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Chapter

Metal Oxide Nanowires as
Building Blocks for Optoelectronic
Devices

Andpreea Costas, Nicoleta Preda, Camelia Florica
and Ionut Enculescu

Abstract

Metal oxide nanowires have become the new building blocks for the next
generation optoelectronic devices due to their specific features such as quantum
confinement and high aspect ratio. Thus, they can be integrated as active compo-
nents in diodes, field effect transistors, photodetectors, sensors, solar cells and so
on. ZnO, a n-type semiconductor with a direct wide band gap (3.3 eV) and CuO, a
p-type semiconductor with a narrow band gap (1.2-1.5 eV), are two metal oxides
which were recently in the spotlight of the researchers for applications in the
optoelectronic devices area. Therefore, in this chapter we focused on ZnO and CuO
nanowires, the metal oxides nanowire arrays being prepared by straightforward wet
and dry methods. Further, in order to emphasize their intrinsic transport properties,
lithographic and thin films deposition techniques were used to integrate single ZnO
and CuO nanowires into diodes and field effect transistors.

Keywords: metal oxide nanowire arrays, single ZnO and CuO nanowires,
lithographic techniques, diodes, field effect transistors

1. Introduction

Over the last decades, metal oxide nanowires, one dimensional nanostruc-
tures characterized by a high aspect ratio [1], have gained a special interest owed
among others to their large specific area given by the size effects. This feature
is responsible for their high sensitivity that is very important in a wide range of
applications in optoelectronics [2], electrochemical sensors [3], spintronics [4],
photocatalysis [5], noninvasive medical diagnosis [6], drug delivery [7], etc.
Thus, due to their high sensitivity, metal oxide nanowires can detect even a single
molecule, or even mechanical, optical or electrical signals [8-10]. For example,
the size of biological molecules, such as proteins and nucleic acids, is comparable
to the size of nanostructures, therefore any interaction between these molecules
should induce major changes in the properties of the nanowires. Consequently,
the metal oxide nanowires can be regarded as the perfect candidates for integra-
tion as single components in diodes [11], field effect transistors [12, 13], advanced
biosensors [14], photodetectors [15], light emitting diodes [16], solar cells [17],
magnetoresistive sensors [18], etc.
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The preparation methods represent the key factor in order to obtain metal oxide
nanowires with tunable dimensions and tailored physico-chemical properties. To
date, many preparation approaches were used for preparing arrays of metal oxide
nanowires, such as template electrodeposition [19], electroless deposition [20],
sol-gel [21], chemical bath deposition [22], hydrothermal growth [23], pulsed laser
deposition [24], chemical vapor deposition [25], atomic layer deposition [26], litho-
graphic techniques [27], etc. Among them, chemical synthesis carried out in water as
areaction medium is a simple wet preparation route, easy to process and suitable for
large-scale synthesis of metal oxide powders consisting in micro- and nano-structures
with different morphologies featured by a good crystallinity [13, 28, 29]. Another
preparation method, thermal oxidation in air is a relatively facile dry, low-cost, non-
hazardous and high throughput approach that can be used at a large-scale to obtain
metal oxides nanostructures of a high purity and crystallinity [13]. Using thermal
oxidation in air to obtain arrays of metal oxide nanowires, the nanowires length,
diameter and density can be easily controlled by modifying the parameters involved
in the thermal oxidation in air process, such as: the heating rate, the annealing
temperature and the time of the treatment [30].

Zinc oxide (ZnO) is an interesting eco-friendly and versatile metal oxide, suit-
able for many applications due to its remarkable physico-chemical properties.

Being an n-type semiconductor with a direct band gap (3.37 eV), with an excitonic
binding energy of 60 meV, it can be easily integrated in optoelectronic devices such
as photodetectors [15], light emitting diodes [31], solar cells [32]. Additionally, its
flexibility in terms of nanostructure morphology (nanowires, nanotubes, nanofibers,
nanorods, nanoneedles, hexagonal nanoprisms, nanoflowers, rings, etc.) [33, 34]
offers another important advantage for applications in sensors [35], photocatalysis
[36], as well as in surfaces with self-cleaning properties [37].

Copper oxide (CuO) is a p-type semiconductor easy to prepare, with a high
stability, having an indirect narrow band gap (1.2-1.8 eV). This metal oxide can be
implemented in various applications such as: solar cells [38], field effect transistor
[11], gas sensors [39], photocatalysis [40], water purification [41], etc. Being also an
antiferromagnetic material below 220 K with a local magnetic moment of about 0.6
g, CuO was also investigated for application in magnetic storage units [42].

In this chapter, we present our research regarding the preparation and complex
characterization of metal oxide nanowire arrays by wet (chemical synthesis in
aqueous solution) and dry (thermal oxidation in air) approaches. In addition, elec-
tronic devices based on single metal oxide nanowires were developed and analyzed
in terms of electrical characterization. Further, lithographic techniques such as
photolithography, electron beam lithography and focused ion beam induced depo-
sition, combined with radio-frequency magnetron sputtering and thermal vacuum
evaporation were used for fabricating electronic devices like diodes and field effect
transistors based on single metal oxide (ZnO or CuO) nanowires. In addition, the
electrical properties of the electronic devices based on single metal oxide nanowires
prepared by wet and dry methods were analyzed and discussed.

2. Lithographic techniques

Lithographic techniques are mainly used in modern semiconductor manu-
facturing industry, in micro- and nano-fabrication to pattern thin films with
specific geometries integrated into electronic devices. Lithographic techniques are
subsequently divided according to the targeted application into: photolithography,
electron beam lithography, focused ion beam induced deposition, extreme UV
lithography, nanoimprint lithography, colloidal lithography, soft lithography, and
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many others. In the following, the techniques involved in the fabrication of our
electronic devices based on single metal oxide nanowires are briefly described.

2.1 Photolithography

Photolithography is a conventional lithographic process in which specific
geometric shapes drawn on a photomask are transferred to the desired substrate
by means of light in the UV range, using a lamp that emits UV light of a certain
wavelength and a polymer that has a photoactive component sensitive to the UV
light named photoresist. In this case, the resolution is limited by the wavelength
used and by the type of the aligner. In our case, the photolithography was involved
in the fabrication of Ti/Au metallic interdigitated electrodes onto Si/SiO, wafers.
The main steps of the process being: cleaning of the Si/SiO, wafers, deposition of
the primer and the photoresist by centrifugation, baking of the deposited layer, the
mask alignment, the UV exposure, baking after UV irradiation, the UV exposure
through clear mask, the development process and the deposition of Ti and Au
thin films using radio-frequency (RF) magnetron sputtering and thermal vacuum
evaporation, respectively.

2.2 Electron beam lithography

Electron beam lithography (EBL) is a lithographic technique that uses a high-
voltage accelerated electron beam to directly pattern a substrate without the need of
a mask. In this process, the electron beam irradiates a thin layer of electron-sensitive
polymer which was previously deposited on the substrate. During the exposure, the
polymer (electron beam resist) bonds break and thus after the lift-off process, the
appropriate geometric configuration is obtained. This technique has a high resolu-
tion, that can be used in nanoscale electronics, optoelectronics and photonics. In
our case, in order to contact single nanowires using EBL, the first step is to transfer
the nanowires between the metallic interdigitated electrodes. Further, a layer of
electron beam resist —polymethyl methacrylate (PMMA) is deposited on the sample.
Then, the desired contacts are designed into a CAD program and exposed with the
electron beam. After the development process, the Ti and Au or Pt thin films are
deposited by RF magnetron sputtering and thermal vacuum evaporation, respec-
tively. Finally, the lift-off process removes the excess metal and the Ti/Au contacts
are obtained.

2.3 Focused ion beam induced deposition

Focused ion beam induced deposition (FIBID) is a lithographic technique that
uses a highly focused ion beam of gallium ions (Ga"), a gas injection system and an
organometallic precursor gas to deposit a metallic thin film without the need of a
mask onto a substrate. In our case, similar to the EBL lithographic process, to contact
single metal oxide nanowires by FIBID, the first step is to place the nanowires
between the metallic interdigitated electrodes. Afterwards, the future Pt contacts
are designed into a CAD program. During the deposition of the Pt contacts, an
injector needle is placed very near to the substrate and upon the interaction between
the organometallic compound with the ion beam, the precursor molecules are
decomposed into a platinum layer and a volatile organic compound exhausted into
the vacuum system. FIBID deposition is limited by the organometallic precursor
gas and by the delivery rate of the gas. The deposition of a Pt contact by FIBID leads
to the deposition of a carbon amorphous matrix that incorporates Pt nanoparticles
implanted with Ga" ions.
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3. Metal oxide nanowires: Influence of the preparation method type
(wet or dry) on their structural, morphological and optical properties

Arrays of metal oxides (ZnO and CuO) nanowires were prepared involving two
simple cost-effective wet and dry approaches: chemical synthesis in aqueous solution
and thermal oxidation in air.

3.1 CuO nanowires

CuO nanowire arrays obtained by a wet method were chemically synthesized in
aqueous solution based on the procedure described in Ref.s [43]. Thus, 0.0045 mol
NH4OH in 30 ml aqueous solution and 0.007 mol NaOH in 6 ml aqueous solution
were added, under vigorous stirring, in a glass beaker with 100 ml aqueous solution
containing 0.004 mol CuSO,. The beaker was covered and stored for 7 days without
stirring at ambient temperature. The precipitate was collected through centrifuga-
tion, washed several times with water and dried at room temperature.

Figure 1(a) illustrates a SEM image of the CuO nanowires chemically synthe-
sized in aqueous solution, indicating that these nanowires have a cylindrical shape,
lengths up to 2 pm and diameters of about 40 nm. The XRD pattern of the prepared
CuO nanowires (Figure 1(b)) evidences peaks corresponding to the Miller indexes
of the reflecting planes for CuO in a monoclinic phase (JCPDS reference code
00-048-1548). Based on the reflectance spectrum of the obtained CuO nanowires
(Figure 1(c)), the band gap value was estimated as being around 1.6 eV, in agree-
ment with previously reported data for CuO nanowires [44].

Arrays of CuO nanowire were prepared also by a dry method, using thermal
oxidation in air according to the procedure given in Ref.s [11, 30]. Briefly, metallic
substrates consisting in 2 cm” copper foils were cleaned in ultrasonic bath with
acetone and isopropyl alcohol and then annealed in air for 24 h at 400°C, 500°C and
600°C in a convection oven.

The SEM images in cross-sectional view of the annealed Cu foils
(Figure 2(a), (c), (e)) revealed that there are three distinct regions with different
morphologies from the bottom up: the Cu foil, a Cu,0 thin film and the CuO
nanowire arrays. Moreover, the SEM images in plan-view of the CuO nanowire
arrays (Figure 2(b), (d), (f)) prepared by thermal oxidation in air at different
temperatures disclose that the increase of the annealing temperature favors a higher
density and a larger diameter of the CuO nanowires. Thus, the diameters and
lengths of the CuO nanowires can be tuned as a function of the applied annealing
temperatures. At 400°C, there is a low density of nanowires with diameters of
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Figure 1.
(a) SEM image, (b) XRD pattern and (c) veflectance spectrum of the CuO nanowire arvays obtained by
chemical synthesis in aqueous solution.
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Figure 2.
SEM images of the CuO nanowire arrays prepared by thermal oxidation in air at (a), (b) 400°C,
(c), (d) 500°C and (e), (f) 600°C.

about 40 nm and lengths up to 1 pm. At 500°C, there is a high density of nanowires
with diameters of about 60 nm and lengths up to 30 pm. Also, at 600°C, thereisa
much higher density of nanowires with diameters of about 100 nm and lengths up
to 30 pm.

The structural properties of the Cu foils thermally oxidized in air at different
temperatures consisting in the XRD patterns (Figure 3(a), (c), (e)) evidence the
presence of diffraction peaks assigned to the Miller indexes of the reflecting planes
for three crystalline phases: Cu in face-centered-cubic phase (JCPDS reference
code 00-004-0836), Cu,0 in cubic phase (JCPDS reference code 01-071-3645) and
CuO in monoclinic phase (JCPDS reference code 00-048-1548). These results are
in accordance with the data obtained for the CuO nanowire arrays in the cross-
sectional SEM images (Figure 2(a), (c), (e)) in which there were clearly observed
three distinct areas with different morphologies.

The band gap values for the CuO nanowire arrays obtained by thermal oxida-
tion in air at various temperatures were assessed based on the reflectance spectra
(Figure 3(b), (d), (f)) asbeing around 1.6 eV, in agreement with data previously
reported in the literature for CuO nanowires [44].
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(a), (c), (e) XRD patterns and (b), (d), (f) reflectance spectra of the CuO nanowire arrays prepared by
thermal oxidation in air at (a), (b) 400°C, (c), (d) 500°C and (e), (f) 600°C.

3.2 ZnO nanowires

ZnO nanowire arrays were chemically synthesized in aqueous solution based
on the procedures described in Ref.s [13, 28, 29]. Thus, a glass beaker with 300 ml
aqueous solution containing 0.1 mmol Zn(NO;), and 0.1 mmol (CH,)¢N, was
covered and placed in a hot air oven, preheated at 90°C. After 5 h, the substrates,
Si/SiO, pieces coated with a thin Ti/Au layer, were dipped and kept in the aqueous
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solution for 2 days. The Ti layer behaves as an adhesion promoter for the Au layer,
which acts as a nucleation layer assisting the growth of ZnO nanowires.

The morphological properties of the ZnO nanowire chemically synthesized in
aqueous solution are presented in Figure 4(a), the SEM image revealing that the
nanowires have a cylindrical shape with lengths up to 10 pm and very thin diameters
of about 20 nm. The XRD pattern of the ZnO nanowires obtained by a wet method
(Figure 4(b)) evidences peaks corresponding to the Miller indexes of the reflecting
planes for ZnO crystalized in a hexagonal wurtzite phase (JCPDS reference code
00-036-1451).

The optical properties of the ZnO nanowire arrays were analyzed by reflectance
and photoluminescence measurements (Figure 4(c) and (d)). From the reflectance
spectrum, a band gap value was estimated of about 3.3 eV, similar with the values
reported in the literature for ZnO nanowires [13]. The photoluminescence spectrum
of the obtained ZnO nanowires (Figure 4(d)) disclose only the presence of a broad,
intense emission band, centered at approximately 2.2 eV. Usually, for the ZnO
nanowires synthesized in water, this broad emission band from the visible region
is linked to the higher concentrations of point defects like: zinc vacancy, interstitial
zinc, oxygen vacancy, interstitial oxygen, hydroxyl group, etc. [13].

Arrays of ZnO nanowire obtained by a dry route were prepared according to the
method from references [13, 37]. Thus, 2 cm” zinc foils were cleaned in an ultra-
sonic bath with acetone and isopropyl alcohol and thermally oxidized in air for 24 h
at 400°C, 500°C and 600°C in a convection oven.
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Figure 4.

(a) SEM image, (b) XRD pattern, (c) reflectance spectrum and (d) photoluminescence spectrum of the ZnO
nanowire arrays obtained by chemical synthesis in aqueous solution.
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The SEM images in cross-sectional view of the thermally oxidized Zn foils
(Figure 5(a), (c), (e)) show that there are two distinct regions with different
morphologies: one as a film, attributed to the metallic Zn and the second one, as
nanowire arrays, associated to ZnO.

Additionally, similar with the CuO nanowire arrays obtained by a dry technique,
the SEM images in plan-view of the ZnO nanowire arrays prepared by thermal
oxidation in air at different temperatures (Figure 5(b), (d), (f)) evidence that the
increase of the annealing temperature favors a higher density and a larger diameter
of the ZnO nanowires. Hence, at 400°C there is a low density of nanowires with
diameters of about 20 nm and lengths up to 1 pm, while at 500°C and 600°C there
is a much higher density of nanowires with diameters of about 30 nm (500°C) and
60 nm (600°C) and lengths up to 30 um.

The XRD patterns of the Zn foils thermally oxidized in air at different tempera-
tures (Figure 6(a), (d), (g)) disclose the presence of diffraction peaks assigned to
the Miller indexes of the reflecting planes for two crystalline phases: Zn in hexagonal
phase (JCPDS reference code 00-004-0831) and ZnO crystalized in a hexagonal
wurtzite phase (JCPDS reference code 00-036-1451). The structural properties are
in agreement with the two distinct regions with different morphologies observed in

Figure 5.
SEM images of the ZnO nanowire arrays prepaved by thermal oxidation in air at (a), (b) 400°C,
(c), (d) 500°C and (e), (f) 600°C.
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Figure 6.

(a), (4), (g) XRD patterns, (b), (e), (h) veflectance spectra and (c), (f), (i) photoluminescence spectra of the
ZnO nanowire arvays prepared by thermal oxidation in air at (a), (b), (c) 400°C, (d), (e), (f) 500°C and
(g), (h), (i) 600°C.

the cross-sectional SEM images (Figure 5(a), (c), (e)) for the ZnO nanowire
arrays.

Based on the reflectance spectra of the ZnO nanowire arrays obtained by thermal
oxidation in air at different temperatures (Figure 6(b), (e), (h)), the band gap
values were estimated as being at about 3.3 eV, in accordance with data previously
reports for ZnO nanowires [13].

The photoluminescence spectra of the ZnO nanowires obtained by a dry
method at different annealing temperatures (Figure 6(c), (f), (i)) reveal the
presence of two emission bands: one intense, sharp and centered at approximately
3.3 eV inthe UV region and another one, weak and broad, centered at approxi-
mately 2.3 eV in the visible region. The sharp emission band in the UV region is
related to the band-edge emission and the one in the visible region is linked to the
various type of point defects [13].

4, Electronic devices (diodes and field effect transistors: FETs) based on
single metal oxide nanowires

In order to evaluate the electrical properties and to integrate single CuO or
ZnO nanowires obtained by wet (chemical synthesis in aqueous solution) and dry
(thermal oxidation in air) methods into electronic devices like diodes or field effect



Nanowires - Recent Progress

transistors, lithographic techniques and thin films deposition techniques were
employed.

Firstly, photolithography together with radio-frequency magnetron sputtering
and thermal vacuum evaporation were used to pattern Si/SiO, wafers with Ti/Au
(10 nm/100 nm) metallic interdigitated electrodes systems. Subsequently, suspen-
sions of CuO or ZnO nanowires in ultrapure isopropyl alcohol are prepared by
ultrasonication and then drop-cast onto the Si/SiO, substrates patterned with Ti-Au
metallic interdigitated electrodes. Afterwards, single CuO or ZnO nanowires are
contacted by EBL, FIBID or EBL combined with FIBID. Figure 7(a) illustrates a SEM
image of a Si/SiO, substrate patterned with Ti/Au metallic interdigitated electrode
system, while Figure 7(b) presents a SEM image of Ti/Au metallic interdigitated
electrodes having metal oxide nanowires, transferred by drop-casting, between the
Ti/Au electrodes.

The electrical measurements of the single CuO or ZnO nanowires contacted by
lithographic techniques were carried out at room temperature in a typical two-
points configuration for diodes and a three-points configuration for FETs.

4.1Diodes and FETs based on single CuO nanowires

In the following, CuO nanowires prepared by thermal oxidation in air at 500°C
were used to develop diodes and FETs based on single CuO nanowires, these
nanowires being chosen owed to the smaller diameter of about 60 nm and the
lengths of about 30 pm for the nanowires.

Single CuO nanowire based Schottky diodes were fabricated by contacting
single CuO nanowires at one end with Ti/Au by EBL and at the other end with Pt
using FIBID. This outcome can be explained considering that a Pt—-CuO nanowire
structure exhibits an Ohmic behavior, and that a CuO nanowire-Ti/Au structure
discloses a Schottky rectifying behavior [11]. Thus, Figure 8(a) presents a SEM
image of a single CuO nanowire prepared by thermal oxidation in air and contacted
at one end with Ti/Au (100 nm/300 nm) by EBL, RF magnetron sputtering and
thermal vacuum evaporation and at the other end with Pt (300 nm) by FIBID,
evidencing a distance between the metallic contacts of about 11 pm. Figure 8(b)
displays the EDX elemental mapping analysis of the metallic electrodes that contact

Figure7.
(a) SEM image of a Si/SiO, substrate containing Ti/Au metallic interdigitated electrodes and (b) SEM image
of Ti/Au metallic interdigitated electrodes having metal oxide nanowires placed between the Ti/Au electrodes.

10
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the nanowire to the metallic interdigitated electrodes, confirming the presence of Ti
and Au elements in the case of EBL and Pt for FIBID. The current-voltage character-
istics of a single CuO nanowire contacted by EBL and FIBID (Figure 8(c)) reveal a
rectifying Schottky behavior, typical for a Schottky diode [11]. Moreover, the values
of the specific parameters for diodes were estimated from the current—voltage depen-
dence to be: Ion/Iopr ratio ~ 10° and the ideality factor n ~ 1.8, being in accordance
with data reported in the literature [11].

In order to develop FETSs based on single CuO nanowires, FIBID was used to
contact single CuO nanowires at both ends of the nanowire with Pt (300 nm), the
SEM image of a single CuO nanowire contacted by this technique being illustrated
in Figure 9(a). The current-voltage characteristic of a single CuO nanowire con-
tacted by FIBID (Figure 9(b)) evidences a linear dependence, indicating an Ohmic
contact formed between the CuO nanowire and Pt electrodes.

Figure 10(a) and (b) present a SEM image and the corresponding EDX mapping,
proving the presence of the Pt element into the source and drain electrodes and Cu
in the CuO nanowire. The length of the p-type semiconductor channel between the
source and drain is about 8 pm. The output characteristics (Figure 10(c)) exhibit an
increase in the source-drain current towards higher negative gate voltages, typical for
a p-type semiconductor channel. Also, it can be noticed a change in the shape of the
output characteristic at —12 V applied gate voltage, indicating the saturation region
of the FET. The semilogarithmic plot of the transfer characteristic of the single CuO
nanowire based FET (Figure 10(d)) disclose an Ion/Iogr ratio ~ 10%, in agreement
with data reported in the literature for FETs based on single nanowires [11].

4.2 Diodes and FETs based on single ZnO nanowires

In the fabrication of diodes and FETs based on single ZnO nanowires were used
ZnO nanowires prepared by thermal oxidation in air at 500°C, these being chosen
due to their smaller diameter of about 30 nm and the lengths of about 30 pm and
also ZnO nanowires chemically synthesized in aqueous solution.

In order to develop diodes based on ZnO nanowires obtained by a dry method,
single ZnO nanowire were contacted at the both ends of the nanowire Ti/Au by
EBL. Hence, Figure 11(a) and (b) displays two SEM images, at different mag-
nifications, of a single ZnO nanowire prepared by thermal oxidation in air and
contacted at both ends with Ti/Pt (100 nm/200 nm) by EBL and RF magnetron
sputtering, evidencing a distance between the metallic contacts of about 2 pm.
The current-voltage measurement of a single ZnO nanowire contacted by EBL
(Figure 11(c)) exhibits a non-liniar symmetrical shape indicating a structure
having two back-to-back Schottky diodes, similar type of behavior being reported
in the literature [45].

a0} (C)

1.0x10°

Figure 8.
(a) SEM image, (b) EDX elemental mapping and (c) current—voltage characteristic of a single CuO nanowire
prepaved by a dry method and contacted by EBL and FIBID.

11



Nanowires - Recent Progress

-0.5 0.0 0.5 1.0

U (V)

Figure 9.
(a) SEM image and (b) current—voltage of a single CuO nanowire prepared by a dry method and contacted by
FIBID.
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(a) SEM image, (b) EDX elemental mapping, (c) output and (d) transfer characteristics of a FET based on a
single CuO nanowire prepared by a dry method and contacted by FIBID.

FETs based on single ZnO nanowires prepared by a dry method were fabricated by
contacting single ZnO nanowires at both ends with Ti/Au (100 nm/300 nm) by EBL,
RF magnetron sputtering and thermal vacuum evaporation, the SEM image of a single
ZnO nanowire contacted by EBL being illustrated in Figure12(a). The current—voltage
dependence of a single ZnO nanowire contacted by EBL (Figure 12(b)) put in evi-
dence a linear shape, typical for an Ohmic contact formed between the ZnO nanowire
and the two Ti/Au contacts.

12



Metal Oxide Nanowires as Building Blocks for Optoelectronic Devices
DOI: http://dx.doi.org/10.5772/intechopen.94011

6x107 (C) .
=
ax107} .
=
2x107 | e
< 0 Jint ="
-2x107
4x107 | a”
ox107} "
“
2 1 0 1 2
u (v)

Figure 11.
(a), (b) SEM images and (c) current—voltage chavacteristic of a single ZnO nanowire prepared by a dry
method and contacted by EBL.
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Figure 12.
(a) SEM image and (b) current—voltage characteristic of a single ZnO nanowire prepared by a dry method
and contacted by EBL.
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Figure 13.

(a) SEM image, (b) EDX elemental mapping, (c) output and (d) transfer characteristics of a FET based on a
single ZnO nanowire prepared by a dry method and contacted by EBL.

Figure 13(a) displays a SEM image of a single ZnO nanowire contacted by EBL,

indicating that the length of the n-type semiconductor channel between the source
and drain is about 1 pm. The equivalent EDX mapping image (Figure 13(b)) proves
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Figure 14.
(a) SEM image and (b) current—voltage characteristic of a single ZnO nanowire obtained by a wet method
and contacted by EBL.
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(a) SEM image, (b) EDX elemental mapping, (c) output and (d) transfer chavacteristics of a FET based on a
single ZnO nanowire obtained by a wet method and contacted by EBL.

the presence of the Ti and Au elements into the source and drain electrodes pro-
vided by EBL.

The output characteristics of a FET based on a single ZnO nanowire (Figure 13(c))
evidence an increase in the source-drain current towards higher positive gate voltages,
typical for an n-type semiconductor channel. It can be observed that at 1.5 V applied
drain-source voltage, the FET reaches the saturation region. The semilogarithmic
plot of the transfer characteristic of a FET having a single ZnO nanowire as a channel
(Figure 13(d)) exhibits an Ion/Iopr ratio = 10°, in accordance with data reported in the
literature for FETSs based on single nanowires [13].

In the following, single ZnO nanowires synthesized by a wet technique were
used as n-type channels into FET devices. Accordingly, FETs based on single ZnO
nanowires were developed by contacting single ZnO nanowires at both ends with
Ti/Au (100 nm/200 nm) by EBL, RF magnetron sputtering and thermal vacuum
evaporation. Figure 14(a) reveals the SEM image of a single ZnO nanowire
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synthesized by a wet method contacted by EBL. Similar to the ZnO nanowires
prepared by a dry path, the current-voltage characteristic of a single ZnO nanowire
obtained by a wet approach contacted by EBL (Figure 14(b)) exhibits a linear
shape, with an Ohmic contact between the ZnO nanowire and the two Ti/Au
contacts.

The SEM image at a higher magnification of a single ZnO nanowire contacted
by EBL (Figure 15(a)) evidences that the length of the nanowire channel between
the source and drain is about 2 pm. The corresponding EDX mapping image
(Figure 15(b)) confirms the presence of the Ti and Au elements into the source
and drain metallic electrodes fabricated by EBL.

The output characteristics of a FET based on a single ZnO nanowire prepared
by a wet method (Figure 15(c)) disclose an increase in the source-drain current
towards higher positive gate voltages, demonstrating that the channel is an n-type
semiconductor. In addition, it can be noticed that at 2 V applied drain-source
voltage, the FET reaches the saturation region. The semilogarithmic plot of the
transfer characteristic of a FET having a single ZnO nanowire as an n-type channel
(Figure 15(d)) reveals an Ion/Iopr ratio = 10*, the value being in accordance with
data reported in the literature for ZnO single nanowires based FETs [13].

5. Conclusions

Metal oxide, ZnO and CuO, nanowire arrays were obtained by using two
straightforward and cost-effective preparation methods: chemical synthesis in
aqueous solution (wet) and thermal oxidation in air (dry). The influence of the
preparation technique on the morphological, structural and optical properties
of the metal oxide nanowire arrays were investigated. Further, ZnO and CuO
nanowires prepared by these wet and dry approaches were successfully integrated
as active elements into electronic devices, such as Schottky diodes and FETs by
using lithographic techniques (photolithography, EBL and FIBID) and thin film
deposition techniques (RF magnetron sputtering and thermal vacuum evaporation).
Additionally, the characteristic parameters for the diodes and FETs were estimated
from the electrical measurements: n ~ 1.8 and Ion/Iopr ratio ~ 10? for diodes and
Ion/Iorr ratio ~ 10*-10° for the FETs.

The main advantage of fabricating electronic devices based on single metal
oxide nanowires is represented by the possibility to integrate them in optoelectronic
applications.
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