comparable to the diameter of the 
metal droplet (step 5). This growth protocol has been called by Wagner and 
Ellis as VLS growth after the three coexisting phases: the vaporous precursors 
(such as Siv), liquid catalyst droplets (such as Aul), and solid silicon substrate 
(Sis). Notice the possible incorporation of some of the metal atoms (Au) which 

Figure 2. 
A schematic representation shows the sequence of the VLS process in five main steps. The substrate, depicted 
1, can be bulk semiconductor materials or a relatively thin film of a semiconductor on a cheap substrate such 
as glass or polycarbonate (PC) or polymethyl methacrylate (PMMA) sheets; 2: Catalyst thin layer, 3: Catalyst 
after annealing where it balls up; 4: The sample was placed at the CVD reactor, allowing the precursor gas to 
flow; temperature reaches the eutectic; three phases coexist; and precipitation begins; and 5: Growth continues 
forming NWs.

Semiconductor materials Growth techniques Catalyst References

TiO2/In2O3 Electron Beam Evaporation Catalytic free 
glancing angle 
deposition 
technique

Guney et al. [9]

GaAs Metal–organic chemical 
vapor deposition 
(MOCVD). A vapor–
liquid–solid (VLS) 
mechanism

Au Zeng et al. [10]

SnO2 nanowires A solvothermal process Pd Lu et al. [11]

p-type α-Bi2O3 Vapor–Liquid–Solid (VLS) different catalysts 
(Au, Pt and Cu) 
as seed layers but 
the highest aspect 
ratio was obtained 
using Au

Moumen et al. [7]

β-Ga2O3 The chemical vapor 
deposition (CVD) method

Au catalysts Miao et al. [12]
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catalyzed the growth within the frame of the grown NW (Si-NW), as presented 
schematically in Figure 2.

Semiconductor nanowires have been formed using various methods, as sum-
marized in Table 1. Chemical Vapor Deposition (CVD) and Molecular Beam Epitaxy 
(MBE) have been the main growing systems since the past decade up to recent work for 
growing various semiconductor nanowires using several catalysts or without catalysts.

3. Epitaxial growth: Silicon nanowires

The nanowires growth is usually performed in a chemical vapor deposition 
(CVD) reactor or can be at the Molecular Beam Epitaxy (MBE); see Figure 3. The 
CVD growth mechanism involves the absorption of source material from the vapor 
phase into a liquid droplet of catalyst above the solid substrate as explained in the 
original work of Wagner and Ellis, in 1969 [20, 21]. The original proposed VLS mech-
anism of growing Si-NWs using Au as a catalyst is based on three critical parameters; 
the presence of the arriving Si vapor atoms to the metal droplet in a liquid state 
acting as a preferred position on the solid substrate. The detailed growth conditions 
at the CVD such as the pressure, flow rate, and temperature are placed accordingly. 
On the other hand, the motivation for using molecular beam epitaxy (MBE) to grow 
nanowires is that although MBE growth is both complicated and challenging, its high 
precision and flexibility can give good control over the growth of thin layers and 
abrupt junctions, which may be an advantage in future nanostructure devices [22].

According to the binary phase diagram of Si and Au, as shown in Figure 4, the 
lowest melting temperature for the Au–Si eutectic is approximately 363°C obtained 
for a composition of Si and Au. The eutectic is lower than the melting point of Au 
(1064°C) and Si (1414°C) [21]. Considering that the liquid phase is thermodynami-
cally equilibrated with the solid one, the lowering of the melting point, with the size 
of the droplet, is given by Eq. (1), as follows [23]:

Semiconductor materials Growth techniques Catalyst References

Si CVD reactor employing Sn 
nanospheres as 
catalyst

Mazzetta et al. 
[13]

InAs/InP Molecular Beam Epitaxy 
(MBE)

gold catalyst Helmi et al. [14]

Poly(3-hexylthiophene) 
(P3HT) nanowires

N/A N/A Jeong et al. [15]

Si-doped GaAs nanowires 
(NWs)

VS selective area growth 
patterned with SiO2
MBE

No catalysts Ruhstorfer et al. 
[16]

II-VI semiconductors CdTe, 
CdS, ZnSe, and ZnS

Vapor–liquid–solid (VLS) 
process

Bismuth and tin Yang et al. [17]

GaAs, InAs, and InGaAs 
nanowires

Molecular Beam Epitaxy 
(MBE)

Gold as the growth 
catalyst

Jabeen et al. [18]

Si VLS-CVD Al Wacaser et al. [3]

Si NWs
On Si(100) and Si(111)

VLS-CVD Gold catalyst Lindner et al. [19]

Table 1. 
Published experimental research articles of semiconductor nanowires including the techniques and the catalysts.
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Figure 3. 
Photographs of (a) chemical vapor deposition (CVD) and (b) molecular beam epitaxy (MBE) systems 
(pictures were taken with permission from nanoscience Center, Cambridge, UK).

Figure 4. 
Phase diagram for the Au–Si system. The shaded zone represents the range of temperatures and alloy 
compositions at which VLS growth might occur [22].
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where δT  is the lowering of the melting point, σ  is the interfacial energy,
0

T  is 
the melting point of the bulk metal, ρ  is the density of the material,

L  is the latent heat, and r is the radius of the circle of the catalysts. Thus, 
heating Au film deposited on a Si substrate to a temperature of 363°C results in the 
formation of liquid Au–Si eutectic. The eutectic is simply a mixture of two elements 
at such proportions that its melting point is at the lowest possible temperature, 
much lower than the melting point of either of the two elements that make it up. If 
these Au–Si melted alloys are placed in an environment containing a gaseous silicon 
precursor such as silane (SiH4), the precursor molecules decompose into Si and H2 
at the outer surface of the metal droplets, thereby supplying additional Si to the 
Au–Si alloy, and precipitate at the interface between the liquid alloy droplet and the 
solid substrate.

It has been shown that Si-NWs grow perpendicularly on Si(111), as represented 
in Figure 5.

A variety of derivatives of CVD methods exist, which can be classified by 
parameters such as the base and operation pressure or the treatment of the precur-
sor. Since Si is known to oxidize easily, it is a key parameter for a successful epitaxial 
growth of Si-NWs to reduce the oxygen background pressure. In particular, when 
oxygen-sensitive catalyst materials are used, it turns out to be useful to combine 
catalyst deposition and nanowire growth in one system, so that growth experiments 
can be performed without breaking the vacuum in between [24, 25].

Figure 5. 
Schematic representation of epitaxial growth of Si-NWs (a), where the grown nanowires copy the crystal 
structure of the substrate, (c) epitaxial grown Si-NWs on Si(111) substrate catalyzed with Al. Detailed growth 
conditions can be found in Khayyat et al. [24].
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It is often noted in VLS wire growth that the radius of the catalyst droplet 
exceeds the radius of the nanowire Eq. (2) [22].

 ( )( )21/ 1 /
ls l

R r σ σ= −  (2)

where R  is radius of the catalyst droplet, r  is the radius of the nanowire, 
l

σ  is 
the surface tension of the liquid catalyst, and 

ls
σ  is the surface tension of the 

liquid–catalyst interface. Based on this, one can estimate the growth conditions and 
deduce the diameters of the catalyst droplet of the resulted growth of NWs with a 
certain average diameter.

4. Si-NWs as building blocks for bottom-up nanotechnology

Controlling the growth position of an NW is important for fabricating devices, 
especially when involving a large array of nanowires. The growth reproducibility 
is critically a key parameter in the progress of implementing nanowires in advance 
applications.

Free-standing nanowires can be yielded and their position on the wafer can 
be determined by predefining the position of the seed on the wafer using lithog-
raphy. There are several research groups working on optimizing the growth of 
positional Si-NWs [1, 26–28]. Most of the studies till date have used Au due to the 
convenience of handling that arises from its resistance to oxidation. The current 
technique is a new method of controlling the position of the grown Si-NWs seeded 
with oxygen-reactive materials such as Al, which is a standard metal in silicon 
industrial process line. The technique is based on electron beam lithography for 
patterning the Si substrate and then forming a Si alloy with Al during a subsequent 
annealing step. Moreover, it does not require removal of the patterned compound 
oxide layer [25].

4.1 Nanoscale chemical templating (NCT) technique

It is an innovative technique that arises as a solution of the issue of the defective 
planar growth between the grown Si-NWs seeded with Al (or any other chemically 
active elements). The technique is called Nanoscale Chemical Templating (NCT) of 
oxygen-reactive elements. Now, what makes NCT an innovative solution? [25].

I. Does not require Al removal for selective growth.

II. Does not require any lithography steps.

III. Multiple application space.

As explained in Figure 6 (I), the process that does not require Al removal (I-a) 
shows the patterned SiO2 layer after photolithography, etching, and resist removal. 
(I-b) After Al deposition and annealing, notice the agglomerated Al:Si feature 
where it balls up in the openings forming the NW seeds, while the Al in contact 
with SiO2 has reacted forming Al2O3. (I-c) After NW growth. The NWs are epitaxial 
and appear as bright spots in the plan view. In the cross sectional view, tapering is 
visible, due to a thin, non-seeded, Si layer approximately thinner than 1/100 of the 
length of the nanowire. Notice that a single NW per opening is achieved. (I-c3) and 



21st Century Nanostructured Materials - Physics, Chemistry, Classification, and Emerging…

8

(I-c4) show a larger area containing both a patterned area on the right and an area 
with no oxide on the left where random growth occurs.

The position control of Si-NWs can be achieved using silica microsphere, as 
described in 6 (II). The schematic representation of a spinning silica microsphere 
on the Si substrate, followed by thin-layer evaporation of Al and the subsequent 
annealing, is shown in (a), where (b) shows the Si-NWs growth. Moreover, patern-
ing III-V semiconductors selectively is considered as one of the possible multiple 
applications schemes (III).

Figure 6. 
(I) (a)–(c) schematic illustration of NCT of NWs with corresponding SEM images, cross sectional ((a1), 
(b1), (c1) and (c3)) and plan views ((a2), (b2), (c2) and (c4)). The scale bars are: (a1) and (b1) 100 nm; 
(c1) 300 nm; (a2), (b2), and (c2) 1 μm; and (c3) and (c4) 20 μm. (II) representation of NCT using silica 
microspheres (a& b) and the corresponding SEM original proof of the concept. (III) schematic representation 
of the selective growth of AlGaAs for further applications.
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4.2 Applications on NCT: functional devices of Si-NWs

It is of great interest to find applications for Si-NWs, which could be as stand-
alone innovative structures such as in photovoltaic (PV) cells (Figure 7) or integrat-
ing with conventional structures such as Atomic Force Microscopy (AFM) (Figure 8) 
[26], and MOSFET (Figure 9), for the purpose of developing and miniaturizing.

PV Cells made of Si-NWs have several potential benefits over conventional bulk 
Si one- or thin-film devices related primarily to cost reduction. It is possible to form 
the p–n core–shell junctions in high-density arrays, which have the advantages of 
decoupling the absorption of light from charge transport by allowing lateral dif-
fusion of minority carriers to the p–n junction which is at most 50–500 nm away 
rather than many microns away as in Si conventional bulk photovoltaic cells. Based 
on this, the potential cost benefits come from lowering the purity standard and 
the amount of semiconductor material needed to obtain sophisticated efficiencies, 
increasing the defect tolerance, and lattice-matched substrates [6]. The concept of 

Figure 7. 
Schematic illustration of the main types of heterojunction nanowires. (a) Axial heterojunction. (b) Radial 
heterojunction (core-shell). (c) a core–shell PV cell [3].

Figure 8. 
Schematic demonstration of detailed steps involved in Si-NWs integration with AFM tip [26].
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nanowire-based solar cells has attracted significant attention because of their poten-
tial benefits in carrier transport, charge separation, and light absorption. The Lieber 
[1] and Atwater [28] and other groups [29–31] have developed core–shell growth 
and contact strategy for their silicon p–i–n nanowire solar cells, with sophisticated 
efficiencies. Moreover, the ability to make single-crystalline nanowires on low-cost 
substrates, such as Al foil, and to relax strain in subsequent epitaxial layers removes 
two more major cost hurdles associated with high-efficiency planar solar cells. A 
schematic representation is shown in Figure 7 where SiO2 has been used as a separa-
tion layer between the planar defective growth, which occurs during NWs growth, 
and the substrate to enhance the performance of the PV core–shell junctions [3].

AFM was invented in 1968, which has opened new perspectives for various 
micro- and nanoscale surface imaging in science and industry. Nanotechnology has 
benefited from the invention of the AFM, and in turn AFM is developing based on 
the progress of Si-NWs growth techniques. Based on the NCT technique that is based 
on catalyzing the growth of Si-NWs with Al, it has been proposed to improve the 
resolution of AFM tips in a production scale [26]. The concept of “Production Scale 
Fabrication Method for High Resolution AFM Tips” is demonstrated in Figure 8, 
along with the various steps of the Si-NW growth on the tip of the available Si(100) 
or Si(111) AFM tips. The grown Si-NW on the squared-base Si(100) tip is 45° tilted, 
while Si-NW grow perpendicularly on the AFM tip of the triangular base of Si(111) 
[32–35] where further reduction of the average wire diameter to the nanometer 
scale can be done via hydrogen annealing or oxidation [8, 36–41]. As the diameter 
decreased, the tensile strength tended to increase from 4.4 to 11.3 GPa. Under bend-
ing, the Si-NWs demonstrated considerable plasticity [42].

The proposed structure in Figure 8 has not yet been experimentally demonstrated 
[26]; the fabrication of the structure could be achieved by the described processes 
where it illustrates the potential mass scalability of this technique. A strategy has been 

Figure 9. 
(a) Shows a schematic representation of an (npn) MOSFET, the conventional one in parallel with the 
innovative one of NWs; (b) shows the migration of charges based on the applied voltages; and (c) presents the 
formation of the inversion layer, the channel across the diameter of the NW.
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presented to equip microcantilever beams with single Si-NW scanning tips that were 
directly grown by Au-catalyzed VLS synthesis. It was evident from AFM measure-
ments evidently that the assembled Si-NW scanning tips are suitable for topography 
reconstruction as well as for overall comparison with conventional pyramidal scan-
ning tips besides their high aspect-ratio nature and a superior durability [39, 43–45].

MOSFET can be designed in the form of NWs, as shown in Figure 9 [8]. The 
channel can be altered using NWs as shown when a positive voltage is applied to the 
gate. The holes in the p-type Si are repelled from the surface, and minority carrier 
conduction electrons are attracted to the surface. If the gate voltage exceeds the 
threshold value, then an inversion layer is created near the surface. In this layer, 
the material behaves as an n-type and provides a conducting channel between the 
source and the drain. The width of the conduction channel is dominated by the 
diameter of the NW.

Because of the enhanced surface-to-volume ratio of NWs, their transport 
behavior may be modified by changing their surface conditions, and this property 
may be utilized for sensor applications to provide improved sensitivity compared 
to conventional sensors based on bulk material. Si-NWs sensors will potentially be 
smaller, more sensitive, demand less power, and react faster than their macroscopic 
counterparts [42, 43, 46].

5. Future remarks of nanowires research

In this chapter, we attempt to summarize progresses made in this field during the 
last several years, ranging from nanowire growth with precise control at the atomic 
level [41]. Probing novel properties in 1D systems using a stand-alone innovative 
novel device was presented, in addition to integration and assembly methods of 
large numbers of NWs for practical applications.

We conclude this chapter with some outlooks for future research. Will nanow-
ires research lead to new science or discovery of new phenomena? Will it lead to 
new applications? [47–50]. The answer is clearly yes based on the research activity 
done on the topic of nanowires. Studies are among the most potential in the topic 
of nanoscience, as shown in Figure 10. The cumulative published studies starting 
from 2010 up to 2020 on the topic of nanowires have been increased, thus markedly 
reflecting the technological importance of this topic.

The ever-growing demand for smaller electronic devices is prompting the 
scientific community to produce circuits whose components satisfy the size and 
weight requirements. The well-controlled NW growth process, with distinct 
chemical composition, structure, size, and morphology, implies that semicon-
ductor nanowires can be integrated within the process of the development of 
nanodevices. Control of the synthesis and the surface properties of Si-NWs may 
open new opportunities in the field of silicon nanoelectronics and use them as 
nanocomponents to build nanocircuits and nanobiosensors. Moreover, Si-NWs 
possess the combined attributes of cost effectiveness and mature manufacturing 
infrastructures [51–55].

The conventional thin-film technologies grown at MBE have technical limita-
tions, mainly the interfacial lattice mismatch issues that often result in highly defec-
tive optical materials. In this regard, Si-NWs growth provides a natural mechanism 
for relaxing the lattice strain at the interface and enables dislocation-free semi-
conductor growth on lattice-mismatched substrates, where radial strain relaxation 
allows for uncharted combinations of semiconductor materials (III–V on Si). In this 
regard, efforts must be made to break new grounds in this promising research field 
to stimulate more creative ideas about nanowire research and applications. Many 
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Figure 10. 
Cumulative nanowires publications in 11 years 2010–2020 (there are no data available for 2021, where the 
x-axis represents the number of articles in kilo. In 2020, there were more than 100,000 articles on the topic on 
nanowires, according to the number of nanotechnology-related articles indexed in web of science (WoS) (ISI 
web of knowledge). https://statnano.com/report/s29/3.

promising applications are now at the early demonstration stage but are moving 
ahead rapidly because of their promise for new functionality, not previously avail-
able, to the fields of electronics, optoelectronics, biotechnology, magnetics, and 
energy conversion and generation, among others [56, 57].

Integration of nanoelectronic units, such as Si-NWs, and biosystems is a multi-
disciplinary field that has the potential for multilateral impact on various scientific 
fields including biotechnology. The combination of these multidisciplinary research 
backgrounds promises to yield revolutionary advances in our everyday life through, 
for example, the creation of new and powerful tools that enable direct, sensitive, 
and rapid analysis of biological and chemical species [49, 50].

To simulate future research on NWs, one would look at the progress achieved by 
the industries of semiconductors which have produced devices and systems that are 
part of our daily lives, including transistors, sensors, lasers, light-emitting diodes, 
solar panels, computers, and cell phones [51–54, 58]. Then, imagine changing the 
morphology of semiconductors from the bulk to the nanowire form; one might 
wonder how much fundamental difference there is. Where, sometimes the intersec-
tion of top-down and bottom-up approaches toward building nanostructures for 
practical functionality is also possible.

Acknowledgements

I would like to thank Materials Science Research Institute, KACST, for the kind 
professional support and fruitful discussion.

Conflict of interest

The author declares no conflict of interest.

https://statnano.com/report/s29/3


13

Semiconductor Epitaxial Crystal Growth: Silicon Nanowires
DOI: http://dx.doi.org/10.5772/intechopen.100935

Author details

Maha M. Khayyat
Nanotechnology and Semiconductors National Center, Materials Science Research 
Institute, King Abdulaziz City of Science and Technology, Riyadh, Saudi Arabia

*Address all correspondence to: mkhayyat@kacst.edu.sa

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



14

21st Century Nanostructured Materials - Physics, Chemistry, Classification, and Emerging…

[1] Lieber C, Wang Z. Functional 
nanowires. MRS Bulletin. 2007;32

[2] Jihun O, Yuan H, Branz H. An 
18.2%-efficient black-silicon solar cell 
achieved through control of carrier 
recombination in nanostructures. 
Nature Nanotechnology. vol. 7. 2012.  
DOI: 10.1038/NNANO.2012.166

[3] Wacaser B, Reuter M, Khayyat M, 
Haight R, Guha S, Ross F. The role of 
microanalysis in micro/nanowire-based 
future generation photovoltaic devices. 
Microscopy and Microanalysis. 2010;16 
(Supplement S2)

[4] Sahoo M, Paresh Kale P. Integration 
of silicon nanowires in solar cell 
structure for efficiency enhancement: A 
review. Journal of Materiomics. 2019; 
5:34-48

[5] Zamfira M, Nguyenab H, Moyena E, 
Leeac Y, Pribata D. Silicon nanowires for 
Li-based battery anodes: A review. 
Journal of Materials Chemistry A. 
2013;1:9566

[6] Tien L, Shih Y, Chen R. Broadband 
photodetectors based on layered 1D 
GaTe nanowires and 2D GaTe 
nanosheets. Journal of Alloys and 
Compounds. 2021;876 (Cover date: 25 
September 2021) Article 160195

[7] Moumen A, Zappa D, Comini E. 
Catalyst–Assisted vapor liquid solid 
growth of α-Bi2O3 nanowires for 
acetone and ethanol detection. Sensors 
and Actuators B: Chemical. 2021;346 
(Cover date: 1 November 2021) 
Article 130432)

[8] Colinge J, Greer J. Nanowire 
Transistors: Physics of Devices and 
Materials in One Dimension. 
Cambridge, UK: Cambridge University 
Press; 2016 ISBN 978-1- 
107-05240-6 Hardback

[9] Güney H, İskenderoğlu D. CdO:Ag 
semiconductor nanowires grown by 
spray method. Journal of Alloys and 
Compounds. 2021;865 (Cover date: 5 
June 2021) Article 158924

[10] Zeng L, Li L, Liu G. Morphology 
characterization and growth of GaAs 
nanowires on selective-area substrates. 
Chemical Physics Letters. 2021;779; 
Article 138887

[11] Lu S, Zhang Y, Liu H. Sensitive H2 
gas sensors based on SnO2 nanowires. 
Sensors and Actuators B: Chemical. 
2021;345 (Cover date: 15 October 2021) 
Article 130334

[12] Miao Y, Liang B, Chen C. Epitaxial 
growth of β-Ga2O3 nanowires from 
horizontal to obliquely upward 
evolution. Vacuum. 2021;192 (Cover 
date: October 2021) Article 110444

[13] Mazzetta I, Rigoni F, Palma F. 
Large-scale CMOS-compatible process 
for silicon nanowires growth and BC8 
phase formation. Solid-State 
Electronics. 2021;186

[14] Helmi M, Alouane H, Nasr O, 
Chauvin N. Temperature dependence of 
optical properties of InAs/InP quantum 
rod-nanowires grown on Si substrate. 
Journal of Luminescence. 2020;231 
(Cover date: March 2021) Article 117814

[15] Jeong G, Choi S, Chang M. Dyes and 
Pigments. 2020;185(Part B):108962

[16] Ruhstorfer D, Mejia S, 
Ramsteiner M, Doblinger M, Riedl H, 
Jonathan, et al. Demonstration of 
n-type behavior in catalyst-free 
Si-doped GaAs nanowires grown by 
molecular beam epitaxy. Applied 
Physics Letters. 2020;116:052101

[17] Yang L, Wang W, Jia J. Novel route 
to scalable synthesis of II–VI 
semiconductor nanowires: 

References



15

Semiconductor Epitaxial Crystal Growth: Silicon Nanowires
DOI: http://dx.doi.org/10.5772/intechopen.100935

Catalyst-assisted vacuum thermal 
evaporation. Journal of Crystal 
Growth. 2010; 
312(20):2852-2856

[18] Jabeen F, Rubini S, Martelli F. 
Growth of III–V semiconductor 
nanowires by molecular beam epitaxy. 
Microelectronics Journal. 2009;40(3): 
442-445

[19] Lindner J, Bahloul D, Kraus D, 
Weinl M, Melin T, Strizker B. TEM 
Characterization of Si nanowires grown 
by CVD on Si pre-structures by 
nanosphere lithography. Materials 
Science in Semiconductor Processing. 
2008;11:169-174

[20] Wagner RS, Ellis WC. The VLS 
mechanism of whisker growth. 
Transactions of the Metallurgical 
Society of AIME 1965;233:1053

[21] Wagner RS. Whisker Technology. 
New York: Wiley; 1970

[22] Haakenaasen R, and Selvig E, 
Molecular Beam Epitaxy Growth of 
Nanowires in the Hg1-xCdxTe Material 
System, Open access peer-reviewed 
chapter, 2010

[23] Wagner RS, Ellis WC. vapor-liquid-
solid mechanism of single crystal 
growth. Applied Physics Letters. 
1964;4:89-91

[24] Khayyat M, Wacaser B, Reuter M, 
Ross F, Sadana D, Chin T. Nanoscale 
chemical templating of Si-NWs seeded 
with Al. Nanotechnology. 2013;24: 
235301

[25] Khayyat M, Wacaser B, Sadana D. 
Nanoscale chemical templating with 
oxygen reactive materials. USPTO 
Patent number 8349715

[26] Cohen G., Reuter M., Wacaser B., 
Khayyat M., Production scale 
fabrication method for high resolution 

AFM tips, USPTO Patent 
number 8321961

[27] Kim H, Bae H, Chang T, (2021) 
Huffaker D. III-V nanowires on silicon 
(100) as plasmonic-photonic hybrid 
meta-absorber. Scientific Reports 11:13813

[28] Kayes BM, Filler MA, Putnam MC, 
Kelzenberg MD, Lewis NS, Atwater HA. 
Growth of vertically aligned Si wire 
arrays over large areas (>1 cm2) with Au 
and Cu catalysts. Applied Physics 
Letters. 2007;91:103110

[29] Erik C, Garnett E, Mark L, 
Brongersma M, Cui Y, McGehee M. 
Nanowire solar cells. Annual Review of 
Materials Research. 2011;41:269-295

[30] McIntosh, K., Cudzinovic R., 
Michael J, Smith David D, Mulligan 
William P, Swanson Richard M. The 
choice of silicon wafer for the 
production of low-cost rear-contact 
solar cells. In Photovoltaic Energy 
Conversion, 2003. Proceedings of 3rd 
World Conference on. 2003. IEEE

[31] Jana T, Mukhopadhyay Sumita M, 
Swati R. Low temperature silicon oxide 
and nitride for surface passivation of 
silicon solar cells. Solar Energy Materials 
and Solar Cells. 2002;71(2):197-211

[32] Behroudj A, Salimitari P, Nilsen M, 
Strehle S. Exploring nanowire regrowth 
for the integration of bottom-up grown 
silicon nanowires into AFM scanning 
probes. Journal of Micromechanics and 
Microengineering. 2021;31:055010  
(11pp)

[33] Mansoori G. Principles of 
Nanotechnology: Molecular-Based 
Study of Condensed Matter in Small 
Systems. British Library-in-Publication 
Data: Singapore: World Scientific 
Publishing Co. Pte. Ltd; 2005. p. 341. 
ISBN 981-256-154-4

[34] Bououdina M, Davim J, editors. 
Handbook of Research on Nanoscience, 



21st Century Nanostructured Materials - Physics, Chemistry, Classification, and Emerging…

16

Nanotechnology & Advanced Materials. 
INSPEC: SCOPUS; 2004. p. 617 DOI: 
10.4018/978-1-4666-5824-0

[35] Khayyat M, Wacaser B, Reuter M, 
Sadana D. Templating silicon nanowires 
seeded with oxygen reactive materials. 
Saudi International Electronics 
Communications and Photonics 
Conference (SIECPC). IEEE; 2011

[36] Wacaser B. Nanoscale Crystal 
Growth: The Importance of Interfaces 
and Phase Boundries. Sweden: Lund 
University; 2007

[37] Dicka KA, Hansena AE, 
Martenssona T, Paneva N, Perssona AI, 
Seiferta W, et al. Semiconductor 
nanowires for 0D and 1D physics and 
applications. Physica E. 2004;25: 
313-318

[38] Suzuki H, Araki H, Tosa M, Noda T. 
Formation of silicon nanowires by CVD 
using gold catalysts at low temperatures. 
Materials Transactions. 2007;48(8): 
2202-2206

[39] Sutter P, Wimer S, Sutter E. Chiral 
twisted van der Waals nanowires. 
Nature. 2019;569:1-4

[40] Christiansen S, Becker M, 
Fahlbusch S, Michler J, Sivakov V, 
Andra G, et al. Signal enhancement in 
nano-Raman spectroscopy by gold caps 
on silicon nanowires obtained by 
vapour–liquid–solid growth. 
Nanotechnology. 2007;18:035503 (6pp)

[41] Wacaser B, Reuter M, Khayyat M, 
Wen C, Haight R, Guha S, et al. Growth 
systems, structure, and doping of 
aluminum seeded epitaxial silicon 
nanowires. Nano Letters. 2009; 
9:3291-3301

[42] Paulo A, Paulo Ä, Arellano N, 
Plaza J, He R, Carraro C, et al. 
Suspended mechanical structures based 
on elastic silicon nanowire arrays. Nano 
Letters. 2007;7(4):1100-1104. 

Publication Date: 22 March 2007.  DOI: 
10.1021/nl062877n

[43] Haraguchi K, Katsuyama T, 
Hiruma K. Polarization dependence of 
light emitted from GaAs p-n junctions 
in quantum wire crystals. Journal of 
Applied Physics. 1994;75:4220 https://
doi.org/10.1063/1.356009

[44] Tang D, Ren C, Wang M, Wei X, 
Kawamoto N, Liu, Bando Y, Mitome M, 
Fukata N, and Golberg D, Mechanical 
properties of Si nanowires as revealed by 
in situ transmission electron microscopy 
and molecular dynamics simulations, 
dx.doi.org/10.1021/nl204282y | Nano 
Letters. 2012, 12, 1898−1904

[45] Nebol'sin VA, Shchetinin AA. Role 
of surface energy in the vapor–liquid–
solid growth of silicon. Inorganic 
Materials. 2003;39(9):899-903

[46] Fleischmann M, Hendra P, 
McQuillan A. Raman spectra of 
pyridzine adsorbed at silver electrode. 
Chemical Physics Letters. 1974;26(2)

[47] Kim J, Hong A, Nah J, Shin B, 
Ross FM, Sadana DK. Three-
dimensional a-Si:H solar cells on glass 
nanocone arrays patterned by self-
assembled Sn nanospheres. ACS Nano. 
2012;6(1):265-271

[48] Fogel K., Kim J., Nah J; Sadana D; 
Shiu K; Nanowires formed by 
employing soled nanodots; Patent No.: 
US9.231,133B2, 2016

[49] Yang L, Huh D, Ning R, Rapp V, 
Zeng Y, Liu Y, et al. High thermoelectric 
figure of merit of porous Si nanowires 
from 300 to 700 K. Nature 
Communications. 2021;12:3926

[50] Melosh N, Boukai A, Diana F, 
Gerardot B, Badolato A, Petroff P, et al. 
Ultrahigh-density nanowire lattices and 
circuits. Science. 2003;300

[51] Tsivion D, Chvartzman M, 
Popovitz-Biro R, Huth P, Joselevich E. 

http://dx.doi.org/10.1063/1.356009
http://dx.doi.org/10.1063/1.356009
http://dx.doi.org/10.1021/nl204282y


17

Semiconductor Epitaxial Crystal Growth: Silicon Nanowires
DOI: http://dx.doi.org/10.5772/intechopen.100935

Guided growth of millimeter-long 
horizontal nanowires with controlled 
orientations. Science. 2011;333(19)

[52] Costa I, Cunha T, Chiquito A. 
Investigation on the optical and 
electrical properties of undoped and 
Sb-doped SnO2 nanowires obtained by 
the VLS method. Physica E: Low-
dimensional Systems and 
Nanostructures. 2021;134; 
Article 114856

[53] Zhang K, Chen T, Gong J. Atomic 
arrangement matters: band-gap 
variation in composition-tunable 
(Ga1–xZnx)(N1–xOx) nanowires. 
Matter. 2021;4:3

[54] Jabeen F, Rubini S, Martelli F. 
Growth of III–V semiconductor 
nanowires by molecular beam epitaxy. 
Microelectronics Journal. 
2009;40(3):442-445

[55] Lieber CM. Nanoscale science and 
technology: Building a big future from 
small things. MRS Bulletin. 2003

[56] Marcel TM, Pachauri V, Sven IS, 
Vu X. Process variability in top-Ddwn 
fabrication of silicon nanowire-based 
biosensor arrays. Sensors. 2021;21:5153

[57] Lu W, Lieber C. Topical review: 
Semiconductor nanowires. Journal of 
Physics D: Applied Physics. 
2006;39:R387-R406

[58] Gates B. Self-Assemply: Nanowires 
find their place, nature 
nanotechnology. 2010;5

https://sras.kacst.edu.sa:11002/science/journal/00262692

