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Abstract

The objective of this thesis is the exploration and characterization of novel Au

nanorod-semiconductor nanowire hybrid nanostructures. I provide a comprehen-

sive bottom-up approach in which, starting from the synthesis and theoretical in-

vestigation of the optical properties of Au nanorods, I design, nanofabricate and

characterize Au nanorods-semiconductor nanowire hybrid nanodevices with novel

optoelectronic capabilities compared to the non-hybrid counterpart.

In this regards, I first discuss the seed-mediated protocols to synthesize Au nanorods

with different sizes and the influence of nanorod geometries and non-homogeneous

surrounding medium on the optical properties investigated by theoretical simula-

tion. Novel methodologies for assembling Au nanorods on (i) a Si/SiO2 substrate

with highly-ordered architecture and (ii) on semiconductor nanowires with spatial

precision are developed and optimized.

By exploiting these approaches, I demonstrate that Raman active modes of an

individual ZnO nanowire can be detected in non-resonant conditions by exploring the

longitudinal plasmonic resonance mediation of chemical-synthesized Au nanorods

deposited on the nanowire surface otherwise not observable on bare ZnO nanowire.

Finally, nanofabrication and detailed electrical characterization of ZnO nanowire

field-effect transistor (FET) and optoelectronic properties of Au nanorods - ZnO

nanowire FET tunable near-infrared photodetector are investigated. In particular

we demonstrated orders of magnitude enhancement in the photocurrent intensity in

the explored range of wavelengths and 40 times faster time response compared to the

bare ZnO FET detector. The improved performance, attributed to the plasmonic-

mediated hot-electron generation and injection mechanism underlying the photore-

sponse is investigated both experimentally and theoretically.

The miniaturized, tunable and integrated capabilities offered by metal nanorods-

semicondictor nanowire device architectures presented in this thesis work could have

an important impact in many application fields such as opto-electronic sensors,

photodetectors and photovoltaic devices and open new avenues for designing of

novel nanoscale optoelectronic devices.
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Chapter 1.

Introduction

1.1. The promise of Plasmonics

In the last decades we have assisted to a progressive miniaturization of electrical

components, driven by the semiconductor industry, towards the fabrication of more

compact, low-power consumption and faster portable electronic devices. From a

technological point of view, the miniaturization process needs to be supported by

progresses in CMOS-compatible fabrication techniques, in order to reach higher res-

olutions (that actually is around ∼15 nm for state-of-the-art transistors). Addition-

ally, a deep understanding of the electronic properties of semiconductor materials

and low-dimensional systems with a size-regime approaching the border line between

classical and quantum mechanics is also an essential requirement.

The nano-sizing evolution in the semiconductor electronic field, described by the

well-known Moore’s law, is actually able to realize truly nanoscale elements fully

capable to compute, transmit and store data. As discussed, further improvement

in performance are linked with the ability to increase the density of the operational

units, achievable by reducing the size of transistors, as well as the speed at which

data are computed and transmitted (figure 1.1a). Regarding the former aspect, the

present technology is still capable of further improvement in terms of resolution and

device densities, although accessing quantum regime paradigm will require com-

pletely novel technologies and architectures for computing data, as assessed by the

emerging research field of quantum information and computation [1]. On the other

hand, processor performances in semiconductor technology show limitations. Heat
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Chapter 1. Introduction

generation and signal delay issues associated with electronic interconnection limit

the speed rate to a range of ∼10 GHz [2]. Consequently, further improvement di-

rected to exceed such range will require the development of radically new chip-scale

technology able to operate beyond the limits imposed by semiconductor technol-

ogy and to reach optical frequencies that, to date, are only achievable in dielectric

photonics [3]. Unfortunately, photonics circuitry cannot be easily scaled below the

diffraction limit of the light (about ∼ λ/2 that is one of two order of magnitude

larger than the electronic counterparts), therefore the large mismatch between elec-

tronic and photonics components hampered up to now the on-chip integration and

miniaturization.

Figure 1.1.: a) The characteristic domains in terms of operating speed and device
sizes for semiconductor (electronics), dielectrics (photonics) and metals
(plasmonics) [2]. b) Schematic representation of propagating surface
plasmon at a metal-dielectric interface (top) and localized surface plas-
mon in metal nanoparticle (bottom) [4].

The new flourishing field of technology called Plasmonics, has recently emerged

as a potential route towards miniaturization of optical components beyond the limit

of traditional optics [5, 6, 7]. This capability is made possible by exploiting coherent

electron excitations in the electronic gas of metal nanostructures and their ability to

manipulate, propagate and enhance light in nanoscale volumes [8]. When metallic

atoms form a crystal structure, valence electrons are shared in orbitals delocalized

on the entire crystal and acquire a quasi-free nature [9]. Application of Maxwell’s

2



1.1. The promise of Plasmonics

equations at the metal-dielectric interface result in propagating wave-like solutions

(figure 1.1b), also called surface plasmon polariton (SPP). The distinctive charac-

teristic of surface plasmons compared to photons is that they have much smaller

wavelength at a given frequency [6]. Therefore, using SPP enable the fabrication

of nanoscale optical integrated circuit in which light can be guided, split, filtered,

focused and also amplified in plasmonic nanodevices smaller than the optical wave-

length [10]. For metallic nanostructures significantly smaller than the free-space

wavelength, geometrical boundary conditions determine the frequency at which the

electron oscillation are driven resonantly (in this context called localized surface plas-

mon) producing a very strong charge displacement and high field intensity in close

proximity to the nanostructure (typically within 15 nm [11]). From this fundamen-

tal mechanism derive the unique optical properties and an extraordinary ability to

concentrate light into sub-wavelength volumes and mediate, enhance the interaction

between the propagating radiation and nanoscale objects.

Application of these exciting and unusual properties have been explored theo-

retically and experimentally in many fields, showing remarkable contributions in

widespread technological areas such as imaging techniques [12], photodetectors [13],

solar cells [14], catalytic and thermal processes [15, 16], non-linear optics [17] and

molecular detection [18].

For instance, in optical microscopy, subwavelength optical imaging was one of

the first practical applications with a tremendous impact on the technological de-

velopment. In conventional microscopy the spatial resolution is limited by the light

wavelength. Instead, in near-field scanning optical microscopy subwavelength metal-

coated probe generates an evanescent near field with spatial resolution defined by

the tip dimensions. With this approach, Huber et al. reached spatial resolution of

40 nm with terahertz radiation frequency having wavelength of 118 µm by means of

a millimeter-long tapered metal wire tip (figure 1.2a) [19]. This approach was also

used to image nanoscale objects such as carbon nanotubes [21] and DNA [22].

Integration of plasmonic nanostructures with semiconductor devices is one of the

most exciting field of research offering great promises for advancing present technol-

ogy. For instance, plasmonic-enhanced photodetectors and solar cells are among the

most promising fields of application. Reduction in size of these devices would allow

3
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Figure 1.2.: a) An aNSOM image of a multiple transistor structure cross-section.
Terahertz illumination (λ=118 nm) can distinguish between regions of
different dopant density and can resolve the structure with a resolution
of 40 nm [19]. b) Top view of a dipole antenna enhanced germanium
photodetector (left). The two insets show the cross section along the line
1 and 2 respectively. On the right side the SEM image of the fabricated
device [20].

more efficient charge collection thus increasing device efficiency, speed and reducing

power consumption.

In traditional semiconductor device, typically, the minimum lateral size is de-

termined by the diffraction-limited spot size of light and the thicknesses by the

characteristic absorption depth of the material. Thin-film technology would allow

faster carrier collection due to the decrease in the transit path before collection,

but the reduced thickness below the characteristic absorption dept prevents efficient

light trapping, thus provoking a drop in the overall efficiency. Indeed, integration of

engineered metallic nanostructures with large scattering cross sections to efficiently

trap light into the active semiconductor layer and to enhance light-matter interaction

by means of the intensified local field represents a viable pathway to reduce device

sizes without affecting performance [23]. An interesting example of this concept ap-

plied for photodetection was described by Tang et al. [20]. They exploited a dipole

antenna to concentrate near-infrared radiation (∼1.3 µm) in metal-semiconductor-

metal germanium photodetectors with sub-wavelength volume of the order of 10−4λ3,

demonstrating a plasmonic enhancement factor of 20 in the detected photocurrent

(figure 1.2b). Knight et al. showed first evidence of an alternative mechanism to

exploit plasmonic resonances for photodetection [24]. They showed that surface

4
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plasmon excited by incident radiation can decay non-radiatively by transferring en-

ergy to single electrons generating a non-equilibrium distribution of hot electrons

above the Fermi energy. If the metal nanostructure is in direct contact with a semi-

conductor, hot electrons can be injected through the Schottky barrier formed at the

interface into the semiconductor conduction band and collected by an applied bias.

The proposed device, composed by an array of gold nanoantennas fabricated on

n-type Si, showed a wavelength-resonant and polarization-sensitive photocurrent,

demonstrating a spectral response at energies below the semiconductor bandgap

(figure 1.3a). Furthermore, other examples of enhanced capability in semiconductor

devices integrated with plasmonic nanostructures can be found applied to solar cell

technology. For instance, enhanced light coupling in thin-film solar cell hybridized

with metal nanoparticle were demonstrated with different materials such as crys-

talline and amorphous Si [25, 26], TiO2 [27], perovskite [28], quantum well solar cells

[29], and organic solar cells [30, 31].

The large field enhancements obtained in the proximity of metal nanostructures

or in the interspace between coupled structures, has attracted a natural interest for

boosting weak optical interaction such as non-linear processes. A striking result

was demonstrated by Kim et al. who showed high-harmonic generation by focusing

femtosecond laser onto an Argon gas mediated by arrays of resonant nanostructures

[32]. The local electric field enhancement induced by interacting bowtie gold nanos-

tructure arrays has been proposed and verified to be an effective pathway to generate

extreme ultraviolet radiation (EUV) directly from a modest femtosecond laser with

no extra cavities, allowing a possibly convenient reduction in size of coherent EUV

light sources (figure 1.3b).

Also, other weak optical processes could take advantage from the plasmonic-

mediated field enhancement. Plasmonic nanostructures have been investigated as a

promising tool for single molecule detectors. Kinkhabwala et al. [18] found a large

enhancement of a single molecule’s fluorescence up to a factor of 1340 induced by

metal nanoantenna (figure 1.3c) and Liu et al. demonstrated successfully antenna-

enhanced hydrogen sensing at the single-particle level [33].

Similarly, Raman scattering signal of single or few molecules adsorbed at or in

proximity of metal structures has been observed due to the many orders of magni-

5
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Figure 1.3.: a) (top) Representation of a single Au resonant antenna on n-type Si
substrate and (bottom) SEM of a representative device [24]. b) (top)
Scheme of work for high-harmonic generation mediated by plasmonic
field enhanced. Ultraviolet radiation can be generate by focusing a
femtosecond laser to an array of bowtie metal nanostructures in presence
of argon gas. SEM image of the device (bottom) [32]. c) (top) Schematic
of bowtie nanoantenna coated with TPQDI molecules (black arrows) in
PMMA on a transparent substrate and (bottom) FDTD calculation of
local intensity enhancement. Scale-bar 100 nm [18].

tude plasmonic-mediated signal enhancement [34]. This approach for expanding the

capability of Raman spectroscopy, also called surface-enhanced Raman spectroscopy

(SERS), has become a widely explored technique to study molecular structures and

to detect ultra-low concentration of molecules in sensing devices [35, 36, 37].

Finally I mention that nanostructured materials composed by sub-wavelength

metallic elements with regular arrangement form a entirely new class of optical

materials called metamaterials. When the dimensions of the single component is

much smaller than the light wavelength, the structure inhomogeneity cannot be re-

solved and the optical properties can be described by macroscopic parameters such

as permittivity and permeability like in a homogeneous medium [38]. The ability to

control and engineer the single component in ordered arrays allowed to create arti-

ficial materials with exotic optical characteristics such as negative refractive index

[39], terahertz-active devices [40], superlens [41] and electromagnetic cloacks [42].

This brief snapshot on some of the most remarkable achievements obtained in the

past decades in the field of Plasmonic supports the high expectations and promises

6



1.1. The promise of Plasmonics

from future development to solve key weaknesses of present technology in many

fields. Nevertheless, despite the great potential already vastly demonstrated, appli-

cation of plasmonic-mediated processes are not exempt from limitations and chal-

lenges to be addressed. One of the main limitation arise from the ohmic losses

due to intraband and interband electronic transitions, described by a non-vanishing

imaginary part of the permittivity ε′′ in metals. The intraband transition is an un-

avoidable process related to electron-electron scattering, electron-phonon scattering

and scattering with crystal impurities that are often dominant at longer wavelength

(near-infrared). The interband transition arises from the excitation of a valence

electron to an unoccupied level in the conduction band. Interband transition re-

quire larger energies than the intraband counterpart and typically are dominant for

radiation energies above ∼2 eV [43]. Although the ideal case of ε′′=0 is not possible,

every metal has a optimum optical region where the imaginary part reaches the

minimum. For instance gold shows a minimum losses for wavelength in the range

600-800 nm (figure 1.4).

Figure 1.4.: Individual contribution of intraband and interband transitions in the
imaginary part of the permittvity of gold [43].

At present, gold and silver are the most used metals in plasmonic devices and they

have also the lowest ohmic losses. However the large cost, especially of gold, has en-

couraged research of alternative low-cost materials [44]. Copper and aluminum are

7
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good candidates. Copper has the advantage that it can be compatible with the sili-

con manufacturing processes but its properties degrade significantly after oxidation

in air, thus requiring additional protective layers [45, 46]. Aluminum outperforms

both gold and silver in the blue and UV region therefore, although it experiences

similar oxidation issues as copper, offers the best performance for application involv-

ing ultraviolet radiation [47]. Other alternative materials have been also considered

for plasmonic applications. Alkali metals have been investigated theoretically [48]

showing lower losses than silver in the visible range. However the strong reactivity

constitutes the major limitation for practical applications.

Overall, large effort has been recently devoted to production of materials with en-

gineered properties suitable for plasmonic application. For instance, metallic com-

pounds have been explored to obtain materials with reduced carrier concentration

and consequently lower ohmic losses [49]. However, the introduction of non-metallic

elements in the metal lattice affects also the band structures and introduces im-

purities that increase Drude-damping losses, therefore an accurate optimization is

needed. Alternatively, highly doped semiconductors can show metallic-like behavior

[43]. In this case limitations arise from the extremely high level of dopant atoms re-

quired to reach the desired electronic density that could overcome the solubility limit

of the dopants in the host material. Moreover the incorporation process increases

the density of scattering centers respect to the pure semiconductor and could also

affect the band structure, in particular the band-gap energy, thus increasing both

the intraband and interband transitions. However, despite the challenges discussed,

the feasibility of these two approaches to realize optimized plasmonic materials has

been demonstrated highly promising.

The fabrication of metal nanostructures remains one of the major bottlenecks for

mass production of plasmonic devices. Even though resolution of silicon manufactur-

ing processes is actually capable to fabricate structures with nanometer dimension

on the order of ∼10 nm, realization of metal nanostructures require alternative

processes and expensive nanofabrication instruments [44]. From this perspective

the use of highly doped semiconductors would facilitate the integration of plas-

monic nanostructures in the present semiconductor-device technology by exploiting

CMOS-compatible strategies. An alternative approach, that is recently gaining at-

8



1.2. Colloidal metal nanostructures for plasmonic devices

tention in the field, is the exploration of chemical routes for the chemical synthesis

of metal nanostructures [50]. This approach offers a low-cost, high yield throughput

that could potentially match the requirements imposed by industrial manufacturing.

Overall, the field of plasmonic can be appointed as one of the most promising fields

of research with a potential large impact on future technological developments. The

promising results obtained in the past decades are strongly driving an increasing

scientific efforts in further design, development and optimization of plasmonic de-

vices and integration with present electronic components, towards a new chip-scale

technology integrating plasmonic and electronic devices to take advantage of the

strengths of both.

1.2. Colloidal metal nanostructures for plasmonic

devices

Colloidal Au nanoparticles have received much attention in the field of plasmonic

since the recent development of reliable and reproducible synthetic protocols by El-

Sayed et al. to growth size-controlled Au nanoparticles with high yield and tunable

aspect ration from 1 (spherical particles) to more than 10 (nanorods) [51, 52]. This

method provides an effective and low-cost process to realize metallic nanostructures

that affords a promising alternative not only to top-down lithographic approaches

[53] but also to other bottom-up techniques such as electrochemical methods [54],

template methods [55] or photochemical reduction [56]. Moreover, compared to

top-down fabricated structures the single-crystal nature of chemically synthesized

particles offers better electronic properties minimizing ohmic losses [43] and resolu-

tion in the sub-10 nm regime in the nanoparticle size.

In colloidal Au nanoparticles, the surface curvature exerts restoring forces on the

oscillating electrons so that resonances arise naturally from the scattering prob-

lem of sub-wavelength conductive nanoparticles under electromagnetic radiation.

Therefore, the optical properties are highly tunable throughout the visible and near

infrared region of the spectrum as a function of nanostructure size, shape, aggre-

gation state and local environment. Moreover, the curved surface allows a direct
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excitation of plasmonic resonances by incident radiation without mediation of any

additional phase-matching techniques such as grating or prism to address the k-

vector mismatch needed in the excitation of surface plasmon polaritons (see section

1.4) [57].

Usually, synthesized nanoparticle are highly symmetric with at least two of the

three axes approximately equal. Consequently, they accommodate up to two plas-

monic resonances: the longitudinal plasmon band corresponding to light absorption

and scattering along the long axis, and the transverse plasmon band, corresponding

to light absorption and scattering along the short axis (figure 1.5). For the special

case of spherical nanoparticle these two modes degenerate to a single mode due to

the higher degree of symmetry that appears around 520 nm and is almost insensitive

to the nanoparticle radius [50].

Figure 1.5.: a) Schematic of the coherent electron oscillations (plasmon) in spher-
ical nanoparticle induced by electromagnetic radiation b) Absorption
spectrum showing the plasmonic resonance in spherical nanoparticles
c) Schematic of the two plasmon modes in rod-shape nanoparticle in-
duced by electromagnetic radiation d) Absorption spectrum showing the
transversal (520 nm) and longitudinal (764 nm) plasmonic resonances
in rod-shape nanoparticles

The longitudinal surface plasmon resonance can be more finely tuned compared to

the transversal one. For example a slight change in nanorod aspect ratio from 2.4 to
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3 can lead to a 50 nm red-shift in the longitudinal plasmon mode, which is equivalent

to the maximum tunability achievable with spherical nanoparticles ranging from 10

to 100 nm diameter [58].

Optical properties of Au nanorods have been investigated both experimentally and

theoretically by many authors, demonstrating the key role played by the nanoparticle

diameter on the scattering, absorption and extinction cross sections [59, 60]. In

particular, the extinction intensity was found increase in a non-linear fashion with

the radius and the absorption was found larger than the scattering cross section

for nanoparticles with diameter below ∼30 nm [61]. Moreover, detailed theoretical

investigations of the light scattering in Au nanorods showed that plasmon resonances

depends linearly on the rod length and the linear dependence is a function of the

nanorod radius [62].

Figure 1.6.: a) Scattering spectrum for two Au nanorods in different configuration
deposited on ITO substrate and in air. Insets show the SEM images
of the particles giving rise to each scattering spectrum. Scale bar is
100 nm [63]. b) (top) SEM image of self-assembled nanoparticle chains
on ITO (scale bar is 250 nm) and (bottom) normalized spectra labeled
with numbers according the chain length [64].

More detailed investigation of the surface plasmon nature revealed that surface
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plasmons featuring dipole-like charge distribution can be directly excited by incident

radiation therefore are also referred as bright modes. In addition to that, dark modes

such as quadrupole and high-orders multipoles coexist with the bright modes, but

they couple marginally with the light due to their weaker nature and cannot be

optically resolved. However, direct imaging of bright and dark modes in Au nanorods

have been achieved by two-photon-induced photoluminescence and electron-energy-

loss spectroscopy [65, 66, 67]. Interference between dark and bright modes can

also give rise to additional optical features. In fact, the interaction between a broad

resonance and a narrow discrete resonance could result in an newly asymmetric sharp

resonance called Fano resonance [68]. Despite theory predicts that single spherical

nanoparticles can exhibit Fano resonance due to interference between dipolar and

quadrupolar modes, the damping in typical metals is too large to allow a direct

observation, so most of the demonstrations were found in ordered array of metal

nanostrucutures [68, 69, 70]. In larger nanorods however, where multipole modes

and retardation effects are non-negligible, the interaction between the quadrupolar

and octupolar resonances mediated by a substrate with large dielectric constant

resulted in a Fano resonance of great interest for chemical and biological sensing

due to a narrower bandwidth [71].

Ordered arrays of metal nanostructures

Exciting new properties emerge when individual colloidal metal nanostrucutures are

organized into ordered arrays. In assemblies where the nanostructures are separated

by a few nanometres, near-field coupling alters the plasmonic resonances and intro-

duces new interesting properties [72]. Funston et al. [63] reported a shift in the

resonances of Au nanorod dimers arranged in various configurations (i.e. side-to-

side, end-to-end and at right angles) as shown in figure 1.6a. Also, experimental

results were understood in terms of the plasmon hybridization model proposed by

Prodan et al., that explains the plasmonic coupling in analogy with molecular or-

bital theory [73, 74]. Furthermore, this theory opened up the intriguing perspective

of using metal nanostructures as building block for artificial molecules and solids,

that is a new exciting interdisciplinary area of research across plasmonic, chemistry,

biology and material science [75, 76].
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In larger assemblies of interacting nanoparticles the shift of plasmonic resonances

is further increased. A clear demonstration of this trend was provided by Barrow

et al. who observed a progressive red-shift in the plasmonic resonance in strongly-

coupled Au nanoparticle chains with increasing number of element from 1 to 6

(figure 1.6b) [64, 77]. Interestingly, the red-shift of the longitudinal plasmon showed

evidence of saturation for higher numbers of nanoparticles in the chain (around 10-

12) that defines an effective interaction length for plasmonic coupling in accordance

with theoretical models (see also Chapter 2) [78]. Near-field coupling between two

adjacent nanoparticles also results in a strongly localized and intensifyed electric

field in the inter-particle gap [79] that has been extensively explored for enhancing

optical properties of molecular species such as light absorption [80], fluorescence

[81, 82] and Raman scattering [83].

Kristen et al. provided a systematic study on the strong dependence of the field

enhancement factor from the inter-particle distance (figure 1.7a) [84]. In particular,

an enhancement factor on the order of 105 requires gap distance below 20 nm and

the exponential decay of the plasmon coupling strength [86] suggests that further

reduction below 10 nm would be highly desirable.

Following this route, 2D and 3D arrays of metal nanoparticles fabricated with

various self-assembled techniques have shown great potential for surface-enhanced

Raman scattering (SERS) reaching detection limit down to few molecules level [85].

For instance, Pollard et al. exploited the formation of electromagnetic hot spots in

gold nanorods vertically aligned for SERS applications (figure 1.7b). Alvarez-Puebla

et al. used Au nanorods organized in 3D supercrystals fabricated by simple droplet

evaporation for detection of scrambled prions, demonstrating detection limit as low

as 10−10 M [87]. Nikoobakht et al. [88] reported enhancement factor of 104-105

in the Raman spectra of pyridine and 2-aminothiophenol molecules adsorbed on

Au nanorods deposited on silica film and a similar enhancement factors were also

demonstrated by Martin et al. [89] in the Raman scattering of 4-aminobenzenethiol

with arrays of Au nanorods assembled parallel and vertically respect to the substrate.

Similar superstructures were also used for fentomolar detection of food contaminants

[90] and bioanalytes [91].

In conclusion, colloidal metal nanoparticles afford the promise to miniaturize plas-
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Figure 1.7.: a) (top) Schematic illustration of the dimer fabrication on elastomer
substrate. (bottom) Raman spectrum of a nanorod pair functionalized
with benzenethiol taken with (a) light polarized along the dimer long
axis and 10 nm separation (b) light polarized perpendicular to the dimer
long axis and 10 nm separation (c) light polarized along the dimer long
axis separation of 300 nm [84]. b) (top) Schematic of Au nanorod array.
Inset shows a SEM image of the fabricated surface. (bottom) Raman
spectra of crystal violet molecules adsorbed on the nanorod array with
excitation wavelength 532 and 671 nm [85].

Figure 1.8.: a) Schematic illustrating the capillary force (Fc) assembly mechanism
at the vapor-suspension-substrate threephase contact line. c) Collection
of SEM images of 50-nm particles in holes with different diameters. d-i)
SEM images of 50-nm Au nanoparticles in lithographically-patterned
trenches with different widths or orientations [92].
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monic devices while keeping fabrication costs low. Nevertheless, other challenges

need to be addressed. Most of the proof-of-concept devices in plasmonic have been

demonstrated on structures fabricated by lithographic techniques (in particular e-

beam lithography) due to the advantageous control on shape and location at the

single nanostructure level. In fact, although synthetic routes have been demon-

strated capable to produce monodisperse metal nanostructure with different geome-

tries including spheres [93], cubes [94], rods [95], bipiramids [96], triangular prism

[97], octahedrons and unsymmetrical nanocrystals [98] with finely tunable sizes, the

major challenge regards the limited availability of tools for the precise placement

and assembly of these nanostructures on a desire substrate.

Figure 1.9.: a) (top) Sketch of sample consisting of single 5 nm wide ZnS nanolayer
sandwiched between BaF2 substrate and 100 nm SiO2 film. The sam-
ple was cleaved in order to expose a 5 nm wide ZnS stripe to which
CdSe nanorods (nanodots) are attached via hexanedithiol self-assembled
monolayer and (bottom) TEM image of CdSe nanorods used to attach
to the ZnS nanotemplate [99]. b) TEM images of nanorod assemblies at
the water/air interface at different stages of compression : (a) isotropic
distribution at low pressure; (b) monolayer with partial nematic ar-
rangement; (c) monolayer with smectic arrangement; and (d) nanorod
multilayer with nematic configuration. Insets in panels b and c are the
Fourier transform of the corresponding image [100].

Mixed top down-bottom up approaches have been proposed as viable route. For

instance, the capillary interaction at a solution interface has been demonstrated
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able to drive particles arrangements on pre-patterned substrate with high degree

of freedom in pattern geometry (figure 1.8) [92]. Artemyev et al. proposed to

use a nanoleyered substrated selectively functionalized as an intrinsic template for

linear arrangement of anisotropic semiconductor nanorods (figure 1.9a) [99]. Al-

ternatively, drying-mediated and Langmuir-Blodgett assembling (figure 1.9b) were

found to induce monolayer formation of anisotropic colloids with a reasonable align-

ment on the micro scale but with poor control on positioning and directionality

[100]. Also, droplet-evaporation [101], capillary flow [102], dielectrophoresis [103],

templates [104, 105], lithographically fabricated trenches [106, 92], or chemically

linked nanoparticles in solution [107, 108, 109] have been successfully used.

Despite all these efforts, development of novel and optimized assembly techniques

remains a key challenge for the realization of plasmonic devices based on colloidal

metal nanostructures. However, addressing this challenge together with an engi-

neered design of the plasmonic properties of single and ordered arrays would open

up a bright future for on-chip optical circuitry and hybrid plasmonic-enhanced semi-

conductor devices.

1.3. Integration of plasmonic nanoparticles in 1D

semiconductor nanowires

Semiconductor nanowires

Semiconductor nanowires have been shown capable to address fundamental physi-

cal phenomena as well as to depict a potential step-forward in many technological

sectors. Growth techniques, based on vapour-liquid-solid (VLS) mechanism, have al-

lowed fabrication of a broad range of inorganic nanowire compositions such as Si, Ge,

ZnO, CdS, GaN, GaAs, InP, InAs and also traditional inaccessible compositions like

InGaN [110, 111, 112, 113]. Moreover, the nanosize diameter allows to accommodate

large lattice mismatch at the interface between two materials, not achievable in 2D

epitaxial growth. Therefore, axial and radial heterostructured nanowires have been

attracted extensive interest due to the unprecedent level of flexibility in material

engineering.
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The one dimensional (1D) nature together with dislocation-free structure and

the ability to accommodate large lattice mismatch are associated with a number

of properties which have interesting nanoelectronic and photonic applications [114,

115, 116, 117].

Figure 1.10.: a) Photoconduction in Zn nanowire photodetectors. Upon illumina-
tion with photon energy larger than the bandgap, electron-hole pairs
are generated and holes are readily trapped at the surface. Under an
applied electric field, the unpaired electrons are collected at the anode,
which leads to a photoconductive gain up to 108 [118]. b) Schematic
illustration of the germanium nanowire device used for photocurrent
measurements (top left) and scanning electron microscopy image of a
25-nm-radius germanium nanowire device (top right). Measured spec-
tra of absorption efficiency Qabs for unpolarized light taken from indi-
vidual germanium nanowires with radii of 10nm (black), 25nm (blue)
and 110nm (red) (bottom).

In photodetection, semiconductor nanowires have showed great potential com-

pared to the 2D counterpart due to (i) the prolonged lifetime of photogenerated

carriers mediated by the in-built radial potential promoted by surface states and (ii)

the reduced carrier transit time due to the high mobility achievable in high-quality

single-crystal material combined with the micrometer or nanometer inter-electrodes

distance. One of the first report on photodetection from single InP nanowire was

presented in 2001 by Lieber’s group, exhibiting highly polarized photoluminescence

and polarized-sensitive photoconductivity with responsivities of 3000 A/W [119].
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Following this pioneristic work many other materials were explored such as GaN,

Si, Ge, Se, CdS, ZnO and many others [120]. For instance, Soci et al. realized an

UV photodetector based on single-crystal ZnO nanowire with photoconductive gain

up to 108 (figure 1.10a) [118].

Figure 1.11.: a) Single core-shell Si nanowire solar cell. (top) Schematic of the device
and (bottom) corresponding SEM image. (c) Device-length-dependent
short-cicuit current Isc and current density Jsc mesured under AM 1.5G
illumination. Inset shows aa representative device [121]. b) SEM im-
age of the InP nanowire array solar cell with superimposed the p-i-n
doping levels (top). Current density characteristic under AM 1.5G
illumination [122].

Moreover, design engineering of the nanowire geometry was found capable to boost

device performances. Brongersma et al. showed that light absorption in nanowire

can be engineered by exploiting internal leaky modes resonances in optimized ge-

ometries (figure 1.10b). In this rational design the authors demonstrated a 25-fold

enhancement in the absorption and wavelength selectivity in germanium nanowire

[123]. This approach was applied to a other semiconductor nanowires and allowed

to boost the optical absorption beyond the intrinsic properties of the material [115].

Nanowire properties explored for photodetection are equally relevant for design-
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ing nanowire-based solar cells. To this aim both radial and axial heterostructured

nanowires have been proposed [124]. For instance, Tian et al. realized single p-

type/intrinsic/n-type (p-i-n) coaxial silicon nanowire solar cell. In this geometry

the electron-hole pairs generated under radiation in the intrinsic part were readily

collected at the p-type core and n-type shell thanks to a carrier collection distance

smaller than the minority carrier diffusion length (figure 1.11a). This efficient carrier

collection scheme allowed to reach an overall apparent efficiency of 3.4% [121]. Using

a similar radial structure, higher efficiency up to 4.5% was demonstrated in GaAs

nanowires under comparable illumination conditions (1.5 AM) [125]. Substantial

improvement in light absorption was obtained in arrays of axial p-i-n InP nanowire

with optimized diameter size and lenght of the top n-segment, demonstrating a

record efficiency of 13.8 %, comparable with planar InP cells [122].

However, despite the variety of alternative materials [126, 127] and geometry

explored [120, 124], the limited efficiency observed in semiconductor nanowire solar

cells and photodetectors is mostly attributed to the limited light absorption caused

by the sub-wavelength dimensions [14].

Nanoparticle-decorated semiconductor nanowires

Recently, decoration of semiconductor nanowires with metal nanostructures has been

demonstrated to be a promising route to expand and improve a widespread range

of nanowire functionalities such as allowing unconventional growth of semiconduc-

tor heterostructures, enhancing photocatalytic properties and molecular sensing and

manipulate nanowire optoelectronic properties [128, 129, 130, 131]. Therefore, inte-

gration of metal nanostructures and their ability to localize, manipulate and enhance

light into a nanoscale volume with the engineered electronic and optical properties

of semiconductor nanowires open interesting prospectives in many applications in-

volving light-matter interaction [8, 132, 33].

For instance, Hyun et al. used scanning photocurrent microscopy to resolve a

local photocurrent enhancement by 20% along a Si nanowire decorated with Au

nanoparticles under transverse polarization. The increament was attributed to a

near-field plasmonic enhancement of light absorption in the nanowire (figure 1.12a)

[133]. Galvanic displacement technique was proposed to decorate Si nanowires with
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a variety of Au nanoparticles including single spherical nanoparticle with different

sizes, dimers, nanorods and prisms [134]. The sub-nanometer gap separation with

nanowire surface affords a larger coupling with the plasmonic resonaces in the metal

nanostructures resulting in a 24-fold enhancement in the Raman signal recorded

where two nanoparticle were aggregated on both size of the nanowire. Also, en-

hanced photocurrent by a factor 2 was observed in Si nanowires decorated with Au

nanoparticles compared with the bare nanowires (figure 1.12b). Similar plasmonic-

related photoresponse was observed in silica nanowire with embedded Au clusters,

suggesting application as wavelength-controlled nanoswitchers [135]. Enhancement

of the optical absorption due to near-field plasmonic coupling with metal nanostruc-

tures were also demonstrated in other nanowire materials such as InAs nanowires

[136] and GaAs nanowires [130, 137, 138].

Figure 1.12.: a) Schematic of the device investigated by Hyun et al. and FDTD sim-
ulation of the field enhancement at the metal nanoparticle-nanowire
interface (top). Enhancement of the ratio between photocurrent in-
tensity under transversal and longitudinal polarization (bottom) [133].
b) SEM image of a Si nanowire half decorated with metal nanoparti-
cles by galvanic displacement (top). The graph in the bottom show
the comparison between the photocurrent measured in the left part
(decorated nanowire) and right part (bare nanowire) [134].
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Decoration of ZnO nanostructures with metal nanoparticles has been also explored

to change photoluminescence properties [139]. Cheng et al. showed increasing of

band-edge emission of ZnO nanowire arrays by coating with Au metal nanoparticles

[128].

Figure 1.13.: Examples of semiconductor nanowires decorated with metal nanos-
tructures by a) sputtering technique [140] b) droplet deposition [133]
c) galvanic displacement [134] and d) chemical functionalization [141].

Dhara et al. explained the mechanism behind the enhancement on the basis

of energetic electrons created by interband transitions (under UV light) or surface

plasmon excitations (around 500 nm) in the metal islands capable of moving to the

conduction band of ZnO thus contributing to increase the exciton recombination

and photocurrent [140].

Another interesting field of application for hybrid nanostructures is molecular

detection. While semiconductor and metal nanowires have been shown an ideal

candidates as active elements for gas and biological sensors due to the high surface-
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to-volume ratio that provides outstanding sensitivity, selectivity still remain the

major challenge to be addressed. Zou et al. showed that a metal nanoparticles

decorated nanowire hybrid field-effect transistor device can be uses as high selec-

tive gas sensor. In this prototype the engineered electronic properties of an In2O3

nanowire by Mg-doping, assisted by the catalytic properties of various metal parti-

cles, resulted in high sensitivity and selectivity in detecting CO, O2, H2 and C2H5OH

[142]. A similar architecture was also proposed as ion-sensitive metal-semiconductor

field-effect transistor for chemical sensing [143]. Despite the promising route, the

field of semiconductor nanowire based devices hybridized with metal nanostructures

remains vastly unexplored, mainly due to limited availability of reliable fabrication

techniques as well as limited support from theoretical studies. A number of dif-

ferent approaches have been proposed for decorating semiconductor nanowire with

metal nanostructures. A well-known approach to form metal nanoisland with di-

mension in the range of 3-6 nm is by sputtering of thin metal film directly onto the

nanowires (see figure 1.13a) [140, 139, 128]. Alternatively, simply drop-cast of col-

loidal solution of chemically synthesized metal nanoparticles have been used (figure

1.13b) [133, 144]. For large enough nanowires e-beam lithography also become a

possible technique to fabricate geometry-customizable metal nanostructures within

the resolution of the lithographic process [130]. Other than the above mentioned

techniques, Chen et al. proposed galvanic displacement to decorate Si nanowire

with Au nanoparticles with different morphologies [134]. In this process silicon

nanowire provides electrons for reducing the metal ions in solution and at the same

time serves as template for the particles. Typical nanostructures resulting from the

process are shown in figure 1.13c. Different particle shape were synthesized (shperi-

cal, triangular, rodlike) with diameter between 20-100 nm attached to the nanowire

body with less than 1 nm distance to the nanowire surface. Attachment of colloidal

nanorods onto ZnO nanowire was also demonstrated by chemical functionalization

with poly(2-vinyl pyridine) (figure 1.13d) [141]. However, a key challenge in the

field still remains the availability of approaches leading to a simultaneous control on

particle shape, size and density along the semiconductor nanowire.
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1.4. Classical theory of plasmonic

The interaction of a propagating electromagnetic wave with metals can be rea-

sonably described within the framework of classical electrodynamics based on the

Maxwell’s equations. Interestingly, also in the case of metal structures with nano-

sized dimensions, a quantum mechanic formulation is usually not required. The high

density of free electrons in metals (on the order of 1022-1023 cm−3 [145]) and the

consequent small spacing between the energy levels compared to room temperature

thermal energy kBT confers a classical nature to the metal behavior and quantum

effects become observable only in highly-confined systems such as metal nanocrys-

tals below 10 nm [146]. In this section the quasi-free electron gas approximation or

Drude approximation will be presented to describe the electronic system in metals

and coherent oscillations in the Drude electron gas called plasmons will naturally

arise from the solutions of the Maxwell’s equations with the appropriate boundary

conditions.

1.4.1. Quasi-free electron gas approximation

We thus take as a starting point the general formulation of the Maxwell’s equations

relating the dielectric displacements field D, the electric field E, the magnetic field

H and the magnetic induction B in the following form



∇ ·D = 0

∇ ·B = 0

∇× E = −∂B
∂t

∇×H = ∂D
∂t

(1.1)

where we restrict to the case of absence of any external charge and currents. In

linear, isotropic and nonmagnetic media the displacement field and magnetic field

are further linked to the electric and magnetic induction fields via

D = ε0E + P = ε0ε(ω)E

H = µ0µB
(1.2)
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with P the polarization vector, describing the electrical dipole per unit of volume

inside the material. The last important constitutive equation is the one between the

internal current J and the electric field E defined by

J = σE (1.3)

where σ is the conductivity. Combining the expression for the charge conservation

(J = ∂P/∂t) with eq.(1.2) and taking the Fourier transform in time we derive the

fundamental relationship between the dielectric function and the conductivity

ε(ω) = 1 + iσ(ω)
ε0ω

(1.4)

At low frequencies ε describes the electrical polarization arising from the response of

bound charges to the driving field, while σ describes the contribution of free charges

to the current flow.

In general, the properties of metals are described by a complex dielectric function

ε(ω) = ε
′ + iε

′′ and a complex conductivity σ(ω) = σ
′ + iσ

′′ linked via eq.(1.4).

An analytical expression for ε(ω) can be formulated within the approximation of a

quasi-free electron gas. Over a wide range of frequencies, the optical properties of a

metal can be explained by assuming a gas of electrons of number density n moving

against a fixed background of positive ion cores. The electron collisions with other

electrons, phonons and crystal defects that dampen oscillations under an applied

electromagnetic field are included in a characteristic collision frequency Γ = 1/τ

with τ (relaxation time) typically on the order of 1014 s. The equation of motion

for an electron in a plasma subjected to an external electric field E is [57]

meẍ +meΓẋ = −eE (1.5)

with me the effective mass of the electrons. The solution x(t) of eq.(1.5) with an

applied oscillating field E(t) = E0e
−iωt induces a macroscopic polarization due to

the electron displacement P = −nex explicity given by

P = − ne2

me(ω2 + iΓω)E (1.6)
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and the associated dielectric displacement

D = ε0

(
1−

ω2
p

ω2 + iΓω

)
E (1.7)

where ω2
p = ne2/ε0me is the plasma frequency of the free electron gas. Therefore,

by comparison of eq.(1.7) with eq.(1.2) we derive the dielectric function for the free

electron gas :

ε(ω) = 1−
ω2
p

ω2 + iΓω (1.8)

that can be conveniently written in the standard form ε(ω) = ε
′ + iε

′′ with

ε
′ = 1−

ω2
p

ω2 + Γ2

ε
′′ =

ω2
pΓ

ω(ω2 + Γ2)

(1.9)

Since in the typical experimental conditions Γ� ωp, three frequency regions with

well-defined optical properties can be distinguished [147].

In the non-relaxation region (ω � Γ� ωp) the dielectric function becomes

ε(ω) ≈ −
ω2
p

Γ2 + i
ω2
p

ωΓ (1.10)

We observed that at low frequency (ω → 0) ε′ remains negative and constant and∣∣∣ε′′ ∣∣∣� ∣∣∣ε′ ∣∣∣. Therefore in this region metals are mainly absorbing with a penetration

dept δ(ω) ≈ c
ωp

√
2Γ/ω on the order of 100 nm [147].

For gold Γ ∼ 50 THz [148], therefore visible wavelengths (frequencies in the range

430-750 THz) belong to the second region called relaxation region where Γ� ω � ωp

and the dielectric function can be approximated as

ε(ω) ≈ 1−
ω2
p

ω2 + i
ω2
pΓ
ω3 (1.11)

In this region ε
′ is still negative and

∣∣∣ε′ ∣∣∣ � ∣∣∣ε′′ ∣∣∣ thus suggesting a substantial

reduction of the absorption. However interband optical transitions not included

in this simple model can modify the metal response by increasing the absorption

already in the visible range of the spectrum.
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Finally, for ω & ωp we have

ε
′ ≈ 1−

ω2
p

ω2 ≥ 0

ε
′′ ≈

ω2
pγ

ω3 ≈ 0
(1.12)

At frequency larger than the plasma frequency metal acquires a dielectric behav-

ior showing a positive real part of the dielectric function. The imaginary part tends

to zero, meaning an increasing in transparency of the material, although the intra-

band transition not considered here provide a important deviation from this ideal

response.

As previously stated, the quasi-free electron gas approximation describes satisfac-

torily the behavior of real metal in the low frequency regime. At visible frequency

the free electron model breaks down due to the occurrence of intraband transition,

leading to an increase of ε′′ (figure 1.14).

Figure 1.14.: Dielectric function of the free electron gas (solid line) fitted to the lit-
erature values of the dielectric data for gold [149] (dots). Interband
transitions limit the validity of this model at visible and higher fre-
quencies [57]

However, the inadequacy in describing the optical properties of nobel metal at

visible frequency can be theoretically overcome by including the contribution of

bound electrons resonating at the frequency ω0, each per transition, in the equation

of motion that leads to a Lorentz oscillator terms in addition to the free electron

results [57].
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1.4.2. Volume and surface plasmons

In the previous section I showed that the dielectric function of metals has the pecu-

liarity to assume negative values for frequencies below the plasma frequency. This

central result affords the possibility to fulfill particular conditions that give rise to

resonance oscillations for the free electron gas. We now turn to a description of how

the electron oscillations naturally arise from the application of Maxwell’s equations

to a system described by the dielectric function in eq.(1.8).

Combining the curl Maxwell’s equations eq.(1.1) and taking the Fourier transform

in space and time, we can obtain the following equation relating the wavevector k

and the frequency ω of the propagating wave with the electric field. The dielectric

function assumes the form

k(k · E)− k2E = −ε(ω)ω
2

c2 E (1.13)

According to eq.(1.13) two type of waves are allowed to occur. For transverse

wave (k⊥E) the general dispersion relation

k2 = ε(ω)ω
2

c2 (1.14)

and using the metal dielectric function in the form of eq.(1.8) in the approximation

of negligible damping we arrive to the dispersion law for the undamped free electron

gas

ω2 = c2k2 + ω2
p (1.15)

implying propagation of transverse electromagnetic waves only with frequency ω >

ωp, as expected from the dielectric nature of the free electron gas in this frequency

region. When ε(ω) = 0, longitudinal wave (k ‖ E) is allowed to occur. In a ideal free

electron gas this condition is satisfied at ω = ωp. However also in a free electron gas

with small damping the dielectric function tends to zero at the plasma frequency.

Due to the vanishing dielectric function, from eq.(1.2) we obtain the relation between

P and E for a longitudinal mode
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P
ε0

= −E (1.16)

which means that a longitudinal wave occurs by means of a pure depolarization field

in the plasma. In this case all the electrons oscillate in phase at the frequency ωp.

The quantum of this oscillation is called volume plasmon. An important observation

is that because of the longitudinal character of these oscillations, volume plasmons

cannot be directly excited by standard optical excitation, since the longitudinal wave

does not couple with a transverse one.

There is another type of wave which is important in metal optics. This is a

transverse magnetic wave confined at the metal-dielectric interface also called surface

plasmon polariton (SPP). It is important to notice that the existence of this mode

strictly requires a negative dielectric function in one of the two material involved.

I assume for simplicity the geometry schematically sketched in figure 1.15a. Two

slabs of different materials characterized by a dielectric function ε1(ω) and ε2(ω)

respectively, are superimposed along the z-direction forming an interface at z=0.

Specifically, for a wave propagating along the x-direction showing no spatial variation

along the y-direction ( ∂
∂y

= 0) described by an electric field varying only in the z-

direction in the form E(x, y, z) = E(z)e−ikxx, the solution of the curl Maxwell’s

equations should satisfy the following conditions that define a transverse magnetic

mode with only Ex,Ez and Hy components non-zero



Ex = −i 1
ωε0ε

∂Hy

∂z

Ez = − kx
ωε0ε

Hy

∂2Hy

∂z2 + (k2
0ε(z)− k2

x)Hy = 0

(1.17)

with k0 = ω/c. The third equation in the system 1.17, known as Helmholtz equation,

admits an explicit solution in the form

Hy,j(z) = Aje
ikxxe(−1)jkzz (1.18)

with j labeling the non-absorbing half-space for z > 0 (j = 1) and the adjacent

conductive half space for z < 0 (j = 2). From the continuity of the tangential
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component of the electric field at the interface we arrive to the condition

kz2

kz1
= −ε2

ε1
(1.19)

that can be satisfy only if one of the two dielectric constant is negative, therefore

the interface between a metal an a dielectric in the range of frequencies ω < ωp

supports this type of evanescent wave. From the Helmhotz equation we also obtain

k2
z1 = k2

x − k2
0ε1

k2
z2 = k2

x − k2
0ε2

(1.20)

and combined with eq.(1.19) we arrive to the dispersion relation of SPP

kx = k0

√
ε1ε2

ε1 + ε2
(1.21)

According to the eq.(1.21), propagating polaritons have the wavevector real and

positive only if

ε2(ω) < −ε1(ω) (1.22)

For a metal/air interface and within the approximation of free electron gas with

a small damping, the dispersion relation becomes

kx = k0

√√√√√1− ω2
p

ω2

2− ω2
p

ω2

(1.23)

and the condition 1.22 is fulfill for ω < ωp√
2 ≡ ωsp.

Figure 1.15b shows the overall dispersion function. For ω > ωp metal support

normal transversal wave with dispersion law ω2 = ck2 + ω2
p. In the range ωp > ω >

ωsp the kx wavevector is imaginary, prohibiting propagation to exist. For ω < ωsp

surface plasmon polaritons are allowed to occur. Notably, the SPP dispersion curve

lies under the light line therefore excitation by standard light beam is not allowed

unless special phase-matching techniques are used. In the limit of low frequency

(ωp/ω)2 � 1 (mid-infrared or lower) the SPP dispersion tends to the light dispersion

and the waves extend over many wavelengths into the dielectric space. On the other
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Figure 1.15.: a) Representation of a metal-dielectric interface and the evanescent
electric field along z-direction. b) Surface plasmon polariton disper-
sion curve for an ideal free electron gas (left) and a realistic silver/air
interface (right). [145].

hand, for frequencies approaching ωsp the group velocity tends to zero and the

wavevector kx →∞. Because the SPP field decays as e−|kz ||z| in the dielectric with

kz given by eq.(1.24), a propagating wave can be confined below the diffraction

limit of half of the wavelength in the dielectric for ω approaching ωsp. It should be

noticed that if we include the damping in the free electron gas model, kx is in general

complex, so the traveling SPP are damped with a propagation length L ∼ Im[kx]−1,

typically between 10-100 µm in the visible range. Finally we observed that for

kx → ∞ the surface polariton acquire an electrostatic character, known as surface

plasmon. Thus, surface plasmon can be also obtained from the solution of Laplace

equation at the specific resonant frequency ω = ωsp [57]. This particular behavior,

that represent an ideal limiting case for SPP, becomes the dominant effect when the

metal volume considered is much smaller than λ3. We will discuss this interesting

case in the following section.

1.4.3. Localized surface plasmons

Surface plasmon polaritons are propagating dispersive electromagnetic wave con-

fined at the metal/dielectric interface in systems with dimensions larger than the

wavelength. When the electron gas is confined in volumes V � λ3 the plasma

experiences a nearly space-independent external field (quasi-static approximation)
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and modes arises naturally from the solution of Laplace equation ∇2Φ = 0 with Φ

the electrical potential. Due to the non-propagating nature of these modes they are

known as localized surface plasmons. The effective restoring force exerted on the os-

cillating electronic system by the curved surface leads to resonances that amplify the

field both inside and in the near-field zone outside the metal nanostructure. More-

over, another interesting consequence of the curvature is the possibility to excite

directly the surface plasmons without phase-matching techniques [57].

For the highly-symmetric geometry of an homogeneous sphere in the quasi-static

approximation, the spatial electric field distribution can be easily calculated analyti-

cally solving the Laplace equation in spherical coordinates and assuming the particle

in an electrostatic field. In this approximation, once the spatial distribution of the

field is known, the time-harmonic dependence can be added by including the term

eiωt in the solution of Laplace equation.

We now consider a spherical particle with radius a (2a� λ) and dielectric function

ε(ω) immersed in a homogeneous, non-absorbing medium with dielectric function

εm and an applied static electric field E = E0z. By solving Laplace equation with

appropriate continuity conditions of electric and displacement fields at the sphere

surface, the electric fields inside Ein and outside Eout the sphere are [57]

Ein = 3εm(ω)
ε(ω) + 2εm(ω)E0

Eout = E0 + 3n(n · p)− p
4πε0εmr3

(1.24)

where n the unit vector in the direction of the the observation point and p = ε0εmαE0

the dipole moment with the polarizability α given by

α = 4πa3 ε(ω)− εm
ε(ω) + 2εm

(1.25)

We notice that Eout has two terms, one is the external applied field and the second

has the symmetry of a dipole field located in the center of the particle with a mag-

nitude proportional to |E0| and a frequency dependence given by ε(ω) (we neglect

the frequency dependence of the dielectric medium). In particularly it is apparent

that the polarizability experiences a resonant enhancement in correspondence of the

minimum of |ε(ω) + 2εm| that leads to
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Re[ε(ω)] = −2εm (1.26)

that is called Fröhlich condition and the associated mode the dipole surface plasmon.

Using the dielectric function for a free electron plasma, the resonance frequency that

verifies eq.(1.26) is

ωlsp = ωp√
1 + 2εm

(1.27)

From this relation it is also evident that the resonance red-shifts as εm increases.

This properties has been vastly explored for detecting changes in the refractive index

of the surrounding medium for sensing applications.

Because in the quasi static approximation the spatial retardation effects are ne-

glected, the oscillating dipole induced by an incident plane-wave E(r, t) = E0e
iωt

can be written as p(t) = ε0εmαE0e
iωt leading to a scattering of the incident wave.

The total field associated with the oscillating dipole has the form H(t) = Hpe
iωt

and E(t) = Epe
iωt and in the near-field zone (kr � 1) can be approximated as [150]


Ep = 3n(n · p)− p

4πε0εm

1
r3

Hp = iω

4π (n× p) 1
r2

(1.28)

The electric field shows a fast spatial decay ∼ r−3 with the distance from the

metal surface. On the other hand, in the radiation zone for kr � 1 the dipole

radiation is well approximated by a spherical wave


Hp = ck2

4π (n× p)e
ikr

r

Ep =
√

µ0

ε0εm
H× n

(1.29)

The scattering and absorption cross sections can be obtained by dividing the

scattering and absorption energy rate by the incident light intensity, leading to

[150]
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Csca = k4

6π |α|
2

Cabs = kIm[α]
(1.30)

and extinction cross section Cext = Cabs + Csca. Because α ∼ a3, the scattering

cross section scales with a6 while the absorption cross section with a3. Therefore,

small nanoparticles have the absorption cross section larger than the scattering cross

section. Typically the crossover takes place for nanoparticles with diameter of 40-50

nm.

For a metal nanostructure with the more general ellipsoidal geometry with semi-

axes a1 ≤ a2 ≤ a3, Gans formulation [151] of the analytical solution for the Laplace

equation in the quasi-static approximation leads to the following expression for the

polarization [152]

αν = 4πa1a2a3
ε(ω)− εm

3εm + 3Lν(ε(ω)− εm) (1.31)

with

Lν = a1a2a3

2

∫ ∞
0

ds

(a2
ν + s)ξ(s) (1.32)

where ξ(s) =
√

(s+ a2
1)(s+ a2

2)(s+ a2
3) and ∑

i Li = 1. Therefore, an ellipsoidal

metal structure experiences multiple resonances when

Re[3εm + 3Li(ε(ω)− εm)] = 0 (1.33)

and substituting the dielectric function for an ideal free electron gas we arrive to

the expression of the localized surface plasmon resonance frequencies

ωlsp,ν = ωp

√√√√ 1
1 + εm

1−Lν
Lν

(1.34)

Within the class of ellipsoids, spheroids with a1 = a2 < a3 are particularly interest-

ing because represent a reasonable approximation to the real geometry of chemically

prepared rod-shaped metal nanoparticles. For these non-spherical nanoparticles the

polarizability exhibits two spectrally separated plasmon resonances, corresponding
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to the oscillation of the electron plasma along the long (||) and short (⊥) axes with

frequencies

ω
||
lsp = ωp

√√√√ 1
1 + εm

L||
L⊥

ω⊥lsp = ωp

√√√√ 1
1 + εm

L||+1
2L⊥

(1.35)

therefore, because L|| < L⊥ < 1, he have ω||lsp ≤ ω⊥lsp. Numerical solution of the

Maxwell’s equation of the scattering problem for Au nanorods with more realistic

geometry and dielectric function will be presented and discussed in Chapter 2.

1.5. Scope of the thesis

In the framework provided by the field of Plasmonics, colloidal Au rod-shaped

nanoparticles (nanorods) have attracted an increasing interest mainly related to

the nanosized dimensions, tunable optical properties in the visible and near-infrared

region of the spectrum and the easy manufacturing. Although the optical properties

arising from plasmonic resonances in these sub-wavelength objects have been exten-

sively investigated in both isolated structures and ensemble of interacting elements,

their integration in low dimensional semiconductor-based devices is still hampered

by a number of challenges including the reliability and control on particle assem-

bly and lack of theoretical and experimental investigation of physical phenomena

in hybrid nanostructures. Therefore, the assembling of Au nanorods into functional

optoelectronic devices and their integration in metal nanoparticles-semiconductor

hybrid nanodevices, with rational design and engineered properties, is still a vastly

unexplored field .

In this thesis we provide a comprehensive bottom-up approach in which, start-

ing from a theoretical investigation of optical properties of single and arrays of Au

nanorods, we designed and nanofabricated, via novel methodologies, Au nanorods-

semiconductor nanowire hybrid nanodevices with expanded optoelectronic capabil-

ities compared to the non-hybrid counterpart.

In particular, in Chapter 2 the synthesis of Au nanorods by wet chemistry and
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modeling of their optical properties by simulation tools will be discussed. The seed-

mediated method used to growth Au nanorod and the morphological and optical

characterization of the synthesized nanorods are described in details. The second

part of the Chapter will be devoted to modeling the optical properties of the avail-

able nanorod geometries, including investigations of scattering and absorption cross

sections dependence from nanorod size and the influence of a non-homogeneous sur-

rounding medium. Finally, the optical properties of closely-spaced nanorod array in

various configurations will be compared.

In Chapter 3 the assembly of Au nanorods into 1D arrays by E-field assisted de-

position will be demonstrated. A systematic investigation of the deposition process

of Au nanorods (14×42 nm) capped with hexadecyltrimethylammonium bromide

(CTAB) under E-field intensity ranging between 0.12-2.22×106 V/m and frequency

between 100 kHz-55 MHz is presented. Evidence of a frequency dependence of the

dielectrophoretic process will be discussed and elucidated by means of a core-shell

model. On the basis of the proposed model, a detailed description of the particle

dynamics under E-field is presented. Specifically, the contour-plot representation of

the calculated dielectrophoretic force allowed the identification of experimental con-

ditions where the assembly process is driven by localized field enhanced hot spots at

the nanorods tip thus promoting an head-to-tail assembly. By exploring this scheme

of work, reproducible assembly of Au nanorods in 1D arrays with length of 2-5 µm

was obtained on Si/SiO2 and quartz substrates.

In Chapter 4 we report enhanced detection of ZnO surface optical Raman mode

by exploitation of plasmonic resonances of Au nanorods deposited on ZnO nanowire

surface. In particular, we present a novel mask-selective droplet deposition method

for reproducible fabrication of hybrid structures constituted by Au nanorods de-

posited on ZnO nanowire surfaces. Detection of surface optical mode was observed

under excitation of the Au nanorod longitudinal plasmon resonance while no de-

tectable signal was found mediated by the transversal plasmon resonance. More-

over, the excitation wavelength corresponding to the maximum enhancement of

the Raman mode was intentionally shifted by tuning the optical properties of Au

nanorods, thus proving the plasmonic nature of the Raman enhancement observed.

Finally, theoretical simulations were performed to support experimental findings.The
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presented study provides evidence of the capabilities offered by longitudinal plas-

monic resonance of Au nanorods for Raman spectroscopy investigation of individual

semiconductor nanowires and corroborates the increasing interest of metal nanos-

tructures - semiconductor nanowire hybrid structures for optoelectronic and sensing

applications.

In Chapter 5 the nanofabrication and a detailed electrical characterization of

ZnO nanowire field-effect transistors (ZnO NW-FET) is presented. Optimization of

the electrode geometry and the optical lithographic process allowed to fabricate large

number (>30) of ZnO NW-FETs per substrate. Metal-ZnO nanowire ohmic contacts

with contact resistivity of 10−11 − 10−10 Ω·m2 were realized using Ti/Al electrodes

thus allowing to assess the intrinsic electronic properties of the ZnO nanowires. The

devices resistance was investigated in different atmosphere (air and high vacuum)

including the effect of rapid thermal annealing and estimation of nanowire resistivity,

contact resistance, electron mobility and electron density was also provided. Finally,

we explored the three-terminals ZnO NW-FET architecture for two applications.

Firstly, we demonstrated that ZnO NW-FET can be successfully used as nano-heater

up to more than 300 ◦C and secondly, we propose a novel method to selectively

decorate a target nanowire with colloidal nanorods by an engineered electric field

configuration using three gates electrodes available in the FET architecture.

Finally in Chapter 6 we characterized the photoconductivity behavior in ZnO

nanowire under radiation with energy larger (λ=265 nm) and smaller (λ=650-850

nm) than the semiconductor band-gap in air and vacuum conditions. From time-

resolved measurement under UV radiation, we demonstrated that the photocarrier

generation and recombination response is the result of three processes characterized

by different time-scale sensitive to the environment conditions. Detailed analysis

of photoresponse to λ=650-850 nm radiation in Au nanorod-ZnO nanowire hybrid

FET devices will be presented. In particular we demonstrated orders of magnitude

enhancement in the photocurrent intensity in the explored range of wavelengths and

40 times faster time response. The improved performance were attributed to the

plasmonic-mediated hot-electron generation and injection mechanism underlying the

photoresponse. The proposed mechanism responsible for the improved performance

demonstrated in hybrid devices is investigated both experimentally and theoretically.
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Synthesis and optical properties of

Au nanorods

In this Chapter the synthesis of Au nanorods by wet chemistry and modeling of their

optical properties by simulation tools will be discussed. In section 2.2 seed-mediated

method used to growth Au nanorod and the morphological and optical characteriza-

tion of the synthesized nanorods are described in details. Section 2.3 will be devoted

to modeling the optical properties of the available nanorod geometries, including in-

vestigation of scattering and absorption cross sections dependence from nanorod size

and influence of non-homogeneous surrounding medium. Finally, optical properties

of closely-spaced nanorod array in various configurations will be compared.1

2.1. Introduction

Metal nanostructures have been successfully fabricated by both top-down and bottom-

up approaches. Among top-down approaches, electron beam lithography is the most

utilized fabrication technique [53]. It allows high degrees of freedom in geometries

and control on the nanostructure positioning. These capabilities have been exploited

to realize different geometries such as spherical particles, bowtie and rectangular an-

tennas arrays used for demonstrating single molecular detection, non-linear optical

phenomena and surface-enhanced Raman spectroscopy [14, 32, 18, 153]. Moreover,
1Simulations presented in section 2.3 were published in J. Phys. Chem. C, 118(24),13260-13267,

(2014); J. Mater. Chem. C, 2, 3536-3541, (2014); Langmuir, 30(34), 10206-10212, (2014)
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in metal nanostructure arrays, this technique allows studies on maximization of field

enhancement and collective phenomena through appropriate geometrical design. For

instance, Dal Negro and co-workers demonstrated two orders of magnitude improve-

ment in surface-enhanced Raman scattering measurements reachable by optimiza-

tion of array geometries [154] and Liu et al. showed evidence of magnetic plasmon

resonances in gold nanoparticles organized in heptamer-like structures (also called

artificial aromatic molecules) [75]. However, top-down approach is not exempt from

limitations. The resolution of the lithography process (∼ 20 nm) prevents inves-

tigation of metal nanostructure behavior in the quantum regime (sub-10 nm sized

structures) [146] and studies of enhancing phenomena in arrays with inter-particle

distance below 10 nm (strongly-coupled regime) that would offer interesting oppor-

tunities for catalysis, quantum optics and sensing [155]. Other drawbacks of this

technique includes the polycrystallinity of the nanostructures, the presence of an

additional layer required to ensure the adhesion to the substrate (usually titanium

or chromium) and prohibitive costs that prevents any integration into commercial

devices.

The bottom-up synthetic approach constitutes a valid alternative as it addresses

most of the limitations of the top-down approach. In particular, particle size can

be scaled-down to few nanometers, self-assembling techniques allow inter-particle

distance below 10 nm and cost production is greatly reduced. Despite different

processes proposed such as electrochemical method [54], photochemical reduction

[56], template method [55], the most popular method for the synthesis of colloidal

nanorods is the seed-mediated growth. The success of this method derives from the

simplicity of the procedure, high yield of reasonable monodispersity structures and

fine tunability of nanorod size. Jana et al. in 2001 first reported anisotropic growth

of citrated-capped gold seeds in HAuCl4 solution containing hexadecyltrimethylam-

monium bromide (CTAB) and silver ions by addition of ascorbic acid reducing agent

[52]. However the yield of this process was poor and the large fraction of gold

nanospheres formed as reaction by-products impose time-consuming centrifugation

steps to separate out nanorods. Later in 2003, El-Sayed et al. substantially improved

the seed-mediated synthesis reaching a yield of almost 99% by replacing the sodium

citrate with CTAB stabilizer in the seed solution [51]. Moreover, they showed tun-
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Figure 2.1.: a) High-resolution TEM image of gold nanorods synthesized by seed-
mediated method showing nanorod aligned in [001] (a) and [011] (b)
directions [156]. b) 3D reconstruction of Au nanorod showing individual
atom position. It can be seen that {110} and {100} facets compose the
morphology of the rod [157].

ing of the nanorod aspect ratio between 1.5 and 4.5 by control on the concentration

of silver ions in solution. The nanorods obtained were single-crystalline elongated

along the [100] direction and having sidewall facets {100} and {110} as showed in

the high-resolution TEM images and the related 3D reconstruction by Goris and

co-workers in figure 2.1 [156, 157]. Liu et al. observed that, when the growth reac-

tion was terminated prematurely (by adding n-dodecanethiol to the solution) most

of these nanorods were found showing the [110] side facet [156]. This observation

suggests that during the growth, the sidewalls are dominated by {110} facets that

have higher surface energy respect to the others. Therefore the {100} sidewall facets

found in the fully grown nanorods were attribute to a later reorganization promoted

by the minimization of the surface energy.

Following this observation, the mechanism proposed to explain the anisotropic

growth of the original single-crystal seed relied on the key role played by CTAB

and Ag+ on the {110} facets. In the proposed mechanism CTA+ molecules bond

preferentially to the sidewall facets due to their higher reactivity thus slowing down

the crystal lateral growth respect to the {100} end facets (see figure 2.2). Moreover
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in the presence of silver ions, underpotential deposition of Ag(0) on the {110} facets

further reduced the lateral growth offering the possibility to finely tune the nanorod

aspect ratio by changing the silver ions concentration [156].

Figure 2.2.: Mechanism of nanorod growth. CTA+ molecules bind preferentially to
the sidewall facets due to the higher reactivity and slow down the crystal
lateral growth respect to the {100} end facets. Silver ions Ag+ on the
{110} facets further reduce the lateral growth [158].

Chemical synthesized spherical and anisoptropic metal nanoparticles have been

successfully used for molecular detection [153], photodetection [159], molecular elec-

tronics [160, 161, 162] and quantum plasmonics [146]. Also, colloidal solution can

be integrated in polymer-based matrix thus making them suitable for polymer so-

lar cells [163] and biological applications such as biosensing [164], bioimaging [165]

and phototermal therapy [166, 53]. However, the main limitation of this approach

derives from the lack of control in the position and organization of colloids when

deposited on a substrate. In the last decade self-assembly approaches have been

developed to allow organization of nanoparticles in 1D, 2D and 3D arrays (see

Chapter 3), but their limitation in particle manipulation and assembling reliabil-

ity impose further developments of these methodologies for future integration in

functional devices. Other additional drawbacks are the broadening of the plasmonic

resonances observed in the colloidal solution due to Gaussian distribution in particle

size (see section 2.3.2) and the presence of surfactant (CTAB) in solution that has

been demonstrated affecting self-assembly processes and damaging other materials

in multicomponents devices (see Chapter 3-4).

In this section, we present the synthesis of Au nanorods 14×42 nm with reasonable
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monodispersity and reproducibility as well as tunability of the aspect ratio between

1 (spherical particle) and 5.8 (corresponding to a tuning of the longitudinal peak

from 520 to 850 nm) by a seed-mediated method. Furthermore, synthesis of Au

nanorods 22×54 nm up to 30×70 nm was achieved by adding an overgrowth process

to the previous synthesis. The optical properties of the synthesized particles were

investigated by UV-vis spectrometer. A systematic method for indirect estimation

of the CTAB concentration from the optical spectrum was developed in order to

accomplish a reproducible and controlled purification of the synthesized colloidal

solution.

2.2. Synthesis and characterization of Au nanorods

2.2.1. Au nanorods with sub-20nm diameter

Au nanorods were synthesized by a standard seed-mediated method described by

El Sayed et al. [51]. For the seed solution, 5 mL of an aqueous CTAB solution

(0.2 M) were mixed with 5 mL of an aqueous HAuCl4 solution (0.5 mM). To the

stirred solution 0.60 mL of ice-cold NaBH4 (0.010 M) was added, which resulted

in the formation of a pale brown solution. Vigorous stirring of the seed solution

was continued for 2 min after which the solution was kept at 27 ◦C. For the growth

of nanorods, 140 µl of seed solution was added to an aqueous solution containing

CTAB (50 mL, 0.20 M), AgNO3 (2 mL, 4 mM), HAuCl4 (50 mL, 1 mM) and ascorbic

acid (0.7 mL of 0.0788 M), kept a 27 ◦C. Upon addition of seeds the color of the

solution gradually changed from colorless to dark red (90 -120 min). Excess CTAB

was removed by successive steps of centrifugation and re-dispersion in water.

Morphological and optical properties of synthesised Au nanorods were investigated

by electron microscopy and UV-vis spectroscopy. Scanning electron microscopy

(SEM) images of individual Au nanorods were acquired using a field emission SEM

(JSM-7500F, JEOL UK Ltd.) operating at beam voltages of 2-5 kV. Transmis-

sion electron microscopy (TEM) images were acquired using a high resolution TEM

(2100, JEOL UK Ltd.) operating at beam voltages of 200 kV.

Figure 2.3a-b show a typical SEM and TEM images of Au nanorods obtained from
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Figure 2.3.: a) SEM image of chemical-synthetized gold nanorods b) TEM image
of single nanorod. c) Schematic of the metal rods structures. The
Au nanorod has a metal core surrounded by a double layer of organic
material (CTA+) with total thickness of 2-4 nm.

Figure 2.4.: Statistical distribution of a) length and b) diameter of 100 nanorod
obtained from TEM images.

42



2.2. Synthesis and characterization of Au nanorods

water dispersions. It should be noticed that CTAB molecules form an organic double

layer around the Au nanord metallic core, thus stabilizing the nanords in solution

(see schematic of figure 2.3c). The CTAB double layer has been estimated to be

around 2-4 nm in thickness [167, 168]. From statistical analysis of 100 nanorods

(figure 2.4) the mean nanorod radius and length were calculated to be respectively

14.0 ± 3 nm and 42 ± 5 nm and aspect ratio of 3.0 ± 0.2, with a reasonably

monodispersity; nanorod radius and length distribution are shown in histograms of

figure 2.4a,b. Table 2.1 resumes the mean dimensions and aspect ratio obtained

for 6 different synthesis. This data confirms that a reasonably reproducibility in

dimensions and aspect ratio of AuNRs was achieved by the seed-mediated chemical

synthesis approach.

Sample Mean length mean diameter aspect ratio
(nm) (nm)

A1 46 12 3.8
A2 48 14 3.4
A3 45 16 2.8
A4 55 21 2.6
A5 33 9 3.7
A6 41 13 3.2

Table 2.1.: Mean length, diameter and aspect ratio for 6 colloidal solution synthe-
sized as described in the section 2.2.1.

Optical properties of as-prepared Au nanorods were investigated using UV-vis

Agilent 8453 spectrophotometer. The absorbance spectrum of figure 2.5 was char-

acterized by a transversal plasmon peak at 520 nm and a longitudinal plasmon

peak at 764 nm. It is well known that the transversal mode is weakly dependent

from the nanorod geometry whereas the longitudinal peak is extremely sensitive

to the nanorod aspect ratio R. Literature data report that the aspect ratio of Au

nanorods can be controlled by the amount of AgNO3 added to the growth solution

during the nanorods growth synthetic step [51]. In particular we have found exper-

imentally that at low concentration (65 µl/100 ml) the anisotropic growth of the

seed is totally suppressed and only particles were found in the final solution. At

higher concentration (2.5 ml/100 ml) instead an increase of the aspect ratio was

observed. I have performed three synthesis using respectively 0.016, 2 and 2.5 ml
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Figure 2.5.: Typical absorbance spectrum of chemical-synthesized gold nanorods
with aspect ratio ∼3.

of a solution 4 mM AgNO3. The experimental results are summarized in the table

2.2. The nanorod aspect ratio was modulated from 1 (spherical particle) up to 5.8,

corresponding to a tuning of the longitudinal peak from 520 to 850 nm. The Ag+

ions prevent the radial growth of the seeds (∼4 nm in diameter) during the growth,

as demonstrated in the table 2.2. Consequently the R values reachable with this

approach cannot exceed 7-8. Higher control in nanorod dimension and aspect ratio

require more complex synthesis with multi-overgrowth steps [52].

Sample AgNO3 Mean length mean diameter aspect ratio
(ml) (nm) (nm)

A8 0.016 – 15 1
A1 2 46 12 3.8
A12 2.5 35 6 5.8

Table 2.2.: Mean length, diameter and aspect ratio for 3 colloidal solution synthe-
sized as described in the section 2.2.1 with different AgNO3 concentra-
tion.

2.2.2. Au nanorods with diameter above 20nm

Au nanorods with diameter above 20 nm were synthesized by a standard seed-

mediated method described by Alvarez-Puebla et al. [169]. For the seed solution,
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3.75 ml of an aqueous CTAB solution (0.2 M) were mixed with 1.25 ml of an aqueous

HAuCl4 solution (1 mM). To the stirred solution 0.3 ml of ice-cold NaBH4 (0.01 M)

was added, which resulted in the formation of a pale brown solution. Mild stirring

of the seed solution was continued for 40 min after which the solution was kept at

30 ◦C. For the growth of nanorods, 35 µl of seed solution was added to an aqueous

solution containing CTAB (12.5 ml, 0.20 M), AgNO3 (0.5 ml, 4 mM), HAuCl4 (25

ml, 1 mM) and ascorbic acid (0.35 ml of 0.0788 M), kept a 30◦C. Upon addition of

seeds the color of the solution gradually changed from colorless to dark red (10-40

min). After 1 hour, overgrowth of standard nanorods was carried out by addition

of ascorbic Acid 0.0788 M in drops of 5 µl every 5 minutes. The ascorbic acid

was added until the intensity of the longitudinal peak reached the saturation. This

condition was usually verified with addition of 80-120 µl of ascorbic acid.

Figure 2.6.: a) Scanning electron microscopy of the synthesized metal nanorods with
diameter above 20 nm used in Chapter 4 and 6 b) Absorption spectrum
of the colloidal solution. Statistical distribution of a) length and b)
diameter.
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Figure 2.7.: a) Absorbance spectra of solutions with different concentration of CTAB
b) Dependence of the maximum value of the absorbance derivative and
its peak position as a function of the CTAB concentration.

Excess CTAB was removed by successive steps of centrifugation and re-dispersion

in water (see section 2.2.3).

Figure 2.6a show a typical SEM of Au nanorods obtained from water dispersions.

From statistical analysis of 100 nanorods the mean nanorod radius and length were

calculated to be respectively 22 ± 3 nm and 54 ± 3 nm and aspect ratio of 2.4 ±

0.4. Absorbance spectrum of figure 2.6b was characterized by a transversal plasmon

peak at 520 nm and a broad longitudinal plasmon peak at 655 nm. It should be

noticed that also the mean nanorod dimension varied from batch to batch within the

range 20-30 nm in diameter and 50-70 nm in length with a longitudinal resonance

peak in the range 650-700 nm.

2.2.3. Purification of colloidal solution for dielectrophoresis

The stability of the colloidal dispersion in solution is a fundamental requirement for

any applications involving chemical-synthesized metal particles. Since the CTAB

concentration in the growth solution (see section 2.2.1) was much higher than the

critical concentration required to avoid cluster formation or precipitation of the

final suspension, the excess of the surfactant was removed by means of centrifuga-

tion and re-dispersion in ultra-pure water (18 MΩ·cm). In addition, the electric

field-mediated assembly discussed in Chapter 3 and the fabrication process of hy-
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brid devices in 4 were quite sensitive to ions and molecules in solution, therefore a

method to estimate the concentration of CTAB in the colloidal solution was highly

desiderable to obtain reproducible results.

Absorption spectra of the as-prepared Au nanorods showed a CTAB peak at

200-230 nm whose intensity was related to the CTAB concentration in the nanorod

dispersion. Although Au nanorods did not have any resonances at that wavelengths,

they added a constant contribution to the absorption resulting in a vertical transla-

tion of the spectrum. Therefore, the absolute intensity of the CTAB peak could not

be used for estimating the concentration. However, because a vertical translation

of the spectrum does not change the peak shape, the derivative of the curve has a

magnitude independent from any background contribution.

Following this observation, a calibration curve was realized by measuring the

magnitude of the CTAB absorption peak derivative calculated between 190 nm and

300 nm for a series of CTAB solutions of known concentration, as shown in figure

2.7a. CTAB solution with concentration between 0.01 mM and 0.2 M were used. In

the test solutions, the peak intensity increased with the CTAB concentration until

∼3 mM (black symbols in figure 2.7a) than the peak become larger with an intensity

almost constant (red symbols in figure 2.7a).

The Critical Micelle Concentration for CTAB was measured to be around 1 mM at

25◦C [170], therefore this behavior was attributed to the formation of CTAB micelles

after ∼3 mM that prevent further increase of the free molecules concentration in

solution although formation of micelles increase the absorption at longer wavelength.

Figure 2.7b shows the module and the wavelength at which the maximum value of

the derivative (Dmax) occurs. The Dmax increased monotonically until ∼3 mM and

then shifted linearly to longer wavelength. Therefore, it was possible to define a

range of CTAB concentration within which Dmax module and peak position were

dependent from CTAB concentration in solution. A polynomial fit was used to find

an analytical expression of the CTAB concentration.

A number of tests in different conditions demonstrated that a CTAB concentration

larger than ∼0.02 mM is required to maintain Au nanorods suspended in solution.
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2.3. Modeling the optical properties of Au nanorods

Scattering and absorption cross sections of a metal particle with arbitrary shape

can be computed by solving the Maxwell’s equations with the appropriate boundary

conditions. Analytical solutions exist only for highly symmetric spherical [171] and

ellipsoidal [172] particles, therefore numerical approximation methods are generally

required for non-spherical geometries [173]. Finite-Difference Time Domain (FDTD)

method is one of the most powerful and popular method to model light-matter

interaction. In this approach Maxwell’s equations are discretized in finite-difference

equations in space and time and solved self-consistently [174]. This method allows

to simulate general inhomogeneous dielectric environment and to obtain, with a

single simulation, the response of the system over a wide rage of frequencies when

a broadband pulse is used as a source. The main drawback of this method is that

the discretization of the entire simulation volume with a sufficiently fine grid often

requires large computation capabilities and time.

An alternative approach to solve the Maxwell equations was developed by Garcia

de Abajo et al. in 2002 [175]. The so called Boundary Element Method (BEM) only

discretized the boundaries between different dielectric materials, thus reducing sub-

stantially the computational requirements. For a given excitation, Maxwell’s equa-

tions are solved by computing surface charges and currents at the particle boundaries

and then calculating the electromagnetic fields and potentials at both the particle

boundary and elsewhere. This approach is less general than FDTD in that it assumes

dielectric bodies with homogeneous and isotropic dielectric functions separated by

abrupt interfaces.

Nevertheless, the absorption spectra of Au nanorods showed in sections 2.2.1 and

2.2.2 referred to optical properties of colloidal solutions that deviated substantially

from the properties of isolated or clustered nanorods on Si/SiO2 substrate consid-

ered in this work. Therefore, simulation tools able to predict the optical response

in different environment are important for understanding the results presented in

Chapter 4 and 6. For this reason FDTD simulations using FDTD Lumerical software

were undertaken to elucidate the contribution of both the CTAB layer surrounding

the single nanorod and the substrate to the red shift of the plasmonic resonances.
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Scattering and absorption cross section of single nanorods with different sizes were

analyzed. Also, optical properties in ordered nanorods arrays were investigated by

using BEM simulation (MNPBEM Matlab toolbox) [176].

2.3.1. Optical properties of Au nanorods in inhomogeneous

environment and effective refractive index approximation

The longitudinal plasmonic resonance in Au nanorods has been demonstrated very

sensitive to the geometrical aspect ratio as well as to the refractive index of the sur-

rounding medium. Many authors explored this interesting capability for biological

and chemical sensing applications [173]. The plasmonic-based devices discussed in

Chapter 4 and 6 require to engineer the optical properties of the nanorods (scatter-

ing versus absorption ratio and wavelength at which plasmonic resonances appear)

in order to maximize the system efficiency under specific conditions. Despite the fact

that nanorods are often modeled as a metal body surrounded by an homogeneous

medium with a well defined dielectric constant, inhomogeneities of the surrounding

medium can shift the plasmonic resonances with non-negligible contributions [61].

Figure 2.8a-b shows a SEM image of a single Au nanorod with diameter 26 ± 2

nm and length 68 ± 2 nm on ITO substrate and the related dark-field spectra in

air. The Au nanorod, synthesized as described in section 2.2.2, were measured in

an inverted IX-71 Olympus microscope with an oil immersion dark-field condenser

(Olympus U-DCW) and 100X objective. The plasmon resonance was found peaked

at 685 nm with a FWHM of 39 nm (transversal plasmonic peak was not detected

due to the low scattering cross section of this mode).

Figure 2.9a reports the simulated scattering and absorption cross sections (nor-

malized to the geometrical cross section of the nanorod) for a nanorod having a

cylindrical body ended with two hemispherical caps with diameter 26 nm and total

length of 68 nm in air (refractive index n = 1) with light incident along x-axis and

polarized along z-axis. In the simulated spectrum the longitudinal plasmonic res-

onance was found at 590 nm, more than 100 nm blue-shifted respect to the value

measured with the experimental spectrum. It should be noticed that the error on

the nanorod dimension generates an error of ∼20 nm on the peak position.
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Figure 2.8.: a) SEM image and b) dark-field scattering spectrum of a single Au
nanorod having diameter of 26±2 and length 68±2 nm on ITO substrate
and the scattering cross section calculated by FDTD simulation (from
figure 2.9d.

The red-shift of ∼100 nm can be attributed to the non-homogeneity of the envi-

ronment, in particular to the presence of a CTAB double layer on the metal surface

and the ITO substrate. In order to address this discrepancy, we first consider the

contribution of a dielectric shell around the nanorod. CTAB double layer is expected

to form a 2-4 nm shell around the nanorod with a refractive index n = 1.4 [167, 177].

Figure 2.9b shows that the longitudinal plasmon resonance red-shifts to 624 nm by

adding a 3 nm shell around the nanorod surface.

A variation of 1 nm in the shell thickness shift the peak position of ±6 nm and

a change of 0.14 in the shell refractive index (10% of the nominal value) causes

a shift of ±8 nm in the plasmonic resonance. Secondly, we considered that for a

nanorod deposited on ITO substrate (n = 1.85 at λ=650 nm) a further red-shift is

observed. Figure 2.9c reports the longitudinal surface plasmon (LSP) peak at 671

nm, with a variation of ±6 nm associated to an error of 0.18 in the refractive index

of the substrate. It should be noticed that in the simulated geometry we assumed

the nanorod in touch with a perfectly flat substrate. However, the roughness of the

ITO surface (see SEM image in figure 2.8) does affect the plasmonic resonance, as

also reported in the literature [178]. Figure 2.9d shows that embedding the nanorod

into the substrate by 2 nm results in a LSP red-shift of 11 nm thus reaching the

wavelength of 682 nm. This value is in excellent agreement with the measured

spectrum within the error on the nanorod size (see figure 2.8b). A summary of the
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Figure 2.9.: Finite-difference time domain simulation of the scattering cross section
of a Au nanorod with diameter 26±2 and length 68±2 nm a) in air, b)
covered by 3 nm of shell with a refractive index (n = 1.4), c) covered by
3 nm of shell on ITO substrate (neff = 1.85) and d) partially embedded
into the substrate by 2 nm.

red-shifts calculated related to contributions from the dielectric shell, substrate and

substrate roughness together with the change in the longitudinal plasmon resonance

associated with the 10% variation of the explored parameters is reported in table

2.3.

We observed that the presence of the substrate affects most the plasmon red-

shift respect to the bare nanorod (47 nm shift) followed by the dielectric shell (34

nm shift). Therefore the original discrepancy between the measured and simulated

spectrum of the nanorod in air was entirely ascribed to the inhomogeneity of the

medium surrounding the particle. Interestingly, despite the number of parameters

introduced in the simulation (shell thickness, shell refractive index, substrate refrac-

tive index, substrate roughness), the uncertainty of the nanorod dimensions (aspect
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Parameter LSP Shift Variation with
position (nm) 10% of the
(nm) parameter (nm)

Bare NR 590 – –
aspect ratio – – 22

NR with 624 34 –
shell

shell thickness 6
shell refractive index 8

NR with 671 47
shell on ITO

substrate refractive index 6
substrate roughness 682 11 2

Table 2.3.: Simulated longitudinal surface plasmon (LSP) resonance position for a
bare nanorod (NR) 26×68 nm in air, NR with a 3 nm shell and on ITO
substrate. The red-shift of the peak position respect to the bare NR in
air is reported as well as the variation of the peak position when the
simulation parameters are varied by 10% respect to the specified value.

ratio) due to the resolution of the SEM image, remained as major source of error

limiting the accuracy of the simulation.

In order to asses the validity of this simulation tool we compared the scattering

spectra of 5 single nanorods obtained by dark-field spectroscopy in figure 2.10 with

the simulated scattering cross sections (see table 2.4). The nanorod dimensions,

estimated from SEM images, were found in the range of 24-34 nm in diameter and

65-71 nm in length. The related optical scattering spectra showed the longitudinal

plasmonic resonance within the interval 637-692 nm with a FWHM between 37-

47 nm (calculated from the Lorenzian fit of the curves). For comparison, figure

2.10b reports the absorption spectrum of the entire colloidal solution that shows a

longitudinal peak at 655 nm with an FWHM of 64 nm calculated from the Lorenzian

fit of the data. We notice that the FWHM value is larger than the FWHM of single

nanorods thus indicating that the absorption spectrum of the ensemble is broadened

by the size distribution of the particles.

All simulations were performed by assuming the nanorod as a cylinder with two

hemispherical caps having a 3 nm dielectric shell with refractive index n = 1.4,

deposited on ITO substrate (n = 1.85) and partially embedded by 2 nm into the

substrate as previously described. Dimensions and LSP resonances of the measured
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Sample Mean length mean diameter LSP FWHM Simulated LSP
±2 (nm) ±2 (nm) (nm) (nm) ±20 (nm)

NR1 65 24 692 37 680
NR2 68 26 685 39 682
NR3 71 34 637 47 624
NR4 67 29 646 40 649
NR5 67 30 639 45 642

Table 2.4.: Properties of single nanorods investigated by dark-field spectroscopy hav-
ing scattering spectrum reported in figure 2.10a. The mean length and
diameter were measured from the SEM images, longitudinal surface plas-
mon (LSP) resonance and full-width half maximum (FWHM) of the scat-
tering dark-field spectrum were obtained from the Lorenzian fit of the
curves. Simulated LSP resonances were performed with fdtd method.

nanorods with the peak position of the simulated scattering cross sections were

found in excellent agreement with the experimental data and are reported in table

2.4. It is relevant for the content of this thesis to notice that when a nanorod was

deposited on a Si/SiO2 substrate (nsub = 1.54) a blue shift was expected due to the

lower refractive index. For the representative nanorod discussed at the beginning

of this section (26×68 nm) a shift of 16 nm was found (see next section for more

details).

Novo et al. investigated experimentally the influence of the surrounding medium

and substrate refractive indexes on the optical properties of single Au triangular

prisms [97]. They explained the observed behavior on the basis of an effective

refractive index neff given by a linear combination of the refractive index of the

substrate (nsub) and the surrounding medium (nmed) as

neff = α · nmed + (1− α) · nsub (2.1)

with α varying between 0.1 and 0.65 depending on whether the particles are embed-

ded in a polymer matrix or deposited onto the substrate. Following the same idea,

we simplified the simulated system by assuming the nanorod with given dimensions

embedded in a homogeneous medium having an effective refractive index. According

to our simulations, the value of neff=1.25 had to be used to reproduce the experi-

mental scattering spectra of figure 2.10a. It should be said that despite the position

of the LSP was reproduced within the effective refractive index approximation, the
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intensity of the scattering and absorption cross section were found overestimated of

a factor ∼2 respect to the simulation in figure 2.9d.

Figure 2.10.: a) Dark-field scattering spectra of 5 single nanorods and b) the absorp-
tion spectrum of the colloidal solution.

The effective refractive index approximation will be used in section 2.3.3 for study-

ing the optical properties of nanorod arrays of different sizes and geometries by BEM

method.

2.3.2. Scattering and absorption properties of single nanorods

The accuracy of FDTD simulations demonstrated in the previous section allows to

predict the optical resonances of single nanorods with different sizes in the more

realistic environments which will be encountered in Chapters 3, 4 and 6.

Simulated absorption, scattering and extinction spectra (normalized to the geo-

metrical cross section) for longitudinal and transversal polarization of three particles,

named (a),(b),(c) with dimensions 14×42 nm, 22×54 nm and 30×70 nm respectively

deposited on SiO2 substrate, are shown in figure 2.11a-f. For light polarization par-

allel to the long nanorod axis, the plasmonic resonance was found at 672 nm in

nanorod (a), 635 nm in nanorod (b) and 621 nm in nanorod (c). The blue shift

in the longitudinal resonance between these nanorods is related to the decreasing

in the aspect ratio from 3 in particle (a), 2.5 in (b) and 2.3 in (c). The plasmonic

resonance for transversal polarization is almost insensitive to the particle dimension

and was peaked at 516 nm and 529 nm in the absorption and scattering cross sec-
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tions respectively. The main differences between the three nanorod sizes were found

in the absorption and scattering cross sections. Firstly, we observe that the cross

sections of the transversal mode were more than an order of magnitude smaller than

the longitudinal resonance, indicating a weaker nature of the former compared to

the latter. Secondly, the scattering cross section increased by a factor 2 between the

14×42 nm rod and 22×54 nm rod and by a factor 3 between 22×54 and 30×70 rod.

On the other hand the normalized absorption cross sections remained almost con-

stant for the three particles despite the different geometry. This behavior suggests

that the absorption cross section increased almost linearly with the geometrical cross

section of the nanorod while the scattering cross section had showed a supralinear

dependence. Therefore, the increasing particle size was expected to be more effective

in enhancing the scattering than the absorption cross section. According to this, we

observed experimentally that scattering spectra of single nanorods with diameter

below 20 nm were not detectable in our dark-field microscope setup whereas spectra

of 20×60 nm (or larger) nanorods were recorded as shown in figure 2.10a.

It is interesting to notice that for a given particle size, the longitudinal plasmonic

resonance could be red shifted by embedding the particle in a polymer matrix with

appropriate refractive index. For instance, nanorod (b) on SiO2 substrate (nsub =

1.54 at λ=650nm) surrounded by a polymer (resist S1813) (nmed = 1.63 at λ=650

nm) showed a red-shift of 5 nm in the transversal resonance (TSP at 534 nm ) and

98 nm in the longitudinal resonance (LSP at 733 nm) as demonstrated in figure 2.12.

From this results it is also evident that the longitudinal plasmon is more sensitive to

the surrounding medium respect to the transversal one, as previously demonstrated

[50]. The red-shift of plasmonic resonance by changing the refractive index of the

surrounding medium will be exploited in Chapter 4.

The previous discussion suggests that a theoretical analysis of the optical proper-

ties of Au nanorods represent a powerful tool in order to find the optimized geome-

try matching the requirements of any designed experiment. For instance, nanorods

with diameter below 20 nm have been shown having a strong absorption that makes

them suitable for photothermal applications [179] and generation of hot-carriers (see

Chapter 6). On the other hand larger particle with diameter above 30 nm have a

larger scattering cross section that could be more favorable for applications where
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Figure 2.11.: FDTD simulations of scattering and absorption cross sections for light
impinging along the x-axis and polarized along the z-axis (left) and y-
axis (right) of a nanorod with dimensions a-b)14×42 nm, c-d) 22×54
nm and e-f) 30×70nm.
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local re-radiation of incident light is required (SERS, photovoltaic) as discussed in

Chapter 4. Moreover the longitudinal plasmonic resonance can be finely tuned be-

tween 520 nm to more than 1000 nm by designing nanorod with appropriate aspect

ratio or changing the dielectric constant of the surrounding medium.

Figure 2.12.: FDTD simulations of scattering and absorption cross sections for a
nanorod 22×54 nm on SiO2 substrate surrounded by a medium with
refractive index of 1.63.

2.3.3. Scattering and absorption properties in closely-spaced

nanorod arrays

We also examined the properties of nanorods clustered in closely-spaced assemblies.

In this condition near-field coupling shifts the plasmonic resonances compared to

the resonances of isolated particles and generates new resonances. The rapid E-

field decay outside the metal surface limits the maximum gap size between two

nanorods to ∼10 nm for an effective coupling to occur. This condition is usually

well verified in self-assembled nanorods where the inter-nanorod distance is in the

range of 3.4-9 nm due to the CTAB double layer [167]. For large arrays of particles,

BEM approach represents a more effective method to solve Maxwell equations with

a modest computational requirements. Herein we use this method to investigate the

optical properties of closely-spaced nanorods in various configurations.

Simulations were performed using MNPBEM Matlab toolbox [176] where each

nanorod was modeled as a cylinder ending with two hemispherical caps, the inter-
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nanorod distance was 4 nm and the array was surrounded by an homogeneous

medium with an effective refractive index neff = 1.34 (see section 2.3.1). The neff
value was determined by a direct comparison between the simulated and measured

spectra showed in figure 2.10.

Figure 2.13.: Boundary element method simulations of extinction, scattering and
absorption cross sections of a nanorod 30×67 under light polarized
along (a) the short and (b) long axis of the nanorod. The LSP was
found at 645 nm in reasonable agreement with the experimental data
of table 2.4.

Figure 2.13a-b shows the extinction, scattering and absorption cross section for

the transversal surface plasmon (TSP) and longitudinal surface plasmon (LSP) of

a 30×67 nm nanorod. The TSP was found at 516 nm and the LSP at 645 nm,

in reasonable agreement with the experimental value reported in table 2.4 within

a variation ±30 nm, due to the error on the nanorod size. Shape and position of

the longitudinal and transversal plasmonic resonances changed dramatically when

other particles are in close proximity due to near-field coupling among the surface

plasmons of the particles [63]. A separation distance of 4 nm between adjacent

nanorods will be used in the simulations whose discussion follows [167].

In figure 2.14 we simulated the extinction spectrum of 1D chain with 9 nanorods

30×67 nm aligned side-by-side. The plasmonic resonance for light polarized along

the x-direction (TSP) was found at 589 nm thus showing a red-shift respect to the

single nanorod of 73 nm and more than an order of magnitude enhancement in the

extinction cross section. On the other hand, LSP blue-shifted from 645 nm in the
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Figure 2.14.: a) Boundary element method simulations of extinction cross section
for an array of 9 nanorods 30×67 nm aligned side-by-side with light
propagating along y-axis and polarized along z-axis (black line) and
x-axis (red line). b) Position of the transversal surface plasmon (TSP)
and longitudinal surface plasmon (LSP) vs number of nanorods in the
array.

Figure 2.15.: Boundary element method simulations of the a) LSP and TSP ex-
tinction cross section for an array of 9 nanorods 30×67 nm aligned
end-to-tail and b) the LSP and TSP peak position in assemblies with
1,3,5,7 and 9 nanorods.
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isolated nanorod to 597 nm. Figure 2.14b shows the peak position in the simulated

extinction cross section for the TSP and LSP at varying nanorod numbers. The LSP

blue-shifted progressively with the increasing of the nanorod numbers while the TSP

moved towards longer wavelengths. The shifting was not linear with the number of

particles and showed a saturation for array length above 7 nanorods. Noticeably,

the transversal and longitudinal resonance converge to the same wavelength thus

resulting in a single and intense peak at ∼600 nm.

Different optical properties arise if the nanorods are assembled end-to-end instead

of side-by-side. Figure 2.15 shows 1D arrays of 9 rods 30×67 nm in end-to-tail con-

figuration. The LSP peak was found at 867 nm with almost one order of magnitude

larger and a broader shape than the single nanorod. Moreover weaker resonances

appeared at 762 nm and 669 nm. The red shift of the LSP peak observed after

adding one by one nanorod along the chain is plotted versus the number of nanords

in figure 2.15b. The largest shift was found between the configuration with one

nanorods and three nanorods. For subsequent nanorods, the shift decreased down

for further increasing in nanorods number and the resonance peak reached a sat-

uration at 867 nm. According to simulations, the plasmonic coupling in 1D array

of nanorods assembled end-to-tail allows an asymptotic maximum in the plasmonic

resonance wavelength at chain length of 7-9 nanorods. Noticeably, this result is in

excellent agreement with experimental demonstration in chain of spherical particles

demonstrate by Barrow et al [64].

Following the observation of the asymptotic behavior that limits the number of

nanorods effectively coupled, it is reasonable to approximate the behavior of large

arrays of particles with an arrays 7×6 array for parallel aligned nanorods and 6×6

for vertical aligned nanorods. This approximation is not able to describe the entire

complexity of the optical response of a large arrays but still provides some useful

information accessible with modest computational requirements.

In the 7×6 array of parallel aligned nanorods simulated extinction spectra (figure

2.16a) showed a intense peak at 576 nm under x-polarized light with two smaller

resonances at 675 nm and 831 nm. For light polarized along the z-axis the extinction

spectra presented a broad shape reaching the maximum at 994 nm with two sharp

resonances at 667 nm and 834 nm (figure 2.16b). Notably the scattering cross section
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Figure 2.16.: Boundary element method simulations of the optical extinction, scat-
tering and absorption cross sections of an array 7×6 of nanorods 30×67
nm separated by 4 nm gap with light incident along the y-axis and po-
larized along a) x-axis and b) z-axis. Inset shows the simulated array
of nanorods.

was found more than 5 times larger than the absorption cross section. Optical cross

sections of a 6×6 array of vertical aligned nanorods 30×67 nm under light impinging

along the z-direction and polarization along the x-direction is shown in figure 2.17a.

The scattering cross section was larger than the absorption (see for comparison figure

2.11) and the plasmon resonance was found having two peaks at 621 nm and 570

nm with a broad shape, thus resulting in a FWHM more than 5 times larger than

the single nanorod (268 nm compared to 41 nm deduced from the Lorentzial fit).

Finally for a random oriented array of nanorods (8 nanorods oriented along z and 8

nanorods oriented along x) as depicted in the inset of figure 2.17b the longitudinal

and transversal plasmon resonances become of comparable magnitude and close in

wavelength thus resulting in a large broad peak of around 700-800 nm. It should be

point out that inter-nanorod distance and nanorod sizes have an important influence

on the array optical cross sections. Simulations suggests that a decreasing of the

inter-nanorod distance results in a larger red shift due to the stronger coupling.

On the other hand above ∼10 nm the coupling is almost negligible for nanorods

with dimension 30×67 nm. Regarding particle size, although the coupling of the

longitudinal plasmons was found also in arrays of 14×42 nm nanorod, the transversal

plasmonic mode required larger diameter to be effective. Therefore arrays of nanorod
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Figure 2.17.: Boundary element method simulations of the optical extinction, scat-
tering and absorption cross sections of a) array 6×6 of nanorods 30×67
nm separated by 4 nm gap with light incident along the z-axis and
polarized along the x-axis and b) array of 16 nanorods 30×67 nm sep-
arated by 4 nm gap oriented with light incident along the y-axis and
polarized along the z-axis. Insets show the simulated array of nanorods.

with diameter smaller than ∼20 nm showed a transversal plasmonic mode almost

independent from the array size and similar to the resonance of an isolated nanorod.

2.4. Conclusion

In this Chapter the synthesis of Au nanorod of different sizes ranging between 14×42

nm up to 30×70nm by seed-mediated method was presented and discussed. A

systematic approach to purify the as-prepared solution of colloidal nanorods was

developed and used to prepare the samples investigated in Chapters 3,4 and 6. The

optical properties of colloidal solutions and single nanorods on ITO substrate were

investigated experimentally by UV-Vis and dark-field spectroscopy, and theoretically

by FDTD and BEM simulations. A detailed analysis of the influence of the CTAB

layer surrounding the nanorod and the substrate on the plasmonic resonance was

carried out and compared to the experimental dark-field spectra. Moreover the

optical properties of nanoparticles with different sizes namely 14×42 nm, 22×54 nm

and 30×70 nm were simulated and compared. Furthermore the influence of near field

coupling in arrays of closely spaced metal nanorod were elucidated. These simulation
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tools will be used in Chapter 4 and 6 to predict the optimum size of nanorods to be

integrated in the hybrid devices and to explain the observed behaviors.
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Chapter 3.

Controlled assembly of Au nanorods

into 1D architectures

The assembly of Au nanorods of average size 14×42 nm was investigated by electric

field assisted deposition. Nanorods displayed a rich assembly behavior with forma-

tion of one dimensional (1D) architectures under specific experimental conditions.

The assembly process was found to be dependent on both the intensity of the applied

electric field and the frequency, in contrast to what was expected for metallic parti-

cles. A theoretical model based on interpretation of nanorods as core-shell entities

was proposed in order to explain the observed behavior. As a result, the overall depo-

sition process was represented by a contour plot, where the force acting on nanorods

was displayed as a function of both electric field and frequency. In particular, an

area of the contour plot was identified where the deposition process was driven by

the generation of localized hot spots of high E-field magnitude, leading to formation

of well-aligned 1D nanorod architectures bridging the electrode gaps. Electrical char-

acterization showed that 1D architectures displayed tunneling behavior across the

inter-nanorod gap. The controlled organization of nanorods into 1D architectures

presents opportunities for electronic, sensing and plasmonic applications.1

1This work was published as Pescaglini et al., Controlled Assembly of Au Nanorods into 1D
Architectures by Electric Field-Assisted Deposition J. Mater. Chem. C, 2, 6810-6816, (2014)
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3.1. Introduction

As already discussed, anisotropic Au nanostructures have been extensively inves-

tigated for their unique optical properties making them attractive for sensing and

optoelectronics [180, 181, 182]. In particular, the enhanced optical and electrical

phenomena arising from the assembly of Au nanorods into specific alignment config-

urations have been used in a number of sensing, photonic and electronic applications

[59, 88, 183, 71, 184, 185, 186]. For example, the high density of plasmonic hot spots

generated in close-packed three- and two- dimensional (3D, 2D) nanorod arrays has

been used for demonstration of surface-enhanced Raman scattering (SERS) detec-

tion of biological and chemical species [91, 90, 169, 89]. 2D parallel arrays of Au

nanorods recently fabricated by our group by droplet evaporation methods have

been proposed as plasmonic tags for anti-counterfeiting applications [187]. Such

2D arrays also displayed strongly enhanced photoconductance, due to a bolometric

enhancement of the arrays’ conductance upon excitation of the longitudinal surface

plasmon mode of the nanorods [188].

Controlled organization of Au nanorods into 1D architectures is a much more chal-

lenging task compared to 2D and 3D assemblies but it is motivated by the poten-

tial applications that such assemblies would have in microelectronics (ie. electrical

ultra-small interconnections) and photonics (ie. plasmonic waveguides) [189, 190,

191, 192]. Despite the feasibility of complex geometries and scalability offered by

top-down lithographic techniques, the advantage of bottom-up approaches relies on

the ability to decrease the interparticle distance (i.e.≤20 nm) within the array, which

in turn leads to enhanced plasmonic coupling effects. Preparation strategies for 1D

nanorod assemblies based on bottom-up techniques have been explored based on the

use of (i) templates [104, 105, 193], (ii) lithographically fabricated trenches [106, 92]

or (iii) chemically linked nanoparticles in solution [107, 108, 109].

However, these approaches were limited by high complexity in substrate prepa-

ration, lithographically-limited resolution and low yields, respectively [194]. Thus,

the development of a unified fabrication approach compatible with scalable top-

down fabrication technologies and yielding to controlled formation of 1D nanorod

architectures still remains a key challenge.
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Electric field assisted deposition is a compatible approach that has emerged as

promising technique for the manipulation of spherical metallic micro- [186, 195]

and nano-particles [196] and 1D polymer structures [197]. Electric field assisted

deposition of Au nanorods has resulted in fabrication of multi-nanorod wires bridging

microscopic electrode gaps [198]. Poelsema et al. [199] quantitatively investigated

the deposition and alignment of Au nanorods under applied E-fields. Although

they reported high density deposition of nanorods, formed structures rarely bridged

the electrode gaps and displayed limited alignment due to mutual nanorod dipole

interactions.

In this Chapter I investigate the electric field assisted deposition of Au nanorods

(14×42 nm) bearing a hexadecyltrimethylammonium bromide (CTAB) ligand shell

into micron-spaced electrodes. The process was found dependent on both the inten-

sity of the applied E-field and the frequency, leading to formation of well aligned 1D

architectures under specific experimental conditions. A theoretical model based on

Au nanorods surrounded by CTAB ligands as core-shell material was developed in

order to explain the unusual frequency dependence of the deposition process. Under

this model the deposition process was described by a contour-plot representation

where the force acting on a nanorod was displayed as a function of both the electric

field intensity and frequency. Furthermore, an area of the plot (ie. specific values of

field intensities and frequencies) was identified where predictable and reproducible

formation of 1D nanorod architectures occurred. Electrical characterization of 1D

architectures showed tunneling transport across inter-nanorod gap and a hysteretic

behavior associated with the co-deposition of charged CTAB ligands.

3.2. Dynamics of metal nanorods in oscillating

electric field

The dynamic of an uncharged particle in an oscillating electric field is usually called

dielectrophoresis. The interaction between an applied electric field E and the in-

duced dipole p on the particle, arising from the dielectric constant and conductivity

difference between the surrounding medium and the particle, gives rise to a transla-
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tional and rotational motion that offers interesting possibilities for particle manipu-

lation. Historically, this theory was developed for dielectric particles and biological

cells, where the large range of possible dielectric constant and conductivity values

results in a rich variety of responses under applied oscillating fields.

Homogeneous dielectric particles and medium with ohmic loss in oscillating elec-

tric field are conveniently described by a complex permittivity in the form [200]

ε̃p/m(ω) = εp/m(ω) + i
σp/m(ω)

ω
(3.1)

where εp/m(ω) and σp/m(ω) are the frequency dependent permittivity and conduc-

tivity of the particle and medium respectively, i the imaginary number and ω the

E-field frequency.

When a linearly polarized AC electric field E(t) = Re [E0e
iωt] is applied, the

particle acquires an effective dipole moment along the α axis (α = x, y, z) defined

by

pα(t) = Re
[
3V εmK̃αE0,αe

iωt
]

(3.2)

where V is the particle volume and K̃α is the frequency dependent complex Clausius-

Mossotti factor. In homogeneous ellipsoidal particles the Clausius-Mossotti factor

is generally defined by

K̃α(ω) = ε̃p(ω)− ε̃m(ω)
3 [ε̃m(ω) + (ε̃p(ω)− ε̃m(ω))Lα] (3.3)

with α labeling the x, y and z directions and Lα the depolarizing factor along the

α-axis (see section 1.4.3). In the case of prolate ellipsoid with a and b the long

and short semiaxis and eccentricity e =
√

1− b2/a2 the depolarizing factor can be

calculated as


La = 1− e2

2e3

[
ln
(1 + e

1− e

)
− 2e

]
La + 2Lb = 1

(3.4)

Depending from the permittivity and conductivity of particle and medium, the

Clausius-Mossotti factor is modulated in frequency and can assume positive or nega-
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3.2. Dynamics of metal nanorods in oscillating electric field

tive values corresponding to a induced dipole oriented parallel or anti parallel to the

electric field. If the applied electric field is non-homogeneous in space, the induced

dipole on the particle experiences a translational force, called dielectrophoretic force

(FDEP ), expressed by

FDEP (t) = p(t) · ∇E(t) (3.5)

and substituting eq.(3.2) the expression for the time-averaged dielectrophoretic force

becomes

〈FDEP 〉α = 3
2πab

2εmRe[K̃α]∇ |Eα,rms|2 (3.6)

where Erms is the root-mean-square value of the oscillating electric field. Depending

on the Clausius-Mossotti factor sign, the dielectrophoretic force acts moving the

particle towards the area with highest electric field (positive dielectrophoresis) or to

the area with lower electric field (negative dielectrophoresis). Moreover, in a linearly

polarized electric field, the torque force

TROT (t) = p(t)× E(t) (3.7)

acquires the final form

〈Tα〉 = 2
3ab

2πεm (Lγ − Lβ)Re
[
K̃βK̃γ

]
E0βE0γ (3.8)

with α, β and γ ordered following the right-handed convention for the coordinate

system x → y → z → x. Even if the alignment of the long axis along the field

lines is often the favorable condition, the configuration with the short axes aligned

respect to the electric field is also possible due to the frequency dependence of the

Clausius-Mossotti factor.

Similar arguments hold also for pure metal particles immersed in dielectric sur-

rounding medium, however some considerations regarding the expression of the com-

plex pemittivity and the Clausius-Mossotti factor need to be discussed.

In section 1.4.1 we showed that the dielectric function of metals has the form
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ε(ω) = 1 + iσ(ω)
ε0ω

(3.9)

At ultra-low frequencies used in dielectrophoresis (MHz or below), far from the

optical region, the complex conductivity of the metal is almost real, as expected for a

perfect conductor. Therefore, if we neglect the contribution of bonded electron to the

polarization, the complex permittivity of the Au nanoparticle can be approximated

as

εAu(ω) ≈ 1 + σAu,0
ε0ω

(3.10)

where σ0 is the DC conductivity. Due to orders of magnitude larger conductivity of

the metal compare to the surrounding medium, the Clausius-Mossotti factor remains

constant up to extremely high frequency (>1012 Hz) well above the experimental

accessible range. Consequently FDEP and TROT can be considered independent

from the applied E-field frequency and the dielectrophoretic force can only be used

to induce a collective motion of particles in the region with highest electric field

intensity (positive dielectrophoresis) and torque force aligns uniquely one axes to

the electric field.

It is relevant for the work presented in this Chapter to notice that FDEP and

TROT in the form of eq.(3.6) and (3.8) remain valid for multi-shell nanorods by

substituting the ε̃p with an effective permittivity ε̃eff that includes the effects of the

internal structure of the particle on the permittivity. Details on ε̃eff will be provided

in section 3.5.

The dielectrophoretic force and the torque force have been successfully used in

manipulation of dielectric and metal particles, semiconductor nanowire [201], carbon

nanotube [202] and biological cell [203]. However, the previous forces are not the

only forces governing the dynamics of colloidal particles in solution under electric

field. Electrical forces such as electrothermal force, coulomb force and non-electrical

forces like Buoyancy force and Brownian motion can be of the same magnitude

of the dielectrophoretic forces, giving a non-negligible contribution to the particle

dynamics [204]. Referring to the experiments described in section 3.4, no evidence

of electrothermal flow and sedimentation due to gravitational force were observed.
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3.2. Dynamics of metal nanorods in oscillating electric field

Therefore, in this work Brownian motion and dielectroforetic force can be considered

the main forces acting on nanorods in solution under oscillating electric field.

Concerning diffusion, Brownian motion is a stochastic process arising from irreg-

ular motion of molecules in the liquid that imparts random forces to the particle

in suspension. The average particle displacement <x> along the x direction after

a time t (average over a large number of particles) due to the Brownian motion is

calculated by means of a distribution probability P (x, t) that satisfy the diffusion

equation

∂

∂t
P (x, t) = D

∂2

∂x2P (x, t) (3.11)

and the normalization condition

∫ +∞

−∞
P (x, t)dx = 1 (3.12)

where D = kT/f is the diffusion coefficient and

f = 8πa
2ln

(
2a
b

)
− 1

(3.13)

is the friction coefficient for a ellipsoid with long axis a and short axis b. From

these definitions follow that the average displacement 〈x〉B=0 and the quadratic

displacement is

〈
x2
〉
B

=
∫ +∞

−∞
P (x, t)x2dx = 2Dt (3.14)

When the external force FDEP is applied, a deterministic motion of the particle is

observed only if the displacement 〈x2〉F induced by the external force is larger than

the displacement 〈x2〉B caused by brownian motion. From this condition follows

that, in the steady state, a threshold intensity of the external force |Ft| expressed

by

|Ft| ∼
√

2Df 2

t
(3.15)

is required to have an observable motion of the colloidal particles in the direction
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Chapter 3. Controlled assembly of Au nanorods into 1D architectures

of the applied external force during the time t. Therefore for |F| � |Ft| the mo-

tion of the colloidal system with particle density n(x, t) in steady-state condition is

described by


∂n

∂t
+∇ · (n · v) = −∇ ·

(
−D∇n+ nFDEP

f

)
〈
∂v
∂t

〉
t

+ 〈(v · ∇)v〉t = −f 〈v〉t
m

+ 〈FDEP 〉t
m

(3.16)

where in the second equation we considered time-average values of the quantities and

we used
〈
FB
m

〉
t

= 0. Experimental evidence of a threshold value for FDEP required

to initiate a nanorod motion as well as the effect of the dielectrophoretic force will

be discussed in details in section 3.4.

3.3. Experimental section

Au nanorods were synthesized using a seed-mediated method described in section

2.2.1. The as prepared Au nanorod solution (1 ml) was centrifuged twice to remove

CTAB excess and re-dispersed in 1 ml of deionizied water, resistivity 18 MΩ·cm.

The final CTAB concentration was estimated to be ∼0.05 mM using the method

described in section 2.2.3. Dimensional statistical analysis of 100 nanorods gave a

mean nanorod diameter and length of respectively 14 ± 3 nm and 42 ± 5 nm (aspect

ratio of 3.0 ± 0.2).

Electric field-based experiments were performed on lithographically patterned

pairs of opposing electrodes (1 µm width, 50 µm length) separated by 2 µm and 5

µm gaps connected by means of interconnection tracks to the contact pads (figure

3.1a).

Electrodes, interconnection tracks and contact pads were fabricated by (i) thermal

evaporation of 45 nm Au and 5 nm Ti on Si/SiO2(300nm) substrates and (ii) thermal

evaporation of 5 nm Ti and 30 nm Au on quartz substrates (the quartz substrate was

coated by 25 nm of amorphous silicon adhesion layer). Metallization was patterned

using standard photolithography and lift-off techniques. Nanorods self-assembly

experiments were undertaken by applying a sinusoidal AC voltage using a function

generator (HP8116A Hewlett Packard) with amplitude between 0.35 and 7 Vrms
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3.3. Experimental section

Figure 3.1.: a) Optical image of Ti/Au electrodes separated by 2 µm gap on Si/SiO2
substrate b) Schematic representation of the set-up used in dielec-
trophoretic process.

(1-20 Vpp) and frequency range between 500 kHz and 55 MHz on a given electrode

chip via direct probing to contact pads as depicted in figure 3.1b. Measurements

were conducted in a Faraday cage in dark conditions in order to avoid any external

electromagnetic noise and to minimize electrothermal processes [205]. A 5 µl drop

of aqueous nanorod solution was placed on the chip surface in the presence of an

applied electric field for ca. 5 min. Following nanorod assembly, the field was

disconnected, the excess nanorod solution was flushed with water and the substrate

dried under stream of nitrogen. We found that the application of the field for a

time-scale much shorter than the drop evaporation time (roughly 30 min for 5 µl

drop) was effective in ensuring that (i) any fluidic shear forces active at the liquid-air

boundary of the receding meniscus did not perturb the orientation of the assembled

nanorods, (ii) no assembly due to uncontrolled drop-evaporation induced processes

could occur. Scanning electron microscopy (SEM) characterization was performed

using a Scanning Electron Microscope (JSM 7500F, JEOL UK) at operating voltages

of 10 kV. Electrical measurements were performed in a micromanipulator probe

station (TTPX Probe Station 61914) connected to a Parameter Analyser (Agilent

4157B) at room temperature under high vacuum conditions (3·10−6 mbar).
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3.4. Electric field assisted deposition of Au nanorods

Figure 3.2a-f show representative SEM images of nanorod assemblies obtained at

various experimental conditions. Nanorods exhibited a rich assembly behavior which

was found dependent from both the intensity of the applied E-field and the frequency.

For a constant frequency of 15 MHz a decrease in nanorod deposition density was

observed in the electrode gap as the E-field intensity was varied between E = 2.20×

106 V/m and E = 0.98× 106 V/m (figure 3.2a-c).

Specifically, dense networks of nanorods oriented in the direction of the applied

E-field were observed at high field intensity, according to the behavior expected

for pure metallic particles (figure 3.2a) [103]. At slightly lower applied E-fields

formation of well separated 1D nanorod architectures bridging the electrode gap

was observed (figure 3.2b). 1D architectures were well aligned along the direction

of the applied field and were constituted by individual nanorods aligned in head-

to-tail configuration. Figure 3.2c shows that further decrease of applied E-field

produced no nanorod deposition in the electrode gap. Remarkably, and in contrast

to what expected for pure metallic entities, the deposition process was also found

to be frequency dependent. Figure 3.2d-e shows SEM images of nanorod assemblies

obtained at increasing applied frequency values. Specifically, at E = 1.72×106 V/m

and 1 MHz high density deposition resulted in aggregation of nanorods into dense

networks (figure 3.2d). At higher frequency (E = 1.72 × 106 V/m, 15 MHz) well

aligned and spaced 1D architectures were observed (figure 1e), with individual Au

nanorod chains bridging the electrode gaps. Finally, no nanorod deposition occurred

at E = 1.72× 106 V/m when the frequency was increased to 50 MHz (figure 3.2f).

In order to better understand the dynamic of 1D architecture formation and

the unusual frequency dependence, a more detailed investigation was performed

where the surface density of nanorods deposited between micro-spaced electrodes

was measured across a range of applied E-fields for frequency values of 1, 15 and 50

MHz. Results obtained are shown in figure 3.3a. At both 1 and 15 MHz no nanorod

deposition was observed until a threshold electric field strength (ET ) of 0.8 × 106

V/m and 1.2× 106 V/m was applied, respectively. ET is the minimum electric field

strength required to overcome the Brownian motion of particles in solution and to
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Figure 3.2.: SEM images showing electric field deposition of Au nanorods at in-
creased (a-c) E-field values and (d-f) frequency values. Deposition con-
ditions were: a) E=2.20× 106 V/m, 15 MHz; b) E=1.48× 106 V/m, 15
MHz; c) E=0.98× 106 V/m, 15 MHz d) E=1.72× 106 V/m, 1 MHz; e)
E=1.72× 106 V/m, 15 MHz; f) E=1.72× 106 V/m, 50 MHz. Scale bars
are 400 nm.

induce a deterministic motion in order for deposition to occur (see section 3.2). At

applied voltages greater than ET , an increase of deposited nanorod surface density

with increasing of the E-field was observed, in agreement with the expression of the

dielectrophoretic force (eq.3.6).

In the range of explored frequencies electrode polarization and AC electrosmosis

are negligible, but electrothermal flow due to the Joule heating of the electrodes is

an unavoidable process that generates a convective flow with a maximum velocity

defined by [103]

v = M(ω, T )
(
εmσmV

4
rms

2π3λTη

)
1
r

π

24 (3.17)

where λ is the thermal conductivity, η the solution viscosity, r is the radial coordinate

with its origin at the center of theelectrode gap, and the frequency relaxation is

contained in the dimensionless factor

M(ω, T ) =
T
σm

∂σm
∂T
− T

εm
∂εm
∂T

1 + ωτ 2 + 1
2
T

εm

∂εm
∂T

(3.18)
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Figure 3.3.: (a) Surface density of Au nanorods deposited within a 2 µm electrode
gap as a function of applied E-field at frequencies of 50, 15 and 1 MHz.
The dotted lines are a guide to the eye; (b) (left axis) normalized surface
density for three depositions of Au nanorods at E = 1.8× 106 V/m for
applied frequencies between 100 kHz - 55 MHz; (right axis) real part of
the Clausius-Mossotti factor (Re[K̃eff ]) for pure metal particles (dotted
line) and for core shell particles (continuous line). Inset: core-shell
nanorod representation used in the theoretical model.

where the relaxation time τ = εm/σm is of the order of 10−7 s for a solution with

εm = 80ε0 and σm = 4 · 10−5 S/m. At low frequency, below the relaxation time,

electrothermal flow would move down into the inter-electrodes and out across the

electrodes, so an accumulation of particles in the area around the gap could oc-

cur from this process. However, in all performed experiments no particles were

found neither outside or inside the electrode area for applied electric fields below

the threshold. Moreover, above the threshold electric field, the density of particle

was not found to follow the power law ρs ∼ V 4
rms as expected from eq.(3.17) at fixed

frequency. Therefore the nanorod dynamics in solution is determined by the brown-

ian motion and the dielectrophoretic force. The experimental data showed that the

density of nanorods deposited within the electrode gap decreased when the applied

frequency was increased from 1 MHz to 15 MHz. At 50 MHz no nanorods were

deposited in the area between the electrode gaps in the range of applied E-fields. In

figure 3.3b, we report the normalized surface density of nanorods found within the

electrode gap when an electric field intensity of 1.8 × 106 V/m and frequencies in

the range between 100 kHz and 55 MHz were applied. Different solutions displayed

the same behavior: a sharp reduction of accumulated particle density between 100
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kHz and 1 MHz, followed by a plateau between 5 MHz and 20 MHz and a rapid

decreasing of particle density to negligible values above 35 MHz.

3.5. Core-shell model for colloidal nanorods

In order to explain the observed frequency dependence, we propose a model where

CTAB-coated Au nanorods are treated as core-shell entities, as depicted in the inset

of figure 3.3b. In section 3.2 we introduced the Clausius-Mossotti factor K̃α(ω),

the depolarizing factor Lα and the dielectrophoretic force FDEP experienced by a

prolate ellipsoidal metal particle in linearly polarized electric field. For pure metallic

nanostructures, where conductivity and permittivity are much higher than that of

the medium, the Clausius-Mossotti factor can be approximated to K̃α(ω) ≈ L−1
α .

Therefore, the dielecrophoretic force driving nanoparticle deposition is only function

of the applied E-field intensity and it is independent from the applied frequency, as

represented by the dashed red line of figure 3.3b. The observed frequency dependence

was explained by introducing a model where CTAB-coated Au nanorods were treated

as core-shell entities. The complex permittivity of core-shell ellipsoidal particles

ε̃p,α(ω) was calculated from the values of the complex permittivity of the core ε̃c(ω)

and the shell ε̃s(ω) by using [206]:

ε̃p,α(ω) = ε̃s(ω) ε̃s(ω) + (ε̃c(ω)− ε̃s(ω)) [L1,α + ν1(1− L2,α)]
ε̃s(ω) + (ε̃c(ω)− ε̃s(ω)) [L1,α + ν1L2,α] (3.19)

where the particle was approximated to a shelled ellipsoid with an outer polar radius

a1, inner equatorial a2 = 21nm, an equatorial radius b1 and an inner polar radius

b2 = 7nm and ν1 = a1b
2
1/a2, b

2
2. For simplicity we restricted our analysis to the

component along the main axis of the spheroid (α = a) therefore we replaced L1,α

and L2,α with the depolarizing factors L1,a = 0.109 and L2,a referred to the inner and

outer ellipsoid respectively and we assumed that the two spheroids share the same

foci. The complex permittivity of water was taken in the form ε̃m = εm + σm/iω

with εm = 80ε0 and σm the permittivity and conductivity of the medium and we

used the gold dielectric function εAu = 1 + iσAu,0/ε0ω for the complex permittivity

of the particle core as discussed in section 3.2.
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Inserting eq.(3.19) into the Clausius-Mossotti factor, eq.(3.3), it was possible to

calculate the magnitude of the dielectrophoretic force as a function of the frequency

and intensity of the electric field. According to this model, the density of deposited

particles is expected to be proportional to the dielectrophoretic force and to show a

frequency-dependent modulation determined by an effective Clausius-Mossotti fac-

tor K̃eff defined by

ρs(εs, σs, σm, σ0, b1, ω) = A ·Re[K̃eff (εs, σs, σm, σ0, b1, ω] (3.20)

where εs, σs, σm, σ0 and b1 are the free parameters of the model. The continuous

red curve in figure 3.3b shows the calculated dependency of Re[K̃eff ] respect to

the frequency. The curve was calculated by fitting the experimental data of figure

3.3b by applying the least-square fitting procedure. Experimental data were very

well fitted by the model, showing that for relatively small size metal nanorods the

contribution from the surrounding CTAB ligands cannot be considered negligible.

From the best fit we obtained the following estimation for the free parameters: εs =

11.3±0.7ε0, σs = 1.01±0.05 ·10−4 S/m, σm = 1.1±0.2 ·10−5 S/m, σ0 = 0.28±0.05

S/m, b1 = 11.5± 0.4 nm and A = 1.64 · 103.

The conductivity of pure water (∼ 5 · 10−6 in this experiment) is expected to

be increased by the presence of residual impurities from the chemical synthesis (see

section 2.2.1) such as surfactant molecules and ions. In order to take into account the

effect on the conductivity of the surrounding medium, we included this parameter

in the fit and a value of 1.1 ± 0.2 · 10−5 S/m larger than the conductivity of pure

water was obtained. Regarding the permittivity of the particle shell, we notice

that although the permittivity for organic molecules is ∼ 5ε0, dielectric constants

of cell membranes can be as large as 10ε0 or more [206]. CTAB molecules form

a positively charged double layer around the metal surface that induces counter-

ions adsorption on the layer surface. Due to the complexity of this structure the

conductivity and dielectric constant could sensibly deviate from the value for the

organic molecule towards a response more typical of a cell membrane. Also the

conductivity value obtained for the shell layer σs was found in agreement with

previous reports for cell membranes [206]. Notably, the DC conductivity of a single
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nanorod chain bridging the electrodes in vacuum was found of the order of 10−3 −

10−4 S/m (see section 3.7) in reasonable agreement with the fit value obtained for

shell conductivity that is expected dominating the DC conduction trough the chain.

On the other hand, the effective conductivity value for the metal core requires more

careful considerations. If we use the DC conductivity of bulk gold (4 · 108 S/m) the

first sharp decreasing of particle density at 100 kHz-1 MHz can be well reproduced.

However, the second dispersion at 50 MHz cannot be fitted. The frequency at which

this second dispersion occurs is mainly determined by the conductivity magnitude

of the metal core. Using the conductivity of bulk gold the dispersion appears at

frequency of 1011-1012 Hz, outside the explored range. The change of sign of the real

part of Clausius-Mossotti factor (indicating a transition from positive to negative

dielectrophoresis) in correspondence of the second dispersion is critical to explain the

reason for the absence of particle deposition observed above 50 MHz independently of

the intensity of the electric field applied. The data fit including σ0 as free parameter

gave a value of 0.28 ± 0.05 S/m that is lower than the DC bulk gold conductivity

but still four orders of magnitude larger than the conductivity of the surrounding

medium.

The core-shell model proposed is a simplified picture of a very complex system

that in general required an electrokinetic model for a more satisfactory description.

The principal limitations of the core-shell structure are the oversimplification of the

surrounding medium properties (due to the presence of molecules, ions and colloidal

particles) and the internal structure of the shell (that include a double CTAB layer

and counterions layer adsorbed on the surface). From the mathematical formulation

of our model, the build-up of charge at each interface determines a dielectric disper-

sion [207]. Therefore in a core-shell structure only two dielectric dispersions can be

obtained. The sharp variation of density at 30 MHz would require a second shell to

be mathematically described. However, the intensity of that peak was found weak

and largely variable in different colloidal batches thus it was considered negligible

in first approximation. Moreover such variability as well as the observed electrical

shorts obtained at 30 MHz suggests attributing the peak to the properties of the

surrounding medium more than to the particle itself.

The simple core-shell model presented was able to describe the two dielectric
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dispersions observed in the dielectrophoretic force and most importantly to prove

that the largely used approximation of pure metal nanorod in aqueous medium is no

longer valid for Au nanorods of size range 10×40 nm bearing CTAB on the surface.

Next I calculated the magnitude of the FDEP acting on an Au nanorod (a = 21

nm, b = 7 nm) in aqueous medium (εm = 80ε0) inserting in eq.(3.6) the values of

K̃eff and ∇ |E2
rms| calculated in the center of a 2 µm gap by finite element method

simulations (see section 3.6). The calculated FDEP values for an applied E-field

intensity of 1.72 × 106 V/m were 2 × 10−17 N and 7 × 10−18 N at 1 MHz and

15 MHz, respectively. The threshold force required to overcome Brownian motion

(FB) for a single Au nanorod was estimated to be FB = 9 × 10−18 N from the ET
experimentally observed in section 3.4. The large dielectrophoretic force acting on

individual nanorods at 1 MHz compared to the threshold force justifies the high

density of particles found experimentally in the electrode gaps (figure 3.2d). On the

other hand, at 15 MHz the dielectrophoretic force acting on individual nanorods is

comparable to the threshold force and no nanorod deposition should occur in the

electrode gaps.

The observed formation of 1D architectures under these experimental conditions

(figure 3.2e) was ascribed to the dis-homogeneity of the E-field intensity across the

electrode gap. In order to quantify this effect, simulation of the E-field intensity for

an applied E-field E = 1.48 × 106 V/m across an electrode gap of 2 µm contain-

ing nanorods assembled in head-to-tail configuration was performed. Simulations

were undertaken using commercial finite element software package Comsol Multi-

physics 4.1 (COMSOL, SE). The 3D geometry consisted of two electrodes 200 nm

width, 1 µm long and 50 nm thick separated by 2 µm on top of Si/SiO2 (300 nm)

substrate. The nanorod was modeled as a core with a cylindrical body (radius 7

nm and length 28 nm) and two hemispherical caps (radius 7 nm) covered by 2 nm

shell. The dielectric constant and conductivity value for nanorod core, shell and

surrounding medium extracted from the parametric fit were used in this simulation.

The electrodes and particles were covered by 100 µm thick water layer (εm = 80ε0)

with an applied voltage of 4.2 Vrms (E = 1.48× 106 V/m in the center of the gap)

across the electrodes. Floating condition were applied to the Si boundary and the

Neumann condition on the other external boundary.
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3.5. Core-shell model for colloidal nanorods

Figure 3.4.: Finite element method simulation of electric field magnitude inside a 2
µm gap on Si/SiO2 substrate and around a chain of 10 aligned nanorods
having core-shell structure with an applied voltage of 4.2 Vrms. Elec-
trodes were colored in yellow for clarity. a) Electric field intensity on a
plane 12 nm above the substrate. b) Electric field intensity around an
isolated nanorod in the center of the gap showed in a). c) Calculated
magnitude of the ∇ |E|2 along the dotted line in a) 10 nm far from the
chain.

Figure 3.4a shows the E-field intensity simulated in a 2 µm gap having 10 nanorods

in head-to-tail configuration and an isolated nanorod in the center of the gap. The E-

field intensity was found enhanced in proximity of the electrodes edges of more than

one order of magnitude (see section 3.6 for more details), in the inter-nanorod gap

along the chain and at the chain outer end. Figure 3.4b shows an enlargement of the

E-field in proximity of the isolated nanorod in figure 3.4a. The electric field remained

mainly confined within the shell due to the difference in refractive index respect to

the surrounding medium. However a field enhancement around the nanorod tips

due to the induced polarization was clearly observable. The interaction between the

nanorod dipole and the spatial non-homogeneous E-field showed in figure 3.4a drove

the migration towards the electrodes, promoting initial attachment of individual
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Figure 3.5.: Schematic representation of the assembly process mediated by localized
E-field hot spot. After the first nanorod attachment at the electrode
edge, an E-field enhanced hot spot is generated at the outer tip of the
nanorod due to the nanorod polarization. Under the appropriate condi-
tion of E-field intensity and frequency, the following nanorod deposition
is driven by the localized E-field hot spot thus allowing a selective as-
sembly at the nanorod tip with high degree of alignment.

nanorods on the electrode edges; subsequently, generation of high magnitude electric

field hot spots at the nanorod tips induced assembly of nanorods into head-to-tail

configuration, as shown in figure 3.5. This process required that the FDEP generated

by the applied macroscopic E-field had intensity below the threshold value in order to

avoid collective motion of suspended nanorods. Under this condition, in proximity

of the nanorod-chain tip, where the enhanced electric field allows formation of a

localized area with larger ∇ |E2
rms| (see profile in figure 3.4c), the dielectrophoretic

force drove the deposition, resulting in highly selective and well oriented nanorod

chain.

We should notice that the presented assembly mechanism relies on the condition

that the torque force acting on the nanorod-dipole aligns the main axis of the particle

to the external electric field. To prove this hypothesis we calculated the torque force

using the expression 3.8 by means of the Clausius-Mossotti factor K̃eff (ω) extracted

from the core-shell model. In the explored range of frequencies (100 kHz-55 MHz)

the torque force was found having a negative value indicating a stable configuration

with the main axes aligned respect to the electric field (see figure 3.6a). From the

simulated behavior the torque force was expected to change sign below 100-200
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Figure 3.6.: a) Calculated real part of the Clausius-Mossotti factor (CMDEP )
and coefficient CMROT=Re

[
K̃βK̃γ

]
showing the behavior of dielec-

trophoretic force and torque force respectively. Negative values of the
CMDEP indicates negative dielectrophoresis instead positive values in-
dicates positive dielectrophoresis. Analogously, negative values of the
torque force implicate a stable configuration with the main axes of the
nanorod aligned along the electric field lines whereas positive values a
preferred alignment of the short axes. b) SEM image of a nanorod de-
position obtaind at 100 kHz with 10 Vpp applied. At this frequency the
model predicts a side-by-side alignment of nanorods but a clear evidence
of this assembly was not observed.

kHz. However, the predicted change in orientation was not observed experimentally

(figure 3.6b) and electrical shortcuts during the assembly process, often occurring

at such low frequency range, prevented a satisfactory investigation.

According to the proposed core-shell model, the deposition process can be con-

veniently described by a contour-plot representation where the force acting on a

particle in solution is displayed as a function of both electric field intensity and

frequency. As shown in figure 3.7, three main areas can be identified in the plot,

corresponding to the experimental conditions FDEP > FB, FDEP . FB and FDEP

< FB. The condition FDEP > FB should promote dense network deposition of

nanorods in the area between the electrodes; the condition FDEP . FB should re-

sult in 1D architecture formation and the condition FDEP < FB should result in no

nanoparticle deposition between the electrodes. To show the validity of our model

we marked as A-F areas of the plot corresponding to the experimental conditions of

electric field deposition shown in figure 3.2a-f. As predicted, points A (E = 2.2×106

V/m, 15 MHz) and D (E = 1.72× 106 V/m, 1 MHz) were located in the area where
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Figure 3.7.: Contour plot showing the magnitude of dielectrophoretic force acting
on a single particle as function of frequency and applied electric field
intensity.

the condition FDEP > FB promoted deposition and assembly of nanorods into dense

networks predominately oriented in the direction of the applied E-field. Points B

(E = 1.48 × 106 V/m, 15 MHz) and E (E = 1.72 × 106 V/m, 15 MHz) were lo-

cated in the FDEP . FB area and showed reduction in nanorod deposition density

and formation of well-ordered and separated 1D architectures. Finally, points C

(E = 0.98× 106 V/m, 15 MHz) and F (E = 1.72× 106 V/m, 50 MHz) were located

in the area FDEP < FB and gave no nanorod deposition. The correspondence of

deposition processes obtained at different applied E-field (points A, B, C) and at

different frequencies (points D, E, F) support our speculation of a 1D architecture

formation process driven by a dielectrophoretic process localized in hot spot areas.

Closer observation of 1D nanorod architectures shown in figure 3.2b revealed that

individual nanorods constituting individual architectures were well aligned by re-

spect each other. In order to quantify the remarkable degree of alignment we em-

ployed the order parameter S defined as S = 〈2 cos2 θ − 1〉 [199], where θ represents

the angle between the nanorod long axis and the electric field direction (S = 0

for random alignment, S = 1 for perfect alignment). For the calculations we used

nanorods distributed over an area of 12 µm2 within the electrode gap. Histograms

of angular distribution of Au nanorods along applied E-field direction are shown in

figure 3.8.
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Figure 3.8.: SEM images showing electric field deposition of Au nanorods at the
following deposition conditions: a) E = 1.72×106 V/m, 15 MHz (figure
3.2e); b) E = 2.20 × 106 V/m, 15 MHz (figure 3.2a); Insets: angular
distribution of Au nanorods along the applied E-field direction.

Figure 3.9.: Order parameter S as function of the applied electric field for nanorod
1D architectures assembled at both 1 MHz and 15 MHz. The dashed
lines are a guide to the eye.
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An S = 0.81 ± 0.13 was obtained for the angular distributions of nanorods in

figure 3.8a (E = 1.72× 106 V/m, 15 MHz). This value significantly exceeded order

parameters previously reported in literature, where strong inter-nanorod dipoles

resulted in randomization of the local electric field in densely accumulated electrode

gaps [199]. As comparison an S = 0.62 ± 0.03 was calculated for dense networks

shown in figure 3.8b (E = 2.20 × 106 V/m, 15 MHz), in agreement with values

reported in literature for similar assemblies [199]. Figure 3.9 plots S as function

of the applied electric field for nanorod chains assembled at both 1 MHz and 15

MHz, respectively. At 1 MHz, a gradual increase of the degree of alignment up to a

saturation value of S = 0.52 ± 0.03 was observed, consistent with the formation of

dense networks. At 15 MHz the order parameter increased to 0.81 for experimental

conditions corresponding to 1D nanorod architectures formation. At higher applied

fields the order parameter decreased to 0.62, due to electric field randomization

processes.

3.6. Influence of the substrate on the nanorod

assembly

The parameter-space representation (figure 3.7) suggests the independence of the

assembly process from the inter-electrodes distance and from the employed substrate.

In order to investigate these two key properties we performed the experiments on

5 µm gap on Si/SiO2 and quartz, setting the E-field intensity and frequency in

accordance with the contour plot in figure 3.7. Figure 3.10a shows electric field

induced alignment with an applied electric field of Erms = 1.6 × 106 V/m at 10

MHz between 5 µm spaced electrodes (8.8 Vrms applied between the electrodes)

on Si/SiO2 substrate. Nanorods were found accumulated near and over the metal

electrodes with a low density of particle in the center of the gap and no evidence of

head-to-tail assembly .

On the other hand, under similar experimental conditions, formation of 1D nanorod

chains bridging the 5 µm gap-spaced electrodes were observed on quartz substrate

as shown in figure 3.10b. In order to investigate the different behavior observed in
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Figure 3.10.: Dielectrophoretic assembly with an applied electric field of Erms =
1.6 × 106 V/m at 10 MHz between 5 µm spaced electrodes (8.8 Vrms
applied between the electrodes) on a) Si/SiO2 substrate and b) quartz
substrate. Finite element method simulation of the static electric field
in c) Si/SiO2 and d) quartz substrate with 8.8 Vrms applied.

Figure 3.11.: Finite element method simulation of a) the electric field intensity across
5 µm gap in Si/SiO2 and quartz substrate with 8.8 Vrms applied b)
Intensity of the ∇ |Erms|2 in the center of the gap for 1 µm, 2 µm, 5
µm and 10 µm inter-electrodes distance.
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Si/SiO2 and quartz, electric field simulations were undertaken by using commercial

software (COMSOL Multiphysic). As the length of the electrodes is much bigger

than their width, thickness and mutual spacing, the dimension along the length was

ignored, thus reducing this problem to 2D. The investigated geometry consisted of

two electrodes 1 µm wide and 50 nm thick separated by 5 µm on a silicon substrate

covered with a layer 300 nm thick of SiO2. The electrodes were considered to be

submerged under a 100 µm thick water (ε = 80ε0) layer. Figure 3.10c-d shows a

simulation of the electric field strength in proximity of electrodes spaced 5 µm apart

in presence of an applied field of 8.8 Vrms. The field intensity profile across the gap

(figure 3.11a) reached the maximum value in correspondence of the electrode edge.

In the center of the gap the intensity profile was found to be of a factor ∼2 larger

on quartz substrate respect to Si/SiO2.

In figure 3.11b we report the ∇ |Erms|2 values across the gap of 1 µm, 2 µm, 5

µm and 10 µm. Simulations indicate that in Si/SiO2 substrates, the presence of

a floating Si back-gate induced a sign crossover in the central region of the 5 µm

electrode gap and a negative dielectrophoresis prevented the accumulation. The

negative dielectrophoresis induced by the substrate coupling with the electrodes

has been also found in gaps larger than 5 µm [199]. Our experimental data and

simulations demonstrate that, depending on the silicon oxide thickness and the

dielectric mismatch between silicon oxide and external medium, a critical gap length

exists below which the back-gate effect is completely screened (roughly 2 µm in our

experiment). We performed simulations also in 100 µm thick quartz substrate. The

∇ |Erms|2 was found positive in all simulated gaps, indicating that quartz substrate

is a more suitable alternative to Si/SiO2 for large area assembly using the described

method. This is very relevant results for nanophotonic applications, where large

area of ordered arrays of nanorods on transparent substrates might be required.

3.7. Electrical Properties of Au nanorod networks

Finally we measured the electrical properties of fabricated 1D architectures. Figure

3.12a describes the I-V characteristics of the 1D architecture shown in figure 3.2b

(point B in figure 3.7). The entire electrode gap was constituted by three individual
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chains carrying ∼ 50 nanorods in head-to-tail bridging the gap between electrodes,

equivalent to a mean nanorod density of ρs = 33±15 µm−2. The electrical response

was found not linear and the current measured at 6 V was 2 pA, corresponding

to an estimated resistance of 1.5× 1012 Ω above the threshold voltage (4.4 V). The

not linear behavior was typical of tunneling transport across multiple barriers whose

characteristics were associated to the size distribution of the inter-nanorod gap, with

the largest gap dominating the transport across the chain. A hysteretic behavior was

also observed, which was ascribed to the presence of co-deposited charged CTAB

molecules across the chain. As comparison the electrical characteristics of higher

density networks were also measured. Inset of figure 3.12b shows the SEM image of

a nanorod deposition obtained at 15 MHz and 1.97 × 106 V/m. These experimen-

tal conditions corresponded to a point between A and B of figure 3.7 and lead to a

medium density nanorod density deposition (ρs = 135±10 µm−2 ). In contrast with

1D architectures where nanorod chains were well separated, medium nanorod den-

sity deposition caused formation and intersection of closely spaced chains resulting

formation of small chain networks. Figure 3.12b shows a representative I-V char-

acteristic related to the medium-density nanorod network. For this electrode gap a

quasi-linear behavior with current of 30 nA at 1 V was measured, corresponding to

a resistance of 40 MΩ that is 5 order of magnitude lower than the value measured

in 1D architectures.

For such medium-density networks a small residual hysteresis was also noticeable

around the maximum values of explored voltage. We also investigated the electrical

behavior of high-density networks shown in figure 3.2a, which corresponded to a

ρs = 290± 20 µm−2 (deposition condition represented by point A in figure 3.7). In

this range of ρs, nanorods assembled both head-to-tail and side-by-side and formed

dense three-dimensional networks within the electrode gap (see inset in figure 3.12c).

The I-V curve of figure 3.12c showed a linear electrical response in the range of

applied voltages. A current of about 80 A at 10 mV was measured and the calculated

resistance was 111 Ω. Remarkably, the resistance was 5 and 10 orders of magnitude

lower than resistance calculated for medium-density network and 1D architectures,

respectively. Figure 3.12d shows resistance values measured for eight electrode gaps

containing 1D architectures, medium and high density nanorod networks. Data
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Figure 3.12.: Representative I-V characteristics obtained from a) 1D architecture b)
medium-density network and c) high-density network; Insets: corre-
sponding SEM images of measured nanorod architectures; d) Resis-
tance values extracted for eight measured devices with variable Au
nanorod densities.

shows a good reproducibility of the results and supports the identification of three

different resistive regimes for 1D architecture, medium-density network and high-

density network respectively, separated by 3-5 orders of magnitude. The observed

variations in resistance were ascribed to the increased number of percolation paths

as well as the dimensionality available in assembled nanorod networks of increasing

density. Our findings are in agreement with previous studies on highly ordered

nanoparticle arrays, where multilayer structures showed conductance several orders

of magnitude larger than in monolayer structures [208, 209]. In particular Ressier et

al. [210] reported 57 Ω and 1.5 MΩ resistance values for 3D and 2D Au nanoparticle

wires, respectively. They associated the observed 5-orders of magnitude difference

in conductance to the number of percolation paths due to geometrical difference
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between investigated wires.

3.8. Conclusion

In conclusion we demonstrated controlled and reliable formation of 1D Au nanorod

architectures by electric field assisted deposition. The unexpected frequency depen-

dency of the deposition process was explained with the introduction of a theoretical

model based on the definition of Au nanorods like core shell material entities. A

novel contour plot was derived from the theoretical model, which correlated obtained

1D nanorod assemblies with specific sets of experimental parameters. Theoretical

and experimental investigation of the influence of the substrate on the electric field

mediated assembly was also discussed. Electrical characterization showed that 1D

architectures displayed tunneling behavior across the inter-nanorod gap with resis-

tance values of the order of GΩs. Denser nanorod networks displayed conductive

behavior with resistances of the order of MΩ and kΩ. The associated increased

conductance was ascribed to the higher number of percolation paths in denser net-

works. The controlled fabrication of 1D architectures demonstrated in this paper is

relevant for microelectronic, optoelectronic and molecular sensing applications. In

particular, low density architectures with tunneling behavior could find applications

as molecular diodes, molecular memory and logic devices.
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Chapter 4.

Enhanced Raman scattering in single

ZnO nanowire by Au nanorods

In this Chapter I report enhanced detection of surface optical (SO) Raman mode

in single ZnO nanowire by exploitation of plasmonic resonances of Au nanorods.

In particular, I present a novel mask-selective droplet deposition method for repro-

ducible fabrication of hybrid structures constituted by Au nanorods deposited on ZnO

nanowire surfaces. Detection of SO mode was observed under excitation of the Au

nanorod longitudinal plasmon resonance while no detectable signal was found medi-

ated by the transversal plasmon resonance. The excitation wavelength corresponding

to the maximum enhancement was intentionally shifted by tuning the optical proper-

ties of Au nanorods, thus proving the plasmonic nature of the Raman enhancement

observed. Additionally theoretical simulations were performed to support experimen-

tal findings. The presented study provides evidence of the capabilities offered by lon-

gitudinal plasmonic resonance of Au nanorods for Raman spectroscopy investigation

of individual semiconductor nanowires and corroborates the increasing interest of

metal nanostructures - semiconductor nanowire hybrid structures for optoelectronic

and sensing applications. 1

1This work will be published as Enhanced Raman Scattering of Single ZnO Nanowire by Rod-
shaped Au Nanoparticles, Pescaglini et al., in preparation
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4.1. Introduction

In the past decades surface-enhanced Raman spectroscopy (SERS) has been demon-

strated having extended capabilities compared to traditional Raman spectroscopy

[211]. The intense electromagnetic field generated by plasmonic resonances in prox-

imity to noble metal nanostructures has been largely exploited to compensate for

the weak nature of the inelastic photon-phonon scattering, thus solving the low de-

tection sensitivity generally affecting Raman spectroscopy. In fact, the role played

by plasmonic resonances in SERS is double: simultaneous amplification of the in-

cident electromagnetic radiation and enhancement of the radiation scattered off by

the target object [212, 213]. As a result, 4-8 orders of magnitude enhancement in

the Raman signal [37, 93] can be easily achieved with an electric field intensity en-

hanced by a factor 102−4 (within the |E|4-approximation) [213], commonly found

within 15-nanometer hot spots around a metal nanostructures [11]. The outstand-

ing capabilities of SERS have been vastly used for non-destructive characterization

and detection of chemical species down to single-molecule resolution [34, 214]. De-

spite molecules represent the ideal targets to demonstrate the enhanced abilities

compared to standard Raman spectroscopy, also semiconductor nanostructures can

benefit from this technique [215]. In fact, SERS analysis can potentially provide

meaningful information on crystal defects, surface states, interface crystal quality

in heterostructures in both resonant and non-resonant conditions. Among the most

investigated semiconductor materials, ZnO nanostructures have attracted significant

attention for a wide range of applications such as light emitting diode [216, 217], op-

tical pumped laser [218], UV-photodetectors [219] and piezolectric nanogenerators

[220, 221, 222] applications at room temperature, among others. Various groups

have reported enhancement of the Raman signals of ZnO - metal nanocomposites

under resonant conditions [215, 223, 224, 225]. More recently, Rumyantseva et al.

used Au and Ag nanoparticles to investigate ZnO quantum dots [226]. Raman

scattering under non-resonant condition of ZnO nanocrystals deposited on a glass

substrate were not detected due to the ultra-low scattering cross section in such

small nanostructures. Instead, the ZnO A1(LO) mode was detected from quantum

dots deposited either on a substrate containing Au nanoparticles and Ag nanopar-
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ticle leading to an enhancement factor of 102−4. For larger nanostructures such as

semiconductor nanowires, generation of highly localized electric field hot-spot at a

desire location has been achieved by tip-enhanced Raman spectroscopy (TERS),

where the field enhancement is obtained between a laser-illuminated STM tip and

the nanowire [227, 228]. Matsui et al. used this approach to resolve nanoscaled

variation in crystalline properties of a GaN substrate with resolution below the

diffraction limit of the light [229]. Moreover due to the different electric field con-

figuration generated by the tip, forbidden Raman modes were also observed [230].

Alternatively, covering the nanowire surface with SERS-active elements would of-

fer the possibility to combine the advantage of tip-enhanced Raman spectroscopy

(TERS) with the simultaneous generation of multiple hot-spot, as in SERS, to ben-

efit from the stronger signal collected [231]. For example, Peng et al. investigated

the Raman scattering in Si nanowires decorated with Ag nanoparticles by galvanic

displacement technique [232]. They obtained a 7-fold enhancement in the resonant

Raman scattering from a Si nanowire with 30 nm diameter, including the enhance-

ment of a new Raman band at 495 cm−1 due to HF etching in the galvanic process.

Similar approach was successfully used by Chen et al. to decorate Si nanowires

with gold nanostructures of different morphologies [134]. Resonant Raman spec-

troscopy revealed that the highest enhancement (by factor 24) of the Si TO mode

was obtained with two spherical nanoparticles (70 nm diameter) attached on both

side of the nanowire. However, despite the encouraging results obtained so far,

decoration techniques such as surface functionalization [233], galvanic displacement

[234] and sputtering [235] have shown limited availability of metal nanostructure

geometries and semiconductor materials, thus constraining the materials suitable

for decoration and plasmonic properties of the SERS-active elements (see also sec-

tion 1.3). Consequently, the understanding of the real capabilities of this approach

for characterizing semiconductor nanowires is still vastly unexplored. For instance,

non-spherical nanostructures such as rod-shaped metal particles have been scarcely

explored for this application despite demonstrations of larger enhancing capabilities

compared to the spherical counterpart [89, 236].

In this Chapter I demonstrate that Raman scattering of surface optical (SO)

modes an individual ZnO nanowire can be detected in non-resonant conditions by
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exploring the longitudinal plasmonic resonance mediation of chemically synthesized

Au nanorods deposited on the nanowire surface by a novel mask-selective droplet de-

position. This approach provides a general method to decorate in situ semiconductor

nanowires with colloidal metal nanostructures having engineered optical properties

with high yield and reproducibility. By exploiting this method we demonstrated for

the first time tunable Au nanorod-mediated SERS on large band-gap semiconduc-

tor nanowire in non-resonant conditions. In particular, we successfully measured SO

modes of ZnO with laser wavelength of 647 nm, otherwise not detected in the ab-

sence of Au nanorods. Moreover, by engineering the optical properties of the metal

nanostructures, enhancement of the phonon modes was achieved with different laser

wavelengths on the same nanowire. The experimental results were supported by

finite-difference time domain (FDTD) simulations used to investigate the central

role played by plasmonic resonances in Au nanorods. The results show the powerful

capabilities of the presented approach for the characterization of single semiconduc-

tor nanowires with a resolution below the traditional Raman spectroscopy and open

up a promising scenario for integration of these hybrid nanostructures in optoelec-

tronics and sensing devices.

4.2. Experimental section

ZnO nanostructures were grown by CVD using vapour-liquid-solid (VLS) mechanism

in a high temperature tube furnace. Briefly, a p-Si chip sputtered with 5 nm Au

was placed in the colder region downstream of a furnace tube. ZnO powder was

heated at 1350◦C and nanowires were grown under Argon gas flow at substrate

temperatures between 1100-950◦C. Dimensional statistical analysis on the obtained

nanowires, gave lengths between 1µm to 10 µm with a mean value of 5 µm and

diameters between 40 nm and 500 nm (mean value around 200 nm). ZnO nanowire

were transferred by dry-method onto a clean Si(n++)/SiO2 (300 nm) substrate.

Au nanorods were synthesized using a seed-mediated method described in section

2.2.2. The as prepared Au nanorod solution (1 ml) was centrifuged twice to remove

CTAB excess and re-dispersed in 1 ml of deionizied water, resistivity 18 M·cm.

The final CTAB concentration was estimated to be 0.05 mM using the method

96



4.3. Classical Raman scattering theory

described in section 2.2.3. Dimensional statistical analysis of 100 nanorods gave

a mean nanorod diameter and length of respectively 29 ± 5 nm and 68 ± 5 nm

(aspect ratio of 2.4 ± 0.2). Scanning electron microscopy (SEM) characterization

was performed using a Scanning Electron Microscope (JSM 7500F, JEOL UK) at

operating voltages of 10 kV.

After dry transfer of ZnO nanowires on a clean Si(n++)/SiO2 (300nm) substrate,

the substrate was covered by a layer of photoresist (S1813) by spin-coating. For the

sample A, the photoresist was baked at 120◦C for 2 min and exposed to O2-Plasma

using RIE system operating at 100 W with O2 flow of 50 sccm and a process pressure

of 45 mTorr for 7 min in order to reach a resist thickness of ∼100 nm. Sample B

was baked at 110◦C and the photoresist etched by two steps of exposition to UV

light and development in MF319 for few seconds in order to reach similar final resist

thickness. Au nanords solution were dropped on top of the substrate and dried

at constant temperature of 110◦C. Nanorods not attached on the nanowire surface

together with the residual resist were removed by standard solvent cleaning.

Raman measurements were carried on in back-scattering configuration (where

the wave vectors of the incident and the scattered light are collinear). A micro-

scope objective (100 X) focused the laser on the sample with a spot size ∼1 µm.

The microscope is coupled to a T64000 triple spectrometer from Jobin-Yvon and a

nitrogen-cooled charge-coupled device detector. The spectral resolution of the whole

system was of 2 cm−1 at 500 nm.

4.3. Classical Raman scattering theory

Raman spectroscopy is a non-invasive and versatile technique extremely useful for

studying vibrational modes, interband electronic transition, exciton and electron-

phonon interactions of homogeneous and heterostructured semiconductors [237].

Vibrational modes in crystalline semiconductor are quantized in phonons and the

atomic displacement δ(r, t) associated with a phonon can be expressed as plane

waves [238] :

δ(r, t) = δ(q, ω0)cos(q · r− ω0t) (4.1)
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with wavevector q and frequency ω0. The electric susceptibility χ of the material

will be affected by the fluctuation of density. Within the adiabatic approximation,

χ can be taken to be a function of δ. At room temperature the atomic vibration are

small compared to the lattice constant, so electric susceptibility can be expanded as

a Taylor series in δ:

χ(δ) = χ0 + (∂χ/∂δ)0δ(r, t) + ....... (4.2)

where the χ0 is the unperturbed susceptibility and the second term is the variation

induced by the phonon δ(r, t). When a plane wave described by

E(r, t) = Ei(ki, ωi) cos(ki · r− ωit) (4.3)

is incident on the material, an associate polarization P(r, t)

P(r, t, δ) = χ(ki, ωi, δ)Ei(ki, ωi) cos(ki · r− ωit) (4.4)

with same wavevector and frequency of the radiation is induced in the material.

Inserting eq.(4.1) and (4.2) in eq.(4.4) we can write the polarization as

P(r, t, δ) = P(r, t, δ)0 + P(r, t, δ)S + P(r, t, δ)AS (4.5)

where P(r, t, δ)0, P(r, t, δ)S and P(r, t, δ)AS are defined as

P(r, t, δ)0 = χ0(ki, ωi, δ)Ei(ki, ωi) cos(ki · r− ωit) (4.6)

and

P(r, t, δ)S = 1
2(∂χ/∂δ)0δ(q, ω0)Ei(ki, ωi) cos [(ki + q) · r− (ωi + ω0)t] (4.7)

and

P(r, t, δ)AS = 1
2(∂χ/∂δ)0δ(q, ω0)Ei(ki, ωi) cos [(ki − q) · r− (ωi − ω0)t] (4.8)
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The first term on the right hand side in eq,(4.5) is responsible for the elastic

scattering of the light (Rayleygh scattering). The radiation produced by the second

and third term in the polarization is called respectively Stockes scattered and anti-

Stockes scattered light. In the Stockes process an incident phonon with frequency ωi
and momentum ki will be scattered with frequency ω′i = (ωi − ω0) and momentum

k′i and a phonon with frequency ω0 and momentum Ω = ki − k′i will be created. In

the anti-Stockes process a phonon with frequency ω0 and momentum Ω will lose its

energy to generate a photon with ω′i = (ωi + ω0) and momentum k′i = ki + Ω. At

room temperature most of the phonons are in the ground state so Stockes process

are more likely than Anti-Stock process. The intensity of the scattered radiation

can be calculated from the induced polarization and it is proportional to [237]

I ∝ |ei · < · es|2 (4.9)

where < = (∂χ/∂δ)0δ(ω0) is the Raman tensor. The scattered intensity is de-

pendent from the vibration amplitude δ, the third-rank tensor (∂χ/∂δ)0 and the

incident and scattered polarization unit vectors ei and es. The consequence of the

eq.4.9 is that the scattered radiation vanishes for certain polarization ei and es and

scattering geometries. The so called selection rules are very useful for determining

the symmetry of Raman-active phonons. By measuring the scattered light intensity

in different polarization it is possible to deduce the frequency and symmetry of the

zone-centre phonon mode and two-photon Raman scattering allows to estimate the

phonon density of state.

In semiconductor with wurtzite symmetry, such as ZnO, the zone-center optical

phonon can be classified according to the irreducible representation Γ = A1 + E1 +

2E2 + 2B1. The B1 modes are silent modes, the A1 and E1 are polar modes and E2

are non-polar modes (figure 4.1). The Raman tensors for each of these modes are

given by [239]

E
(1)
2 =


d 0 0

0 −d 0

0 0 0

 , E(2)
2 =


0 d 0

d 0 0

0 0 0

 , E1(x) =


0 0 c

0 0 0

c 0 0


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E1(y) =


0 0 0

0 0 c

0 c 0

 , A1(z) =


a 0 0

0 a 0

0 0 b


For polar modes, the coordinate in parentheses denotes the direction of the phonon

polarization. The Raman scattering experiments discussed in this Chapter are re-

ferred to the Stockes process in ZnO nanowire in backscattering geometry with light

impinging perpendicular to the long axis of the nanowire. In this configuration the

Raman tensors allow exclusively the detection of E2, A1(TO), E1(TO) and surface

modes.

Figure 4.1.: a) Representation of the wurzite crystal structure b) Schematic of the
ions displacement related to the two polar phonon modes A1 and E1,
and the non-polar mode E2.

4.4. Fabrication of Au nanorod-ZnO nanowire hybrid

nanostructure

Herein we present a new approach that allow high-yield and reproducible fabrication

of nanowires decorated with metal nanoparticle. In particular, the process was

designed to maximize particle deposition on the nanowire surface and optimized for

nanowire size and nanorods solution used in the experiments performed in this work.
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Figure 4.2.: Representation of the new process for particle deposition. a) ZnO
nanowire deposited on Si/SiO2 substrate b) Resist deposition by spin-
coting and etching by O2 plasma (process A) or UV light exposi-
tion (process B). c) After etching the layer thickness is smaller than
the nanowire diameter d) drop and dry deposition of colloidal metal
nanorods e) Au nanorods cover the entire surface and the nanowires
f) after the lift-off the resist is completely removed and only nanorods
attached on the nanowire are left.

An overview of the process is illustrated in figure 4.2. ZnO nanowires were dis-

persed on Si(n++)/SiO2 (300nm) substrate by mechanical transfer (Figure 4.2a).

After the resist deposition, the resist layer was etched to reduce the thickness below

the nanowire diameter as shown in figure 4.2b-c. After nanorods deposition (figure

4.2d-e) the substrate was cleaned to remove completely the residual resist and the

excess of surfactant precipitated during the nanoparticles deposition (figure 4.2f).

Details of the nanofabrication steps including resist deposition, etching, nanorod

deposition and lift-off are described in the following paragraphs and fabrication pro-

tocols can be found in appendices.

Resist deposition

The Si/SiO2 substrate with ZnO NWs was firstly covered by a spin-coated resist

(S1813) and baked on a hot plate at 120◦C. The resist thickness was measured with

a TENCOR profilometer and was found having a reproducible value of 1.4 µm over

the centre of the substrate and reaching higher values (up to 1.8-2 µm) near the

sample edges. Only the homogeneous area covered by 1.4 µm of resist was further

processed. The thickness of the resist was set to be much larger than the nanowire
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diameter (200-300 nm) so the resist surface remained almost flat even above the

NWs with a maximum variation below 30 nm.

Resist etching

Figure 4.3.: Resist etching by oxigen plasma (process A). a) Scanning electron mi-
croscopy image of ZnO nanowire after plasma process with parameters
oxigen flow: 50 sccm, forward power: 100 W, pressure: 100 mTorr,
(etching rate ∼170 nm/min) and b) Oxigen flow: 50 sccm, forward
power: 100 W, pressure: 30 mTorr (etching rate ∼250 nm/min)

In the following step the resist layer was etched to reduce the thickness to a value

smaller than the NW diameter (statistical mean value calculated on a large number

of NWs was used). Two processes, namely A and B, were used to etch the resist. In

process A the sample was exposed to oxygen plasma while in process B a lithographic

technique was employed to partially remove the resist.

In process A the substrate was exposed to oxygen plasma inside a Reactive-Ion

Etching system (RIE). The system chamber was pumped down to 2·10−6 mbar before

a constant flow of oxygen gas (50 sccm) was activated. The mechanical and chemical

etching of the resist was previously investigate by testing the process under different

pressure conditions, ranging between 30 to 100 mTorr with an applied forward power

of 100 W. Representative SEM images of two tests at (a) 100 mTorr, 100 W and

(b) 30 mTorr, 100 W are shown in Figure 4.3a-b. At 100 mTorr the etching rate

was ∼170 nm/min, lower than the value found at 30 mTorr (∼250 nm/min). The

difference in the rate suggests that under 100 mTorr the etching is more isotropic
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compared to test (b) where lower pressure allows unistropic and mechanical etching

directed perpendicularly to the substrate plan.

Figure 4.4.: Scanning electron microscopy image of a ZnO nanowire after resist etch-
ing by process B with ∼100 nm of residual layer.

After oxygen plasma, the resist thickness was reduced below the nanowire di-

ameter, however under condition (a) (figure 4.3a) the nanowire surface still has a

residual layer that cannot be removed with a longer plasma time, possibly due to a

chemical degradation of the resist during the process. The etching under condition

(b) (figure 4.3b) performs better although random fluffy residuals were found over

the entire substrate. The main advantage of this process consist in the reproducibil-

ity and consistency of etching rates therefore the results. However, even in the best

conditions showed in figure 4.3b, a complete removal of resist from the upper part of

nanowire was not obtained. Moreover, although SEM images did not evidence any

surface damage on the nanowire, the plasma treatment could affect the properties of

nanowires. In order to address this issue we developed an alternative process (B) to

reduce the resist thickness. The spin-coated resist was baked at 110◦C on a hot plate

for 2 min than was loaded on a mask-aligner and exposed to UV light. Following

the exposition, the resist was developed in MF-319 and the thickness reduced to

900-700 nm. A second step of UV exposition and development allowed to reduced

the thickness in the range of 100-200 nm. A representative SEM image is reported

in figure 4.4. Nanowires surface was found very clean without any visible residuals
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(compared to the plasma treatment in figure 4.3). We should notice that despite the

better result, this process is very sensitive to the baking temperature, exposure and

development time thus the reproducibility of the resist thickness was within ∼100

nm.

Figure 4.5.: Droplet deposition of colloidal Au nanorods on ZnO nanowire deposited
on Si/SiO2 substrate at a) 20 ◦C b) 90 ◦C c) 130 ◦C. d) Longitudinal
surface plasmon peak positions in Au nanorods deposited on glass slide
after 5 min of heating at different temperatures.

Nanorods deposition and lift-off

After resist etching, colloidal particles were deposited on the substrate by droplet

evaporation. Despite the simplicity of the process, several particle configurations can

be obtained with this method, depending on particle-solvent interaction, solvent-

substrate interaction and evaporation condition.
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Systematic investigation of the nanorods deposition by droplet evaporation was

carried out on Si/SiO2 substrate. No significant differences were found when the pro-

cess was repeated on Si/SiO2 substrate covered by resist. For water-based colloidal

solution where a large contact angle is formed between the drop and the SiO2 sub-

strate, the convective fluid motion inside the drop, induced by surface evaporation,

results in particle accumulation at the drop edge (coffee-stain effect) [102]. At low

evaporation rate, the coffee-stain effect prevents particle deposition over the entire

surface covered by the drop, limiting the effectiveness of this process to decorate

nanowires deposited on the substrate. In order to maximize the nanorod distri-

bution, a systematic analysis of the droplet evaporation process was performed by

heating the substrate at different temperatures (figure 4.5). At room temperature

the evaporation rate was slow enough (5 µl drop required 30 min to dry) that coffee

stain effect took place, thus accumulating nanorods on the external edge of the drop

over a ring of tens of microns. ZnO nanowires located within the ring were covered

by a dense and continuous layer of packed nanorods. Outside the accumulation

ring, low density of nanorod was found, resulting in a poor effectiveness in nanowire

decoration (figure 4.5a).

At T=90 ◦C, the faster evaporation rate reduced the coffee-stain effect, the thick-

ness of the accumulation ring was reduced down to few microns and single or small

cluster of particles were found all over the surface covered by the drop. Most impor-

tantly, significant increasing of the number of particles attached on the nanowires

is clearly visible in figure 4.5b. Particles were found attached on the nanowire side

with a reasonable degree of alignment parallel to the main axis of the nanowire.

This configuration can be ascribed to the formation of a thin film of solvent with

the expected concave meniscus between the nanowire side and the substrate during

the evaporation. The residing meniscus determines both particle accumulation on

the nanowire side and alignment due to the nanorod anisotropy.

At higher temperatures the anisotropic nanorod shape could become no longer

stable. Previous studies showed that, due to the thermodynamic tendency of lower-

ing the surface energy, the rod-shape is unfavorable relative to the spherical-shape

under exposure to light or heat [240, 241, 242]. Nanorods melted together or, if well

separated, changed gradually shape into spherical particles. Figure 4.5c shows the
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Figure 4.6.: Drop deposition of nanorods from solutions with different CTAB con-
centrations. Scanning electron microscopy image of ZnO nanowire after
nanorod deposition from a solution with a) 0.2 mM and b) 0.06 mM of
CTAB

nanorod deposition obtained when the evaporation temperature was set to 130 ◦C.

Despite the higher nanorod density found on the substrate due to the faster evapora-

tion rate, the inset in figure 4.5c clearly highlight cluster of nanorods partially fused.

This reshaping/fusing process at temperature much below the melting point of the

gold was investigated in more detailed in figure 4.5d. For this experiment, drops of

nanorod solution were deposited on three glass slides and the longitudinal surface

plasmon recorded by Uv-vis spectrophotometer after heating up the substrate for 5

min at progressively higher temperatures. The plasmon peak was found to be stable

until ∼120◦C. At higher temperature a blue-shift was observed which reached the

value of ca. 550nm above 200◦C, thus indicating a gradual reduction of the nanorods

anisotropy to the spherical shape. Further investigation indicates that T=110 ◦C

is the highest reachable temperature that minimizes the coffee-stain effect without

affecting the nanorod shape. During the drop evaporation, it was also observed that

the concentration of the stabilizing surfactant CTAB in solution damaged the ZnO

nanowire surface. Figure 4.6a shows a representative ZnO NW after exposition to

a solution of 0.2 mM of CTAB. The surface roughness is evident after the drop and

dry process. Further experimental data showed that the etching can be avoided by

decreasing CTAB concentration below 0.1 mM in solution (4.6b).

It should be noticed that the direct droplet deposition on the substrate without
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Figure 4.7.: Scanning electron microscopy image of Au nanorods-ZnO nanowire
hybrid nanostruictures obtained by mask-selective droplet deposition
method involving a) process A and b) process B.

resist layer also results in decoration of the nanowires with the colloidal nanorods.

However with this approach nanorods were found accumulating only on the side of

the nanowires (as shown in figure 4.6), thus limiting the nanowire surface covered.

Increasing the nanorod density in solution could potentially solve this drawback even

though larger nanorod clusters would result nearby each nanowire. These closely-

packed random assemblies of nanorods were found preventing Raman spectroscopy

studies on the hybrid nanostructure and forming electric short-cuts in hybrid FET

devices investigated in Chapter 6. Therefore the mask-selective deposition process

is strictly required to fabricate the devices. Finally, the excess of surfactant (CTAB)

and the residual resist were removed by standard lift-off technique. Figure 4.7 show

a SEM image of the hybrid structures obtained after droplet deposition and resist

removal. Nanorods were found attached to the entire nanowire surface available

while the substrate was maintained almost cleaned from nanorods compared to the

standard droplet deposition in figure 4.5.

4.5. Raman scattering in single Au nanorods

decorated ZnO nanowire

The mask-selective droplet deposition method developed represents an effective way

to decorate semiconductor nanowires with metal nanostructures having engineered
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optical properties. The well-known seed-mediated protocol is able to synthesise

nanostructures with sizes from few nanometers up to hundreds of nanometers and

aspect ratio from 1 (spherical nanoparticles) to more than 20 [52].

Figure 4.8.: a) FDTD simulation of scattering cross section normalized to the ge-
ometrical cross section of a Au nanorod 29×68 nm with 3 nm dielec-
tric shell (refractive index n=1.4) on a ZnO nanowire (refractive index
n=1.98) under light polarized along the z-axis (black curve) and x-axis
(red curve). FDTD simulation of the electric field enhancement factor
under light polarized along b) z-axis and c) x-axes. d) Raman spectra of
CTAB molecules detected from Au nanorods deposited on SiSiO2 sub-
strate under laser radiation at 647 nm (red curve) and 514 nm (green
curve).

Therefore, plasmonic resonance frequencies in Au nanorod-semiconductor nanowire

hybrid nanostructures can be easily tuned by acting on the nanoparticle aspect ratio

and surrounding medium, as discussed in Chapter 2. In particular, we observed in

section 2.3 that longitudinal plasmonic resonance (LPR) shows a larger cross sec-

tion and extreme sensitivity to both aspect ratio and surrounding medium [243]
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compared to the transversal plasmonic resonance (TPR). Accordingly, a larger field

enhancement factor is expected to result from excitation of LPR respect to TPR.

Figure 4.9.: Representative Raman spectrum of two single hybrid nanostructure un-
der laser wavelength of 647 nm (red lines) showing variable peaks at-
tributed to the CTAB (marked with asterisks) and a reproducible peak
at 574 cm−1; Raman spectrum of an hybrid nanostructure with laser at
514 nm (green line); spectrum of a bare ZnO nanowire at 647 nm (blue
line); Raman spectrum of a high-dense spaghetti-like ZnO naowires
on Si/SiO2 substrate obtained with laser wavelength of 647 nm. The
A1(TO) peaked at 378 cm−1, E1(TO) at 410 cm−1,E2h at 438 cm−1,
A1(LO) at 574 cm−1 and a shoulder peaking in 554 cm−1 attributed
to surface optical SO mode were detected. The peak at 519 cm−1 was
attributed to the Si substrate. Curves were shifted for clarity.

Figure 4.8a-c shows FDTD simulations performed to investigate the plasmonic

resonances in an Au nanorod 29×68 nm in contact with a ZnO surface under light

impinging perpendicular to the surface (y-axis) and polarized along the z-axis and

x-axis. A 3 nm organic shell around the particle (refractive index n=1.4) was also

included (see section 2.2.1). The LPR was found at 642 nm (black curve in figure

4.8a) while the TPR at 529 nm (red curve in figure 4.8a). Under excitation of

the LPR, a field enhancement factor larger than 300 times was found concentrated

in the nanorod-nanowire interspace, although a smaller factor, mainly confined in

proximity of the nanowire surface, was calculated inside the ZnO due to the refractive

index mismatch (figure 4.8b). In fact, the enhancement factor of ∼70 just below

the nanowire surface was found decreasing to 1 within 20 nm. On the other hand
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for transversal polarization (figure 4.8c) the generate field enhancement factor of ∼3

in proximity of the metal surface barely penetrate inside the semiconductor surface

(less than a factor 2), thus demonstrating the larger capabilities of the LPR respect

to the TPR.

Experimental demonstration of the theoretical prediction was provided by prob-

ing the surface-enhanced Raman scattering of the CTAB molecule adsorbed on the

nanorod surface. In fact, the Br-Au bond provides a strong Raman signature char-

acterized by a peak at 174 cm−1 that was used as a reference for comparing the

strength of the TPR and LPR under selective excitation [88]. Figure 4.8d shows

that under laser wavelength of 514 nm, in resonance with the TPR, no signal was

recorded from Au nanorods randomly deposited on Si/SiO2 substrate while with 647

nm wavelength, in resonance with the LPR, the Br-Au peak was detected, thus cor-

roborating the larger field-enhancement arising from the LPR respect to the TPR.

Following this analysis, LPR was used to enhance the Raman scattering of the ZnO

surface optical (SO) phonon modes on a single nanostructure. Figure 4.9 shows the

active Raman modes detected with 647 nm wavelength in a highly dense ”spaghetti-

like” substrate containing ZnO nanowires randomly oriented in the 3D-space where

the A1(TO) peaked at 378 cm−1, E1(TO) at 410 cm−1, E2h at 438 cm−1, A1(LO) at

574 cm−1 and a shoulder peaking in 554 cm−1, that could be attributed to surface

optical SO modes were observed. Nanowires considered in this work, with radius in

the range of 100-150 nm, satisfied the condition qr � 1, where q is the SO mode

wavevector typically on the order of 107-109 m−1 [244]. In this limit the frequency

of the SO mode can be written as [245]

ω2
SO = ω2

TO

ε0 + εm
ε∞ + εm

(4.10)

where ωTO is the TO mode frequency at zone center, ε0 and ε∞ are the static and

high-frequency dielectric constant of the bulk ZnO respectively and εm the dielectric

constant of the surrounding medium. The backscattering geometry used in the

experiment with light propagating perpendicular to the c-axis of the nanowire (long

axis of the nanowire) with random polarization parallel to the substrate allowed

excitation of both E1 and A1 bulk modes, therefore the observed SO mode could
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be a mixing between the SO modes generated by the two bulk modes respectively.

Using eq.(4.10) with ωTO= 410 cm−1 for A1 mode and ωTO= 380 cm−1 for E1 mode,

ε0= 10.29, ε∞= 4.47 and the single nanowire surrounded by an inhomogeneous

surrounding medium of air and ZnO (due to the contact with other nanowires in

the spagetti-like substrate) described by an effective dielectric constant εm= 2.45

obtained from eq.(2.1) with α ∼ 0.5, the wavenumber of the SO mode was calculated

to be in the range 515-556 cm−1, in agreement with the experimental value of 554

cm−1 measured.

For comparison, the spectrum collected from an individual ZnO nanowire under

the same experimental conditions (blue line, excitation 647 nm) showed no evidence

of any ZnO modes. In fact, the small cross-section of the non-resonant Raman scat-

tering (laser wavelength below the semiconductor band-gap) hampers investigation

of single nanostructures and requires large number of probed nanostructures in order

to collect a detectable signal.

On the other hand, the red curves in figure 4.9 show two representative spectra

of individual Au nanorods-decorated ZnO nanowires. The hybrid structure spectra

recorded with 647 nm laser wavelength showed a reproducible peak centered at 572-

574 cm−1 that was attributed to the SO mode previously observed in the highly-

dense spaghetti-like ZnO nanowire substrate. In fact, the medium surrounding the

single hybrid nanostructure (Si/SiO2 and air) had an effective dielectric constant of

εm= 1.7, lower than the εm calculated for the highly-dense ZnO nanowire substrate.

The variation of the dielectric constant affects the wavenumber of the surface optical

mode thus shifting the expected range for SO mode by ∼20 cm−1 from 515-556

to 532-574 cm−1, in reasonable agreement with the new experimental value that

increased from 554 to 574 cm−1.

The enhancement of the SO mode mediated LPR of Au nanorods was estimated

by at least a factor 103 in the hybrid structure compared to the single ZnO nanowire.

The theoretical Raman enhancement within the |E|4-approximation [213] is propor-

tional to the E2
EF , with EEF the electric field enhancement factor, that was found

on the order of 103 using EEF ∼ 70 extracted from the FDTD simulation showed

in figure 4.8b, thus corroborating the electromagnetic origin of the observed en-

hanced. Moreover the localization of the electric field enhancement at the ZnO
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surface demonstrated by the FDTD simulations further corroborate the assignment

of the peak at 574 cm−1 to a SO mode rather than the bulk mode A1(LO) also

peaked in the range 572-576 cm−1 [239, 246].

Figure 4.10.: Descriptive statistics of the Raman peak FWI detected on 9 measured
hybrid nanostructures in sample A showing a) the entire set of detected
peaks in the hybrid devices and the related substrate containing only
Au anorods and b) the Raman peaks not found in the nanorods. Gray
columns indicate the peak attributed to the ZnO SO mode.

In figure 4.10a we show a descriptive statistics of the peaks found in 9 measured

hybrid nanostructures (sample A) fabricated by mask-selective droplet deposition

method using the process A (see section 4.4). The y-axis reports the frequency-

weighted intensity (FWI) calculated by multiplying the average measured intensity

of the Raman peak with the frequency encountered within the set of hybrid nanos-

tructures measured. Each peak intensity was obtained from the Lorentzian fit of the

peak by dividing the area under curve with the full-width-half-maximum (FWHM).

Most of the peaks in figure 4.10a derive from the SERS effect on the CTAB bilayer,

as expected from the large field enhancement within the layer (see figure 4.8b). The

peaks centered at 390 cm−1, 414 cm−1, 456 cm−1, 480 cm−1, 493 cm−1 and 592

cm−1 were previously observed in CTAB crystalline [247, 248]. The peaks at 401,

439, 493, 544, 564, 583, 625, 633 and 653 cm−1, were found both in the spectra of

hybrid nanostructures and in the Si/SiO2 substrates containing Au nanorods only,

therefore were attributed to the vibrational transitions of the CTAB. The detection

of additional peaks compared to the CTAB crystalline is not surprising. In fact, it is

well-known that molecules adsorbed on metal surfaces show Raman modes shifted
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or new modes depending on the interaction between the molecule and the surface

where it is adsorbed [231]. Moreover CTAB molecules on the Au nanorod surface

forms a double layer that can introduce new vibrational resonances with respect

to the isolated molecule [177]. Figure 4.10b shows the statistic after removal of all

peaks attributed to the CTAB bilayer, highlighting how the SO mode, previously

discussed, is one of the most relevant Raman peak within the collected statistic.

The remaining peaks at 422, 464, 510, 603, 609, 621 and 642 cm−1 were tentatively

attributed to the CTAB, although no evidence of these resonances was found in the

substrate with nanorods only. It should be noticed that chemical enhancement via

charge transfer between the CTAB molecules and the ZnO surface could contribute

to the SERS effects [249]. An evidence that corroborates this possible mechanism

can be found in the statistic showed in figure 4.10a. The CTAB Raman peaks

observed in the nanorods only have lower FWI compared to the same peaks found

in the hybrid nanostructures, despite the statistic derived from spectra collected

from spots with larger nanorod densities.

Figure 4.11.: Statistical analysis of the ZnO Raman peaks found in Sample A and
B.

In order to demonstrate the reproducibility of the results, we repeated the statis-

tical analysis on a second sample (sample B) fabricated by mask-selective deposition

method following the alternative process B (see section 4.4). Figure 4.11 compares

the statistics on the two samples referred to peaks not already associated to CTAB

molecules. Only the peaks at 382 cm−1 and 555 cm−1 and 574 cm−1 were successfully
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found in sample B, thus demonstrating the reliability and effectiveness in enhancing

those peaks independently by the fabrication process.

To further prove if peaks at 382, 555 and 574 cm−1 were related to the ZnO and

not to the CTAB, sample A was immersed in a methanol-based solution of 4-ABT

(1 mM) in order to replace most of the CTAB on the nanorod surface with the

4-ABT molecule. The successful attachment of 4-ABT on the nanorods was firstly

demonstrated by recording a SERS spectra on a hybrid structure and on a SiO2 sub-

strate containing nanorods only, showed in figure 4.12a. The representative spectra

measured using laser wavelength at 647 nm denote the distinctive features of 4-ABT

Raman transitions [89, 250] at 1004, 1073, 1139 and 1187 cm−1 with comparable

intensity thus demonstrating the effective attachment on the gold nanorods.

Figure 4.12.: a) Raman spectrum of 4-ABT detected from Au nanorods deposited
on Si/SiO2 substrate (black curve and on a single hybrid nanostructure
(red curve). b) Statistical analysis of Raman peaks found in Sample
A after functionalization with 4-ABT molecule.

A direct comparison between the statistical analysis of the Raman peaks before

and after the 4-ABT substitution on the same set of hybrid nanostructures is re-

ported in figure 4.12b. The enhancement of the peaks at 464 and 642 cm−1 were

associated to the characteristic vibrations of the benzene ring [250] and were also

found in the sample with nanorods only. However, none of those peaks can be related

to ZnO modes. The peaks at 422, 510, 603, 609 and 621 cm−1 showed an evident

decrement in the FWI that prove were related to CTAB molecules. Interestingly,
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the peak at 574 cm−1 remained almost unchanged, corroborating our attribution to

the ZnO. On the other hand, peaks at 382 and 555 cm−1 were not found after the

functionalization therefore their attribution to the ZnO was not proved.

Figure 4.13.: a) Representative Raman spectrum of a single hybrid nanostructure
immersed in polymer resist at laser wavelength of 785 nm. b) FDTD
simulation of the scattering cross section normalized to the geometri-
cal cross section of a 29×68 nm Au nanorods under radiation polarized
along the z-axis. Inset : schematic representation of the simulated ge-
ometry. c) FDTD simulation of the electric field enhancement factor
under light polarized along the z-axis. d) Descriptive statistics of the
Raman peaks and related FWI detected on 10 measured hybrid nanos-
tructures on Sample B with and without resist.

Finally, in order to demonstrate the LPR origin of the ZnO modes enhancement

and also to exploit the advantages offered by the LPR-mediated enhanced Raman

scattering, we investigated the tunability of this process by manipulation of the op-

tical properties of nanorods. Figure 4.13a reports a representative Raman spectrum
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of an HbNW nanostructure embedded in a polymer resist (S1813) with refractive

index n=1.63. In this sample the enhancement of the SO mode was found with the

laser wavelength of 785 nm instead of 647 nm. FDTD simulation in figure 4.13b

shows that the different surrounding medium shifted the LPR at 747 nm, therefore

the laser at 785 nm was matching more efficiently the plasmonic resonances than

the 647 nm resulting in a more effective enhancement. The electric field distribu-

tion (figure 4.13c) reveals a more symmetric field enhancement compared to the

previous case with most of the field confined within the CTAB layer due to the

lower refractive index respect to the surrounding medium although a comparable

field enhancement was found inside the nanowire. According to this observation the

spectrum showed in figure 4.13a shows more pronounced feature derived from the

CTAB layer. The statistical comparison between Sample B with and without resist

in figure 4.13d(top) shows a general enhancement of the Raman peaks. It should

be noticed that despite the peak at 382 cm−1 showed a huge enhancement (4.13d,

bottom), this was observed only one time (with very large amplitude) in the set of

measured nanowires.

4.6. Conclusion

In conclusion, Raman enhancement of the ZnO SO mode was demonstrated in sin-

gle hybrid structures formed by Au nanorods deposited on ZnO nanowires under

excitation of longitudinal surface plasmon resonance of Au nanorods. FDTD simu-

lations were used to investigate the spatial distribution and intensity of the enhanced

electric field for different polarizations and to support the experimental findings. In-

tentional tuning of the optical properties of deposited nanorods resulted in shifting

of the excitation wavelength at which the maximum of the SO mode enhancement

was achieved. The probing of the structural vibrational properties of single large-

bandgap semiconductor nanowire through deposition of metal nanorods open the

way for novel sensing and opto-electronic applications. Moreover, our studies con-

tribute to extend the capability of traditional Raman spectroscopy to the character-

ization of semiconductor materials thus providing new insights to the understanding

of surface and interface properties of hybrid materials.
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Chapter 5.

Nanofabrication and electronic

transport in ZnO nanowire

field-effect devices

In this Chapter, nanofabrication and detailed electrical characterization of ZnO

nanowire field-effect transistor (ZnO NW-FET) is presented. Optimised electrode

geometry and optical lithography method led to fabrication of large number (>30) of

ZnO NW-FETs per substrate. Metal-ZnO nanowire ohmic contacts with contact re-

sistivity of 10−11− 10−10 Ω·m2 were realised using Ti/Al electrodes, thus allowing to

assess the intrinsic electronic properties of the ZnO nanowire. The device resistance

was investigated in different atmosphere (air and high vacuum). The estimation of

nanowire resistivity, contact resistance, electron mobility and electron density was

also provided. Finally, we used the aforecited ZnO NW-FET architecture for two ap-

plications. Firstly, we demonstrated that ZnO NW-FET can be successfully used as

nano-heater up to more than 300 ◦C and secondly, we propose a novel method to se-

lectively decorate a target nanowire with colloidal nanorods by an engineered electric

field configuration using the three gate electrodes available in the FET architecture.

5.1. Introduction

ZnO nanowires have been explored in the past decades as building-block for optical

and electrically-injected ultraviolet nanolasers [251, 252, 253, 254, 218, 255], ultravi-
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olet photodetectors [256, 257, 118], field-effect transistors [258, 259] and gas sensor

[260, 261]. For these applications (and also the application discussed in Chapter 6)

low-resistivity ohmic contacts to the ZnO nanowire are a crucial requirement for as-

sessing the intrinsic electronic properties of the ZnO nanowire towards optimisation

of the overall device performance. Au electrodes have been frequently used for con-

tacting ZnO film [262], nanoribbons [263] and nanowires [264] despite the expected

formation of a Schottky barrier at the Au-ZnO interface due to the work-function

mismatch of ∼0.7 eV [265]. For instance, Kim et al. reported low-resistance ohmic

contact to n-type doped ZnO:Al layer with Ti/Au with contact resistance of 10−4

Ω·cm2 after annealing at 300◦C [266]. Goldberger et al. obtained ohmic devices

using an O2 plasma cleaning before the Au evaporation followed by annealing at

200-400 ◦C with contact resistance of 10−3-10−2 Ω·cm2 [258]. However, despite the

ohmic behavior demonstrated with Au contacts, other metals with more suitable

work-function offer the possibility to further lower the contact resistivity. In fact,

few reports explored alternative metalization schemes achieving contact resistivity

on the order of 10−5 Ω·cm2 by FIB deposited Pt electrodes on ZnO nanowires [267]

and 10−7 Ω·cm2 with Ti/Al electrodes after annealing at 300◦C [268].

Therefore, as crucial step in the fabrication of hybrid ZnO NW-FET devices

discussed in Chapter 6, extensive attention was devoted to the optimization of the

metal-ZnO nanowire interface during the nanofabrication process and the related

electrical characterization of the NW-FET devices. In particular, we demonstrated

that Al contacts form a low-resistivity ohmic contact with a contact resistivity on the

order of 10−6-10−7 Ω·cm2 more than four order of magnitude less than Au contacts.

These results corroborate the central role played by the metal contacts and support

the use of Al contacts as a more suitable metal than Au. Moreover, device resistivity

was also measured in different atmospheres (in air and high-vacuum) in order to

investigate the influence of the environment on the device electrical performance as

well as the effect of the thermal annealing process. Furthermore, three-terminals

field-effects measurements allowed to estimate the nanowire resistivity of the order

of 10−1-10−2 Ω·m, field-effect mobility in the range of 40-100 cm2/V·s and electron

density ∼1017 cm−3.

The excellent optimization of the fabrication process achieved allowed to explore
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applications in the field of micro and nano-heaters. The use of nanostructures as

nanoscale heaters has been gaining increasing interest due to applications in many

different fields. For instance, in biology and chemistry micro-heaters array devices

have been used for manipulation of proteins [269], cell lysis [270] and protein syn-

thesis [271]. Yan Jin et al. and Chen et al. used Silicon and metal nanowires

respectively to control chemical reactions with nanoscale spatial resolution for selec-

tive growth of oxide nanowires [272, 273]. Park et al. proposed to use this approach

to selectively functionalize the surface of silicon nanowires on a silicon-based sub-

strate [274]. In particular, the localized Joule heating was used to ablate a protective

polymer layer from a specific nanowire thus allowing a selective functionalization.

However, the small channel resistivity, on the order of 10−4Ω·m or lower required

to reach temperature larger than 300 ◦C needed in most applications, limited the

range of possible materials and most of the example in literature rely on heavily

doped Si nanobelts or metal nanowires.

A possible route to overcome this limitation is exploring the three-terminals FET

architecture where a doping of the nanowire and the related increasing in conductiv-

ity can be capacitatively induced by a third gate electrode. Following this approach,

we explored for the first time the Joule heating process in ZnO NW-FET and we

demonstrated the capabilities of a three terminals nanowire field-effect transistor

to reach temperatures larger that 300 ◦C by capacitatively-induced charge on the

nanowire channel. The observed performance, supported by finite-element method

(FEM) simulations, demonstrated that materials with resistivity in the range of

10−1-10−2 Ω·m such as ZnO nanowires can be successfully used as micro-heaters.

This approach sensibly expand the suitable materials for Joule-heating based pro-

cesses in semiconductor nanowires thus opening to future application for radial

doping, single core-shell heterostructuring and selective single nanowire function-

alization. Finally, at the end of the Chapter, the NW-FET architecture will be also

investigated for a selective decoration of single nanowire with colloidal nanoparticles.

This novel approach, supported by FEM simulations, expands the dielectrophoretic

process discussed in Chapter 3 by means of an engineered electric field configuration

able to drive the colloidal nanoparticle towards a single target nanowire. The process

designed for nanowire-based FET devices would allow selective decoration of space-
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localized nanowire thus offering a fast and reliable method to decorate individual

NW-FET device but also single nanowire in large arrays of nanowire-based devices.

This process is interesting for development of plasmonic-enhanced phototdetectors

and multijunctions solar cell.

5.2. Experimental Section

ZnO nanostructures were grown by CVD using Vapour-liquid-solid (VLS) mecha-

nism in a high temperature tube furnace (see section ??).

Scanning electron microscopy (SEM) images of nanostructures were acquired using

a field emission SEM (JSM-7500F, JEOL UK Ltd.) operating at beam voltages of

5 kV.

Electrical contacts were fabricated by metal evaporation of Ti/Au 90nm/50nm

and Ti/Al 10nm/190nm. Size of each electrical pad was 200×200 µm. Metalization

was patterned using standard photolithography and lift-off techniques. I-V char-

acteristics of ZnO nanowire field-effect transistor were performed with a parameter

analyzer (E5270B) by direct probing using a Wentworth micromanipulator 6200

probe station. The measurements were carried out at room temperature in air un-

der ambient light conditions. For the Joule heating experiments the entire sample

were previously covered with a PMMA (ARP679.04) layer having thickness of ∼200

nm by spin-coating (at 6000 rpm).

5.3. Fabrication of ZnO nanowire field-effect devices

5.3.1. Nanowire deposition and sample preparation

As-grown ZnO nanostructures were found having low monodispersity and presence

of irregular nanostructures. Moreover CVD technique produced high density of

highly intertwined structures (spaghetti-like configuration), see figure 5.1a. In order

to purify the sample, ZnO nanostructures were mechanically transferred onto clean

Si/SiO2 substrates and larger structures were washed away by multiple injections

of acetone (figure 5.1b). After the cleaning, residual random nanowires were found
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well separated from each other and showed a reasonable degree of alignment along a

preferential direction induced by the mechanical transfer. Statistical measurements

of nanowire dimensions showed lengths in the range 1-10 µm with a mean value of

5 µm and diameters were found ranging between 40 nm and 500 nm (figure 5.1c-d).

Figure 5.1.: Scanning electron microscope image of a) as-grown ZnO nanostructures
b) deposition and cleaning of ZnO nanowire on Si/SiO2 substrated by
mechanical transfer. Statistical distribution of c) diameter and d) length
of deposited nanowires.

5.3.2. Nanofabrication of electrical contacts on single ZnO

nanowire

Fabrication of source-drain metal contacts on ZnO nanowires were realized by optical

lithography. Electrode geometry was designed to maximize the number of random

wires contacted. The unit box (figure 5.2), replicated 100 times on the optical mask,

is an array of 20×20 pads. Each pad was a square 200×200 µm with castellated
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edges, large enough to allow electrical measurement by direct probing. The 2 µm

(and 5 µm) gaps separating two consecutive pads was 10 µm long and was repeated

10 times along each edge of the pad. Finally, in order to localize nanowires inside

the array, each pad was labeled with alphabetic letters and each box with a number.

Figure 5.2.: Schematic of the pattern used to contact the nanowire. The array of
20×20 castellated pads defined the unit box. Each pad is 200 µm large
and the minimum distance between two consecutive pads is 2 µm or 5
µm.

The lithographic process is described in figure 5.3 (see also appendix A.3). The

clean sample was spin-coated with two layer of UV-sensitive resist (LOR3A and

S1805). After cleaning the edges with acetone to remove the excess of resist, the

sample was loaded in the Mask-Aligner. The standard optical mask used in lithog-

raphy is a quartz slide with the negative design of the pattern in chrome. The mask

was aligned respect to the nanowire direction and a physical contact with the sample

was established. After an exposition to UV light, the sample was removed and im-

mersed in the resist developer (MF319) to remove the resist from the exposed areas.

An under-etch of the resist was carried out to improve the sharpness of the electrode

edges. Following optical lithography, deposition of metal layers on the entire sample

surface was performed in an e-beam evaporator. Au and Al metal contacts were

explored as source-drain electrodes on ZnO nanowires and 10 nm layer of Ti was

used to increase the adhesion of Al and Au on Si/SiO2. After the metal evapora-

tion, the lift-off was carried out in warm 1165 to remove the metal from the areas

covered by resist. The alignment induced by mechanical transfer and the electrode
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Figure 5.3.: Steps in the lithographic process. Nanowire on a clean Si/SiO2 substrate
(a) was covered with two resists layer by spin-coating and exposed to
UV light through the optical mask (b). Exposed resist was removed
and under-etch was performed (c) before metal deposition (d). After
the lift-off the metal was left only on the exposed area (e).

geometry adopted were very effective in producing a large number (>30) of single

contacted nanowires inside each patterned box. A typical device resulting from the

nanofabrication is showed in figure 5.4. The electrode edges were found sharp, indi-

cating an excellent optimization of the lithography process. Also the metal layer was

observed to be continuous over the nanowire, ensuring that a good contact surface

was fabricated.

5.4. Electrical properties of ZnO nanowire FET device

Investigation of the electronic properties of ZnO nanowires firstly requires a reliable

method to form ohmic metal-ZnO contact. Addressing this aspect is not only crucial

for studying the electronic properties of the nanowire but also for the performance

of the hybrid FET device described in Chapter 6.

Figure 5.5a shows the two-points I-V characteristics of a representative device

with 90 nm Ti and 50 nm Au (black line) and with 10 nm Ti and 90 nm Al (blue

line). The resistance of the device with Ti/Au pads was larger than 109 Ω and

the non-linear I-V curve (see inset of figure 5.5a) was indication of a non-Ohmic

contact between the metal and the nanowire. In order to demonstrate that the high

resistance was related to the contact resistance we compared this result with the I-V
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Figure 5.4.: a) Optical image and b) scanning electron microscope image of a ZnO
nanowire contacted with Ti/Al 10nm/90nm metal electrodes.

curve measured in a device with Ti/Al contacts. For Al contacts the I-V response

was clearly linear (ohmic contacts) and the resistance was of the order of 105-106

Ω, more than three orders of magnitude lower that the resistance observed in the

previous device.

The observed behavior can be explained from the energy band structure alignment.

The work-function of Au (5.47 eV) is sensibly higher than the work function of

ZnO (4.65 eV) [140]. At the metal-nanowire interface the depletion of electrons

in the ZnO results in upward band bending and formation of a Schottky barrier,

giving rise to high contact resistance and non-ohmic behavior. On the other hand,

the lower work-function of Al (4.33 eV) induces a downward band bending in the

ZnO and consequently an ohmic response. These results shows that despite Au

electrodes have been often used in literature for contacting ZnO nanostructures,

the contact resistance can be reduced by at least 3 orders of magnitude with Al

electrodes, thus allowing a more efficient electron injection and collection in and from

the nanowire. Effect of thermal annealing in forming gas on the contact resistance

for the Ti/Al electrodes was also investigated. The device was heated up with

a rate of 2 ◦C/s to 300 ◦C and annealed for 5 min. Figure 5.5b shows the I-V

curves recorded before and after two annealing processes. A reproducible trend

was observed in 5 devices: the resistivity was reduced by more than one order of
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Figure 5.5.: a) I-V characteristic in air of ZnO nanowire contacted with Ti/Au (90
nm/50 nm) and Ti/Al (10 nm/90 nm) pads separated by 2 µm b) I-V
characteristic of a ZnO nanowire contacted with Ti/Al/Ti (10 nm/150
nm/50 nm) electrodes before and after two annealing process c) Resis-
tance in two-points configuration measured in 5 devices before and after
two annealing process. d) I-V characteristic of ZnO nanowire with Ti/Al
(10 nm/90 nm) pads separated by 2 µm in air and in vacuum. Statisti-
cal distribution of the resistance measured in 9 devices with Ti/Al (10
nm/90 nm) pads in e) high vacuum and f) in air.
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magnitude (figure 5.5c). The lowering in the contact resistance after annealing at

300◦C of Ti/Al electrodes was explained by Kim et al. with the formation of TiO

species and the related oxygen vacancies VO that form shallow donors near the the

conduction band with consequent electron enrichment [275]. It should be noticed

that in our experiments this trend was not confirmed over different batches of ZnO

nanowires and an increasing of the device resistance of 1-2 orders of magnitude was

also observed after the annealing process under comparable conditions. However,

for those devices the two-points resistance without annealing was in the range of

105-106 Ω, comparable with the valued obtained in the devices showed in figure

5.5c after two consecutive annealing processes. ZnO NW-FETs studied in the rest

of this Chapter and in Chapter 6 were fabricated with Ti/Al electrodes without

any annealing process, unless otherwise specified. In figure 5.5d-f we studied the

variability in resistance of the fabricated ZnO NW-FET in various atmospheres.

The conductivity of ZnO nanowires was found larger in high vacuum compare to

air as shown the I-V curve of figure 5.5d. Statistics performed on 9 devices (figure

5.5e-f) showed that the resistance of a ZnO nanowire electrically contacted with

Ti/Al pads in high vacuum increase in air by more than one order of magnitude.

This is due to the presence of electron traps created by oxygen species adsorbed

on the nanowire surface forming a depletion region in proximity of the surface and

reducing the free electrons available for conduction (see Chapter 6 for more details).

More detailed investigation on the electrical transport in ZnO nanowires was

carried out using the FET architecture showed in the setup schematically depicted

in the inset of figure 5.6a. In three-terminals configuration the lithographic patterned

Ti/Al pads were contacted by direct probing and used as Source (S) and Drain (D)

and the Si(n++) layer separated from the ZnO nanowire by 300 nm SiO2 as a third

back-gate electrode capacitively coupled to the nanowire.

Figure 5.6a shows the I-V characteristics under different back-gate bias applied

of a representative ZnO NW-FET device. The low-bias two points I-V showed

an Ohmic behavior with device resistance of 7.007±0.002·105 Ω. This resistance

includes the nanowire resistance and the contact resistance at the semiconductor-

metal interface. From the previous discussion we expect an ohmic contact between

Al and ZnO with negligible resistance respect to the nanowire channel. In order to
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provide an estimation of the contact resistance we measure the I-Vg curved of the

device (Figure 5.6b). From the approximated current equation in the linear regime

(VD � Vg) [276]


dISD
dVD

= µCNW−gate
L2 (Vg − Vt)

dISD
dVg

= µCNW−gate
L2 VD

(5.1)

where ISD is the source-drain current, VD and Vg is the drain and back-gate voltage

respectively, L the channel length and CNW−gate is the gate-capacitance expressed

by

CNW−gate = 2πε0εrL

cosh−1
(
r+h
r

) (5.2)

where h is the SiO2 thickness and r the nanowire radius and εr=3.9. This expression

holds for a cylindrical nanowire completely embedded in SiO2 not for a nanowire

landing on a SiO2 layer and surrounded by air. However finite-element method

simulations showed that the eq.(5.2) over-estimate the capacitance by a factor ∼2,

thus still providing the correct order of magnitude [277]. The threshold voltage

Vt can be calculated by direct extrapolation as showed in figure 5.6b, where the

value on the Vg axes is the quantity Vt + VD
2 . For the measured device we obtained

Vt=-9.39±0.08 V. The negative Vt value suggests the presence of unintentional n-

type doping due to structural defects. However the Vt values were found variable

in the range of -10/10 V thus indicating a large variability of the unintentional

doping among the ZnO nanowires. Using Vt and the transconductance (dISD/dVg)

calculated in the linear region (for Vg > 5 V) was possible to obtain the channel

conductance by using

RFET ≡
dISD
dVD

= dISD
dVg

Vg − Vt
VD

(5.3)

We compare in table 5.1 the measured resistance Rm in two-points configuration

and the resistance RFET calculated from equation 5.3 for different applied gate

voltages.

It can be seen that the calculated and measured values were reasonably close, in
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Vg Rm RFET

(V) (Ω) (Ω)
0 7.007± 0.002 · 105 8.29± 0.09 · 105

5 5.1607± 0.0005 · 105 5.41± 0.05 · 105

10 4.0242± 0.0009 · 105 4.01± 0.03 · 105

Table 5.1.: Resistance Rm of the representative device measured in two-point config-
uration compared with the resistance RFET calculated using eq.5.3 when
a back-gate voltage of 0, 5 and 10 V was applied.

particularly the discrepancy decrease for larger back-gate voltage and at Vg=10 V

the Rm and RFET were coincident within the error. In fact, because the linear re-

sponse region of the ZnO NW-FET was for Vg & 5 V, eq.(5.1) does not approximate

very well the behavior at Vg=0 V. Nevertheless, the excellent agreement between

the channel resistance RFET and the measured two-points resistance Rm demon-

strates that the contact resistance is effectively negligible compared to the channel

resistivity, and by direct comparison, can be estimated of the order of Rc ∼ 103 Ω

or lower. We emphasize that this is a rough estimation and a more precise analysis

would require 4-points measurements on a single nanowire. However, from Rc we

calculated the contact resistivity ρc by using the formula [278]

ρc = R2
c2π2r3

ρNW
(5.4)

and a value of 10−11 − 10−10 Ω·m2 with Rc ∼ 103 − 104 Ω was obtained. Notably

this estimation is in reasonable agreement with the reported value in literature for

ZnO-Al contacts reported by Kim et al.[275]. Equation 5.4 is valid in the limit of

long contacts L� LT where the transfer length LT

LT = πr2Rc

ρNW
(5.5)

was found in the range of ∼ 10−100 nm using Rc ∼ 103−104 Ω and ρNW ∼ 5 ·10−3

Ω·m. This is much smaller than the contact length of the two metal electrodes in

the measured device that was 4.7 µm and 8.5 µm respectively, thus justifying the

use of eq.(5.4).

A number of physical parameters can be also extracted by further analysis. The

electron mobility can be calculated by using
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Figure 5.6.: a) Schematic of the ZnO nanowire field-effect device (NW-FET). Elec-
trical characterization of arepresentative device comprise b) I-V char-
acteristic of the NW-FET with applied back-gate voltage of 0, 5V and
10V and c) I-Vg characteristic with VSD=0.2V. The red line is the linear
fit used to calculate the transconductance.

µ =
∣∣∣∣∣ dIdVg

∣∣∣∣∣
VD

· L2

CNW · VD
(5.6)

The calculated field-effect mobility was estimated to be 58 cm2/V·s in agreement

with previous reports [258]. Carrier concentration was calculated using the Drude

approximation by

n = 1
µeρ

(5.7)

with e the elementary charge and ρNW the nanowire resistivity. The carrier concen-

tration was estimated to be 1017 cm−3.

5.5. Joule Heating in ZnO NW-FET device

In this section we explore the Joule heating process in ZnO nanowire when a source-

drain current is forced in the NW-FET device. The capacitatively-induced charge

in the nanowire channel, resulting from application of back-gate voltage, allowed to

increase the nanowire conductivity by more than an order of magnitude. As result,

temperature larger than 300 ◦C was generated in the NW.
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Inset of figure 5.7a compares the I-V characteristic of a representative ZnO nanowire

with the back-gate grounded (Vg=0 V) and Vg=10 V. The measured resistance of

5.76 ± 0.07 106 Ω was decreased by a factor 4 to 1.39 ± 0.02 106 Ω by applying

10 V to the back-gate. From the linear fit of the transfer characteristic I-Vg in air

(figure 5.7b) we obtained the transconductance dISD/dVg=1.186±0.002 10−8 S and

the Vt=-2.12±0.02 V.

Figure 5.7.: Effect of the back-gate and PMMA on the electrical conductivity of the
ZnO NW-FET. a) I-Vg characteristic and in the inset I-V characteristic
and b) I-V at large VSD of the device without PMMA. c) I-V charac-
teristic and d) I-Vg characteristic of the device covered by PMMA.

Using eq.(5.1) it was possible to predict that the channel resistance could reach

a value around 7.6·105 Ω at Vg=20 V, almost one order of magnitude less than the

resistance at Vg=0. We should also consider that in the present device configu-

ration, a capacitative coupling between the source/drain electrodes and the back-

gate is unavoidable. Therefore for large source-drain voltages, as often required in
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microheaters devices [279], the interaction with the back-gate induces asymmetric

behavior between positive and negative bias applied. Figure 5.7b shows the I-V for

source-drain bias of ±10V with the back-gate grounded (black curve) and at 10 V

(red curve). Both curves are almost saturated at Vg=10 V whereas at Vg=-10 V

the source-drain current was more than double and no sign of saturation was found.

This behavior was ascribed to the additional induced charges on the back-gate due

to the coupling with the biased source electrodes (drain electrode was grounded

during the measurements). In fact the charge accumulated on the back-gate are

influenced by the ∆V between the source electrode and the back-gate. When the

back-gate is grounded, large positive source bias determine accumulation of negative

charge on the back-gate, thus affecting also the nanowire channel by reducing the

conductivity. On the other hand, large negative source bias adds positive charge on

the back-gate that results in an increased nanowire conductivity. We conclude that

when a positive Vg is applied to the back-gate to increase the nanowire conductivity,

large positive source-drain bias reduced the effect of the back-gate and a lower sat-

uration current is reached compared to the case where large negative source-drain

voltage was applied.

Furthermore, conductivity of ZnO nanowires is strongly affected by the presence of

oxygen species in the surrounding atmosphere, that increase the depletion region at

the ZnO surface and therefore the nanowire resistivity. In order to take into account

also this aspect, we measured the electrical properties of the NW-FET covered by

a polymer layer (PMMA), thus not exposed to air. The I-V curve in figure 5.7c at

Vg=0 V indicates a resistance of 7.187±0.001 105 Ω, nearly one order of magnitude

less that the resistance measured in air. It should be noticed that this variation in the

nanowire resistance was found consistent with the variation observed in nanowires

measured in air and in vacuum, as discussed in section 5.4, thus excluding presence

of alternative process such as unintentional doping of the ZnO nanowire by the

polymer or parallel electrical conductivity of the PMMA layer (resistance of an

empty electrode gap with PMMA is on the order of GΩ). Accordingly, from the I-

Vg characteristic (figure 5.7d), the transconductance increased to 1.962±0.006 10−8

S and the Vt shifted sensibly to a larger negative voltage (-13.8±0.06 V). Using this

values in the eq.(5.1), we expect to reach a resistance of 3·105 Ω with Vg=20 V (we
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Figure 5.8.: Ablation of PMMA layer by Joule heating in ZnO nanowire FET device
a) I-V and I-Vg characteristics of a representative device before the
ablation. b) I-V sweeps from 0 V to -40 V with Vg=20 V were performed
to force a current through the nanowire and heat it up via Joule heating.
c) I-V and I-Vg characteristics after the ablation. d) SEM image of the
device at the end of the process. A clear sign of PMMA ablation is
visible.

assumed VD=0.2 V), resulting in a factor ∼20 in the conductivity improvement.

In this optimized conditions, we performed the Joule heating experiments on

several nanowire-FET devices covered by a PMMA layer with thickness of ∼200

nm in order to demonstrate the capabilities of this system to reach temperatures

on the order of 300-400 ◦C required to abate the polymer [279]. In figure 5.8a-d we

reported the entire set of measurements for a representative NW-FET before and

after the Joule heating process. From the measured I-V and I-Vg characteristics

of the device covered by PMMA we obtained a resistance of 1.8368±0.0003 105 Ω,

a transconductance dISD/dVg= 4.522±0.005 10−8 S and a threshold voltage Vt=-
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24.02±0.03 V. Using eq.(5.6) with the nanowire radius r=254 nm and length L=5.96

µm we obtained the electron mobility µ= 88 cm2/V · s and nanowire resistivity at

Vg=20 V of 4.52·10−3Ω·m. Following initial electrical characterization, three sweeps

from 0 up to -40 V applied to the source-drain electrodes with a constant back-gate

voltage of 20 V were performed as shown in figure 5.8b. The first sweep (black curve)

from 0 to -30 V was not effective in producing any important changing, however

a clear jump in resistivity was observed between the second and the third sweep

with the extended range 0/-40 V (red and blue curves respectively). Thereafter,

the new NW-FET resistivity, transconductance and threshold voltage calculated

from the I-V and I-Vg characteristics in figure 5.8c were 3.8·10−1Ω·m (at Vg=0),

3.21±0.03·10−8 S and +10.36 V respectively. In particular, we observed an increase

of the nanowire resistivity of almost two orders of magnitude and a large shift

towards positive voltages of the Vt. The variation in the electrical properties of the

device was associated with the PMMA ablation as demonstrated by the SEM image

in figure 5.8d. In fact, we observed a complete ablation of the PMMA from the

center and the side of the nanowire although a residual resist was found closer to

the metal contacts.

Figure 5.9.: Finite-element method simulation of a) the temperature distribution
generated by the Joule heating process. b) temperature profile inside
the nanowire channel between the two electrodes.

To further investigate the process, finite element method simulation using the

commercial software COMSOL Multiphysics 4.3 were undertaken in order to simu-

late the temperature distribution along the nanowire. The simulated system (figure

5.9a) comprises a cylindrical nanowire with diameter 504 nm and length 9.9 µm with

133



Chapter 5. Nanofabrication and electronic transport in ZnO nanowire field-effect devices

two rectangular electrodes separated by 5 µm gap placed on 300 nm of SiO2 substrate

and covered by PMMA. The nanowire resistivity was assumed to be 4.52·10−3Ω·m,

the contact resistance between the metal and the nanowire 10−11Ω·m2, the heat

capacities Cp for ZnO, SiO2 and PMMA were 40.3, 703 and 1466 J/kg·K and the

thermal conductivity k was 110, 1.38, 0.2 W/m·K respectively. Thereafter the so-

lution for the set of equations in the steady state



Ē = −∇V

J̄ = σĒ

∇ · J̄ = 0

∇ · (k∇T ) = −Q

(5.8)

withQ the heat flow generated by the joule heating process, were calculated in all the

simulated volume. Note that the effect of the back-gate on the channel conductivity

was considered in the resistivity value used for the channel conductivity therefore

not included in the simulation. The simulated current density with 40 V applied

between source and drain was found 1.4·109 A/m2, in agreement with the value

measured at -40 V in the real device (9.9·108 A/m2) thus supporting the validity of

the simulations. Figure 5.9a-b show the temperature distribution in the simulated

space volume and the temperature profile along the nanowire. Because of the contact

resistance is much lower than the nanowire resistivity, the temperature along the

nanowire reaches the maximum (320◦C) in the center of the nanowire, as shown in

the temperature profile in figure 5.9b. Accordingly, figure 5.8d shows a more effective

PMMA ablation in the center of the nanowire while residual resist were found in the

colder region near the electrodes. It is important to notice that, the resistivity value

measured after the joule heating process with Vg=0 V would allow to reach only

two degrees more than room temperature under comparable source-drain voltage

applied.

These results corroborate the effectiveness of using the FET architecture to greatly

improve the Joule heating capabilities of ZnO nanowire and provide an scheme of

work to explore a larger variety of semiconductor materials for micro and nano-

heaters.
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5.6. Nanowire-FET device for selective decoration of

single ZnO nanowire

The mask-selective droplet deposition method previously described allows to deco-

rate nanowires distributed on a large substrate with high yield. In nanowire-based

FET devices the nanowires are electrically contacted with at least two metal stripes,

therefore an electric field-driven assembly of metal nanorods directly on the nanowire

surface represents a valid alternative for selective deposition of nanorods on a target

nanowire.

This approach relies on the dielectrophoretic force (see Chapter 3) imposed by an

appropriate electric-field configuration that drives suspended nanorod in solution

towards the selected nanowire. In the three terminals FET device, the nanowire is

connected to the source and drain by metal pads and the Si(n++) layer separated

by 300 nm of SiO2 from the nanowire was used as back-gate electrode. We firstly

investigated the electric field in the simulated device by solving the appropriate

equations (see previous section) using a finite element method simulation software

(COMSOL Multiphysics 4.3). The simulated geometry consisted of a nanowire

with a diameter of 300 nm and length of 5 µm in contact with two metal pad

450 nm thick on a Si substrate cover by 300 nm of SiO2. Contact resistivity and

nanowire resistivity were assumed to be 10−11Ω·m2 and 4.52·10−3Ω·m respectively.

Two different configurations were investigated. In the first configuration the source

electrode was set at potential of 5.7 V while the drain electrode and the back-gate

were grounded. Similar conditions were previously used in Chapter 3 for assembling

Au nanorods in 1D arrays. Figure 5.10a shows the electric field intensity calculated

on a x-y plane at 150 nm from the SiO2 surface. An intense electric field with

magnitude of 107 V/m was found at the electrode border edges and at the nanowire

lateral sides due to the coupling with the back-gate.

At the contact point between the nanowire and the electrode the intensity dropped

to very low values due to the equipotential condition. However the voltage potential

dropped along the nanowire imposes a progressive reduction of the field intensity

towards the grounded electrode. The E-field intensity along y-z plane in the center

of the electrode gap is displayed in figure 5.10b. The dielectrophoretic force (directed
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Figure 5.10.: Finite element method simulation of the electric field intensity in prox-
imity to the ZnO nanowire FET device. Electric field magnitude was
computed on a x-y plane at 150 nm above the SiO2 surface and on
a y-z plane in the center of the electrode gap for a-b) configuration
with one electrode at 5.7 Vrms and the second electrode and the back-
gate grounded and c-d) the back-gate at 5.7 Vrms and both electrodes
grounded.

as the∇ |E|2) imposed by the electric field configuration induced a particle motion in

solution towards the upper and side nanowire walls, although the spatial variation of

the field magnitude along the nanowire would result in an inhomogeneous nanorod

accumulation. In figure 5.10c-d we compare the second configuration where the

back-gate was set at 5.7 V respect to the source and drain (grounded).

With these conditions the field intensity along the nanowire remained homoge-

neous (figure 5.10c) and the magnitude was enhanced by more than a factor 2 (figure

5.10c). Assembly experiments were undertaken by applying a sinusoidal AC voltage

using a function generator (HP8116A Hewlett Packard) with amplitude between

4.2 and 6.4 Vrms (12-18 Vpp) and frequency 1 MHz on a given electrode chip via

136



5.6. Nanowire-FET device for selective decoration of single ZnO nanowire

Figure 5.11.: SEM images of two representative ZnO nanowires decorated with Au
nanorod by electric field mediated method obtained by applying a si-
nusoidal signal of a) 1MHz and 6.4 Vrms (18 Vpp) and b) 1 MHz and
5.7 Vrms (16 Vpp) to the back-gate with the surce and drain electrodes
grounded

gold wire bonds on the Al contact pads. A 5 µl drop of aqueous nanorod solution

(CTAB concentration below mM) was placed on the chip surface in the presence

of an applied electric field for ca. 5 min. Following nanorod assembly, the field

was disconnected, the excess nanorod solution was flushed with water and the sub-

strate dried under stream of nitrogen. Figure 5.11a-b show two representative ZnO

nanowires contacted with one (5.11a) and two (5.11b) electrodes obtained by ap-

plying 6.4 Vrms and 5.7 Vrms respectively to the back-gate (both electrodes were

grounded). Metal nanorods were found on the nanowire body and at the electrode

edges as expected, with higher density for larger voltages applied. Because of the

electric field configuration arise from the coupling between the nanowire and the

substrate, also a single electrode contacting a nanowire permits the process to oc-

cur. Moreover, this configuration avoided electrical shorts between source and drain

that could prevent nanorod deposition as discussed in Chapter 3. Compared to the

mask-selective droplet deposition, this method afforded a selective nanorod deposi-

tion on a specific nanowire and a better control on the nanorod density deposited

by acting on the electric field intensity and frequency. However, a more complex

fabrication procedure limits the scalability of this decoration process.
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5.7. Conclusion

Electrical characterization of ZnO nanowires devices with Ti/Au and Ti/Al metal

contacts in air and high vacuum indicated that Al forms an Ohmic contact with the

ZnO and, after RTA treatment, a device resistance below 106 Ω in air was achieved.

These resistance values are very promising for ZnO nanowire-based devices compared

with the reported values in literature of the order of 108-109 Ω. Also, a detailed char-

acterization of the nanowire resistivity, contact resistivity, field-effect mobility and

electron density was provided. These data were used to model the Joule heating

process in the NW-FET device by FEM simulation, showing that by exploiting the

three-terminals configuration to increase by 1-2 folders the nanowire resistivity, tem-

perature larger than 300◦C can be reached in the center of the nanowire, otherwise

not achievable in the traditional two terminal configuration. Furthermore, using

a specific electric field configuration, only achievable in a NW-FET device, selec-

tive deposition of colloidal Au nanorods on a target nanowire was demonstrated.

The optimization of the nanofabrication process developed in this Chapter and the

investigation of the electronic properties of ZnO nanowires was a fundamental pre-

requisite for the development of the hybrid-FET devices discussed in Chapter 6.
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Chapter 6.

Au nanorod-ZnO nanowire hybrid

device

In this Chapter the photoconductivity behavior of ZnO nanowires under radiation

with energy above band-gap (λ=265 nm) and below band-gap (λ=650-850 nm) both in

air and high-vacuum conditions is presented. From time-resolved measurement under

UV radiation, I demonstrated that the photocarrier generation and recombination

response is the result of three processes characterized by different time-scale and

sensitive to the environment conditions. In the second part of the Chapter I present

a new class of near-infrared photodetectors comprising Au nanorods - ZnO nanowire

hybrid systems. Fabricated hybrid FET devices showed a large photoresponse under

radiation wavelengths between 650 nm and 850 nm, accompanied by an ultrafast

transient with a time scale of 250 ms, more than one order of magnitude faster than

the ZnO response under radiation above band-gap. A detailed investigation of the

hot-electron generation and injection processes is discussed to explain the improved

and extended performance of the hybrid device.1

6.1. Introduction

Plasmonic nanostructures have been extensively studied for their unique ability

to focus light into nanometer-scale volumes due to large localized electromagnetic
1This work was published as Hot-Electron Injection in Au Nanorod-ZnO Nanowire Hybrid Device

for Near-Infrared Photodetection, Pescaglini et al., Nano Lett., 14(11), 6202-6209, (2014)
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fields generated by surface plasmons [8]. Recently, potential applications have been

widened by the observation that plasmonic nanostructures can also directly convert

the collected light into electrical energy by generation of so called hot electrons,

whereby surface plasmons excited by incident radiation can decay non-radiatively

and generate an energetic electron instead of re-emitting a photon [280]. Such gen-

erated hot electrons usually relax to the ground state through electron-electron and

electron-phonon interactions. However, when a hot electron with sufficient momen-

tum is generated in a metallic nanostructure in direct contact with a semiconductor

where an interface potential is formed (Schottky barrier like in the broad sense),

the excited electron in the nanostructures might have sufficient energy to traverse

the barrier. This effect can result in generation of enhanced photocurrent while

exciting at photon energies below the band-gap of the semiconductor and confers

widened optoelectronic features to the resulting metal-semiconductor hybrid device.

The first evidence of hot electron generation and injection was reported by Zhao

et al. [281], who investigated the photoelectrochemical response of TiO2 film elec-

trodes containing Au and Ag nanoparticles. They observed an anodic photocurrent

peak at 560 nm, which they attributed to the surface plasmon resonance of metal

nanoparticles. More recently, Tian et al. demonstrated a maximum incident photon

to current conversion efficiency (IPCE) of almost 6% in Au nanoparticle sensitized

solid-state heterojunction solar cells in correspondence of the absorption spectrum

peak of the nanoparticles [282]. Enhanced photocatalytic activity mediated by sur-

face plasmons was also demonstrated in TiO2 nanotubes and nanospheres [283, 284].

The first example of hot electron generation for photodetection applications has been

proposed by Knight et al. who fabricated Au resonant antennas on a n-type sili-

con substrate electrically connected through a top transparent electrode of indium

tin oxide (ITO). The device generated photocurrent under radiation wavelengths

1250-1600 nm, displaying a maximum value in correspondence of the plasmonic res-

onance of the optical antenna [24]. The initial quantum efficiency of 0.01% was

subsequently increased by about one order of magnitude by embedding the plas-

monic structure within the semiconductor, thus creating a 3D Schottky barrier [285].

Overall, the field of plasmonic hot-electron generation in nanostructures is still at

its infancy. Therefore, alternative plasmonic/semiconductor material combinations
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together with alternative device geometries could be explored, potentially leading

to the generation of detectors with higher efficiencies and extended tunable wave-

length ranges [286]. For example, the transition from planar 3D architectures to 1D

architectures based on semiconductor nanowires has been shown to support faster

carrier collection [287] and to allow use of a wider range of semiconductor materials

[114]. Plasmonic-enhanced photocurrent and optical absorption were observed in Si

nanowires, induced by the enhanced electric field at the metal/semiconductor inter-

face [133, 134, 135]. Enhanced optical absorption was also observed in hybrid InAs

nanowires [136] and GaAs nanowires [137].

Among semiconductor nanowires, ZnO nanostructures have been extensively in-

vestigated for optoelectronic applications due to their large band-gap energy (3.3

eV) and ease and low cost of manufacturing [251, 256, 288, 289]. Several authors

have investigated metal nanostructure-ZnO nanowire hybrid systems. For example

band-edge emission photoluminescence and photocurrent enhancement, originating

from metal to ZnO electron transfer, were detected in ZnO nanowires coated with

metal nanoparticles [139, 128, 140]. However, plasmonic-mediated generation, in-

jection and collection of energetic electrons in semiconductor nanowire-based hybrid

devices for photodetection and photovoltaic applications remain a field vastly unex-

plored.

In this Chapter, I present intense near infrared photon-generated hot electrons in

individual ZnO nanowire FETs (Field Effect Transistor) decorated with Au nanorods.

The hybrid system displayed large photocurrents under irradiation between 650 nm

and 850 nm, accompanied by an ”ultrafast” response (for the system) with a time

scale of 250 ms, more than one order of magnitude faster than the response of bare

ZnO nanowires above band-gap radiation. Photoresponse arose by efficient hot-

electrons generation and injection at the metal-semiconductor interface. Thus, in

the proposed hybrid system Au nanorods acted as active elements, generating hot

electrons that were injected into the wide band-gap ZnO nanowire, which functioned

as a passive component for charge collection. A detailed investigation of the effect

played by the Au nanorods on the process showed that the density of nanorods

deposited on the nanowire affected photocurrent intensities and the height of the

Schottky barrier. Theoretical predictions and simulations supported the experimen-
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tal findings and showed that the selected nanorod anisotropic shape and size played

a pivotal role in the hot-electron generation and injection processes. To the best of

our knowledge this is the first report on hot-electron injection mediated by localized

surface plasmons in hybrid metal nanorod-semiconductor nanowire FET devices.

The presented work is extremely promising for further development of novel minia-

turized, tunable photodetectors and for highly efficient plasmonic energy conversion

devices.

6.2. Experimental section

ZnO nanostructures were grown by CVD using vapour-liquid-solid mechanism in

a high temperature tube furnace as reported elsewhere . Dimensional statistical

analysis on obtained nanowires, gave lengths between 1 µm to 10 µm with a mean

value of 5 µm and diameters between 40 nm and 500 nm.

Au nanorods were synthesized using a seed-mediated method described in section

2.2.2. The as prepared Au nanorod solution (1 ml) was centrifuged twice to remove

CTAB excess and re-dispersed in 1 ml of deionizied water, resistivity 18 MΩ·cm.

The final CTAB concentration was estimated to be 0.05 mM. Dimensional statistical

analysis of 100 nanorods gave a mean nanorod length and diameter of respectively

54 ± 3 nm and 22 ±3 nm (aspect ratio of 2.4 ± 0.4). Scanning electron microscopy

(SEM) characterization was performed using a Scanning Electron Microscope (JSM

7500F, JEOL UK) at operating voltages of 10 kV.

Photoconductivity measurements in high vacuum (3·10−6 bar) were performed in a

Wentworth micromanipulator 6200 probe station. Characterization of the photocur-

rent was carried out by applying 50 mV DC bias via E5270B parameter analyzer

by using the Setup 1 shown in figure 6.1b). The sample was investigated at room

temperature and illuminated using an UV portable lamp with wavelength at 365

nm and nominal power of 4 W. The estimated power on the sample surface was 0.8

W/cm2.

Photoconductive measurements in air were carried out by mounting the sample

on the home-made holder shown in figure 6.1a. Ten external pads of a T-shape PCB

were connected to BNC terminations with a common ground to allow the electrical
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Figure 6.1.: a) Picture of the home-made holder used for the photoconductivity mea-
surements in air. b) Schematic of the two setups used to perform the
measurements. The optical setup consists of a tunable laser in the range
600-900 nm. The laser beam was focused on the sample trough a beam
splitter, a mirror and a 100× objective. Two electrical setup were used
for the electrical measurements. Time-resolved measurement with ex-
position time of 200 s at variable back-gate voltages (time-resolution of
300 ms) were performed with setup 1. High resolution measurements
with time resolution of 15 ms were realized with the setup 2.

readout. Silver paste was used to fix the sample to the holder and gold wire bonds

connected the PCB pads to the device contacts and the backgate.

The sample was investigated at room temperature and illuminated using an UV

portable lamp at 265 nm and nominal power of 4 W (the estimated power on the

sample surface was 0.8 W/cm2) and a tunable supercontinuum source - a high-power

Fianium fiber laser with an integrated acusto-optical filter operating in a pulsed-

mode at 40 MHz with radiation wavelength tuning range of 600-1100 nm. The

tunable laser was focused to a 2 µm spot by using a 100× optical objective. A blue

diode was used to illuminate the sample in order to place the laser spot on top of

the device (see figure 6.1b).

Devices were kept in dark condition for at least a couple of hours until a steady

dark-current value was reached. In order to investigate the fast photocurrent tran-

sient, photocurrent measurements were performed by illuminating the device for 15

s and recording the drain current for 90 s. Wave-function generator (SRS-DS360)

was used to force a sinusoidal signal with amplitude 400 mV (frequency 19Hz) and
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the output signal was sent to a pre-amplifier (SRS-SR570) and the current measured

with a SRS-SR830 Lock-in amplified using an acquisition time of 15 ms and an in-

tegration time of 10 ms (see Setup 2 in figure 6.1b). Photocurrent measurements

under longer illumination time (200 s) and different gate voltages were performed by

three terminals configuration using HP-E5270B parameter analyzer with acquisition

time of ∼300 ms (6.1b).

6.3. Photoconductivity in ZnO nanowire

ZnO nanostructures have been extensively investigated for optoelectronic devices

due to the large bandgap energy (3.3 eV), ease of manufacturing and low costs.

Demonstration of functional devices such field effect transistors [258], UV photode-

tectors [257], UV light emitting diodes [290], nanolaser [251, 253] and gas sensors

[260, 264] have been successfully achieved in the last decade thus suggesting ZnO as

a potential low-cost alternative to GaN in optoelectronic applications. In particu-

lar, ZnO nanowire-based photodetectors have been shown capable of high sensitivity

with photoconductive gain as large as 108 [120]. This high sensitivity can be as-

cribed to two main factors : (i) the presence of deep-level surface trap states that

extend the photocarrier lifetime and (ii) the low dimensionality of nanowires that

shortens the carrier transit time thus resulting in an efficient charge collection before

recombination.

This section is dedicated to the investigation of the photoconductivity properties

of ZnO nanowire under UV and near-infrared radiation. We show the evidence of

three processes with well separated time-scales underlying the carrier generation and

recombination. In particular we demonstrate a response dominated by deep level

defects under both above and below bandgap excitation energies.

6.3.1. Photoresponse above-bandgap radiation

Representative photoresponse in air of a single ZnO nanowire irradiated by UV light

for 200 s is shown in figure 6.2a.

The dark current value of 3.3 nA increased to 460 nA after 200 s of illumination
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Figure 6.2.: Photoresponse of ZnO nanowire in air during exposition to UV light
(λ=265 nm) for a) 200 s and b)15 s. Red lines are the bi-exponential
growth and decay fitting to the corresponding data.

without reaching the saturation. When the light was switched off the dark current

values was recovered in more than one hour. The time-dependent photocurrent

growth (Iph) was fitted with the bi-exponential function [291]

Iph = Is + A1(1− exp(−t/τ1))− A2 exp(−t/τ2) (6.1)

where Is, A1, A2, τ1 and τ2 are fitting parameters. The experimental data were well

reproduced by the expression 6.1 and the following values for the parameters were

obtained : Is = 209 ± 1 nA , A1 = 306 ± 1 nA , A2 = 200 ± 1 nA , τ1 = 118 ± 2 s

and τ2 = 9.7± 0.1 s. The time constants τ1 and τ2 extracted from the fit reveled a

first component contributing to the photocurrent growth on the time scale of ∼10

s and a second component more than ten times slower acting on the time scale of

∼118 s. From the comparable magnitude of A1 and A2 we deduced that the two

components have the same importance during the process.

The photocurrent decay was found having a similar exponential behavior. The

data were fitted with the function

Iph = I∞ +B1 exp(−t/γ1) +B2 exp(−t/γ2) (6.2)

where the values I∞ = 33.4 ± 0.2 nA, B1 = 297.7 ± 0.4 nA, B2 = 124.8 ± 0.5 nA,

γ1 = 371±1 s and γ2 = 50.1±0.3 s represent the calculated set of fit parameters. The
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relaxation time constants for the fast and slow component were found considerably

longer than τ1 and τ2 previously calculated although having a comparable intensities.

The values found for τ1,τ2,γ1 and γ2 are in agreement with previous reports [291].

However, we noticed that the fast component is the weight-averaged result of a

superposition of two distinct components. In figure 6.2b we show a representative

I(t) obtained from a ZnO nanowire illuminated for 15 s with UV light and the related

fits. For the photocurrent growth we found Is = 4.7±0.5 nA , A1 = 116.6±0.4 nA ,

A2 = 18.4± 0.6 nA , τ1 = 10.9± 0.1 s and τ2 = 0.98± 0.06 s and for the photodecay

I∞ = 74.2 ± 0.2 nA, B1 = 15.6 ± 0.1 nA, B2 = 2.63 ± 0.05 nA, γ1 = 49 ± 1 s and

γ2 = 3.6± 0.1 s. Therefore we deduced that the photocarrier generation under UV

light was determined by at least three processes on different time-scales. A first

fast process on a time scale below 1 s, a second process with time constant around

10 s and a third slow process on time-scale of ∼100 s. We notice that although

the second and third process can be well resolved with our setup (acquisition time

∼300 ms) the fast process could be on the same scale or even much faster than the

resolution time used.

Figure 6.3a shows a representative photoresponse of a ZnO nanowire during 300 s

of exposition in vacuum. The photocurrent increased over time without reaching the

saturation within the exposition time. The time-dependent bi-exponential growth

parameters obtained from 6.1 were Is = 58± 1 nA, A1 = 0.7± 0.2 µA, A2 = 56± 1

nA, τ1 = 2432± 964 s and τ2 = 39.7± 0.7 s.

We noticed that the slow component dominates the photoresponse (A1 � A2) and

the related constant time τ2 increased by almost a factor 4 in magnitude compared to

the τ2 measured in air. The decay process showed even more pronounced increasing

in the time constants. The values obtained from the fit were I∞ = 16.7 ± 0.5 nA,

B1 = 18.5± 0.8 nA, B2 = 330± 29 nA, γ1 = 3908± 25 s and γ2 = 101154± 164 s.

In vacuum, the time constants related to the photocurrent relaxation were clearly

longer than in air and several hours were required before the initial dark-current

value was restored.

Evidence of three distinctive components in the photocurrent rise and decay were

not previously reported in literature. We tentatively attributed these contribution

to the free electron-hole pair generation and recombination, carrier trapping in the
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Figure 6.3.: a) Photoresponse of ZnO nanowire during exposition to UV light (365
nm) b) Photocurrent decay after exposition of 300 s. Red lines are the
bi-exponential growth and decay fitting to the corresponding data.

deep defect levels and adsorption/desorption of oxygen species on the ZnO surface

respectively.

The first process, free electron-hole pairs generation and recombination, is ex-

pected to occur on sub-nanoseconds time scale, as demonstrated by time-resolved

photoluminescence studies [292]. The coefficients A1, B1 for this process is one order

of magnitude smaller than the coefficients related to the other two processes thus

suggesting that only a small part of the generated electron-hole pairs contribute

directly to the detected photocurrent. Photocurrent relaxation in ZnO with time

constant on the order of hundreds ms or below is scarcely reported in literature.

Studenikin et al. attributed the photocurrent transient in the range of 100 ns to the

direct recombination of free electron-hole pairs [293] and Soci et al. found oxygen

desorption on time scale of 20 ns in high-quality crystalline ZnO NW [287]. Our

measurement cannot resolve such a fast processes due to a longer integration time

(15-300 ms), however the detected fast transient could be related to similar pro-

cesses. The second component is tentatively attributed to the carrier generation

and recombination mediated by deep trap levels. We notice that, using the mo-

bility value reported in section 5.4, the carrier transit time Tt = L2/µV (with L

the channel length, µ the mobility and V the applied bias) in ZnO nanowire was

calculated to be on the order of ns, comparable with the photoluminescence decay

time for deep levels [294]. Therefore both carriers generated by defects ionizations
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and free electron-hole pairs can undergo also multiple re-trapping before reaching

the metal electrodes. Finally we assigned the third process (∼100 s) to the adsorp-

tion/desorption of oxygen ions on the nanowire surface as suggested by the longer

time-constant found in the measurements realized in vacuum compared to air.

The second and third components in the photocurrent response of ZnO nanos-

tructures are well documented in literature. Dhara et al. reported a bi-exponential

growth behavior of vertical aligned ZnO nanowire with a fast photocurrent growth

characterized by a time constant in the range of 10-30 s followed by a slower growth

with time constant of the order of hundreds seconds [291]. Similar behavior was

found for the photocurrent decay. The first rapid component was attributed to the

photogeneration and recombination of electron-hole pairs and the slow process to

the adsorption and desorption of oxygen molecules. In particular, they proposed

the following mechanism underlying the photoresponse: in dark conditions oxy-

gen molecules are adsorbed on the nanowire surface and capture the free electrons,

thus creating a depletion layer and band bending near the surface. During illu-

mination with radiation energy larger than the bandgap, electron-hole pairs were

generated. Following the built-in radial potential, photogenerated holes migrate

towards the surface where they can recombine with adsorbed oxygen ions. Desorp-

tion and re-adsorption of oxygen species at the surface is a slower process respect

to the electron-hole generation in agreement with the different time constants ex-

perimentally observed. Accordingly, the high vacuum conditions strongly affected

the concentration of oxygen in the environment and compromised the photodesorp-

tion and adsorption of the O−2 /O2 species. Consequently, unpaired photogenerated

electrons required a longer time to be re-trapped compared to the time required in

air.

We noticed that the time-resolved photoluminescence studies on ZnO film re-

ported a near-bandgap excitation emission (3.26 eV) with decay time in the range

of hundreds of picoseconds that is much faster that the shortest time-scale pho-

toconductive process in ZnO nanowire [292]. This time discrepancy between the

generation-recombination of electron-hole pairs and photoconductivity response sug-

gests that the latter is not dominated by the photocarrier lifetime but by the relax-

ation dynamics in the surface states [295]. Reemts et al. proposed to explain the
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Figure 6.4.: a)Photoresponse of ZnO nanowire during 200 s exposition to light with
λ=650 nm b) Photoresponse of ZnO nanowire during 15 s exposition
to light with λ=650 nm and λ=850 nm. Red and black lines are the
bi-exponential growth and decay fitting to the corresponding data.

mechanism of slow photocurrent rise and decay observed in highly porous ZnO films

by assuming a finite probability for a lattice relaxation at the surface that traps

photoexcited electrons in a metastable state with longer lifetime [296]. This theory

was recently confirmed by theoretical calculation showing that the Zn-Zn distance

decrease in presence of V x
0 oxygen vacancies and increase in case of V ++

0 vacancies

[297].

6.3.2. Photoresponse below-bandgap radiation

Photoconductive behavior of a representative ZnO NW FET was investigated under

incident radiation with wavelengths at 650 nm and 850 nm (corresponding to photon

energy of 1.9 and 1.45 eV respectively) and intensity of ∼20 W/cm2 in air. A

photocurrent response at λ=650 nm was found in the ZnO NW FET device although

the excitation energy was below the ZnO band-gap energy (3.3 eV) (figure 6.4a).

Following 200 s exposition to laser radiation, the measured current increased from

864 pA to 913 pA although during the photodecay the same amount of time allowed

to recovered only the 30% of the total photocurrent (48 pA). From the bi-exponential

fit (red lines in figure 6.4a) we found for the photocurrent growth Is = 878.6 ± 0.3

pA , A1 = 48.1 ± 0.7 pA , A2 = 48 ± 2 pA , τ1 = 178 ± 7 s and τ2 = 8.5 ± 0.4

s and for the photodecay I∞ = 889 ± 3 pA, B1 = 11.9 ± 0.9 pA, B2 = 16 ±
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2 pA, γ1 = 24 ± 3 s and γ2 = 237 ± 99 s. The values obtained for τ1−2 and

γ1−2 are comparable to the values characterizing the ZnO photoconductivity under

UV radiation while the intensity of the related coefficients changed considerably.

The similarity in the time constants indicates the presence of identical processes

for photocurrent generation under above-bandgap and below-bandgap radiations.

However the variation in intensity between the photocurrent response under λ=265

nm and λ=650 nm can be attributed to the lower DOS of defects states in the range

of explore energies. This observations corroborate the dominant role of the deep

level defects in the photocarrier dynamics in ZnO nanowires.

To further characterized the short-time component we also performed high-speed

measurements with time resolution of 15 ms (figure 6.4b). During 15 s of illumination

the photocurrent increased progressively until a maximum value of 29 pA without

reaching saturation. When the light was switched off, the photocurrent decreased

by 60% within the next 55 s and the dark current value was completely restored

only after few minutes. From the bi-exponential fit (black line in figure 6.4b). We

individuated a fast component rising with time constant τ1= 0.33± 0.04 s and a

slow component with time constant τ2= 10.9 ±0.4 s. The relative importance of

these two distinctive processes is given by the coefficient A1 and A2. We found that

the coefficient A1 = 8.7±0.6 pA is one order of magnitude smaller than A2 = 67±1

pA that indicates the slow process is dominating the photoresponse. Similar values

were extracted from the decay process with I∞ = 3.940± 0.003 nA, B1 = 7.8± 0.7

pA, B2 = 33.9± 0.2 pA, γ1 = 0.47± 0.08 s and γ2 = 23.8± 0.5 s.

We also noticed that sub-bandgap photocurrent due to surface state excitation

has been shown having a maximum in correspondence of the green-yellow photo-

luminescence band pecked at 2.48 eV [298] and a negligible contribution at lower

energies. This is in agreement with our findings, as demonstrated by the absence of

photocurrent detected at λ=850 nm in ZnO NW FET device (figure 6.4b).

Photocurrent response under visible radiation and photoluminescence in the green-

yellow range of the spectrum in ZnO nanowires were also reported by different au-

thors and related to structural defects such as antisite oxide OZn, Zn vacancy VZn

and oxygen vacancy VO [299, 294].

Liao et al. have studied the surface effects on photoluminescence in single ZnO
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nanowires. At 10 K the visible emission was composed by blue- green peak centered

at 2.48 eV and a weaker yellow luminescence peak at 2 eV [298]. The yellow peak

remain stable with the increasing of the temperature whereas the green-blue peak

decrease in intensity and at 300 K only a weak blue peak at 2.75 eV was observed.

The authors attributed the visible emission to the three charge state of oxygen

vacancies : double ionized oxygen vacancy V ++
0 , singly ionized V +

0 and neutral

oxygen vacancy V x
0 . The V ++

0 introduce an energy level inside the ZnO bangap

around 2 eV below the conduction band and the V +
0 and V x

0 at 2.48 and 2.78 eV

from the valence band respectively. Therefore the yellow emission was attributed

to the recombination of V ++
0 with conduction band electrons and the green and

blue to the electron transition from V +
0 and V x

0 to the valence band respectively.

Moreover theoretical calculation [297] attributed the persistent photoconductivity

to the ionization of V x
0 to V ++

0 followed by lattice relaxation. The ionization of V x
0

to V +
0 and V +

0 to V ++
0 have theoretical excitation energy of 2.83 eV and 2.4 eV thus

are believed to be responsible for the observed photoconductivity under excitation

energy below bandgap. Bera et al. [299] found a photocurrent response also by

illuminating with energy radiation of 1.9 eV. They attributed the phenomenon to the

ionization of Zn vacancies (VZn) and oxygen desorption on the ZnO surface [299, 300].

Moazzami at al. compared the decay times for the sub-bandgap photoconductivity

and photoluminescence in ZnO epilayers. The broad peak centered at 2.35 eV (green

emission) was attributed to deep recombination centers near the valence band. From

time-resolved PL the near band recombination time constant was on the order of 100

ps whereas the decay time for deep levels was found around 20 ns, more than two

order of magnitude longer. However the photocurrent decay response in the visible

showed a longer decay time on the order of 80 min and was clearly reduce (also in

intensity) after surface passivation with SiO2 [294]. The photocurrent process under

visible illumination was explained as follow : electron-hole pair are generated upon

visible illumination by excitation of defects states (optical transition between defects

state and band edge), than holes can be captured by deep trap levels that may have

a long life time and after recombine with conduction band electrons. However a clear

attribution of the different sub-bandgap transition experimentally observed has not

been provided until date.
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Figure 6.5.: Schematic representation of the process used to decorate with Au
nanorods the ZnO nanowire FET device. a) Resist spinning and ex-
position to UV light b) resist removal and drop the colloidal solution c)
nanorod deposition on the substrate d) lift-off.

6.3.3. Decoration of ZnO nanowire FET devices with Au

nanorods

Au nanorod-ZnO NW hybrid FET devices (AuHbNW) were obtained by selective

deposition of colloidal Au nanorods on fabricated ZnO nanowire FET devices. The

process was adapted from the method presented in section 4.4 and schematically

described in figure 6.5a-d (see appendix A.2 for more details). Specifically, a resist

(S1813, 1.4 µm) layer was deposited on substrates containing ZnO nanowire FETs

by spin-coating. The resist was selectively etched by exposition to UV light followed

by resist development so that complete removal was achieved on the metal pads and

the nanowire top surface, while leaving a residual layer along the nanowire side and

on the substrate surface (figure 6.5a). Au nanorods were deposited on the entire

substrate surface by deposition of aqueous suspensions followed by evaporation at

110 ◦C (figure 6.5b-c). Finally, the residual resist layer was removed leaving Au

nanorods selectively deposited on the ZnO surface (figure 6.5d).

A representative SEM image of the ZnO nanowire FET device decorated with Au

nanorods is shown in figure 6.6a-b. A reproducible formation of hybrid devices with

randomly oriented nanorods was achieved with the proposed method. Removal

of resist in two different phases of the process allowed selective decoration of the

ZnO nanowire surface while preventing Au nanorod deposition in the area between
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Figure 6.6.: a) Scanning electron microscopy of a AuHbNW-FET devices and b)
details of the central part of the nanostructure showing the nanorods
distribution along the nanowire.

contacting electrodes. This avoided the generation of electrical shorts arising from

formation of nanorod networks in the area between the electrode gaps. Moreover, it

should be emphasize that this process allows to realized hybrid devices without any

limitation on materials and metal nanostructure size and geometry with high yield

and reproducibility thus providing a step forward respect to the present techniques

for fabrication hybrid FET devices and opening up to further advances in the field

of hybrid metal nanostructure-semiconductor nanowire based devices.

6.4. Photoconductivity spectroscopy on hybrid

devices

Photoconductive behavior of a representative hybrid device (AuHbNW FET) was

investigated under incident radiation with wavelength between 650 nm and 850

nm (corresponding to photon energy of 1.9-1.45 eV) and intensity of ∼20 W/cm2.

Figure 6.7a reports the photoconductive behavior of a representative AuHbNW FET

device. We clearly observed a strong enhancement in the response at 650 nm with

a maximum photocurrent of 0.6 nA after 15 s of exposition. Also, a sharp transient

was found in correspondence of the on/off state of the incident radiation with 70%

variation in photocurrent within 400 ms. Notably a photocurrent of 0.26 nA was
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Figure 6.7.: a) Photoresponse of AuHbNW FET device nanowire during exposition
to light with λ=650nm and λ=850nm. Black lines are the bi-exponential
growth and decay fitting to the corresponding data b) Photocurrent
measured in AuHbNW and ZnO NW FET device for wavelengths in
the range 650-850nm.

detected also for radiation with λ=850 nm. A comparison between the photocurrent

values in ZnO NW FET and in hybrid device at different wavelengths is shown in

figure 6.7b. In ZnO NW FET photocurrent detected with light at 650 nm was found

showing a rapid decrement at longer wavelengths down to no-detectable values after

∼750 nm. On the contrary, in the hybrid device the photocurrent was found orders

of magnitude larger and having a slower decrement that allows light detection even

outside the range explored.

To further characterized the devices response, we investigated the photogeneration

and photodecay time scale using a bi-exponential fit described by eq.6.1 and eq.6.2

(black line in figure 6.7a).

Two components in the phototransient with time constants τ1=6.3 ± 0.4 s and

τ2=0.238 ± 0.007 s and coefficients Is=19.55 ±0.02 nA, A1=0.61 ± 0.01 nA and

A2=247 ± 43 nA for the photoconductance rise and γ1=0.69 ± 0.01 s, γ2=16.5 ±

0.3 s, I∞=18.761 ± 0.002 nA, B1=10 ± 2 µA, B2=0.637 ± 0.002 nA, for the decay

were individuated in AuHbNW FET device. Most importantly, the coefficient A2

was three orders of magnitude larger than A1. Therefore the overall weight-average

time response in hybrid device τhyb=0.25 s was almost 40 times faster than ZnO NW

device (τZnO=9.7 s).
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Figure 6.8.: a) Photoresponse of AuHbNWFET device during exposition to UV light
(265 nm). Red lines are the bi-exponential growth and decay fitting to
the corresponding data.

Interestingly, under UV radiation, although a larger photocurrent observed, both

ZnO NW FET and AuHbNW FET devices showed a dominance of the slower process

(A1>A2) in the photoresponse. Figure 6.8 shows the measured I(t) and related fit.

Parameters values obtained were : Is=0.82 ± 0.2 nA, A1=12.41 ± 0.02 nA, A2=5.85

± 2 nA, τ1=10.01 ± 0.07 s and τ2=0.39 ± 0.02 s and I∞=6.53 ± 0.03 nA, B1=0.948

± 0.007 nA, B2=3.29 ± 0.02 nA, γ1=2.74 ± 0.05 s and γ2=43.3 ± 0.7 s.

For photon energy above bandgap, direct generation of free electron-hole on sub-

nanoseconds time scale is expected to be the main process in ZnO NWs. However

the longer response time in our devices indicates a UV photoresponse dominated by

electron-hole generation and recombination in defects trap states, as previously dis-

cussed in section 6.3.1-6.3.2. However the fast and enhanced response in AuHbNW

FET device under near-infrared radiation requires an alternative explanation inde-

pendent from the photocarrier dynamics in ZnO nanowire.

To quantitatively assets the photoresponce we investigated the power dependence

of the photocurrent in AuHbNW and ZnO NW FET device (figure 6.10b). Under

radiation with λ=650 nm we observed that at laser intensity of 0.6 W/cm2 the

photoresponse of the ZnO NW was barely detectable whereas the photocurrent in

AuHbNW FET was two order of magnitude larger. This extends the estimated

detection limit for AuHbNW FET in the range of mW/cm2. At higher power in-
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Figure 6.9.: Schematic representation of the hot-electron generation and injection
process at the nanorod-nanowire interface.

stead, ZnO NW FET saturated above 20 W/cm2 although no evidence of satura-

tion was observed in AuHbNW FET device within the explored laser intensities.

We also found a sub-linear dependence of photocurrent versus power following the

power law Iph ∼ Pα with α=0.51 ± 0.08 and 0.50 ± 0.02 for ZnO NW FET and

AuHbFET respectively. In AuHbNW the α value remained smaller than the unit

even at longer wavelength with α=0.55 ± 0.03 at λ=750 nm and α=0.39 ± 0.02

at λ=850 nm. The comparable α values found in the measured devices suggests to

attribute the observed behavior to the ZnO NW. Sub-linear dependence was pre-

viously reported in nanowires of different materials, including Si [301], ZnO [287],

GaN [295] and ascribed to the saturation of hole-traps at high radiation power and

consequent increasing of free electron-hole recombination leading to the saturation

of the photoresponse [285, 294].

6.5. Hot-electron generation in hybrid device

Following this analysis we explain the photoconductivity behavior observed in the

hybrid device in terms of plasmonic-mediated hot electron injection model. Figure

6.9 depicts schematically the process. Incident radiations excite localized surface

plasmons (LSP) in Au nanorods. After excitation, LSP can decay radiatively by

re-emitting a photon or non-radiatively by transferring energy to electrons thus cre-

ating a distribution of hot electrons above the Fermi energy of the metal. Electrons
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Figure 6.10.: a) Modulation of the photocurrent in ZnO NW and AuHbNW devices
with the applied gate voltage. Dotted lines are guides for the eyes. b)
Photocurrent intensity as a function of the number of nanorods in the
AuHbNW device. Red line represent the linear fit.

with energy above the Schottky barrier at the Au nanorod-ZnO nanowire interface

are directly injected in the conduction band of the ZnO whereas electrons with lower

energy have an exponentially decreased probability to be injected. The hot-electron

generation and injection process is estimated to take place on the order of subpi-

coseconds [302] thus contributing to enhance the fast component of photocurrent

growth in agreement with the experimental observations.

It should be noticed that although the presence of an organic ligand shell on

the Au nanorods and the Van der Waals bonds (or chemisorption chemical bonds)

formed at the ZnO surface do not form a conventional Au-ZnO Schottky contact,

the plasmonic-mediated hot-electron injection process previously described is still al-

lowed to occur, in what is by all means an interface (admittedly complex) chemically

bonded assembly. The excited hot-electrons in the Au nanorod have a probability

to be excited either above whatever barrier is formed or tunnel through it, as previ-

ously reported in a number of other ligand-stabilized nanoparticle assembly systems

[303, 304, 305, 306, 307], therefore not affecting the mechanism proposed but only

the efficiency of the injection rate. When hot-electrons pass the Au nanorod-ZnO

nanowire interface, the nanorod remains positively charged. At higher light inten-

sities an increasing number of hot electrons are generated but the restoring electric

field built up at the interface limits the injection rate resulting in a sub-linear pho-
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tocurrent increment with the illumination power. When the light is switched off,

Au nanorod captures excess of electrons in the conduction band of the ZnO leading

to a fast decreasing in conductance. To support this model we firstly investigate the

photocurrent generation process in ZnO NW FET and AuHbNW FET devices we

measured the photoresponse (radiation with energy 1.9 eV and intensity 20 W/cm2)

at different backgate voltages (figure 6.10a). Due to the n-type nature of our ZnO

NW, increasing of the electron density within the nanowire results from applying

positive back-gate voltages therefore reducing the depletion region near the surface.

In ZnO NW FET we observed a progressively decreasing of the photocurrent for

positive applied voltages. This behavior confirms that sub-bandgap photocurrent

is originated from surface defect states localized within the depletion region cre-

ated by negative oxygen ions adsorbed [308], Zn vacances [299] and oxygen vacances

[298, 297]. Surprisingly the photocurrent measured at different back-gate voltages in

the hybrid device was found having a clearly different behavior. The values reported

in figure 3b slightly decrease with changing the voltage from positive to negative

values although the overall trend is fair less dependent by the backgate voltage

compared to the behavior of the ZnO NW FET. This trend resembles the transfer

characteristic in ZnO NW (see section 5.4) therefore we attributed the variation in

photocurrent to the changes in the electron density in the conduction band due to

electrostatic effects. We also investigated the influence of nanorod density on the

device performance. Figure 6.10b reports the measured photocurrent at λ=650 nm

in three AuHbNW devices having increasing number of Au nanorods on the surface.

Number of nanorods were estimated by measuring the nanowire cross section area

covered by particles divided by the geometrical cross section of a nanorod. The mea-

sured values of photocurrent in the three AuHbNW devices well satisfy the linear

dependence respect to the number of particles, thus supporting the plasmonic origin

of the photocurrent.
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6.6. Hot-electron injection process at

nanorod-nanowire interface

In this section we investigate in more details the hot-electron generation and injec-

tion process in the Au nanorod-nanowire system. In a perfect metal-semiconductor

junction, the electron injection rate can be well approximated by the Fowler equation

[309]

Iph = I0 · (~ω − Φb)2 (6.3)

where ~ω is the energy of the incident radiation and Φb the barrier height at the in-

terface. Figure 6.11a show the measured photocurrent for different radiation energy

in three AuHbNW devices with increasing number of nanorods. Displayed data were

well fitted with eq.(6.3) and barrier height of 1.45 ± 0.03, 1.26 ± 0.05, and 0.56 ±

0.05 eV were obtained for the hybrid nanostructure with (i) lowest, (ii) medium and

(iii) highest number of nanorods respectively. In a bare ZnO nanowire, the surface

band bending was estimated to be between 1-1.7 eV above the Fermi energy depend-

ing on the surface passivation [310]. The Φb calculated for the hybrid structures (i)

and (ii) matches perfectly the expected range indicating that for this range of parti-

cle density the barrier at the interface is mainly determined by the properties of the

ZnO surface. However in the hybrid structure (iii), where the nanowire surface was

almost completely covered by nanorods, the Φb value (0.56 eV) was found close to

the expected barrier height at the Au-ZnO interface (0.65 eV) [311]. Therefore we

deduced that at low nanorod densities the nanorod-semiconductor interface main-

tains the original properties of the semiconductor surface while for the limiting case

of a nanowire fully covered by nanorods is determined by the difference in the work-

funtion between the materials involved. The value of the interface energy barrier Φb

plays a fundamental role in determining the rate of hot-electrons injection. There-

fore these results provide important indications for optimizing the device by reducing

the junction barrier Φb. Furthermore we investigated the role of nanorods-shaped

particles in the hot-carriers generation. Govorov et al. [311, 312, 313] calculated

the density of hot-carriers in metal nanocrystal using quantum linear response the-
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ory. Efficient relaxation of surface plasmons into one-electron excitations appeared

only in metal nanocrystals with dimension around 20 nm or below due to the non-

conservation of the momentum of electrons in confined systems. Due to the small

size of the nanorod used in this work (22×54 nm) we can compare the theoretical

prediction with the experimental results.

Figure 6.11.: a) Photocurrent dependence from the radiation intensity in AuHbNW
with number of particle of 191 ± 20 (low density), 402 ± 30 (medium
density), 1541 ± 50 (high density). Black line represent the linear
fit. b) Photocurrent intensity vs hot-electron density calculated from
eq.(6.4) and the relative linear fit (black line). FDTD simulation of
a Au nanorod 22×54 nm on ZnO nanowire separated by 2 µm gap
with light polarized along the z direction and incident along x of c)
absorption cross section and d) the enhanced electric field factor.

The hot-carrier density was found dependent from the radiation energy ~ω as

follow
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δν ∝ |β(ω)|2

ω4 (6.4)

with β(ω) the field-enhancement factor inside the metal nanostructure that for an

ellipsoidal nanorod can be approximated as [200]

β(ω) ≈ εm
3(εm + (εAu(ω)− εm)La)

(6.5)

with εm and εAu the dielectric constant of surrounding medium and gold respec-

tively and La the depolarizing factor along the main axis defined in eq.(3.4).

Photocurrent values measured in the three devices at different radiation energies

are plotted versus the hot-electron population δν calculated from eq.(6.4) in figure

6.11b. A linear dependence were obtained by using εm=1 and La as the only free pa-

rameter for the three samples, in excellent agreement with the theory. The extracted

values for La were 0.095 ± 0.005, 0.118 ± 0.008 and 0.28 ± 0.03 for the device (i),

(ii) and (iii) respectively. From the statistical length and diameter we calculated

using eq.3.4 a geometrical depolarizing factor (Lg) value of Lg = 0.13 ± 0.03. We

noticed that the La extracted from the device (i) and (ii) (low and medium nanorod

density) perfectly match the expected Lg within the error. The increasing value of

La with the nanorod density was attributed to the plasmonic near-field coupling

between nanorods. We showed in section 2.3.3 that plasmonc resonances of isolated

nanoparticles are heavily modified in closely spaced arrays. In particular for large

arrays a blue shift of the main resonance is observed and new resonances at longer

wavelength appear. The blue shift corresponds to a change in the aspect ratio of

the effective scattering unit towards a more isotropic shape thus leading to an in-

creasing of the La value. Figure 6.11c shows the calculated absorption cross section

for a nanorod 22×54 nm in close proximity (separation of 2 nm) with the ZnO NW

by finite-differential time domain simulations using Lumerical Solution software. A

plasmonic resonance related to the longitudinal surface mode was found peaked

around 650 nm. The number of hot carriers generated (i.e. the photocurrent) is

expected to follow the absorption profile of the nanoparticle [314], thus reaching the

maximum in proximity of the longitudinal surface plasmon and decrease at longer

wavelengths. This is in agreement with the experimental results obtained from hy-

161



Chapter 6. Au nanorod-ZnO nanowire hybrid device

brid device. We should notice that the cross section of closely spaced nanorods

can deviate from the curve showed in figure 6.11c due to inter-particle coupling. In

particular, a broadening of the resonance peak might occur, so that a contribution

at larger wavelengths are expected. Furthermore, FDTD simulations of the elec-

tric field enhancement occurring at the interface between closely spaced parallel Au

nanorod-ZnO nanowire showed formation of an intense enhanced electromagnetic

field in the area between adjacent structures (Figure 6.11d). It has been shown that

only electrons with momentum perpendicular to the metal-semiconductor interface

can be efficiently injected into the semiconductor [309]. This constitutes an impor-

tant limitation to the carrier injection when an electromagnetic radiation propagat-

ing perpendicular to the metal-semiconductor junction is used [285]. However the

localized enhance field at the interface generated by plasmons in nanorods allows to

overcome this limitation and facilitate electrons injection inside the semiconductor.

The quantum efficiency of the hybrid device, defined as the number of electron

collected per unit time divided by the number of absorbed photons was calculated

to be ∼3% at 650 nm, more than 30 times larger than the quantum efficiency in

planar photodetectors based on hot-electron injection mechanism [24]. We should

notice that this value was calculated by assuming an absorption coefficient equal to

one for the nanorods that overestimates the number of absorbed photons. Moreover

the device gain can also be increased by applying a bias voltage larger than the value

used in these experiments (400 mV). We ascribed the higher efficiency to the use of

reduced dimensions of the active metal nanostructure that provide a more efficient

generation of hot-carriers, the electric field enhancement at the nanorod-nanowire

interface that facilitate the electron injection and to the low dimensionality of the

semiconductor nanowire that provide an efficient path for the charge collection.

A number of improvements can also be done to increase the performance by opti-

mizing the single active elements, i.e. nanorods and nanowire, in this architecture.

Reducing the gap size between nanorod and nanowire by passivating the nanorod

surface with shorter molecules would reduce the barrier at the interface and a fur-

ther size reduction should result in a more efficient hot-electron generation. Different

semiconductor materials such as Si, GaN, GaAs, InP, InAs can be also used in place

of ZnO for lowering the Schottky barrier, increasing the carrier collection efficiency
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and also contribute directly to the photocurrent generation by direct optical transi-

tion.

6.7. Conclusions

In conclusion, I investigated the photoconductivity response of ZnO nanowire under

radiation energy above-bandgap (λ=365 nm) and below-bandgap (λ=650-850 nm).

Time-resolved measurements revealed three processes contributing to the photocur-

rent growth and decay. The first process characterized by a time-scale below 1 s

was attributed to the fast free electron-hole generation, a second process with time

constant of ∼10 s attributed to the carrier generation and recombination at deep

trap levels and a long process in ∼100 s related to the adsoprtion/desorption of

oxygen species on the ZnO surface.

I investigated the enhanced photoconductance of hybrid Au nanorods-ZnO nanowire

hybrid FET devices fabricated by a novel combined lithography/droplet deposition

method. Compared to the bare ZnO nanowire FET, hybrid devices showed more

than two orders of magnitude enhanced photoconductivity and 40 times faster re-

sponse for wavelengths in the range 650-850 nm. The improved performances were

explained on the basis of plasmon-mediated hot-electron injection of photocarriers.

The dependence of generated photocurrent from the metal nanostructure density

and shape was investigated in details. The overall efficiency of ∼3% was ascribed to

a combined effect of the use of small dimension anisotropic active metal nanostruc-

tures and low dimensionality semiconductor nanowires. The hybrid device presented

in this work opens new avenues for the designing of novel miniaturized tunable pho-

todetectors across the visible-near infrared region. Most importantly, the proposed

architecture allows to highly engineering the optoelectronic properties of the single

hybrid device by finely tuning the plasmonic resonances of Au nanorods and using

homogeneous or heterostructured semiconductor nanowire with optimized optical

and electrical properties. We believe that the miniaturized, tunable and integrated

capabilities offered by metal nanorod-semiconductor nanowire device architectures

presented in this work could have an important impact in many application fields

such as opto-electronic sensors, photodetectors and photovoltaic devices.
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Conclusion

7.1. Summary

The objective of this thesis work was to develop new methodologies for integrating

colloidal metal nanorods in semiconductor nanowire-based devices and to explore

the additional functionalities that such hybrid nanostructures can afford compared

to the bare nanowires.

In Chapter 2 the synthesis of Au nanorods of different sizes ranging between

14×42 nm up to 30×70 nm by a seed-mediated method was presented and discussed.

A systematic approach to purify the as-prepared solution of colloidal nanorods was

developed and used to prepare the samples investigated in Chapters 3, 4 and 6.

Optical properties of colloidal solutions and single nanorods on ITO substrates were

investigated experimentally by UV-Vis and dark-field spectroscopy, and theoretically

by FDTD and BEM simulations. A detailed analysis of the influence of the CTAB

layer surrounding the nanorod and the substrate on the plasmonic resonance was

carried out and compared to the experimental dark-field spectra. Moreover optical

properties of nanoparticles with different sizes, namely 14×42 nm, 22×54 nm and

30×70 nm were simulated and compared. Furthermore the influence of near field

coupling in arrays of closely spaced metal nanorod were elucidated.

In Chapter 3 I demonstrated controlled and reliable formation of 1D Au nanorod

architectures by electric field assisted deposition. The unexpected frequency depen-

dency of the deposition process was explained with the introduction of a theoretical

model based on the definition of Au nanorods as core-shell material entities. A novel

contour plot was derived from the theoretical model, which correlated obtained 1D

nanorod assemblies with specific sets of experimental parameters. Theoretical and

experimental investigation of the influence of the substrate on the electric field medi-
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ated assembly was also discussed. Electrical characterization showed that 1D archi-

tectures displayed tunneling behavior across the inter-nanorod gap with resistance

values of the order of GΩs. Denser nanorod networks displayed conductive behavior

with resistances of the order of MΩ and kΩ. The associated increased conductance

was ascribed to the higher number of percolation paths in denser networks. The con-

trolled fabrication of 1D architectures is relevant for microelectronic, optoelectronic

and molecular sensing applications. In particular, low density architectures with

tunneling behavior could find applications as molecular diodes, molecular memory

and logic devices.

In Chapter 4 Raman enhancement of the ZnO surface optical mode was demon-

strated in single hybrid nanostructures formed by Au nanorods deposited on ZnO

nanowires under excitation of longitudinal surface plasmon resonance of Au nanorods.

FDTD simulations were used to investigate the spatial distribution and intensity of

the enhanced electric field for different polarizations and to support the experimental

findings. Intentional tuning of the optical properties of deposited nanorods resulted

in shifting of the excitation wavelength at which the maximum of the Raman mode

enhancement was achieved. The probing of the structural vibrational properties of

single large-bandgap semiconductor nanowire through deposition of metal nanorods

opens the way for novel sensing and opto-electronic applications. Moreover, my

studies contribute to extend the capability of traditional Raman spectroscopy to

the characterization of semiconductor materials thus providing new insights to the

understanding of surface and interface properties of hybrid materials.

In Chapter 5 electrical characterization of ZnO nanowires devices with Ti/Au

and Ti/Al metal contacts in air and high vacuum was presented demonstrating that

Al forms a better Ohmic contact than Au with the ZnO and device resistance be-

low 106 Ω in air was achieved. These resistance values are very promising for ZnO

nanowire-based devices compared with the reported values in literature of the order

of 108-109 Ω. Also, a detailed characterization of the nanowire resistivity, contact

resistivity, field-effect mobility and electron density was provided. These data were

used to model the Joule heating process in the ZnO nanowire-FET device by FEM

simulation, showing that by exploiting the three-terminals configuration to increase

by 1-2 folders the nanowire resistivity, temperature larger than 300◦C can be reached
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in the center of the nanowire, otherwise not achievable in the traditional two ter-

minal configuration. Furthermore, using a specific electric field configuration, only

achievable in a nanowire-FET device, selective deposition of colloidal Au nanorods

on a target nanowire was demonstrated.

Finaly, in Chapter 6 we investigated the photoconductivity response of ZnO

nanowire under radiation energy above-bandgap (λ=365 nm) and below-bandgap

(λ=650-850 nm). Time-resolved measurements revealed three processes contribut-

ing to the photocurrent growth and decay. The first process characterized by a

time-scale below 1 s was attributed to the fast free electron-hole generation, a sec-

ond process with time constant of ∼10 s attributed to the carrier generation and

recombination at deep trap levels and a long process in ∼100 s related to the adso-

prtion/desorption of oxygen species on the ZnO surface. I investigated the enhanced

photoconductance of hybrid Au nanorods-ZnO nanowire hybrid FET devices fab-

ricated by a novel combined lithography/droplet deposition method. Compared to

the bare ZnO nanowire FET, hybrid devices showed more than two orders of mag-

nitude enhanced photoconductivity and 40 times faster response for wavelengths in

the range 650-850 nm. The improved performances were explained on the basis of

plasmon-mediated hot-electron injection of photocarriers. The dependence of gener-

ated photocurrent from the metal nanostructure density and shape was investigated

in details. The overall efficiency of ∼3% was ascribed to a combined effect of the use

of small dimension anisotropic active metal nanostructures and low dimensionality

semiconductor nanowires.

Overall, this thesis work presented a systematic and comprehensive investigation

of design, fabrication, modeling and characterization of Au nanorod-semiconductor

nanowire hybrid nanostructures. The presented results open new avenues for de-

signing novel miniaturized tunable devices across the visible-near infrared region.

Most importantly, the proposed architecture allows to highly engineering the opto-

electronic properties of the single hybrid device by finely tuning the plasmonic res-

onances of Au nanorods and using homogeneous or heterostructured semiconductor

nanowire with optimized optical and electrical properties. I believe that the minia-

turized, tunable and integrated capabilities offered by metal nanorod-semiconductor
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nanowire device architectures could have an important impact in many application

fields such as opto-electronic, sensors, photodetectors and photovoltaic devices.

7.2. Future work

The results presented in Chapters 2-6 afford a solid background for future develop-

ment towards hybrid devices for nanoelectronics and nanophotonics. The assembling

of 1D arrays of Au nanorods developed in Chapter 3 could be investigated as waveg-

uide for transporting electromagnetic energy below the the diffraction limit of the

light, that actually represent a fundamental limitation to scale-down optical devices

[315]. One dimensional arrays of metal nanostructures have been explored both

theoretically and experimentally for the guiding of radiation [316, 317]. Electro-

magnetic energy can be transported with propagation velocities of about 10% of

the speed of the light and also guided around 90◦ corners in closely spaced metal

nanoparticles via near-field coupling [132]. Compared to the present literature, 1D

architecture presented in this work would offer a substantial reducing in the waveg-

uide width below 10 nm and a reduction in losses due to a inter-nanorod gap in the

range of 2-10 nm that allows a more efficient near field coupling. Moreover, the same

assembly process could be exploited for facile formation of multiple junctions having

size comparable with molecular lengths, thus presenting interesting possibilities as

an ideal template for molecular electronics.

A number of exciting opportunities can be foreseen for hybrid Au nanorods-

semiconductor nanowire hybrid devices. Firstly, further optimization of the hybrid

nanostructures/nanodevices discussed in Chapter 4 and 6 could be addressed. The

nanorod-mediated Raman spectroscopy discussed in Chapter 4 would require ad-

ditional improvements devoted to minimize the influence of the organic surfactant

adsorbed on the nanoparticle surface. In particular, it would be interesting to ex-

plore alternative synthetic protocols to grow a dielectric shell with controlled sub-10

nm thickness substituting the CTAB layer. This implementation would drastically

reduce the background noise introduced by the molecules making more reliable the

study of the vibrational properties of single semiconductor nanowires and also giving

better insights into the processes involved in the Raman scattering enhancement.
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A number of improvements could be also proposed to increase the performances of

the hybrid photodetector presented in Chapter 6. For example, a reduction of the

nanorod-nanowire distance by passivation of the nanorod surface would reduce the

barrier at the interface and result in a more efficient hot-electron injection. Differ-

ent semiconductor materials such as Si, GaN, GaAs, InP, InAs could in principle be

used instead of ZnO to achieve a lower Schottky barrier, increasing carrier collection

efficiency and also contributing directly to photocurrent generation by direct optical

transition.

Secondly, exploring the versatility of the fabrication techniques developed to com-

bine the strength of plasmonic metal nanoparticles properties for enhancing light-

matter interaction or deliver a photon-to-electron energy conversion with the engi-

neered optical and electrical properties of homogeneous and heterostructured semi-

conductor nanowires. The large variety of possible combination give rise to a new

class of hybrid nanostructures with enhanced performance and widened capabilities.

For instance, the results discussed in Chapter 6 could be applied to design a pro-

totype of hybrid Au nanorods-semiconductor nanowire solar cell. Demonstration of

single p-i-n core-shell nanowire solar cells have been already presented in literature,

however the hybridization with metal nanorods could potentially boost the perfor-

mance via increasing the light absorption at specific wavelengths or by direct contri-

bution to charge generation. Similarly, a new scheme for optical pumped nanolaser

could be also explored mediated by localized surface plasmon that could lower the

threshold pump intensity for lasering to occur and open up to light up-conversion

mechanism via plasmonic-mediated electron-hole injection. Finally, additional re-

search directions could be gas and biological sensing, where the high sensitivity of

semiconductor nanowire due to the high surface-to-volume ratio could be combined

with catalytic effect induced by metal nanoparticles or specific functionalization of

gold nanorods for selective detection of biological species.
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Appendix A.

Fabrication protocols

A.1.
Mask-selective droplet deposition method : Process A
• Surface cleaning:

– 2′ Acetone
– 2′ Isopropanol

• Dry deposition of nanowires :
– Mechanical deposition of nanowires
– 2′ Acetone (flushing with a syringe)
– 2′ Isopropanol (flushing with a syringe)

• Resist deposition:

– Bake 2′ at 130◦C
– HMDS (10” at 500 rpm + 1′ at 4000 rpm)
– Spin S1813 (10” at 500 rpm + 1′ at 3000 rpm)
– HMDS (10” at 500 rpm + 1′ at 4000 rpm)
– Spin S1813 (10” at 500 rpm + 1′ at 4000 rpm)
– Bake 2′ at 120◦C (temperature sharp and constant over 2 min)

• Resist etching by O2 plasma RIE at 50 sccm, 45 mTorr, 100 W until the resist
thickness is below the nanowire diameter

• Bake at 110◦C

• Drop of the nanorod solutions on the substrate (drops of 2 µl each)

• Sample cleaning :
– 15′ 1165 (at room temperature and flushing 5 times with a pipette)
– 15′ Acetone
– 15′ Isopropanol
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A.2.
Mask-selective droplet deposition method : Process B
• Surface cleaning:

– 2′ Acetone
– 2′ Isopropanol

• Dry deposition of nanowires :
– Mechanical deposition of nanowires
– 2′ Acetone (flushing with a syringe)
– 2′ Isopropanol (flushing with a syringe)

• Resist deposition:

– Bake 2′ at 130◦C
– HMDS (10” at 500 rpm + 1′ at 4000 rpm)
– Spin S1813 (10” at 500 rpm + 1′ at 3000 rpm)
– HMDS (10” at 500 rpm + 1′ at 4000 rpm)
– Spin S1813 (10” at 500 rpm + 1′ at 4000 rpm)
– Bake 2′ at 110◦C (temperature sharp and constant over 2 min)

• Exposition to UV light for 5 s

• Development in MF319 for 8 s (moving the sample slowly during the immer-
sion)

• Exposition to UV light for 3 s

• Development in MF319 for 5 s (moving the sample slowly during the immer-
sion)
Note : the development time can be slightly adjusted to reach the target
thickness. However with these values a thickness of 100-200 nm is obtained
with good reproducibility

• Drop of the nanorod solutions on the substrate (drops of 2 µl each)

• Sample cleaning :
– 15′ 1165 (at room temperature and flushing 5 times with a pipette)
– 15′ Acetone
– 15′ Isopropanol
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A.3. Fabrication of metal pads by optical lithography

A.3.
Fabrication of metal pads by optical lithography
• Surface cleaning:

– 2′ Acetone
– 2′ Isopropanol

• Dry deposition of nanowires :
– Mechanical deposition of nanowires
– 2′ Acetone (flushing with a syringe)
– 2′ Isopropanol (flushing with a syringe)
– 2′ bake at 125 ◦C

• Spin HMDS:
– 10” a 500 rpm
– 1′ a 4000 rpm

• Spin resist LOR 3A:
– 10” a 500 rpm
– 1′ a 4000 rpm

• Bake 5′ at 170 ◦C

• Spin HMDS:
– 10” a 500 rpm
– 1′ a 4000 rpm

• Spin resist S1805
– 10” a 500 rpm
– 1′ a 4000 rpm

• Bake 2′ at 115 ◦C

• Clean sample border (to improve mask contact)

• 4” exposition to UV light

• 25” development in MF319, stop in H2O

• Bake 5′ at 120 ◦C

• 20” Under-etch in MF319, stop in H2O

• Metal evaporation by e-beam evaporator :
– 10 nm Ti
– 200 nm Al
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• Lift-off :
– 10′ in 1165 at 40◦C
– Flushing with a syringe in 1165
– Rise in Acetone
– Rise in Isopropanolo
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Publications
• Dielectrophoretic Self-Assembly of Au Nanorods for Sensing Ap-
plications Andrea Pescaglini, Umberto Emanuele, Alan O’Riordan, Daniela
Iacopino Journal of Physics:Conference Series, 307, 012051, (2011)

• Synthesis, Optical Properties and Self-Assembly of Gold Nanrods
Alfonso Martin, Carola Schopf, Andrea Pescaglini, Alan O’Riordan, Daniela
Iacopino, Journal of Experimental Nanoscience, 7(6), 688-702, (2012)

• Gold Nanowire Electrode Arrays: Investigations of Non-Faradaic
Behavior Karen Dawson, Amelie Wahl, Andrea Pescaglini,Daniela Iacopino,
Alan O’Riordan, Journal of The Electrochemical Society, 161(2), B3049-
B3054, (2014)

• Surface-Enhanced Raman Scattering of 4-Amminobenzenethiol on
Au Nanorod Ordered Arrays Alfonso Martin, Andrea Pescaglini, Carola
Schopf, Vittorio Scardacci, Richard Coull, Lorraine Byrne, Daniela Iacopino
The Journal of Physical Chemistry C, 118(24),13260-13267 (2014)

• Au nanorod plasmonic superstructures obtained by a combined droplet
evaporation and stamping method Carola Schopf,Alfonso Martin,Micheal
Burke, Daniel Jones, Andrea Pescaglini, Alan O’Riordan, Aidan J. Quinn and
Daniela Iacopino Journal of Material Chemistry C, 2, 3536-3541, (2014)

• Facile formation of ordered vertical arrays by droplet evaporation
of Au nanorod organic solutions Alfonso Martin,Carola Schopf, Andrea
Pescaglini, Jin Jin Wang and Daniela Iacopino Langmuir, 30(34), 10206-
10212, (2014)

• Controlled Assembly of Au Nanorods into 1D Architectures by Elec-
tric Field-Assisted Deposition Andrea Pescaglini, Alan O’Riordan, Aidan
Quinn and Daniela Iacopino Journal of Material Chemistry C, 2, 6810-6816,
(2014)

• Hot-Electron Injection in Au Nanorod-ZnO Nanowire Hybrid De-
vice for Near-Infrared Photodetection Andrea Pescaglini, Alfonso Mar-
tin, Davide Cammi, Gediminas Juska, Carsten Ronning, Emanuele Pelucchi
and Daniela Iacopino Nano Letters, 14(11), 6202-6209, (2014)
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• Enhancing raman Scattering of single ZnO nanowire by Rod-shaped
Au Nanoparticles Andrea Pescaglini, Eleonora Secco, Alfonso Martin, Da-
vide Cammi, Carsten Ronning, Andres Cantarero, Nuria Garro and Daniela
Iacopino, in preparation

Conferences/workshops
• IOP Conference Sensors & their Application XVI,Cork, September 2011

• ICONO-ICOPE 2011, Dublin, September 2011

• Nanowiring Workshop, Cambridge (UK), 2-6 October 2011

• Postgraduate symposium on nanotechnology, University of Birmingham (UK),
December 2011

• Nanowiring Workshop, Turin (IT), 7-9 May 2012

• Nanowiring Mid-term Review, Valencia (Sp), 20-23 July 2012

• ICON 2013, Annecy (FR), September 2013

• Advance school in semiconductor nanowires, Alghero (IT), 7-15 October 2013

Secondments
• InP nanowire growth by metallorganic vapour-phase epitaxy

TU/e, Eindhoven, Netherlands, 27/02/2012-03/03/2012

• Raman Spectroscopy on nanorods-decorated ZnO nanowire hybrid nanostruc-
tures
University of Valencia, Valencia, Spain, 20/07/2012-04/08/2012

• Raman Spectroscopy on nanorods-decorated ZnO nanowire hybrid nanostruc-
tures
University of Valencia, Valencia, Spain, 26/11/2012-06/12/2012

• Optical and electrical characterization of InP nanowire heterostructures
TUe, Delft, The Netherland, 21/10/2012-31/11/2012

Poster
• Nanorods-decorated nanowire superstructures for optoelectronics
and sensing
Andrea Pescaglini, Aidan Quinn, Daniela Iacopino
Tyndall Postgraduate Poster Competition, July 2012
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• Electric Field Assisted Alignment of Au Nanorods on Nanoscale
Devices
Andrea Pescaglini, Alan O’Riordan, Daniela Iacopino
Tyndall Postgraduate Poster Competition, July 2011

• Dark field optical microscopy of single nanoparticles and ordered
nanoparticle arrays Carola Schopf, Andrea Pescaglini, Alan O’Riordan,
Daniela Iacopino, IOP Conference Sensors & their Application XVI, Cork,
September 2011

• Dark field optical microscopy of single nanoparticles and ordered
nanoparticle arrays Carola Schopf, Andrea Pescaglini, Alan O’Riordan,
Daniela Iacopino ICONO-ICOPE 2011, Dublin, September 2011

• Tunable Raman Scattering in Au Nanorods Decorated ZnO Nanowires
Hybrid StructuresAndrea Pescaglini, Eleonora Secco, Davide Cammi, Carsten
Ronning, Nuria Garro , Daniela Iacopino ICON 2013, Annecy, September
2013

• Tunable Raman Scattering in Au Nanorods Decorated ZnO Nanowires
Hybrid StructuresAndrea Pescaglini, Eleonora Secco, Davide Cammi, Carsten
Ronning, Nuria Garro , Daniela Iacopino Advance school in semiconductor
nanowires, Alghero, September 2013

Talk
• Synthesis and Self-Assembly of Gold Nanorods
A. Pescaglini, A. Martin, A. O’Riordan, D. Iacopino
Postgraduate symposium on nanotechnology, University of Birmingham (UK),
December 2011
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