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Abstract

Nanowire arrays have increasingly received attention for their use in a variety of applications
such as surface-enhanced Raman scattering (SERS), plasmonic sensing, and electrodes for
photoelectric devices. However, until now, large scale fabrication of device-suitable metallic
nanowire arrays on supporting substrates has seen very limited success.

This thesis describes my work �rst on the development of a novel successful processing
route for the fabrication of uniform noble metallic (e.g. Ag and Au) nanowire arrays on ITO
(and other) substrates. Ag nanowire arrays are studied in detail. I use an in situ oxygen
plasma cleaning process and a sputtered Ti layer to enhance the adhesion between the anodic
aluminum oxide (AAO) template and the ITO glass. An ultrathin gold layer (2 nm) is deposited
as a nucleation layer for the electrodeposition of silver. Furthermore, a stable cyanide-free elec-
trolyte compatible with the AAO templates is developed. Ultimately, an unprecedented high
level of uniformity and control of the nanowire diameter, spacing, and length has been achieved.

Moving forward, new architectures for organic solar cells are employed, based on such
nanostructured electrodes, covered with a separate zinc oxide (ZnO) layer. Two types of solar
cells are presented in this thesis. One is a traditional opaque solar cell with a thick (100 nm)
Ag back contact. The other is a semi-transparent solar cell with a transparent top electrode
(consisting mainly of Ca:Ag). Complementary characterization tools enable further in-depth
investigation of the optical and electronic properties of such devices. The results show that the
Ag nanowire arrays seem to enhance the charge collection e�ciency. However, using too thick
a polymer �lm (which is necessary to ensure a working device) combined with the increased
nanowire-polymer interface, introduces extended defect sites for recombination, which limits
the e�ciency of the nanowire solar cell. Finally, this work yields a clearer design route for
Ag nanowire organic solar cells, suggesting a use of a proper semiconductor layer with low
recombination rate as well as a very thin polymer layer to conformally coat the Ag nanowire
arrays. In this way, the nanowire solar cells not only make use of the charge collection and
light trapping advantages of Ag nanowires, but also minimize recombination losses.

Additional techniques explored on metallic nanowire arrays as part of this project in-
cluded Raman and low-temperature (< 80K) angle-dependent UV-Vis, which pave the way
for potential applications in SERS, temperature sensing, and many other areas.
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Zusammenfassung

Nanowire Arrays haben wachsende Aufmerksamkeit für eine Vielzahl von Anwendungen
erfahren, wie z.B. ober�ächenverstärkte Raman Streuung (SERS), plasmonische Sonden und
Elektroden für Photovoltaik. Bisher war die Herstellung von Metall-Nanowire Arrays auf
Trägersubstraten in einer Gröÿenordnung, die für die Deviceproduktion geeignet ist, bedingt
erfolgreich.

Zuerst beschreibt diese Arbeit die erfolgreiche Entwicklung eines neuen Fertigungsprozesses,
der die Herstellung von gleichmäÿigen Edelmetall-Nanowire Arrays (z.B. Ag und Au) auf ITO
und anderen Substraten erlaubt. Ag Nanowire Arrays werden im Detail untersucht. Um die
Adhäsion zwischen dem anodischen Aluminiumoxid (AAO) Templat und dem ITO-Glas zu
verbessern, wird ein in situ Sauersto�plasmareinigungsschritt verwendet und eine Ti-Schicht
aufgesputtert. Ein ultradünner Gold�lm (2 nm) wird als Nukleationsschicht für die Elektrode-
position von Silber abgeschieden. Ferner wird ein stabiler cyanidfreier Elektrolyt, welcher
mit den AAO-Templaten kompatibel ist, entwickelt. Schlieÿlich wurde ein beispiellos hoher
Grad an Gleichmäÿigkeit und Kontrolle über Durchmesser, Abstand und Länge der Nanowires
erreicht.

Des Weiteren werden neuartige Bauweisen für organische Solarzellen verwendet, basierend auf
solchen nanostrukturierten Elektroden, die mit einer Zinkoxid-Schicht (ZnO) bedeckt sind.
Zwei Typen von Solarzellen werden in dieser Arbeit vorgestellt. Einer ist eine herkömmliche
opake Solarzelle mit einer dicken (100 nm) Ag-Rückelektrode. Der andere ist eine Semi-
transparente Solarzelle mit einer transparenten Topelektrode (hauptsächlich bestehend aus
Ca-Ag). Komplementäre Charakterisierungstechniken ermöglichen weitere in die Tiefe gehende
Untersuchungen der optischen und elektronischen Eigenschaften einer solchen Solarzelle. Die
Ergebgnisse zeigen, dass die Ag Nanowire Arrays die E�zienz der Ladungsträgerkollektion
verbessern. Allerdings führt die Verwendung eines ausgedehnten Polymer�lms, welcher für die
einwandfreie Funktion der Solarzelle benötigt wird, auch zu einem erhöhten Aufkommen von
Defekten, die ihrerseits wiederum die E�zienz der Nanowire-Solarzelle begrenzen. Schlieÿlich
geht aus dieser Arbeit die Empfehlung hervor, beim Design von organischen Ag Nanowire
Solarzellen geeignete Halbleiterschichten mit niedrigen Rekombinationsraten zu verwenden,
sowie sehr dünne Polymerschichten, die die Ag Nanowire Arrays gleichmäÿig bedecken. Auf
diese Weise nutzen die Nanowire Solarzellen nicht nur die Vorteile bei Ladungsträgerkollektion
und Lichteinfang, die Nanowires mit sich bringen, sondern minimieren auÿerdem Rekombina-
tionsverluste.

Zusätzlich wurden fortgeschrittene optische Methoden, wie Raman und winkelabhängige
tieftemperatur (< 80 K) UV-Vis auf metallische Nanowire Arrays angewendet. Dies ebnet
den Weg für potentielle Anwendungen in SERS, Temperaturbestimmung und vielen anderen
Bereichen.
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1. Motivation

1.1. Introduction

One of the biggest challenges humanity is facing today is the looming global energy
crisis. Renewable energy plays a crucial role, not only in meeting the increasing en-
ergy demand, but also in addressing the problem of escalating air pollution.[1] By
2014, renewables already contributed a share of 13.8% to the total energy supply (Fig-
ure 1.1 left), and this share is predicted to continuously grow, according to the In-
ternational Energy Agency (2016 edition).[2] Impressively, among all renewables, pho-
tovoltaics (PV) exhibited the fastest annual growth rate of 46.2% between 1990 and
2014 (Figure 1.1 right).[2] At present, the PV market is dominated by polycrystalline
silicon solar cells.[3] However, the costs are so high that this model cannot guarantee
substantial uptake of photovoltaics by consumers.[4] This high costs of polycrystalline
silicon solar cells is mainly due to the expensive and energy-intensive high-temperature
process.[1]

Figure 1.1.: Left: World total primary energy supply in 2014. Right: Annual growth rates of world
renewables supply from 1990 to 2014. Reprinted with permission from [2]. c©OECD/IEA 2016
Renewables Information, www.iea.org/statistics, IEA Publishing. Licence: www.iea.org/t&c.

Organic solar cells (OSCs) can be considered as promising new alternatives, not only
owing to their low cost fabrication process (e.g. roll-to-roll process), but also owing to
their other attractive advantages such as being light-weight and compatible with �exi-
ble substrate.[5] Examples of three conceptional applications of OSCs - roof-top OSCs
for parking canopies, roof-top OSCs for cars, and semi-transparent OSCs for buildings
- are depicted in Figure 1.2.
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1.2 Operation of Organic Solar Cells

Figure 1.2.: Conceptional applications for organic solar cells (OSCs). Left: Konarka roof-top OSCs
for parking canopies.[6] Middle: roof-top OSCs for the concept car "Smart Forvision".[7] Right:
semi-transparent OSCs for SwissTech Convention Center. This picture was made by Solaronix
(Photographer: David Martineau).[8]

However, the power conversion e�ciency of OSCs (ηmax ∼ 10% [9]) falls far behind
their inorganic counterparts (ηmax ∼ 25% [10]). Extensive studies worldwide are focus-
ing on overcoming the current limitations of OSCs to further improve their e�ciencies.

1.2. Operation of Organic Solar Cells

The typical structure of an organic solar cell (OSCs) consists of a photoactive layer
sandwiched between electron and hole selective contacts.[11] The widely used photoac-
tive layer is a three-dimensional intermixing of a donor and an acceptor materials, which
is referred to as a bulk heterojunction (BHJ). Figure 1.3 illustrates the basic working
principles of BHJ OSCs [11�15]:

• Step 1: BHJ materials absorb light and generate coulombically bounded electro-
hole pairs, i.e., Frenkel excitons.

• Step 2: excitons di�use to the donor-acceptor interface and split up into free-
charge carriers. The driving force is provided by the energetic o�-set between the
donor and acceptor materials.

• Step 3: free charges migrate towards di�erent electrodes by the build in electric
�eld.

• Step 4: free charges are collected at the electrodes.

Although signi�cant process in understanding the basic working principles of BHJ
OSCs has been made, many fundamental questions such as the mechanisms of charge
generation, transport, collection and recombination are still under debate and remain
unclear.[11, 16]

2



Chapter 1. Motivation

Figure 1.3.: Basic working principles of bulk heterojunction organic solar cells (BHJ OSCs). Cour-
tesy of Facchetti.[12]

1.3. Nanowire Electrodes for Solar Cells

One major limiting factor for organic solar cells is low carrier mobilities, leading to
poor charge collection e�ciency.[14] To overcome this limit, a promising way is to
incorporate inorganic nanowire (or nanorod, nanocone) arrays into OSCs. This is be-
cause the one-dimensional nanowire arrays can provide direct pathways for fast charge
transport.[17�19] Speci�cally, if the interfacial spacing is the order of double of exci-
ton di�usion length, all dissociated charges would be perfectly collected by nanowire
electrodes before they could recombine. Besides, plenty of studies have shown that
nanowire arrays can e�ciently enhance light harvesting through introducing scattering
at interfaces where the neighboring materials have di�erent refractive indices.[20�27]
Moreover, some nanowire solar cells show high angle acceptance of incident light, which
provides for practical deployment of solar panels without installation of costly solar
tracking systems.[28, 29]

However, due to the huge junction area, most semiconductor nanowire solar cells face
limitations in device performance due to charge recombination across material inter-
faces, leading to poor solar cell performance.[30�33] Many research groups have tried
to address this issue by developing metal oxide core-shell nanowire arrays.[33�36] For
example, a conductive metal oxide core (e.g. ZnO) is coated with a shell layer with an
o�set conduction band (e.g. TiO2, Al2O3) in order to further increase distance between
electron-hole pairs while simultaneously promoting charge extraction along the axis of
the nanowire.[33] This strategy was further employed in doped TiO2 core-shell wires to
amplify the electron mobility in the core of the wire without forming a recombination
center along the internal interface.[33, 37] Additionally, these wires promote �eld am-
pli�cation via plasmonic resonance as well as acting as a light scatterer [38], leading to
an increase in absorption in the surrounding active layers of the organic solar cells.[33]
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1.4 Outline of the Thesis

1.4. Outline of the Thesis

This thesis addresses the impact of free-standing silver nanowire arrays on the device
physics of organic solar cells. Chapter 1 gives a very brief introduction to the basic
principles of organic solar cells and the concept of nanowire solar cells. Subsequently, a
short description of experimental methods is presented in Chapter 2. In Chapter 3,
it is for the �rst time demonstrated that large-area free-standing silver nanowire arrays
can be fabricated on ITO glass via template-assisted electrodeposition in a controllable
way. Moreover, the optical properties of plasmonic silver nanowire arrays such as ultra
violet-visible (UV-Vis) spectra and surface enhanced Raman (SERS) spectra are also
presented.

Chapter 4 discusses how the free-standing silver nanowire arrays were further confor-
mally coated by a semiconductor (e.g. ZnO) shell, forming Ag-ZnO core-shell nanowire
arrays. The chapter also presents how the organic solar cell devices (opaque&semi-
transparent) comprising Ag-ZnO core-shell nanowire arrays were realized. An in-depth
investigation of device physics such as external quantum e�ciency (EQE), charge col-
lection and recombination gives an clearer design route for nanowire solar cells.

In Chapter 5, conclusions are drawn, and an outlook for future research is given.
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2. Experimental Methods

This chapter provides an overview of experimental methods used during my PhD re-
search. I will attempt to give an overview of the experimental techniques, and the
information that can be obtained from them. For the exact fabrication and measure-
ment parameters, you can �nd them in the experimental section of each chapter. More
details about the makes and models of the equipments can be found in literature and
books cited as references.

2.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is one of the most powerful tools for the character-
ization of nanomaterials. The SEM operates by using an accelerated incident electron
beam to strike the surface of the sample. The scattered electrons from the sample are
then collected by the detector to generate images. In this project, for SEM analysis, a
Carl Zeiss 1540 XB system was used with a �eld emission cathode source under high
vacuum. The operating acceleration voltages were between 1 kV and 5 kV, which could
lead to a theoretical resolution of approximately 2 nm with an actual resolution estimate
around 10-20 nm depending on the user experience. The working distance was between
1mm and 6mm.The SEM2 mode and InLens mode were mostly used. The SEM2 mode
collects both back-scattered electrons (elastic) and the secondary electrons (inelastic);
this method was able to generate images, although resolution was limited at high mag-
ni�cations. However, the InLens mode mainly collected the secondary electrons that
were close and highly sensitive to the sample surface (see Figure 2.1) and there�ec-
tionore could produce high resolution topographical images of the specimen.[39]

Samples were stuck onto steel stubs with silver paste. For non-conductive materials,
approximately 2 nm Au was sputtered on the sample surface to avoid charging e�ects.
Cross-sectional samples were scratched from the reverse side of the substrates with a
glass cutter and cleaved manually. If necessary, the samples were immersed in liquid
N2 beforehand.
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2.2 Four-Point Probe

Figure 2.1.: SEM interaction volume for various electron-specimen interactions. Based on Zhang
et al.[39]

2.2. Four-Point Probe

Four-point probe is widely used for measuring the sheet resistance of thin �lms. The
sheet resistance is de�ned as the resistivity per �lm thickness, therefore

Rsheet =
ρ

t
(2.1)

where ρ is the electrical resistivity and t is the �lm thickness.

The schematic con�guration of our homemade four-point probe is shown in Figure 2.2.
A Keithley SourceMeter2400 is used to provide a current though the outer probes,
and the voltage is measured between the inner probes.[40] The sheet resistance is then
obtained as

Rsheet = 4.532 · V
I

(2.2)

2.3. Current-Voltage (J-V) Measurement

Current-voltage (J-V) measurement is the simplest, and probably the most important
technique for characterizing solar cells. While the power conversion e�ciency (PCE) is
the primary parameter extracted from the J-V curve, careful analysis of the curve can
lead to rich information about the physics of solar cells. The J-V curve can be measured
under illumination with an AM1.5G (AM: air mass) simulated spectrum as well as in
the dark with a light proof overlay. Figure 2.3a schematically displays a J-V setup. A
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Chapter 2. Experimental Methods

Figure 2.2.: Four-point probe scheme. In practical terms, four gold pin probes are arranged in a
straight line with an identical distance of 1 mm between them.

solar simulator (typically a Xenon lamp combined with an AM1.5G �lter) shines light
on a masked solar cell sample. A sourcemeter supplies the sweeping voltage, and the
corresponding current is measured, resulting in the J-V graph (shown in Figure 2.3b).
The common characteristics of solar cells are:

• Short-circuit current (JSC): the current-density at 0V bias.

• Open-circuit voltage (VOC): the voltage at 0 current-density.

• Fill factor: the "squareness" of the J-V curve; FF = JMPPVMPP/(JSCVOC).

• Power conversion e�ciency (PCE): the ratio of the converted electrical energy to
the incident radiative energy; PCE = Pmax/Pin = JSCVOCFF/Pin, where Pmax is
the maximum output power, Pin is the incident light power.

Additionally, in practical application when the solar cell is connected to an electrical
load, the optimal working condition is at the maximum power point (MPP).

In concrete terms, J-V measurements were carried out on two di�erent homemade sys-
tems (the old system designed by Holger Hesse, et al.; the new system with batch-testing
capabilities designed by Eugen Zimmerman). The old system used a LOT Oriel LS0106
150W Xe-Lamp, and the new system used a LOT Oriel LS0106 1000W Xe-Lamp. Both
lamps were combined with an AM1.5G �lter. The light intensity was calibrated using a
silicon reference solar cell with a KG5 �lter certi�ed by the Frauenhofer Institute. For
standard J-V measurement, light intensity was adjusted to 100mW/cm2. And for light-
intensity dependent J-V measurement, the neutral density �lters were used to change
the intensities from 0.3 to 100 mW/cm2. The active solar area (using a mask) was
0.125 cm2. The current was recorded with a typical sweeping voltage at a scan rate of
0.01V and integration time of 0.01 s at each voltage point. These parameters are typical
for organic solar cells in this thesis, but for other types of solar cells, e.g. perovskite
solar cells, the values need re-adjusting to reach a dynamic equilibrium at each applied
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2.4 External Quantum E�ciency (EQE) Measurement

Figure 2.3.: (a) Setup for J-V measurement. Reprinted with permission from Lukas Schmidt-Mende
& Jonas Weickert, Organic and Hybrid Solar Cells. An Introduction, Berlin, Boston: De Gruyter,
2016, pp. 212, �g. 4.10.[15] (b) A typical J-V curve of a solar cell sample under illumination and
in the dark.

voltage. For further detailed description regarding, for example, the geometry of solar
cells, please see Holger Hesse's dissertation.[41] All J-V measurements were adhered to
the key rules advised by Schmidt-Mende and Snaith.[42, 43]

2.4. External Quantum E�ciency (EQE) Measurement

External quantum e�ciency (EQE) measurement is probably the second most impor-
tant technique for characterizing solar cells, which gives the detailed information about
the spectrally resolved photocurrent of J-V curves. The EQE is de�ned as the ratio of
the number of photogenerated electrons to the number of incident photos (also referred
to as incident photon to current conversion e�ciency (IPCE)). In terms of experimen-
tally measurable quantities, the expression of EQE is derived as

EQE =
J(λ)

e
· hc

P 0(λ)λ
(2.3)

where J(λ) is the current density, e is the electronic charge, h is Planck's constant, c
is the vacuum velocity of light, P 0(λ) is the power of the incident light at wavelength
λ. An EQE setup is illustrated schematically in Figure 2.4a. Similar to the layout of
the J-V setup, a monochromator (LOT Oriel Omni 150) was additionally positioned
between the 150W Xe-Lamp and sample. The intensity of the resulting monochromatic
light (FWHM 5nm; � 100 mW/cm2) was calibrated using a silicon reference solar cell
with a KG5 �lter certi�ed by Frauenhofer Institute. Typically, the EQE spectra were
obtained at wavelengths of 300-800 nm in steps of 2-4 nm (bias 0V). In my case, most
EQE measurements were performed without a white light background. A sample EQE
curve for P3HT:PCBM organic solar cells is shown in Figure 2.4b.
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Chapter 2. Experimental Methods

Figure 2.4.: (a) Setup for EQE measurement. Reprinted with permission from Lukas Schmidt-
Mende & Jonas Weickert, Organic and Hybrid Solar Cells. An Introduction, Berlin, Boston: De
Gruyter, 2016, pp. 219, �g. 4.16.[15] (b) A typical EQE curve for a solar cell sample.

Since EQE is the photon response of the solar cell at a given wavelength, the inte-
gral of the EQE with the solar spectrum should give the Jsc under the speci�c light
intensity, therefore

J
calc

SC
=

∫
eEQE(λ)NP(λ)dλ (2.4)

where e is the electronic charge, EQE(λ) is the external quantum e�ciency at wave-
length λ, NP(λ) is the total number of incident photons per second per square cen-
timeter, which is derived from the AM1.5G solar spectrum.[42] A comment about how
important it is to cross-check the EQE and J-V results to make sure both measurements
are valid was published by Zimmermann et al.[42] in 2014, and I would like to refer the

reader to this paper for the details. The main point is the J
calc

SC
should be equal to or

more than the measured JSC.

Additionally, the EQE divided by the total absorption of the solar cell (Abs) yields
the internal quantum e�ciency (IQE), therefore

IQE(λ) =
EQE(λ)

Abs(λ)
(2.5)

The unit of Abs here is %. The Abs (%) can be calculated from the experimentally
measured absorbance A (also referred to as optical density (OD)) as

Abs(λ) = 1− 10-A(λ) (2.6)

Since the IQE excludes the optical losses of the solar cell, it is used to analyze the
charge transport properties of the device.
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2.5 Ultra Violet-Visible Light-Near Infrared (UV-Vis-NIR) Measurement

2.5. Ultra Violet-Visible Light-Near Infrared (UV-Vis-NIR)
Measurement

Ultra violet-visible light-near infrared (UV-Vis-NIR) measurement is widely used to
characterize the optical properties of the sample (e.g. transmission, absorption and
re�ection). Figure 2.5 displays a simpli�ed scheme of our UV-Vis-NIR setup (Cary
5000 series, Agilent Technologies). The system is capable of a direct measurement
of absorbance, rather than extinction, because the integrating sphere contributes to
eliminating the in�uence of scattering. In this thesis, all measurements were performed
in a double beam mode with a zero/baseline correction (that is, the measured spectra
were referenced to 100% and 0% transmittance). The spectra were typically scanned
at a rate of 1 nm/s and a spectral bandwidth of 5 nm. Depending on the purpose
of the measurement as well as the geometry of the samples, there were additional
speci�c parameters (e.g. sample-positioning, sample-masking and beam size), which
are described in their corresponding sections.

Figure 2.5.: UV-Vis-NIR setup with an integrating sphere. Samples can be positioned at 1) front
port, 2) center of the sphere, and 3) back port, depending on the purpose of the measurement.
Based on Manara et al.[44]

2.6. Other Measurements

A variety of other measurements such as X-ray di�raction (XRD), transmission electron
microscope (TEM) , Raman, and photoelectron spectroscopy in air (PESA) were carried
out in the process of data collection in this thesis. Since many of these measurements
are standard in the lab, I will not go into details about these techniques.
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3. Fabrication of Free-Standing

Nanowire Arrays on Rigid Substrates

This chapter is partly based on the article Uniform large-area free-standing silver
nanowire arrays on transparent conducting substrates. I planned and performed the
experiments, wrote the manuscript and was responsible for editing. Clay A. Nemitz
helped me with the optimization of the fabrication process and proof-reading.

3.1. Introduction

3.1.1. State of the Field Literature Review

3.1.1.1. Template-assisted Nanostructure Synthesis

Creation of nanostructure arrays such as nanowires, nanotubes, nanodots and nanobrus-
hes [45] is a crucial prerequisite for the fabrication of advanced nanostructured devices.
Over the past 60 years, numerous techniques have been developed to fabricate nanos-
tructure arrays, including electron-beam lithography (EBL) [46], chemical vapor depo-
sition (CVD) [47], hydrothermal growth [37], reactive inkjet printing (RIJ) [48], and
template-assisted synthesis [33, 49�51]. The EBL and CVD methods are limited by their
expensive and time-consuming processes. Hence, alternative methods for making nanos-
tructure arrays are needed. For example, low-cost hydrothermal growth methods have
been successfully developed for making ZnO [52], TiO2 [37, 53], NiO [54] and VO2 [55]
nanowires. But so far, no metallic nanowires have been fabricated using the hydrother-
mal method, probably due to the challenge of �nding the right precursors. Moreover,
the rapid RIJ method has been recently demonstrated as a proof-of-concept to generate
biocompatible rocket-like arrays. However, decreasing feature sizes to nanometer scale
still remains a bottleneck, as the smallest size currently is around 10µm.[48]

Template-assisted synthesis has been widely accepted as the most versatile method for
fabricating nanostructure arrays.[56�58] The most common templates are track-etched
templates (e.g. porous polycarbonate templates [59�64]), block copolymer templates
[65�73], colloid nanosphere templates (e.g. polystyrene sphere templates [74�83]), and
anodic aluminum oxide (AAO) templates [33, 84�90].

Track-etched templates are produced by bombarding polymer �lms with energetic ions,
which results in the formation of linear tracks, followed by chemical etching to get
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widened pores.[91, 92] By changing the conditions of bombardment and chemical etch-
ing, the pore size can be �ne tuned from tens of nanometer to tens of micrometer with
an aspect ratio of 1 - 1000, and meanwhile the porosity can be adjusted in the range of
105−1010 cm-2.[93] However, these kinds of templates are disordered due to the random
ion bombardment.[94]

Block copolymer templates are made from two or more chemically di�erent polymers,
which are covalently bonded in an "end-connecting" way [65] and self-assemble into
well-ordered structures. By selectively removing one of the polymer blocks, one can
achieve the desired porous templates. Highly ordered and uniform block copolymer
templates on rigid substrates (e.g. Si) have been recently fabricated.[95�97] The typ-
ical pore size is 10-50 nm [98], and the porosity goes up to 1011 cm-2 and over [94].
However, these polymer templates are not heat-resistant (with melting point of up to
150◦C [99]), and also not compatible with aqueous electrolytes due to their strong
hydrophobic properties.

Besides block copolymer templates, self-assembly colloid nanosphere templates are an-
other group of attractive soft templates, including polystyrene sphere (PS) and silica
(SiO2) sphere. A periodic (either hexagonally close-packed [100] or non-close-packed
[101�103]) nano/micro-sphere monolayer template could be obtained by various meth-
ods such as lift-up of the substrate [104, 105], draining-o� the water [100], spin-coating
[101, 106, 107], and the very recently developed micro-propulsive injection (MPI) [108].
The colloid sphere size can range from tens of nanometer to tens of micrometer.[56].
However, until now, high-aspect-ratio noble metallic nanowire arrays have not yet been
achieved using these templates, due to the templates' dimension limitations.[109] More
detailed explanation can be found in Section 3.1.2.2.

Anodic aluminum oxide (AAO) templates are fabricated through an electrochemical
anodization process of placing aluminum in an acidic solution, followed by chemical
etching to get widened pores.[110] After a su�cient anodizing time, the pores can self-
organize into highly ordered hexagonal structures, likely due to the repulsive mechanical
forces between neighboring pores during the anodization process.[111] AAO templates
possess a variety of advantages: they are highly ordered [111], have a low-cost fabrica-
tion process [112], are thermally stable (ca.1000◦C) [113], and have a broad range of size
(diameter: 14-200 nm, interpore distance: 50-500 nm, porosity: 108−1011, aspect ratio:
up to ca.1000, pore length: up to ca.100µm) [94, 114, 115]. Furthermore, thanks to
recent developments, the AAO templates are no longer limited to vertically aligned one-
dimensional (1D) nanopores, but have been modulated into fascinating 3D structures
such as 3D hierarchically branched nanopores [116�118], 3D interconnected nanotubular
networks [119], and AAO microcavities [120], by cleverly tuning the anodizing voltage.
Considering the easy-processable and size-tunable merits, AAO templates are selected
as the nanostructure synthesis technique in this work. In particular, in terms of con-
trolling the size and shape of the AAO pores, it is highly desirable to investigate how
the nanostruture in�uences the solar cell performance.
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Moreover, tremendous progress has been made regarding the pore-�lling methods, in-
cluding pressure injection[121, 122], the vapor-liquid-solid (VLS) method [123, 124], the
vapor-solid-solid (VSS) method [123, 125], pulsed laser deposition [126, 127], the sol-gel
method [128�130], electroless plating [131] and electrochemical deposition (ECD, also
referred to as electrodeposition).[33, 132�135]. For the purpose of synthesizing metallic
nanowires, pressure injection has been evidenced as a feasible method [121, 136], but
this method requires expensive vacuum and high-pressure techniques. VLS, VSS, pulsed
laser deposition, and sol-gel methods are commonly used for semiconductor nanowires
(NWs) such as SiNWs, GaAs NWs and ZnO NWs [122, 123], but seldom for metallic
nanowires, either due to the expense of the processes or the challenge of synthesizing
the proper precursor. Electroless plating might intuitively be thought to be economical
and straightforward, but in actuality too many parameters need to be adjusted. To the
best of my knowledge (through personal discussions and attendance at an international
conference on the subject), no paper regarding template-assisted electroless plating of
metallic nanowires has been published yet. In contrast, in the case of electrochemical
deposition (ECD), which provides an direct electric pathway along the pores which have
conductive bases, a wealth of materials (e.g. metallic and semiconductor nanowires) can
be deposited by this method.[132�135, 137�144] Therefore, the simple, low-cost, and
scalable electrochemical deposition method [58, 145], assisted by AAO templates, is the
best choice and most powerful tool for synthesizing metallic nanowires.

3.1.1.2. Electrodeposition of Silver Nanowires into Anodic Aluminum Oxide
(AAO) Template on Rigid Substrates

Among all metals, silver possesses the highest electrical conductivity [146], making it
an ideal material as an electrode. Moreover, silver electrodeposition technique has
been developed over a century and widely used in industry in products such as mirrors,
decorative coatings and electronic components.[147] Most of these traditional silver elec-
trolytes contain highly toxic cyanide and have a pH of over 10, since cyanide electrolytes
are not stable in acidic conditions.[147] However, AAO templates are only stable at a
pH between 5.0 and 8.2 [148�150], otherwise the AAO template will dissolve in the elec-
trolyte, introducing impurities to the silver nanowires (AgNWs). Unfortunately, the role
of pH in AAO template-assisted silver electrodeposition has been widely neglected.[151�
155]

Only recently, Riveros et al. [149] have carefully studied the electrochemical mech-
anism of the ECD of Ag into AAO templates and contributed to two important points.
First, they emphasize that the pH of their electrolyte is 6.0-6.5, which is in the work-
ing range of AAO templates (pH 5.0-8.2). However, although they observed that the
color of the electrolyte changes from transparent to yellow during the electrodeposi-
tion process, they did not realize the color change was due to the quick decrease of
pH to around 2.0. In my PhD work, I have solved this problem by adding a proper
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bu�er solution, described in detail in Section 3.3.1.1. Second, they clearly point out
that silver nitrite (AgNO3) solution is not an appropriate choice for �lling AAO pores
by electrodeposition, due to poorly electroformed metal. Although quite a number of
published papers [156, 157] show the possibility of obtaining reasonable SEM images of
AgNW arrays on a small scale with silver nitrite electrolyte, it is unlikely that large-area
and high-quality AgNW arrays will be achieved with silver nitrite. In contrast, silver
complex (e.g. Ag(SCN)32−) solution, containing silver sul�te (Ag2SO4) and potassium
thiocyanate (KSCN), results in �ne-grained and smoother Ag, and therefore is desirable
for ECD of AgNWs.[149, 158] Importantly, this solution is also non-toxic. Therefore,
Ag2SO4 and KSCN are �nally chosen for ECD of AgNWs in my PhD work.

In terms of AAO templates, they were �rst introduced by Keller at al. in 1953.[159]
Much research was later conducted to improve the formation and to fabricate AAO pores
with various distances and diameters using thick (∼ mm) bulk Al foil.[85] Recently, it
has been shown that the production of AAO templates on transparent conducting sub-
strates such as ITO glass is also possible. However, due to the chemical instability of
ITO [160], limited work has been performed using ITO substrate as base for the AAO
templates.[161�165] Chu et al. [161, 162] initially fabricated AAO templates directly
onto ITO glass. Unfortunately, this treatment resulted in a spontaneous breakdown of
ITO �lm and delamination of AAO templates. This issue was resolved by Musselman
et al. [163], who overcame these problems by inserting adhesive layers (a 5-50 nm of
tungsten layer and a 5 nm of titanium layer), allowing for the fabrication of large-area
free-standing Ni, Cu, Cu2O and TiO2 nanowire arrays. However, fabricating large-area
Ag nanowire arrays on both the pure and W/Ti modi�ed surface, resulted in extremely
uneven �lling of the template.

In my PhD work, I have found that the AgNW arrays can be achieved by adding an in
situ oxygen plasma process and a Ti layer to enhance the adhesion between the AAO
template and the ITO glass, by inserting Au as a nucleation layer. The experimental
details and discussion can be found in Section 3.2.

3.1.2. Electrochemical Methods and Theory

3.1.2.1. Brief Introduction of The Electrochemical Mechanism

The most interesting part of the electrochemical reaction typically happens at the elec-
trode/electrolyte interface. In general, the interfacial reaction process can be classi�ed
into two categories. One is the Faradic process, where charges (e.g. electrons) are trans-
ferred across the electrode/electrolyte interface. Electron transfer causes reduction or
oxidation to occur. The other is the non-Faradic (�capacitor�) process, in which no
charge transfer occurs, but ion adsorption/desorption dominates.[166]

Faradic Process To keep the model simple, let us consider a metal-electrode/electrolyte
interface, illustrated in Figure 3.1. If the electrode potential (Fermi level) is lower than
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the highest occupied orbitals (HOMO) of the electrolyte ions (Figure 3.1a), the elec-
trons will be thermodynamically unfavorable and therefore unlikely to jump from the
electrode to the electrolyte solution. However, by applying an external potential, the
Fermi level of the electrode can be shifted. For example, Figure 3.1c displays a upwards
shift of the Fermi level, when exerting a negative potential. This is such that the elec-
trons will become thermodynamically favorable and will be more likely to transfer from
the electrode to the electrolyte ions. Simultaneously the reduction of electrolyte ions
(�deposition�) on the electrode will occur. The critical potential at which this electron
transfer process occurs is related to the standard electrode potential1, E0, for the spe-
ci�c chemical substances in the system (Figure 3.1b).[109, 166, 167]

Figure 3.1.: Charge transfer at a metal-electrode/electrolyte-solution interface.

More generally, the redox potential under other conditions can be obtained by the
Nernst equation:

Eredox = E0 +
RT

zF
ln(

aOX
aRED

) (3.1)

where E0 is the standard electrode potential, aOX and aRED are the chemical activities
of the oxidized and reduced form of the substance, respectively. R is the gas constant,
T is the absolute temperature, F is the Faraday's constant (1F = 96485.3 C/mol), and
z is the number of electrons involved in the redox reaction. Thermodynamically, the
electrodeposition can proceed, when the applied potential (E) to the electrode is more
negative than Eredox (E<Eredox) in case of a reduction, and E>Eredox in case of an
oxidation.[166, 168]

Furthermore, the amount of the electrodeposited materials can be quanti�ed by the
Faraday's �rst law [166]: "the amount of substance produced at an electrode is pro-
portional to the quantity of electricity passed". The equation formula can be described

1Standard electrode potentials are given relative to the standard hydrogen electrode (SHE) under the
conditions of T = 298.15K, P = 1.01 ∗ 105 Pa, and c = 1mol/L.
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as:

n =
Q

zF
(3.2)

where n is the amount of the substance produced at an electrode in mole, Q is the
passed electricity in coulombs, z is the number of electrons involved in the redox reac-
tion, and F is the Faraday's constant. This equation is practically useful for estimating
the thickness of the electrodeposited materials.

Non-Faradic Process An electrical double layer (EDL) model is commonly used to
describe the non-Faradic process, schematically depicted in Figure 3.2. Speci�cally, at
the electrode/electrolyte interface there are two big regions of ion distributions. One
is the Stern layer (or compact layer), which is closest to the electrode. And the other
is the di�usion layer, where the solvated ions are di�used into a three-dimensional
region driven by thermal motion. Moreover, based on di�erent types of adsorbed ions,
the Stern layer is further subdivided into two parts: i) between the electrode and
inner Helmholtz plane (IHP), where so-called �speci�cally adsorbed ions� (i.e. usually
anions, irrespective of the charge nature of the electrode) are strongly attached to the
electrode; ii) between the IHP and outer Helmholtz plane (OHP), where there are �non-
speci�cally adsorbed counterions�. And from the OHP, the di�usion layer starts. In
general, by exerting an electric �eld, the structure of the EDL can change through the
adsorption/desorption process, resulting in the non-Faradic process.[166, 169]

Figure 3.2.: An electrical double layer (EDL) model at an electrode/electrolyte interface. Repro-
duced from [169] with permission of The Royal Society of Chemistry.
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3.1.2.2. Metal Electrochemical Deposition

Electrochemical deposition (ECD; also referred to as electrodeposition or electroplating)
is a low-cost, fast and industry-applicable method. Moreover, ECD is easily adaptable
for the fabrication of various nanomaterials (e.g. polymer, metal-oxide and metal).[170,
171] However, in this thesis, the focus is mainly on metal electrodeposition. A typical
metal electrodeposition process consists of a series of steps [172, 173], illustrated in
Figure 3.3.

Figure 3.3.: A chematic illustration of a cathodic metal electrodeposition process.

• Step1 - mass transfer of the coordinated ions (e.g. Ag(SCN)
2-

3
) through the bulk

electrolyte to the di�usion region.

• Step2 - The ligand �eld becomes distorted in the di�usion region.

• Step3 - In the Stern layer, the metal ions are freed from their ligands.

• Step4 - The metal ions are neutralized. Hence, the metal is deposited on the
cathode.

In terms of vertically aligned metallic nanowire fabrication, one can assume that, with-
out any templates, nanowire could be obtained via electrodepositing metal on its seed
layer. This is because the electric �eld between the metallic seed layer and the counter
electrode is greater than that between the two electrodes, due to a shorter distance
.[109] Therefore, growth is more possible on the seed layer. Furthermore, if the growth
is favorable along only one direction, owing to a preferential crystal growth direction,
vertically aligned metallic nanowires could be obtained. In fact, both ordered and dis-
ordered seed layers can be obtained by already mature techniques such as evaporating
metal through the mask of a polystyrene sphere (PS) monolayer [100, 174] and the
solution reduction approach [175]. However, fabrication of metallic nanowires without
templates is hardly applied in practice since the growth control is very di�cult. [109]

An example of this process is shown in Figure 3.4. A solution reduction approach
was used to make silver seeds (diameter: 70-150 nm; height: ca. 20 nm) on ITO glass
(Figure 3.4a). Consecutively, a potentiostatic deposition on the sample with the seed
layer was employed. The results show that the nanoscaled silver seeds grow in three-
dimensions into microscaled silver balls rather than wires (Figure 3.4b), indicating no
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Figure 3.4.: (a) Silver seeds (bright dots) on a ITO glass (diameter: 70-150 nm). The seed layer
was obtained by reducing silver nitrite with glucose (adding 100µl of 0.5M C6H12O6 (aq) into
100µl of (0.1M AgNO3(aq) + 0.8M KOH(aq))). Afterwards, this mixture was left for 5minutes,
before being spin-coated on ITO glass at 200 rpm for 30 s. (b) Elctrodeposited silver on the silver
seed layer with a deposition potential of -0.3 V vs. Ag/AgCl (3M) after 2min.

preferential crystal growth direction. Therefore, in order to achieve vertically aligned
metal nanowires by electrodeposition method, templates with well de�ned channels (e.g.
anodic aluminum oxide (AAO) template and block copolymer template) are necessary.
In the following sections, the template-assisted electrodepositon of metallic nanowires
will be discussed in detail.

3.1.2.3. Three-Electrode System

In most electrochemical experiments, a three-electrode system is adopted, and this is
schematically illustrated in Figure 3.5. It consists of:

• A working electrode (WE): the electrode system of interest to this study.

• A counter electrode (CE): the electrode that assists current to pass between the
WE and CE. It is worth noticing that the surface area of the CE is usually larger
than the WE, to ensure that the half-reaction at the CE is fast enough not to
limit the reaction process at the WE.[176]

• A reference electrode (RE): the electrode that remains a constant potential under
changing conditions. Experimentally, the RE should be placed as close as possible
to the WE to minimize the in�uence of the solution resistance R. If not, the R
would cause a voltage drop iR (i is the current through a solution), resulting in a
mismatch between the measured potential and actual potential on the WE.[176]
In addition, there are di�erent types of reference electrode such as Ag/AgCl, stan-
dard hydrogen electrode (SHE) and saturated calomel electrode (SCE). However,
what reference electrode should be used depends on the properties of electrolyte
(e.g. aqueous and non-aqueous) as well as the purpose of the study.
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Figure 3.5.: Schematic demonstration of a three-electrode system.

3.1.2.4. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is perhaps the most powerful tool for analyzing a new electro-
chemical system. Usually, a linear potential is scanned forward and backward between
two values (i.e. V1 and V2), as shown in Figure 3.5a. The resulting current comes
from redox reactions (Faradic current) as well as electrical double layer charging (non-
Faradic current). One typical example is depicted in Figure 3.5b. This CV curve can
be interpreted by considering the voltage and mass transport e�ects [166]:

• Stage 1 - In the beginning, the applied voltage is far away from the reduction
potential (V0), no redox reactions happen and only non-Faradic current �ows.

• Stage 2 - Upon reaching V0, the reduction process happens: O + e → R

• Stage 3 - The voltage becomes increasingly negative, resulting in the increasing
current. The behavior of the current follows the Nernst equation (see in Sec-
tion 3.1.2.1). Therefore, more reactant is converted.

• Stage 4 - The current reaches its peak, but also starts to decrease due to the
depletion e�ect (i.e. the growing di�usion layer slows down the �ux of the reactant
to the electrode.[177]).

• Stage 5 - A reversed sweeping voltage is applied, the current begins to �ow the
other way (from the reactant to the electrode). The oxidation process occurs: R
→ O+e

If the reaction is ideally reversible, the CV curve could repeat round after round. How-
ever, the usual processes are not always reversible. Therefore, it is useful to calculate
the cathodic to anodic charge ratio, by integrating the current over time, to determine
the reversibility. It should also be noticed that the current changes with the varying
scanning rate of the voltage.[177] For example, if the scan rate is slow, the di�usion layer
near the electrode surface grows much further in comparison to a fast scan, therefore,
the corresponding current decreases, and vice versa.
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Figure 3.6.: (a) Applied potential vs. time. (b) A typical corresponding cyclic voltammetry curve.

3.2. Fabrication of Barrier-free AAO Templates on Rigid
Substrates

3.2.1. Experimental Details

3.2.1.1. Sputter Deposition

Commercial ITO substrates (Praezisions Glas & Optik (PGO)) consist of a 180 nm
thick ITO layer (approximately 10 Ω/sq) deposited on soda-lime-silica glass (14 x 14
x 1.1mm). The substrates were cleaned in an ultrasonic bath for 10min each with
acetone and isopropanol prior to loading in the sputtering system. The sputtering
system equipped with in situ oxygen plasma cleaning capabilities (AJA Orion 5) was
typically pumped down to less than 2 x 10-7 Torr. The ITO substrates were cleaned with
the in situ oxygen plasma cleaning process for 2min at oxygen �ow rate, power, and
pressure of 15 sccm, 50W and 10mTorr, respectively. This cleaning process is crucial
for enhancing the adhesion between ITO and subsequent layers. 99.95% pure Ti (5 nm)
and Au (2 nm) were sputtered at a rate of 0.20 nm/s and 0.75 nm/s, respectively without
breaking chamber vacuum. The Ti was radio frequency (RF) sputtered at a power and
argon pressure of 100W and 2mTorr while the Au was direct current (DC) sputtered
at a power and argon pressure of 20W and 1.5mTorr. The samples were subsequently
taken out of the aforementioned sputtering system and transferred into the load lock
chamber at 200◦C for 5min at approximately 10-5Torr and then slowly cooled down to
room temperature prior to being transported to the main chamber (Surrey NanoSystems
Ltd.). This degassing process was used to remove the moisture bonded onto the sample
surface due to breaking the vacuum. High-purity aluminum (99.999%)(150 nm) was DC
sputtered at a power and argon pressure of 200W and 5mTorr with a rate of 0.05 nm/s.
The Ti and Au targets were purchased from AJA International, Inc. and the Al target
was purchased from Testbourne Ltd. All sputter were performed at room temperature.
Commericial Si substrates (Active Business Company) is Boron-doped p-type with a
crystal orientation of (100). There was no in situ oxygen plasma pre-cleaning process for
Si substrates. The thickness of the sputtered Au layer was 30 nm. The other processes
were exactly the same as those for the ITO substrates.
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3.2.1.2. Anodization

The experimental setup for AAO anodization has been developed as shown in Figure
3.7. The setup is a two-electrode system in a jacketed beaker cooled by recirculating
chiller. A power supply provided the constant anodizing potential, and a platinum wire
ring (diam. 1mm) counter electrode was placed in parallel to the Al �lm at a dis-
tance of 1-2 cm. For samples with ITO glass substrates, the power supply was Keithley
2400. The current was monitored throughout the anodization process by a self-written
Labview program. For samples with Si substrates, the power supply was Easypower
Supply EA-PS 8360-10 T, which provided higher output power (max. 1000W; voltage
accuracy <2%) than Keithley 2400 (max. 22W; voltage accuracy <0.2%). The current
was monitored by the incorporated program of the machine.

Figure 3.7.: Homemade anodization setup.

Figure 3.8 displays the homemade sample holder. It mainly consists of a Te�on con-
tainer, which is inert to the used acid solution. The Al surface was pressed against a
Viton O-ring, and the reverse of the substrate against a piece of silicone rubber, en-
suring a leakage-free system. The samples were in contact with four gold pins, one at
each corner, which provided a homogeneous current �ow over the whole sample surface
during the anodization process.

The anodization process was manually stopped, when vigorous gas bubbles uniformly
spread out from the sample surface. It is important to stop the anodization process at
the proper point because the barrier layer needs to be thinned for a su�cient duration,
but the process should not be too long as this would damage the �lm.
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Figure 3.8.: The homemade leakage-free AAO holder

3.2.1.3. Pore-widening

The AAO pores widened in 5wt.% phosphoric acid (Sigma-Aldrich) at room tempera-
ture. Meanwhile, the Al2O3 barrier layer beneath the pores was totally removed after
a su�cient period of time. The pore widening time was typically between 35min and
125min, which depended on the anodizing voltages as well as the type of substrates.

3.2.1.4. Structural Characterization

The AAO templates were examined by SEM (see Chapter 2). The pore diameters, inter
pore distances, and porosity were estimated by ImageJ software.

3.2.2. Results and Discussion

Figure 3.9 outlines the process used to fabricate the free-standing metallic nanowires.
The mechanisms of the template formation and the electrodeposition are discussed in
detail in the following sections.

Figure 3.9.: Free-standing nanowire fabrication scheme.[33]
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3.2.2.1. Critical Rule of Interlayers

Failed AAO Fabrication on ITO Glass without Interlayers

A 150 nm aluminum �lm was DC-sputtered on bare ITO glass. Attempts at anodizing
the samples either at 40V in oxalic acid or at 15V in sulfuric acid encountered a severe
peeling-o� problem. Shortly after exerting a voltage, the corresponding current �rst
decreased and then quickly jumped up, which caused rapid bubbling and peeling-o�
from the template. Only a small portion of the sample on the peeling-o� edge turned
transparent, which indicated the presence of AAO pores. This was then veri�ed by
SEM, as shown in Figure 3.10. However, a big portion (>80%) of the sample was shiny,
indicating that most Al did not turn to AAO pores successfully.

Figure 3.10.: SEM image of an AAO template on a bare ITO glass anodized at 40 V in oxalic acid.
Only a small portion of the sample on the peeling-o� edge had such transparent AAO template.
The rest large area was till shiny Al.

AAO Fabrication on ITO Glass with Interlayers

Given the limited success of fabrication of AAO templates on bare ITO glasses, inter-
layers were used to greatly improve the quality of the AAO templates on ITO glasses.
Experimentally, a 5 nm of Ti as an adhesive layer, 2 nm of Au and 150 nm of Al were
deposited on ITO glass by sputtering. With such interlayers, the anodization pro-
cess was slowed down, allowing the slower-forming pores to reach the bottom of the
substrate without peeling-o� of the �lm. Therefore, the Al �lm could turn entirely
transparent over the whole substrate (with an area of 1.27 cm2) without delamination
(see Figure 3.11). Figure 3.12a shows an SEM image of a high-quality AAO template
made by anodizing a 150 nm Al �lm on ITO glass at 60V, followed by 80min of pore-
widening. The inset shows the pore diameter distribution. It is worth noticing that
the in situ oxygen plasma pre-cleaning of the ITO surface is crucial for preventing the
template from peeling o� during the anodization process; high vacuum was maintained
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between the pre-cleaning and the subsequent layer depositions. The ultrathin Au layer
is transparent. Moreover this Au layer is not a continuous �lm but rather Au dots uni-
formly distributed over the ITO surface (see Figure 3.13). These Au dots are essential
in providing nucleation sites for the silver electrodeposition (discussed in Section 3.3 in
detail).

Figure 3.11.: (a) AAO template on ITO glass without pore-widening. (b) AAO template on ITO
glass after pore widening.

To identify the stability of the ITO �lm in the anodization process, the sheet resis-
tance was characterized by a four-point probe after removing the AAO template in
NaOH (0.1M) for 30min. There was nearly no change between the remaining ITO
(7.1 Ω sq-1) and the pristine ITO �lm (6.9 Ω sq-1).

Figure 3.12.: (a) SEM image of an AAO template on an ITO glass substrate (with 5 nm Ti and 2
nm Au layers) by anodization in oxalic acid (0.1 M) at 60 V and pore-widening in 5wt.% phosphoric
acid for 80 min. (b) Pore diameter distribution: average pore diameter = 76 ± 13 nm, inter pore
distance = 133± 15 nm and porosity = 5.5 x 109 cm-2.[33]

3.2.2.2. Time-resolved Current Density of the AAO Anodization

Figure 3.14 shows a detailed plot of current density versus time (J-t) for the anodization
at 60V in 0.1M oxalic acid. 0.1M oxalic acid is used in this study instead of the more
common 0.3M oxalic acid [163] since the anodization process is too fast to stop in time
when using the more concentrated acid for anodizating thin Al �lm. During the �rst
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Figure 3.13.: SEM images of (a) a pure ITO glass surface, and (b) an ITO glass with 5 nm Ti
and 2 nm Au. The ultrathin 2 nm Au is not a continuous �lm but Au dots distributed over the ITO
surface.[33]

few seconds, a high current is detected while the surface of Al is oxidized. The current
swiftly drops to a local minimum once the oxide layer is completely formed (1). The
pores start to form due to local electric �eld enhancement induced by �lm roughness
and cracks in the oxide layer.[163] The current increases during the progression of the
pores through the Al �lm (2).

The subsequent signi�cant current drop (3) is ascribed to a complete consumption of
Al, �rst locally, and �nally over the whole substrate, leaving an Al2O3 barrier layer at
the bottom of the pores. At this point, the current reaches a local minimum (4). At the
end of the anodization process, the current rapidly increases, accompanied by vigorous
gas bubbles (5). These gas bubbles are likely due to the oxidation of O2- ions, which
migrate through the porous alumina barrier to the Au interface.[162] It is critical to stop
the current at the proper point, because stopping too late would cause delamination of
the template due to the pressure produced by the gas bubbles; however, since this pro-
cess can also thin the barrier layer underneath the pores [162], stopping too early would
leave too thick a barrier layer to be removed by 5wt.% phosphoric acid. An example
of the resulting product when the process is stopped too early can be seen in Figure 3.15.

3.2.2.3. Comparison of AAO Fabrication on ITO Glass and Si Substrate

The stopping current density thresholds, which should lead to a �nal barrier-free AAO
template, varies signi�cantly when the substrates are di�erent (e.g. ITO glass vs. Si
wafer). Figure 3.16a displays the J-t curve for the anodization of a 150 nm Al �lm
at 40V on a Si substrate. The stopping current density threshold (250mA/cm2) is
approximately 20 times higher than that for ITO glass (12mA/cm2) under the con-
dition of the same anodizing voltage (40V). Such dramatic di�erence is attributed to
the di�erence in surface roughness. Since the Si surface is much smoother (Rmax <
1 nm; Rmax: maximum roughness) than ITO (Rmax < 5 nm), the formed barrier layer
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Figure 3.14.: Current density vs. time curve for the anodization at 60 V of a 150 nm Al on ITO
glass (with 5 nm Ti and 2 nm Au layers) in oxalic acid (0.1 M).[33]

Figure 3.15.: Side view SEM image of an AAO template on Si substrate (with 30 nm Au and 5 nm
Ti layers) by anodization in oxalic acid (0.1 M) at 40 V and pore-widening in 5wt.% phosphoric
acid for 30min. Note that: This barrier layer hinders the electrodeposition into the AAO pores.
However, if stopped at the right time, the AAO pores were opened at the bottom after the same
pore-widening time (30 min) and successfully �lled with Ag nanowires. This thinning barrier layer
process is almost the same as on the ITO glass substrate.[33]

between the AAO pores and Si surface is more compact. Such a compact barrier layer
needs higher electric �eld (higher current density) to be broken though. Figure 3.16b
shows a top-view SEM image of a high quality and barrier-free AAO template on a Si
substrate anodized at 40V. The inset shows the pore diameter distribution (50±15 nm).

In order to highlight the crucial role of the surface roughness of the substrate, one
extreme example is that the barrier-free AAO template was never successfully obtained
when using a rougher ITO glass (Rmax < 35 nm; purchased from LUMTEC, rather than
from Praezisions Glas & Optik). The delamination of the AAO template on the rougher
ITO started so early that barrier layer did not have su�cient time to be thinned.
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Figure 3.16.: (a) The current density vs. time curve for the anodization at 40 V of a 150 nm Al
on Si substrate (with 5 nm Ti and 30 nm Au layers) in oxalic acid (0.1 M). (b) SEM image of an
AAO template on a Si substrate after pore-widening in 5wt.% phosphoric acid for 30 min. (c) Pore
diameter distribution: average pore diameter = 50± 15 nm.

3.2.2.4. Anodization Voltage

Di�erent voltages were used to anodize Al �lms to investigate the in�uence of this
parameter. The stopping current density thresholds and pore widening times at dif-
ferent anodizing voltages (35V, 40V, 50V and 60V) are plotted in Figure 3.17 and
summarized in Table 3.1.

Figure 3.17.: Pore widening time and stopping current density threshold at di�erent anodizing
voltages.[33]

The AAO pores in this experiment were widened for a su�cient time so that the bar-
rier layers at the bottoms were totally removed. Figure 3.17 shows that the stopping
current density threshold and pore widening time are linearly dependent on the an-
odizing voltage. Since the barrier layer thickness linearly increases with respect to
increasing anodizing voltage [178], higher electric currents to reduce the barrier layer
thickness and longer pore widening times to completely open the bottom of the pores
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Table 3.1.: AAO template parameters at di�erent anodizing voltages. J: current density; PW:
pore widening.[33]

Voltage (V) Stopping J (mA/cm2) PW time (min) Interpore distance (nm) Pore diameter(nm)

35 7 38 84± 13 38± 3

40 12 48 96± 19 56± 13

50 18 65 112± 8 70± 5

60 24 80 133± 15 56± 13

are required. This linear relationship can help determine the stopping current density
and pore widening time (see the equations below) at any anodizing voltage within the
working range of the oxalic acid.

ySJ = 0.66x− 15.32; yPW = 1.67x− 19.54 (3.3)

where x is the anodizing voltage, ySJ is the stopping current density threshold and yPW
is the minimum pore widening time to completely remove the barrier layer.

The interpore distance and widened pore diameter at di�erent anodizing voltage are
examined from the SEM images (see Figure 3.18), and summarized in Table 3.1. It
is found that the interpore distance depends linearly on the anodizing voltage with a
proportionality constant of 1.9 nm/V (see Figure A1 in Appendix A). This agrees well
with the reported data on conventional anodizing of bulk Al foils.[179]

However, the success rates of AAO templates formed at di�erent anodizing voltages
are not the same. At lower anodizing voltages, delamination of AAO �lm was occasion-
ally observed. Higher anodizing voltages make the AAO formation process faster and
reduce the occurrence of defects.[164] At 35V to 40V, the success rate was below 45%,
whereas it increased to over 85% at 50V to 60V.

3.2.2.5. Overview of AAO Templates on Various Substrates

Except for acting as electrodeposition templates, AAOs on rigid substrates have nu-
merous other applications. For example, such templates can be used for:

• Drug delivery through a sol-gel method of synthesizing SiO2 nanotubes (coop-
eration with Dr. Xuecheng Chen, West Pomeranian University of Technology,
Poland).

• Photophysics investigation of crystalline con�ned perovskite through AAOs (co-
operation with Simon Bretschneider, Max-Planck-Institute for Polymer Research,
Germany).
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Figure 3.18.: (a-1), (b-d) are SEM top views of AAO templates �lled with Ag nanowires at
anodizing voltages of 35 V, 40 V, 50 V and 60 V, respectively. (a-2) is shown here since the Ag
nanowires are too short to be seen from the top view.[33]

• Fabrication of nanostructures via laser-induced backward transfer method (coop-
eration with Matthias Feinaeugle, University of Southampton, UK).

For the aforementioned applications, the AAO fabrication process is easier since the
barrier-free bottom is not essential, however di�erent types of substrates are required.
Table 3.2 gives an overview of which substrates are possible and which are not.

3.2.3. Conclusion

This study demonstrates the critical role of in situ surface plasma cleaning and in-
terlayers (Ti and Au) for achieving well-attached barrier-free AAO templates on ITO
glass. The stopping current point is important in the anodization process. Further-
more, dimension tunable barrier-free AAOs are obtained by varying the anodization
voltages and linear regularities are found. Additionally, the possibility of AAOs on
various substrates are provided, paving the way for many potential applications.
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Table 3.2.: AAO template on di�erent substrates. The diameter tuning range of di�erent acids
are [180]: sulfuric acid (D≤ 65 nm), oxalic acid (D≤ 100 nm), and malonic acid (D≤ 300 nm).

Substrate Sulfuric Oxalic Malonic

Glass (D263T; PGO) work work work

Glass (Microscope Slides; Kittel) failure failure failure

Quartz (PGO) work work work

Si (B-doped (100); Active Business) work work work

ITO (LUMTEC) with an interlayer of TiO2(10-50 nm) work work work

ITO (LUMTEC) with an interlayer of TiO2(≥ 80 nm) failure failure failure

3.3. Electrodeposition and Characterization of Metallic
Nanowire Arrays

3.3.1. Experimental Details

3.3.1.1. Silver Electrolyte Preparation and Pulsed Electrodeposition

Figure 3.19.: Electrodeposition setup using a three-electrode system: AAO template (installed in
the AAO holder) as a working electrode, Pt as a counter electrode and Ag/AgCl (3M NaCl) as a
reference electrode.

The pulsed electrodeposition was performed in a three-electrode system with an Autolab
PGSTAT 101 Potentiostat/Galvanostat (see Figure 3.19). For Ag electrodeposition, the
electrolyte solution was prepared using 50ml of 0.05M silver sulfate (Ag2SO4; Sigma-
Aldrich) and 2.3M potassium thiocyanate (KSCN; Sigma-Aldrich) in deionized water
(pH 6.0). The pH of the solution was then adjusted to 4.2 by adding 40ml of the
acidic bu�er 0.2M monopotassium phosphate (KH2PO4; Sigma-Aldrich). Then, 20ml
of methanol was slowly added to the solution as a wetting agent. Finally, the pH of the
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solution was stablized to 6.0 with 7ml of the alkaline bu�er 0.2M dipotassium phos-
phate (K2HPO4;Sigma-Aldrich). The ratio of water to methanol in this electrolyte was
about 1:5. The solution was stirred throughout the preparation process. The AAO sam-
ples was electrically connected as before in the leakage-free Te�on holder. An Ag/AgCl
(3M NaCl) electrode was used as a reference and a 2.25 cm2 platinum counter electrode
was employed. For pulse deposition, the following parameters were used: deposition
voltage Upulse = -0.5 V, pulse time tpulse = 6 ms, relaxation voltage Uo� = -0.157 V
and relaxation time to� = 1 s.

In addition, the electrodeposition of Au nanowires was also successful. The same
pulsed electrodeposition concept was adopted: deposition voltage Upulse = -0.7 V, pulse
time tpulse = 6 ms, relaxation voltage Uo� = -0.157 V and relaxation time to� = 1 s.
The electrolyte solutions were prepared based on a recipe by Liew etal [173]: �rst,
dissolve 0.42M sodium sulphite (Na2SO3; Sigma-Aldrich) and 0.42M sodium thiosul-
fate (Na2S2O3; Sigma-Aldrich) together in deionized water. Then, slowly add 0.5M
chloroauric acid (HAuCl4) to the solution while stirring.

3.3.1.2. Template Removal

The AAO templates were removed by etching in 0.1M sodium hydroxide (NaOH;
Sigma-Aldrich) for 30min at room temperature. Subsequently, the samples were cleaned
in deionized water, and dried carefully with a slight �ow of nitrogen. Hence, free-
standing Ag nanowire arrays on ITO glass were obtained.

3.3.1.3. Nanowire Characterization

The nanowire arrays were characterized using SEM (see Chapter 2) from top view
and side view (angle of 54◦ with respect to the horizontal axis). The composition of
nanowires was analyzed using XRD (see Chapter 2) and HR-TEM (high resolution
transmission electron microscopy; JEOL, JEM 2200FS). Regarding the sample prepa-
ration for HR-TEM, the nanowires were scratched o� the substrates and dispersed in
absolute ethanol (≥ 99.8%; Sigma Aldrich), before being suspended on a 400 mesh
carbon-coated Cu grid.

3.3.2. Results and Discussion

Figures 3.9 d-e schematically illustrate the electrodeposition of silver into the AAO
templates and the removal of AAO templates to obtain free-standing Ag nanowires.
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3.3.2.1. Cyanide-free Electrolyte Development

To achieve uniform pore �lling of Ag into the AAO pores, it is critical to choose a
suitable electrolyte. Since cyanide electrolytes are not stable in acidic conditions, most
traditional cyanide-based silver electrolytes are set to operate at PH > 10.0. However,
AAO templates are only stable at a pH between 4.0 and 8.0.[150] Considering the tox-
icity and poor compatibility with the AAO templates, it was necessary to develop a
cyanide-free electrolyte.

Our previous attempts at using silver nitrate solutions were unsatisfactory as they
resulted in poorly electroformed dendritic silver (see Figure B1 in Appendix B). There-
fore, we chose to use a silver complex solution to obtain �ne-grained and smoother Ag.
The details of the silver electrolyte preparation are described in Section 3.3.1.1.

3.3.2.2. Overcoming the Challenges of Electrodeposition of Ag on
Low-Surface-Energy ITO Glass

In order to form high-quality silver within the AAO templates on ITO glass, it is cru-
cial to promote nucleation over the growth process. However, the nucleation of silver
directly onto ITO glass is di�cult because the low-surface-energy ITO is too smooth
to allow the possibility of interlocking between the substrate and the electrodeposited
silver.[181] It was observed that only sparse silver nuclei formed after a relatively long
time of 10min. To address this problem, various physical and chemical surface treat-
ment methods were attempted, which are summarized in Table 3.3.

Based on the information in Table 3.3, homogenous electrodeposited Ag �lms could
be successfully obtained by modifying the ITO surface through:

• Physical deposition of a thin metal or metal oxide �lm such as Au, Ag, and MgO,
which have very small lattice mismatch with Ag (<3%). On the contrary, if the
lattice mismatch is larger than 8%, the resulting electrodeposited Ag �lms are
undesirable.

• Chemical grafting of a polar functional group (e.g. -SO3, -COOH and -PO3) onto
the ITO surface. These functional groups should be well coordinated with the
silver ions. If necessary, a cyclic voltammetry, scanning from 0.1V to -0.5V at
10mV/s, could further promote nucleation over the growth process.

However, not all of these modi�ed layers could be successfully incorporated to achieve
high-quality AAO templates on ITO. For example, the thin Ag interlayer could not
result in homogenous porous structures in an anodization process, likely due to the
fast oxidation of Ag under a high potential (40V). As shown before in Section 3.2.2.1,
the problem of delamination was severe if fabricating AAOs on ITO glasses without
interlayers. Therefore, post-treatments of the exposed ITO surface at the bottom of
the AAO pores with chemical functional groups (e.g. -SO3, -COOH and -PO3) is invalid.
Furthermore, MgO is unfavorable, because of its insulating property, which blocks to
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Table 3.3.: Overview of electrodeposited Ag �lm quality after various surface pre-treatments.
Note: in the table, CV refers to cyclic voltammetry, scanning from 0.1V to -0.5 V with a scan rate
of 10mV/s; DPA refers to 1-decylphosphonic acid.

Surface treatment of the ITO glass (LUMTEC) Results of the electrodeposited Ag

sputtered TiO2 (5 nm) inhomogenous Ag �lm

thermal evaporated Cr (5 nm) severely incontinuous Ag �lm

thermal evaporated WO3 (5 nm) inhomogenous Ag �lm

sputtered Al2O3 (2 nm) severely incontinuous Ag �lm

e-beam evaporated MgO (2 nm) homogenous Ag �lm

sputtered Ag (5 nm) homogenous Ag �lm

thermal evaporated Au (5 nm) homogenous Ag �lm

spin-coated PEDOT:PSS (30 nm) homogenous Ag �lm

30min immersion in succinic acid (0.5mM) without a CV inhomogenous Ag �lm

30min immersion in succinic acid (0.5mM) with a CV homogenous Ag �lm

30min immersion in DPA(aq) (0.5mM) without a CV inhomogenous Ag �lm

30min immersion in DPA(aq) (0.5mM) with a CV homogenous Ag �lm

some extent the contact between the Ag nanowires and ITO glass, interrupting the
charge transfer process. Eventually, Au was found to be the most desirable material to
act as a nucleation layer for Ag electrodeposition, and can also guarantee high-quality
AAO templates.

3.3.2.3. Pulsed Electrodeposition and Morphologies of Nanowires

In order to determine the silver electrodeposition potential range, cyclic voltammetry
was �rst performed on a �at gold �lm (30 nm Au on silicon substrate), as shown in
Figure 3.20. It exhibits only one redox reaction in the potential range of -0.55V to
0.1V and the deposition peak for silver is -0.18V. The anodic to cathodic charge ratio
is close to 1, irrespective of the number of cycles. All potentials presented regarding
electrodeposition in this paper refer to the Ag/AgCl (3M NaCl) reference electrodes.

The pulsed electrodeposition of Ag into AAO pores is composed of modulated pulses
in milliseconds (Upulse = -0.5V, tpulse = 6ms). An overpotential of -0.5V was required
instead of -0.18V, because the bottoms of the AAO templates are more likely meso-
porous alumina rather than fully exposed gold, which leads to higher resistivity than
a pure gold. Therefore also the cyclic voltammetry curve should be shifted for AAO
templates with a gold bottom rather than a planar gold �lm. A relatively long re-
laxation period subsequently takes place (to� = 1 s with zero current at o�set voltage
applied of Upulse = -0.157V). A pulsed electrodeposition concept is adopted here for
two reasons. First, it has been shown that pulsed electrodepostion can help achieve
uniform and homogenous pore �lling since a su�cient relaxation period assists the re-
covery of the silver ion concentration at the depostion interface.[182] Second, since the
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Figure 3.20.: Cyclic voltammetry of a gold electrode in the silver electrodeposition bath scanned
from 0.1V to -0.55V. Scan rate: 10mV/s. The anodic to cathodic charge ratio is 0.8074.[33]

silver electrodeposition rate is very high, to obtain short nanowires, the relaxation pe-
riod of pulsed deposition can slow down the whole process. It is important to point out
that prior to electrodeposition, the AAO templates are transparent. After electrode-
position, the surfaces become colorful (they change from brownish to purplish as the
electrodeposition time is increased; one example is shown in Figure 3.26a). However,
if the electrodeposition time is too long, the surfaces turn whitish, due to strong light
scattering at the overgrown microstructured �lm. This change in the appearance of the
surface of the AAO templates can be used to determine when a su�cient amount of
silver has been deposited.

It is worthwhile to mention that potentiostatic deposition was tried previously, but
after only a very short amount of time (< 1 s), the sample turned whitish, indicating
extremely fast growth rate. Attempts at decreasing the temperature (ca. 1◦C) did not
e�ectively slow down the depositon rate. Moreover, decreasing the concentration of
the electrolyte to reduce the deposition rate was not intuitively simple. When adding
more water to the electrolyte, some "snow-like" compounds precipitated out, likely due
to the change of the pH. Finally, the pulsed electrodeposition worked out as the most
e�ective and controllable way to fabricate silver nanowires.

The crystal growth of the Ag nanowire arrays is shown by the X-ray di�raction (XRD;
see Figure 3.21). The pattern shows the expected re�ections for the silver material.
Comparing the relative intensities of the silver reference pattern (JCPDS �le No. 04-
0783), one can conclude that the growth of Ag nanowires was successful. Additionally,
HR-TEM studies further verify this conclusion (see Figure B2 in Appendix B).

Figure 3.22 displays side-view SEM images of the well-controlled di�erent lengths of
the Ag nanowires embedded in the AAO templates on ITO glass with increasing elec-
trodeposition time from 5 s to 45 s. At times shorter than 10 s, only a few Ag nuclei

34



Chapter 3. Fabrication of Free-Standing Nanowire Arrays on Rigid Substrates

Figure 3.21.: An X-ray di�raction pattern of the Ag nanowire arrays embedded in an AAO template.
Baseline noise is from the substrate and Al2O3.[33]

are observed as opposed to nearly full coverage after this critical time. Afterwards, the
Ag uniformly deposits in the AAO pores resulting in Ag nanowires. All of the AAO
templates discussed in Section 3.3.2.3 are anodized at 60V, with an average diameter
of 76 nm and an average interpore distance of 133 nm.

A prolonged current density versus time (J-t) pulsed electrodeposition curve is recorded,
shown in Figure 3.23. The inset side-view SEM image displays the severe overgrowth
of Ag nanowires. In the J-t curve, there are three main stages: I) transient stage for
Ag nucleation; II) steady stage for Ag growing in the pores; III) increasing stage when
hemispherical Ag caps start forming. This agrees with previously reported work on the
electrodeposition of metal nanowires into polycarbonate membranes.[84] The process
should be stopped at the transition point between stage II and III to obtain homoge-
nous silver nanowires as overgrowth starts to dominate.

The length of the high-quality Ag nanowires, examined from the side-view SEM images
of the samples, is linearly dependent on the charge collected on the sample, shown in
Figure 3.24a. This agrees well with Faraday's law [62] and proves a uniform nanowire
growth under the applied electrodeposition conditions. Since only a small portion of
AAO pores are �lled with Ag at the beginning of the electrodeposition, which is seen
from the SEM image (Figure 3.22a), the examined length here is the average value of
these few Ag nuclei. Therefore, the linear mapping starts at approximately 90 nm rather
than 0 nm. In addition, this linear mapping can in turn be used to estimate the lenght
of the Ag nanowires of good quality. Note that the same length of Ag nanowires is
not necessarily obtained with the same electrodeposition time, since the current density
always changes with di�erent samples due to the inevitable �uctuations at the bottom
of the AAO pores.

In rare cases, overgrowth of Ag nanowires happens even when the average length of
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Figure 3.22.: SEM side view of electrodeposited silver nanostructures into AAO templates, an-
odized at 60V, with an average diameter of 76 nm and interpore distance of 133 nm. The elec-
trodepositing times and charges are: a) 5 s, 1.58mC, b) 10 s, c) 15 s, 10.95mC, d) 22 s, 33.64mC,
e) 30 s, 47.01mC, and f) 45 s, 59.85mC. The stage angle is 54◦.[33]

the Ag nanowires is still short. This is undesirable for certain device fabrications such
as organic and hybrid solar cells because it causes an electrical short-circuit between
the two electrodes. One poor quality Ag nanowire sample is presented in Figure 3.24a,
which does not �t the linear relationship of the nanowire length and deposited charge.
Its side-view SEM image is displayed in Figure 3.24b. It is assumed that this inhomoge-
nous overgrowth is due to the uneven barrier layer at the bottom of the AAO pores.
Hence, homogenous barrier layer quality of AAO templates is essential for uniform pore
�lling.

Figure 3.25 displays SEM images of the samples after removel of the AAO templates.
The high quality of the Ag nanowires is shown in the lower magni�cation image of
Figure 3.25a. The 90µ2 area is uniform and free of collapsed nanowires, and is repre-
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Figure 3.23.: Current vs. time curve for pulsed electrodeposition of silver into AAO templates on
ITO glass. It displays the recorded data when the pulse is on, which mainly determines the silver
nanowire growth.[33]

Figure 3.24.: (a) Mean and standard deviation of the silver nanowires' length with respect to the
charge collected on the samples. The straight line represents a linear �t to the data. (b) A side-view
SEM image of one overgrown silver nanowire sample embedded in the AAO template.[33]
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sentative of the entire 1.27 cm2 sample area (see Figure 3.26b).

Additionally, electrodeposition of gold nanowires has also been successfully achieved
by using a similar pulsed electrodeposition method (experimental details are described
in 3.3.1.1). The side-view SEM image of gold nanowires embedded in an AAO template
is shown in Figure 3.27.

Figure 3.25.: SEM images of free-standing silver nanowires on ITO glass substrates: (a) top view,
(b) side view at an angle of 54◦.[33]

Figure 3.26.: (a) Silver nanowires embedded into the AAO template on an ITO glass. (b) Free-
standing Ag nanowires after removal of the AAO template on an ITO glass. These two samples
were fabricated with the same parameters in the same batch.

3.3.3. Conclusion

In summary, in order to achieve a successful growth of AgNWs into AAO templates
by an electrodeposition method, a novel cyanide-free silver electrolyte based on silver-
sulfate complex has been developed, which is compatible with the AAO templates, and
more importantly, is stable long term. Furthermore, the ultrathin gold layer is found
to be a desirable nucleation layer for the electrodeposition of Ag nanowires. The length
of the Ag nanowires can be estimated from the linear mapping of the length versus
collected charge. However, the length of the Ag nanowires is not linearly dependent
on the electrodeposition time, because the electrodepositing current density always
changes with di�erent samples due to the inevitable �uctuations at the bottom of the
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Figure 3.27.: A side view SEM image of gold nanowires embedded into an AAO template, anodized
at 60V, with an average diameter of 76 nm and interpore distance of 133 nm. The electrodeposition
time is 30 s. The stage angle is 54◦.

AAO pores. In addition, gold nanowire arrays have been also successfully obtained
using the AAO templates and pulsed electrodeposition concept.

3.4. Optical Properties of Metallic Nanowire Arrays

3.4.1. Ultra Violet-Visible Light (UV-Vis) Characterization of
Free-Standing Silver Nanowires

The optical properties of free-standing AgNWs were examined by a UV-Vis-NIR spec-
trometer with an integrating sphere. Figure 3.28 shows the absorbance for di�erent
lengths of Ag nanowire arrays at an incident angle of 25◦. For each length of Ag
nanowire arrays, there are two distinct peaks: one is related to transverse resonance of
the Ag nanowires; the other is at the longer wavelength and is associated with the lon-
gitudinal axis of the Ag nanowires.[183] With diameter remaining almost constant, the
transversal peak stayed nearly the same at 370 nm. However, with length increasing
from 183 nm to 212 nm, the longitudinal peak red shifts considerably by 52 nm and its
absorbance decreases by 20%. It is expected that this reduction in absorbance for the
212 nm nanowires originates from the lower AgNW density in comparison to the 183 nm
nanowires. This indicates that by changing the dimension of the silver nanowires, the
resonance peaks can be tuned in the UV-Vis range to, for example, meet the needs of
enhancing the electromagnetic �eld at speci�c wavelengths in the applications in SERS,
biosensing and many other areas.
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Figure 3.28.: Absorption spectra at an incident angle of 25◦ of free-standing Ag nanowires with
diameter = 76± 13 nm, interpore distance = 133± 15 nm. (1) length = 183± 13 nm, aspect ratio
= 2.2, (2) length = 212± 13 nm, aspect ratio = 2.6.[33]

3.4.2. Surface Enhanced Raman (SERS) E�ects of Silver Nanowire
Arrays

The Raman experiments were preliminarily examined by the Raman setup equipped
with a 488 nm laser from the group of Prof. Maret, University of Konstanz. Ben-
zenethiol (BT) was used as a Raman probe. The AgNWs embedded in AAO templates
on Si substrate (AgNWs-AAO; diameter: 60 nm, interpore distance: 100 nm, AgNW-
length: 200 nm) was �rst etched in 0.1MNaOH for 30 s, and then immersed in 1mM
ethanolic benzenethiol (BT) solution for 15min, followed by Raman test. Next, the
same sample was further immersed in 1mM ethanolic BT solution for plus 180 s (total
210 s), and then followed by Raman test.

The SERS spectra of BT adsorbed AgNWs-AAO on Si substrate with etching times
of 30 s and 210 s are shown in Figure 3.29. We can see the characteristics of BT at
996, 1020, 1075, 1574 cm-1, where are consistent with the reported data in the previ-
ous literature.[184�187] As the etching time increasing from 30 s to 210 s, the Raman
intensity increases ∼ 3-fold. This is resulted from larger exposed AgNW surface to BT
with increasing etching time. However, this preliminary test cannot tell much about
the localized surface plasmon (LSP) induced Raman enhancement, since the wall-to-
wall distance in this system is ∼ 40 nm, much larger than the typical gap dimension of
the hot spot ∼ 2 nm.[188�195] Therefore, further research needs to be done regarding
reducing the wall-to-wall distance. Two approaches are suggested: �rst, increasing the
pore-widening time for AAO templates; second, sputtering Ag on free-standing AgNWs.
It is very promising to use this AgNW-AAO system to systematically investigate the
relationship between the LSP and SERS by tunning the gap dimension in a controllable
way. Moreover, this AgNW-AAO SERS system is robust, reproducible and immune to
contamination until it is ready to use [185].
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Figure 3.29.: Surface-enhanced Raman scattering (SERS) spectra of benzenethiol adsorbed
AgNWs-AAO on Si substrate (diameter: 60 nm, interpore distance: 100 nm, AgNW-length:
200 nm). The AgNWs-AAO is etched in 0.1MNaOH for 30 s and 210 s, respectively. The exci-
tation wavelength is 488 nm and the acquisition time is 2 s.

3.5. Summary and Future Work

In this chapter of the thesis, a novel processing route for the fabrication of free-standing
uniform noble (e.g. Ag and Au) nanowire arrays on ITO (and other) substrates has been
developed. In particular, free-standing AgNWs on ITO glass has been studied in detail.
In situ oxygen plasma cleaning of the ITO surface and the sputtered Ti layer provide
excellent adhesion during the anodization process. The ultrathin gold layer (2 nm) is
found to be a desirable nucleation layer for the electrodeposition of Ag. Furthermore,
a stable cyanide-free electrolyte compatible with the AAO templates is developed. The
diameter of the Ag nanowires, and the separation between them can be controlled by
the AAO template. The length can be estimated from the linear curve of the length
versus collected charge.

In terms of optical properties of the Ag nanowire arrays, they present tunable plas-
mon resonance e�ects in the UV-Vis region. Furthermore, the preliminary Raman
measurement paves the way for the promising SERS application in the future.
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4. Solar Cells Based on Nanostructured

Electrodes

In this chapter, the free-standing silver nanowires are quasi-conformally coated with a
ZnO shell, forming a hybrid metal-semiconductor core-shell nanowire array electrode.
This electrode is then integrated into both of a traditional opaque and semi-transparent
bulk heterojunction organic solar cells. Furthermore, the in-depth investigation of the
device physics in terms of external quantum e�ciency, charge collection, and recombi-
nation indicate a clearer general design route for ultimately achieving highly e�cient
and low cost solar cells.

4.1. Optimization of Flat Organic Solar Cells

Basic Organic Solar Cell Fabrication The architecture of �at organic solar cells
is schematically shown in Figure 4.1. The ITO-coated glass substrates (LUMTEC;
15 Ω/sq) were cleaned in an ultrasonic bath of dish-washing detergent, acetone, and iso-
propanol for 10min successively and dried with nitrogen. Then, they were treated with
oxygen plasma for 7min. After that, a 0.5M ZnO sol-gel solution was spin-coated on
top. The solution was prepared by dissolving 0.328 g zinc acetate ([Zn(CH3COO)2 · 2H2-
O]; Sigma-Aldrich) in 3ml of 2-methoxyethanol (Sigma-Aldrich) solvent containing
100 ul of ethanolamine (Sigma-Aldrich) as a stabilizer. Then, the samples were heated
at 250◦C for 10min in the air. After the samples cooled down to room temperature,
P3HT:PCBM (P3HT - Rieke, MW=69 kDa; [60]PCBM - Nano ·C; P3HT:PCBM=1:0.8
by weight ratio) dissolved in organic solvent was spin-coated on the ZnO layer, followed
by thermal annealing. Finally, a 5 nm of WO3 layer and a 120 nm of Ag were thermally
evaporated consecutively on top of the organic �lm.

Figure 4.1.: Architecture of �at organic solar cells.
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ZnO Layer Adjustment ZnO layer is used as a selective electron transport layer in
the solar cells. The thickness of ZnO needs to be carefully controlled, because it needs
to be thick enough to fully cover the ITO surface to prevent current leakage, but a too
thick ZnO layer will decrease the solar cell performance. On the one hand, a thicker
�lm might have a rougher morphology, leading to worse contact between the ZnO layer
and active layer, which will result in an increased sheet resistance.[196] On the other
hand, as the ZnO layer also acts as an optical spacer [197�199], its thickness would
a�ect the spacial distribution of the optical electric-�eld in the device. In this study,
the thickness of the ZnO layer is adjusted by changing the spin-coating speed (usually
higher spin-coating speed leads to thinner �lm). In particular, two-step spin-coating
was performed (i.e. spin-coating one layer, then annealing at 250◦C for 10min, then
spin-coating the second layer, and �nally annealing at 250◦C for 10min), which is as-
sumed to have a better coverage on the ITO surface than one-step spin-coating. Note
that the thickness range of the ZnO layer is 30-60 nm, veri�ed by SEM.

In Figure 4.2, the in�uence of the ZnO layer thickness on the solar cell performance is
displayed. The maximum power conversion e�ciency (PCE) shows 1.962% under this
spin-coating condition: 4000 rpm for 40 s + 2000 rpm for 40 s; acceleration 1000 rpm/s.
If the layer is too thin ((6000 rpm + 4000 rpm) or (6000 rpm + 2000 rpm)), the pho-
tocurrent density and open-circuit voltage decrease signi�cantly, which is assumed to
be due to only partial of the ITO surface. However, if the layer is too thick (2000 rpm
+ 2000 rpm), the �ll factor and photocurrent decrease slightly, which is assumed to be
due to rougher ZnO surface as well as less than perfect optical electric-�eld distribution
in the device.

Figure 4.2.: In�uence of ZnO layer thickness on device performance.

Active Layer Adjustment

In�uence of Solvent The choice of the organic solvents is crucial for the device perfor-
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mance, since evaporation rate directly a�ects the morphology of the active layer.[200]
So far, the most commonly used solvents for P3HT:PCBM are chlorobenzene (CB; boil-
ing point: 131.0◦C) and 1,2-dichlorobenzene (DCB; boiling point: 180.5◦C). However,
there is no universal conclusion as to which solvent is the best.[201, 202] For a new device
architecture and fabrication environment, comparative experiments needed to be con-
ducted to decide the best solvent. Speci�cally, a 54mg/ml solution of P3HT:PCBM in
CB and DCB were prepared, respectively. They were spin-coated at a rate of 1000 rpm
for 1min with 500 rpm/s acceleration, and then annealed by raising the temperature
from 60◦C to 125◦C in the air. The device performance is shown in Figure 4.3. Appar-
ently, CB performs overwhelmingly better than DCB. CB shows better photocurrent
density and open-circuit voltage, which is assumed to be due to a better crystallinity
of P3HT as well as a superior phase separation [203] between P3HT and PCBM.

Figure 4.3.: In�uence of the solvent on device performance

In�uence of Thermal Annealing It was found that the device performance could
bene�t from a thermal annealing treatment after spin-coating the active layer, mainly
due to the increase of photocurrent density and �ll factor. It is expected that with ther-
mal annealing PCBM strongly di�uses through the softened P3HT matrix and forms
an e�cient percolation paths, promoting charge transfer.[13, 200, 204] Comparative
experiments of annealing the P3HT:PCBM layer before and after the electrode deposi-
tion were conducted. The results are that pre-annealing always yields better PCE than
post-annealing.

Furthermore, the in�uence of pre-annealing on the solar cell e�ciency is summarized in
Figure 4.4. We can see that:

• For a constant temperature treatment in the air (No.1 - No.5), a maximum in
e�ciency is found when using a temperature of 125◦C with a duration of 5min
(No.4). A higher temperature (140◦C) tends to decrease the overall e�ciency
dramatically.
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• For a rising temperature treatment in the air (No.7 - No.9), a maximum e�ciency
is obtained by raising the temperature from 60◦C to 110◦C (Stuart hotplate), and
then naturally cooling to room temperature (No.7).

• For a rising temperature treatment in nitrogen glovebox (No.10 - No.11), a maxi-
mum e�ciency is achieved by raising the temperature from 60◦C to 140◦C (Stuart
hotplate), and then naturally cooling to room temperature (No.11).

Figure 4.4.: In�uence of the thermal annealing on device performance. Eleven di�erent annealing
conditions are described in the right-hand table.

Overall, either No.4 or No.7 or No.11 can lead to nearly the same maximum PCE. In-
terestingly, if we compare No.11 with No.7, it needs higher temperature (140◦C) in the
nitrogen glovebox than in the air (110◦C). This is presumed to be due to di�erent evap-
oration rates of solvents in di�erent environments, that is, in a glovebox the ventilation
is slower than that in the air in a fume hood, resulting in a slower evaporation rate of
solvents. Therefore, the annealing needs longer duration and higher temperature in the
glovebox to form the best nanomorphology. Finally, it is preferable to choose No.11 as
the optimized condition to get more reproducible devices, since the humidity is much
more stable in the glovebox than that in the air.

In�uence of Thickness Generally, a thicker active layer absorbs more photons. How-
ever, due to the low charge carrier mobilities in organic polymers, the layer needs to
be thin enough to minimize recombination.[205] Additionally, in multilayer devices, the
optical interference between the incident light and light re�ected from the Ag back elec-
trode could also play a big role. It has been demonstrated that such optical interference
leads to an oscillatory behavior in the total absorption in the device as a function of
the active layer thickness.[13, 206�209] Given these reasons, the active layer thickness
needs to be optimized to reach a maximum PCE.

The thickness of the active layer was varied by changing the concentration of the blend
polymer, while keeping the spin-coating conditions the same (1000 rpm for 1min with
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500 rpm/s acceleration). As seen from Figure 4.5b-c, the high concentration (54mg/ml)
results in a 400 nm layer, and the low concentration (27mg/ml) results in a 120 nm layer.
The measured J-V characteristics for the solar cells is displayed in Figure 4.5a. With
thickness decreasing from 400 nm to 120 nm, the FF signi�cantly increases and also
the VOC slightly increases, due to a lower series resistance of the thinner active layer.
But the JSC decreases a bit mainly due to the decreased absorption. Overall, the PCE
increases by 18%. Hence, the PCE of our �nal optimized champion solar cell reaches
2.779%.

Figure 4.5.: (a) J-V characteristics of the solar cells with di�erent thicknesses of P3HT:PCBM. (b)
Cross-section SEM image of a P3HT:PCBM layer produced by spin-coating a 54mg/ml solution.
(c) Cross-section SEM image of a P3HT:PCBM layer produced by spin-coating a 27mg/ml solution.

In summary, the optimized conditions were found to be as follows:

1. ZnO spin-coating conditions: 1st step - 4000 rpm for 40 s with 1000 rpm/s accel-
eration, then anneal in the air at 250◦C for 10min; 2nd step - 2000 rpm for 40 s with
1000 rpm/s acceleration, then anneal in the air at 250◦C for 10min.
2. solvent: chlorobenzene.
3. thermal annealing conditions: raising the temperature from 60◦C to 140◦C (Stuart
hotplate), and then naturally cooling to room temperature in the nitrogen glovebox.
4. thickness of the active layer: 120 nm.
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4.2. Preparation of Core-Shell Silver Nanowire Organic
Solar Cells

Device Architecture and Final Fabrication Process

A schematic illustration of the fabrication process for free-standing silver nanowire-
based organic solar cells is shown in Figure 4.6a-c, along with the SEM images (Fig-
ure 4.6d-f). Both opaque solar cells and semi-transparent solar cells have been suc-
cessfully fabricated. Speci�cally, the free-standing AgNW electrodes (Figure 4.6d) were
obtained by dissolving nanowire-embedded AAO templates in 0.1M NaOH for 50min.
Immediately after, they were immersed in deionized water, ethanol (Sigma-Aldrich; pu-
rity ≥ 99.8%) and isopropanol (Sigma-Aldrich; purity ≥ 99.8%) consecutively, and then
dried carefully with a slight �ow of nitrogen.

Then, four cycles of spin-coating were performed, using a 0.5M ZnO sol-gel solution
(i.e. drop 40 ul of ZnO sol-gel solution on the AgNW sample, and wait for 1min, then
spin-coat at 5000 rpm for 40 s with 1000 rpm/s acceleration, then anneal it at 250◦C for
10min. Repeat this process for four cycles). The ZnO coated AgNWs core-shell struc-
tures are shown in Figure 4.6e.

As can be seen from the SEM image, the diameter of the core-shell nanowire is larger
than the pure AgNW, indicating a successful quasi-conformal coating process of ZnO
on AgNWs. After the samples cooled down from 250◦C to room temperature, they
were wetted in chlorobenzene for 4min. Then a P3HT:PCBM (weight ratio of 1:0.8)
solution, 54mg/ml or 45mg/ml in chlorobenzene, was spin-coated on top. The spin-
coating process consisted of two steps: 1) spin-coat at a very low speed with 50 rpm
(acceleration of 50 rpm/s) for 2min, in order to fully in�ltrate into nanowire arrays; 2)
spin-coat at a high speed with 1500 rpm (acceleration of 500 rpm/s) for 1min to form a
homogenous �lm. The success of polymer in�ltration is indicated by a cross-sectional
SEM image in Figure 4.6f.

Finally, for opaque solar cells, a 5 nm of WO3 and a 120 nm of Ag were thermally evapo-
rated at a base pressure of around 10-6mbar as a top electrode. For semi-transparent so-
lar cells, a multilayer of MoO3 (3 nm) /Al (1 nm) /Ca:Ag (mixing ratio 2:1; 9 nm) /Alq3
(60 nm) electrode was thermally evaporated at a base pressure of around 10-8mbar.
This transparent top electrode was made by Yoonseok Park in Prof. Karl Leo's group
in Dresden University of Technology.

Overcoming Leakage and Shorting Challenges in Silver Nanowire Organic Solar
Cells

Metal Oxide Shell The ZnO layer in the nanowire solar cells not only acts as a
selective electron extraction layer, but also passivates the AgNW electrode [210] to
avoid shunt pathways in the device, due to its relative resistive property. Such e�ects
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Figure 4.6.: (a-c) Schematic illustration of the fabrication process of the free-standing silver
nanowire-based organic solar cells. (d) Side-view SEM image of free-standing AgNWs on an ITO
glass. (e) Side-view SEM image of AgNWs-ZnO core-shell structure. (f) Side-view SEM image of
the cleaved surface of a P3HT:PCBM coated sample. All SEM images were taken at an angle of
54◦ with respect to the horizontal axis.

are demonstrated in Figure 4.7, the JV curves showing severe shorting or leakage prob-
lems without proper coating of ZnO layers. The black curve shows totally linear IV
characteristics. In this case, only a two-cycle spin-coating of ZnO was performed. When
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another cycle of spin-coating of ZnO was performed, the shorting problem disappeared,
although severe current leakage still existed (red curve in Figure 4.7). The extremely
low JSC and VOC are likely due to the poor coverage of ZnO (with many pinholes) on
the free-standing AgNW electrode, resulting in strong charge recombination. Finally,
the four-step spin-coating plus pre-wetting, as described in "Device Architecture and
Final Fabrication Process", is the best process optimized by far. This method gives
an around 30 nm of ZnO layer on AgNWs (see Figure 4.6f). It is presumed that the
pre-wetting assists the ZnO sol-gel to in�ltrate the nanowire arrays, and the multi-step
spin-coating leads to a nearly pinhole-free coating of ZnO on the AgNWs.

In addressing the passivation function of the metal oxide, it is important to mention
one extreme example. I attempted to make non-inverted nanowire solar cells with an
architecture of ITO /free-standing AgNWs /P3HT:PCBM /LiF /Al. However, the cells
always had either shorting or severe leakage problems, despite using the optimized poly-
mer spin-coating parameters. The main reason is probably the lack of a metal-oxide
passivating layer, resulting in an easy short pathway between AgNWs and the top elec-
trode.

Figure 4.7.: Shorting and leakage problems with an improper spin-coated ZnO layer in AgNWs
organic solar cells.

Additionally, TiO2 is often considered to be an alternative for ZnO, due to its better
chemical stability and band-gap similarity to ZnO.[211�213] A sputtered 50 nm of TiO2

seems to fully cover the AgNWs, as show in Figure 4.8. We can see that the average di-
ameter of the TiO2 coated AgNWs (90 nm) is much larger than that of the pure AgNWs
(50 nm). Likewise, the average length of such nanostructures increases from 150 nm to
190 nm after sputtering. Interestingly, the AgNW-TiO2 core-shell nanostructure looks
more like a baseball bat, due to the anisotropic coating. Unfortunately, using such
core-shell nanostructures for organic solar cells led to a severe shorting problem. It
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is presumed that the sputtered TiO2 have too many pinholes to block hole transport
towards ITO, resulting in severe charge recombination.

Figure 4.8.: (a) Pure free-standing AgNWs on Si substrate. (b) Quasiconformal coating of sput-
tered TiO2 on AgNWs on Si substrate.

Pore In�ltration and Thickness of Polymer Complete �lling of the pores in the
nanostructured solar cells is critical in determining the e�ciency.[214�216] Without
proper pre-wetting, it is di�cult for the polymer to fully penetrate into the pores of the
free-standing AgNW arrays; many voids can be observed in the cross-sectional SEM
image in Figure 4.9. Such incomplete pore �lling leads to low current-density and poor
�ll factor, due to much longer charge paths, i.e., charges have to travel within the thin
polymer �lm and then follow the shape of the nanowires. It was found that two steps
of pre-wetting, described in "Device Architecture and Final Fabrication Process", ul-
timately led to complete pore �lling, as shown in Figure 4.6f. In this case, the �rst
pre-wetting in chlorobenzene (CB) enables the following polymer, dissolved in CB, to
penetrate into the pores of the nanowire arrays.

Furthermore, a proper thickness of polymer is also crucial to achieve successful solar
cells. A relatively thick polymer �lm dramatically prevents the AgNWs from touch-
ing the other electrode. For example, statistic experimental results show that with a
thicker polymer (400 nm) �lm, the success rate of the device is much higher (over 50%;
68 pieces worked in 117 pieces of cells) than with a thinner �lm (290 nm). The success
rate for the latter case was below 3%; only 1 piece worked in 36 pieces of cells.

Removal of Overgrown AgNWs Given that overgrown AgNWs easily contact the
other �at electrode, it is important to remove overgrown AgNWs to achieve higher de-
vice success rate. Various methods were attempted and summarized in Table 4.1. As
we can see, either �nger sonication or Ar etching is able to partly remove the overgrown
Ag without inhomogeneously destroying the AAO templates. It is worth noting that
after Ar plasma treatment, the heads of AgNWs were to some extent damaged, and
became branched heads, as displayed in Figure 4.10. Finally, a combination method of
�nger sonication and Ar etching was adopted, that is, �rst treating samples with Ar
etching, then, exposing samples to �nger sonication. It is assumed that the following
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Figure 4.9.: Poor in�ltration of polymer without pre-wetting.

�nger sonication not only further removes partly overgrown AgNWs, but also cleans
out the loosened Ag particles triggered by Ar etching.

Figure 4.10.: Free-standing AgNWs with damaged heads due to Ar etching.

Perspectives on the Further Improvement of the Fabrication Process

Succeeding with working AgNWs-based solar cells is a big milestone, however further
optimization is still needed.

• Despite that Ar etching and �nger sonication are able to partly remove the over-
grown AgNWs, in order to further increase the device success rate, the Au sput-
tering process needs further improvement. Because a homogeneous sputtered thin
Au layer (2 nm) in batch is critical to guarantee reproducible high quality of AAO
templates with evenly opened pores. With such AAO templates, AgNWs tend
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Table 4.1.: Various attempts to remove the overgrown AgNWs. Note: 1) optimized parameters for
�nger sonication: 1.5 s pulse-on with 40% power and 4.5 s pulse-o�, duration 5-10min, the distance
between the tip and sample was ca.2mm; 2) Ar etching parameters: Ar �ow rate 10 sccm, pressure
0.05mbarr, power 300W, duration 0.5-2min.

Method Result

Kapton tape lift-o� too weak to remove the overgrown Ag

traditional ultrasonication too weak to remove the overgrown Ag

polishing by diamond abrasive paper (diameter: 1µm) so strong as to destroy the AAO templates

polishing by alumina abrasive paper (diameter: 1µm or 0.3µm) so strong as to destroy the AAO templates

�nger sonication (Bandelin Sonopuls HD3200) partly removed the overgrown Ag

Ar etching (RIE SENTECH SI 220) partly removed the overgrown Ag

to grow simultaneously to avoid inhomogeneous overgrowth. However, despite
decreasing the sputtering deposition rate (0.75 nm/s) through reducing the sput-
tering power (to 20W, which is nearly the minimum power for sputtering Au
when using the AJA Orion 5; normally 36 pieces in a batch), plus increasing
the rotation rate of the susceptor (70 rpm/min), inhomogeneous Au �lms were
occasionally detected by eye. This technological challenge might be solved by
modifying the recent sputtering system or using a more advanced machine.

• In terms of the metal oxide layer, the sol-gel method is not the �nal solution,
since the precursor wetting process only leads to quasi-conformal coating, i.e., the
top of the AgNW is covered by less ZnO compared to the bottom of the AgNW.
Furthermore, the multi-step process of spin-coating plus pre-wetting, followed by
immediate post-annealing requires not only time, but also much care in precise
time control. Therefore, it is more desirable to use an atomic layer depostion
(ALD) method to conformally coat the AgNWs. This method is also more appli-
cable in industry. Such an ALD machine is under construction in our lab.

• In terms of the aforementioned unsuccessful non-inverted nanowire solar cells,
ITO /free-standing AgNWs /P3HT:PCBM /LiF /Al, a relative resistive metal
oxide hole extraction (HEL) layer urgently needs to cover the AgNWs in order to
prevent the problem of shorting. Fortunately, it is possible to use some developed
techniques from other groups, e.g. sol-gel methods for making V2O5 [217, 218],
WO3 [219] and MoO3 [220].

4.3. Comparison of Flat and Core-Shell Silver Nanowire
Organic Solar Cells

4.3.1. Opaque Organic Solar Cells

The opaque inverted AgNW-OSC and reference �at-OSC architectures are depicted in
Figure 4.11a and Figure 4.11b, respectively. In this case, the fabrication process for
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Figure 4.11.: (a) Schematic illustration of the inverted opaque AgNWs based OSCs. (b) Schematic
illustration of the reference opaque �at-OSCs, wich is without Au and Ti layers. (c) J-V character-
istics of opaque inverted OSCs with/without AgNWs.

both architectures (e.g., pre-wetting time, spin-coating parameters, etc.) were exactly
the same. In other words, the thickness of ZnO and P3HT:PCBM for both architec-
tures were comparably the same (ZnO - ca. 30 nm, and P3HT:PCBM - ca.400 nm). In
this case, the average length of AgNWs is 150 nm. The resulting J-V curves and main
characteristic values are shown in Figure 4.11c on both of the left and right sides.

The open circuit voltage (VOC) of 0.46V of AgNW-OSCs is 9.8% lower than that
of the reference �at-OSCs (0.46V). Such di�erence is attributed to the introduction of
a 5 nm of Ti (part of Ti might become TiO2 after the anodization process) and a 2 nm
of Au layer in the device, which may in�uence the energy-level alignment on contact
and, therefore, the VOC. [221�223] This is further veri�ed by comparative experiments
of reference �at-OSC with and without Ti and Au layers, which present a similar dif-
ference of VOC, that is, among 42 pieces of comparative solar cells, the VOC exhibits
(8 ± 0.9)% decrement when introducing Ti and Au layers. Use of either alternative
inter-layers with the same ability to act as an adhesive layer and a nucleation layer for
AAO anodization and Ag electrodeposition, or advanced surface modi�cation of the
already developed Ti and Au inter-layers, but with more suitable energy-level align-
ment on contact for these solar cells, is an area for further investigation to achieve an
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optimum VOC. In addition, the VOC of AgNW-OSCs drops slightly more (9.8%) than
the upper limit of the �at-AuTiITO-OSCs (8.9%), which is expected to be due to the
introduction of AgNWs, which further alters the energy alignment in the device.

The short circuit density (JSC) of 4.25mA/cm2 of AgNW-OSC is unfortunately consid-
erably low (46% decrement), resulting in a slightly higher geomcetric �ll factor (FF) of
42.6%. Taking all characteristic parameters into account, a power conversion e�ciency
of η = 0.84% of AgNW-OSCs is achieved, which is 48% lower than that of the reference
�at-OSCs. In order to get a better insight into the main limiting factor (low JSC), total
absorption and external quantum e�ciency (EQE) measurements were carried out in a
series of batch experiments.

Figure 4.12.: (a) Total absorption measurements of the 1st reference �at-OSCs on pure ITO glass,
the 2nd reference �at-OSCs on Au (2 nm) and Ti modi�ed (5 nm) ITO glass, and AgNW-OSCs.
In this case, the optimized P3HT:PCBM concentration (27mg/ml) was used for the 1st and 2nd
reference cells, whereas, a higher concentration of P3HT:PCBM (54mg/ml) was used for AgNW-
OSCs to ensure working nanowire solar cells. (b) Corresponding external quantum e�ciency (EQE)
measured under a short-circuit condition without additional bias illumination for these three types
of solar cells. EQE is normalized to the measured JSC.

In the case below, two types of optimized (the polymer concentration of 27mg/ml,
resulting a �lm of 120 nm) reference solar cells are introduced: ref1 is P3HT:PCBM
solar cells on bare ITO glass; ref2 is P3HT:PCBM solar cells on Ti (5 nm) and Au
(2 nm) modi�ed ITO glass. For AgNW-OSCs, its thickness remains at 400 nm.

In the case of total absorption, a re�ection-mode measurement inside an integrating
sphere was carried out. In other words, Atot = 1 − Rtot, where Atot is the total ab-
sorption, and Rtot is the total re�ection. Speci�cally, an additional 100 nm Ag �lm
as a back-re�ective mirror was evaporated to fully cover the Ag-electrode-side of the
device, in order to receive a big incident light spot (ca. 4 mm ∗ 3 mm). This sample was
positioned in the middle of the integrating sphere with an incident angle of 10◦, ensur-
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ing that the direct re�ection of the device did not escape the integrating sphere but
scattered o� the sphere surface. Figure 4.12a depicts the total absorption of the three
types of solar cells. In the main absorption region of the device (i.e., 350 nm to 650 nm),
ref1 exhibits four absorption peaks at 375 nm, 440 nm, 550 nm and 600 nm. In compar-
ison, ref2 exhibits four peaks at 420 nm, 480 nm, 560 nm and 600 nm. This oscillating
feature results from the constructive and destructive interference between incident light
and re�ected light in the solar cell cavity.[224�226] Interestingly, the integrals of the
absorption of ref1 and ref2 from 350 nm to 650 nm are almost the same (with only a
slight drop of 3% for ref2), indicating that the re�ection-o�-device e�ect of the thin Au
and Ti layers is negligible. In contrast, the AgNW-OSCs absorb considerably less, the
integral of which is 23% lower than that of ref2, in spite of a thicker active layer. This
is mainly due to the strong front re�ection-o�-device e�ect of the dense AgNW arrays,
since Ag has the highest re�ectance among all metals.[227�229] Moreover, the number
of distinguished peaks is reduced to two, partly due to the suppression of the resonant
Fabry-Perot mode as a result of nanostructures [230], and also partly due to the thicker
active layer, in which most incident light is absorbed before reaching the other re�ective
electrode, resulting in a smaller interference e�ect.[224] It is worth noting that the po-
sitions of the two peaks (at 375 nm and 550 nm) correspond with the localized surface
plasmonic resonance positions of AgNW arrays as shown in Section 3.4.1, if considering
red-shift e�ect after �lling dielectric materials into the AgNW arrays [231], indicating
that the surface plasmonic e�ects could play a role in terms of the total absorption in
AgNW-OSCs.

The corresponding EQE results are shown in Figure 4.12b. Surprisingly, the overall
EQE level (the integral from 350 nm to 650 nm) of ref2 is signi�cantly lower than that
of ref1, dropping around 36%, while their overall values of total absorption are nearly
the same. It is found that such dramatic di�erence is mainly a result of the parasitic ab-
sorption (the absorption that does not contribute to the photocurrent [226]) of Au and
Ti layers, which is veri�ed by the transmittance spectrum of Au and Ti modi�ed ITO
glass, as shown in Figure C1 in Appendix C. Furthermore, oscillating behavior in the
absorption disappears in the EQE, due to the in�uence of the electronic properties of
the organic layer.[232] In terms of the AgNW-OSCs, the two EQE peaks (at ca. 375 nm
and 550 nm) correspond with the absorption peaks in the left graph. Particularly, at ca.
375 nm, the EQE of AgNW-OSCs is higher than that of ref2, while the same trend can
be seen in the absorption graph, indicating a good optical match. It should be men-
tioned that a slight wavelength mismatch (ca. 10 nm) is due to the spectral mismatch of
the lamps in di�erent setups. Most interestingly, compared to ref2, the overall EQE of
AgNW-OSCs decreases only 15%, but its total absorption decreases much more (23%),
indicating that AgNWs play a positive role in terms of the electronic properties of the
device, compensating for the optical loss. In order to better understand the role of
AgNWs in the electronic properties of the device, it is necessary to analyze the internal
quantum e�ciency (IQE), absorbed photon to electron conversion, since it separates
electronic properties from optical properties.

Figure 4.13 shows the IQE curves of ref2 and AgNW-OSCs. The IQE of AgNW-OSCs
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Figure 4.13.: Internal quantum e�ciency (IQE) of the 2nd reference �at-OSCs on Au (2 nm)
and Ti modi�ed (5 nm) ITO glass and AgNW-OSCs, calculated using IQE=EQE/Atot. Here the
parasitic absorption of ITO glass, Au, and Ti layers is neglected [225, 226], since it does not a�ect
comparative analysis of these two types of solar cells.

far outweighs ref2 in the whole wavelength range, indicating a superior electron collec-
tion e�ciency due to the direct path channels provided by vertically aligned AgNWs.
[17, 233, 234] This high IQE further con�rms that the power conversion e�ciency loss
of AgNW-OSCs is mainly due to the optical re�ection-o�-device e�ect of AgNWs.

To address the optical loss problem, one solution could be to reduce the density of Ag-
NWs. Going back to the fabrication process of free-standing AgNWs, by signi�cantly
reducing the diameter of the AgNWs while keeping the inter-pore distance the same is
not practical, since the pore-widening time should be long enough to remove the barrier
layer at the bottom of the AAO pores in order to ensure successful electrodeposition.
A novel idea, discussed recently with Prof. Andre ten Elshof, is coating a layer of
nanoporous block copolymer onto the AAO template to block parts of AAO pores, and
then performing electrodepositon of AgNWs. This method is worthy of further work.
Another solution could be to use a top transparent electrode instead of an opaque
thick Ag �lm electrode. In this case, the incident light would pass through the top
transparent electrode, then the polymer layer, and �nally would be re�ected back by
the free-standing AgNWs electrode. This semi-transparent architecture would not only
eliminate the drawback of the front re�ection-o�-device e�ect of AgNWs, but is also
appealing in applications for power generating windows in cars and buildings.[235, 236]
This type of solar cell will be discussed in detail in Section 4.3.2.

In addition, from the IQE of AgNW-OSCs we cannot see two distinctive peaks (expected
at 375 nm and 550 nm, related to the absorption curve in Figure 4.12a), corresponding
to the transversal and longitudinal plasmonic resonances. The reason for this is that
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the intervening thick ZnO layer (30 nm) between the AgNWs and polymer inhibit the
near-�eld enhancement.[237] In another words, the enhanced plasmonic electric �eld
near the AgNWs does not act on the polymer to enhance photocurrent generation, due
to a thick ZnO layer in between. It is believed that the weak peak at 375nm was not
due to the plasmonic e�ect of the AgNWs, but from the absorption of the functional
layers, since the ref2 also shows a peak at the same position.

4.3.2. Semi-Transparent Organic Solar Cells

As mentioned above, replacing the traditional 100 nm of Ag electrode with a transparent
top electrode provides the attractive possibility of not only eliminating the drawback
of the front re�ection-o�-device e�ect of AgNWs, but also would allow for novel appli-
cations in power generating windows in cars and buildings.[235, 236] This section will
illustrate this great potential and also deal with challenges of semi-transparent organic
solar cells based on free-standing silver nanowires.

The architectures of semi-transparent AgNW-OSCs and reference �at-OSCs are de-
picted in Figure 4.14a-b, respectively. In this case, the fabrication process for both
architectures were exactly the same, with a 30 nm of ZnO layer and a 400 nm of
P3HT:PCBM layer . The transparent top electrode (MoO3 (3 nm) /Al (1 nm) /Ca:Ag
(mixing ratio 2:1, 9 nm) /Alq3 (60 nm)) was thermally evaporated at a base pressure of
around 10-8mbar, by Yoonseok Park in Prof. Karl Leo's group in Dresden University of
Technology. The interval time between polymer spin-coating and device characteriza-
tion was around 8 days, but in most cases the samples were kept in nitrogen containers
in order to minimize degradation.

For the details of the excellent optoelectronic properties of this electrode, I recom-
mend the reader to refer to the recently published paper [238, 239] by Prof.Karl Leo's
group. At �rst, their group applied this electrode to the small molecular organic solar
cells. Later on, for this project, their electrode also worked successfully for our bulk
heterojunction polymer:fullerene organic solar cells. The resulting power conversion
e�ciency (PCE) of the champion solar cells fabricated by a standard process (�at solar
cell with a 120 nm of P3HT:PCBM layer), exhibits 1.01% through ITO glass illumina-
tion, and 0.74% through Ca:Ag illumination. The main reason for the 27% di�erence of
PCE is that the metallic Ca:Ag electrode acts as a better back-re�ector than the ITO
electrode, resulting in an enhanced optical absorption in the active layer when the solar
cells are bottom illuminated through ITO glass.[240] The details of J-V characteristics
are shown in Figure C1 in Appendix C.

Figure 4.14c-d presents a comparison of J-V characteristics between AgNW (130 nm)-
OSCs and reference �at-OSCs. In the case of bottom illumination through ITO glass,
VOC for AgNW (130 nm)-OSCs is lower (7%) than the reference �at-OSCs. One reason
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Figure 4.14.: (a) Schematic illustration of the semi-transparent AgNWs based OSCs (AgNW-
OSCs). (b) Schematic illustration of the reference semi-transparent OSCs (�at OSCs), which is with
Au and Ti layers. (c) J-V curves and characteristic values of semi-transparent OSCs with/without
AgNWs (130 nm) under bottom illumination through ITO glass. (d) J-V curves and characteristic
values of semi-transparent OSCs with/without AgNWs (130 nm) under top illumination through
Ca:Ag top electrode. (e) J-V curves and characteristic values of semi-transparent OSCs with/without
AgNWs (250 nm) under bottom illumination through ITO glass. (f) J-V curves and characteristic
values of semi-transparent OSCs with/without AgNWs (250 nm) under top illumination through
Ca:Ag top electrode. The illumination light intensity is ca. 80mW/cm2. Moreover, (c-d) and (e-f)
were fabricated in two batches.

for this is that the insertion of AgNWs may change the energy level alignment in the
device, hence the VOC. Another reason could be the Au and Ti modi�ed ITO substrates
for AgNW (130 nm)-OSCs and reference �at-OSCs were sputtered in di�erent batches,
possibly leading to a �uctuation of Au and Ti's thickness, which in turn changes the
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energy level alignment in the device. On the other hand, the JSC for AgNW (130 nm)-
OSCs is signi�cantly lower (67%) than the reference �at-OSCs. This is as expected,
since the front re�ection-o�-device of AgNWs causes a big optical loss. Accordingly,
the signi�cantly lower JSC for AgNW (130 nm)-OSCs results in a higher geometric FF
of 36.6%, compared with 28.5% for �at-OSCs. The di�erence of the FF is 22%. Con-
sidering all characteristic parameters, PCE for AgNW-OSCs (η = 0.25%) is 64% lower
than for �at-OSCs (η = 0.69%).

In the case of top illumination through Ca:Ag electrode, the VOC for AgNW (130 nm)-
OSCs and �at-OSCs shows no signi�cant change compared with the former case (i.e.
bottom illumination through ITO glass). However, compared with the �at-OSCs, the
JSC for AgNW (130 nm)-OSCs drops only 53%, rather than 67% shown in the former
case, owing to the back-re�ection e�ect of AgNWs. Accordingly, with a smaller drop of
JSC for AgNW (130 nm)-OSCs, the geometric FF has a smaller increase of 11%, rather
than 22% shown in the former case. Consequently, the PCE for AgNW (130 nm)-OSCs
(η = 0.19%) is 55% lower than for �at-OSCs (η = 0.42%). This is less than the 64% drop
shown in the former bottom illumination, indicating a bene�t from the back-re�ection
e�ect of AgNWs.

In order to con�rm the validity of the above solar cell data, results from a second
statistically independent set of solar cells with longer AgNWs (250 nm) were analysed.
This second set showed a similar trend in terms of VOC and JSC (see Figure 4.14e-f).
In other words, VOC is independent of the direction of illumination. And the JSC for
AgNW (250 nm)-OSCs drops less (38%, referenced to �at-OSCs) under top illumina-
tion than that under bottom illumination (89%). It is worth noting that increasing the
AgNW length reduces the VOC. This can be associated with the increased recombi-
nation across the high-interface-area.[241, 242] It is also expected that longer AgNWs
increase the chance of shorting paths in the device, leading to reduced VOC. More-
over, longer AgNWs lead to a starker contrast of JSC for AgNW-OSCs in terms of
changing the illumination direction. This may be attributed to the stronger re�ection
e�ect of longer AgNWs, due to the higher e�ective thickness (the ratio of volume of
AgNWs to device's surface area). However, FF shows an opposite trend, i.e. FF for
AgNW-OSCs being always lower than that for �at-OSCs, mainly because of the series
resistance. It seems that the series resistance relates to charge carrier transport e�ects
[243�245], but how this e�ect contributes to the opposite FF behavior remains unclear.
Taking all these characteristic parameters into consideration, the PCE drops less (50%,
f(η�at-OSC − ηAgNW-OSCs)/η�at-OSCs) under top illumination than it does under bottom
illumination (93%).

However, compared with the reference �at-OSCs under the same illumination direc-
tion, the PCE for AgNW-OSCs is always lower. To fundamentally understand how
AgNWs a�ect the device performance, in order to ultimately realize their full potential
in solar cells, further investigations are required, as shown in the following discussions.

In Figure 4.15a-b the results of the EQE measurements for AgNWs (130 nm)-OSCs
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Figure 4.15.: (a) Normalized EQE of �at-OSCs (No. 1) and AgNW (130 nm)-OSCs (No. 2)
under bottom illumination through ITO glass. (b) Normalized EQE of �at-OSCs (No. 3) and
AgNW (130 nm)-OSCs (No. 4) under top illumination through Ca:Ag electrode.

and �at-OSCs from di�erent illumination directions are shown. In the case of bottom
illumination through ITO glass (Figure 4.15a), the EQE for �at-OSCs (No. 1) shows a
maximum peak at 500 nm and two shoulders at 556 nm and 604 nm, which are charac-
teristics of crystalline P3HT.[246�248] Meanwhile, the spectrum at shorter wavelengths
below 500 nm is overlapped with PCBM.[246] On the other hand, for AgNW-OSCs (No.
2), except for the overall EQE decreasing, the maximum peak at 500 nm also decreases.
This can mainly be attributed to the strong re�ection-o�-device e�ect of AgNWs. It
also seems that the re�ection of AgNWs at around 500 nm is stronger than that at other
wavelengths in the range of 360-650 nm.

In the case of top illumination through Ca:Ag electrode (Figure 4.15b), for both �at-
OSCs (No. 3) and AgNW-OSCs (No. 4), two characteristic peaks of P3HT at 500 nm
and 556 nm decreased signi�cantly. Moreover, in both cases (No. 3 and No. 4), the over-
all EQEs are lower than that of bottom illumination. This could be attributed to the
non-optimized optical spacer (MoO3), leading to a non-optimized cavity mode for top
illumination.[249] Further optimization of the thickness of MoO3 should be performed.
Another reason could be that the extreme slow solidi�cation process of P3HT:PCBM
�lm (i.e., step 1: spin-coat at 50 rpm for 2min; step 2: spin-coat at 1500 rpm for 1min)
resulted in a vertically graded-composition of the active layer [250, 251], leading to this
asymmetric behavior of EQE.

Figures 4.16a-b show the charge collection probability (CCP) as a function of applied
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Figure 4.16.: (a) Charge collection probability (CCP) for AgNW (130 nm)-OSCs and �at-OSCs
under bottom illumination through ITO glass, normalized with the reverse saturation current at
-0.6 V. (b) Charge collection probability (CCP) for AgNW (130 nm)-OSCs and �at-OSCs under top
illumination through Ca:Ag electrode, normalized with the reverse saturation current at -0.6 V.

voltage. The CCP is calculated by:

CCP (V ) =
J(V )

J(−0.6 V)
(4.1)

where J(V ) is the measured current density under light illumination, and J(−0.6 V) is
the reverse saturation current at V = −0.6 V. It is worth noting that the measured cur-
rent density under illumination is directly used here as photogenerated current rather
than "the" photocurrent density (Jphoto(V ) = J(V ) − Jdark(V )) used in Cowan et al.
[252] and Street et al. [253], since very recently Würfel et al. [254] showed that the
photocurrent density (Jphoto(V ) = J(V )− Jdark(V )) lacks physical meaning in organic
solar cells. From Figures 4.16a-b, we can see that the charge collection probability in
AgNW-OSCs is generally larger than that of the reference �at-OSCs under each illu-
mination direction, except that at near 0.4V the CCP for AgNW-OSCs drops below
its reference �at-OSCs, due to the low VOC of AgNW-OSCs. Hence, it could be pre-
dicted that if the VOC issue for AgNW-OSCs was overcome, the CCP for AgNW-OSCs
would outweigh that for �at-OSCs over the whole applied voltage range. It should
be mentioned that so far I cannot conclude with certainty that AgNWs enhance the
charge collection probability in organic solar cells, since in another independent batch
this behavior is not apparent. The reproducibility of the AgNW-OSCs needs further
improvement.

To gain further insight into the physics of AgNW-OSCs and �at-OSCs and to quan-
tify the limiting factors, the light-intensity dependence of the current density has been

62



Chapter 4. Solar Cells Based on Nanostructured Electrodes

Figure 4.17.: (a) Light intensity dependence of short-circuit current density (JSC) for AgNW
(130 nm)-OSCs and �at-OSCs under bottom illumination through ITO glass. The straight lines
show the power law �ts to JSC ∝ Iα on a log-log scale. (b) Light intensity dependence of short-
circuit current density (JSC) for AgNW (130 nm)-OSCs and �at-OSCs under top illumination through
Ca:Ag electrode. The straight lines show the power law �ts to JSC ∝ Iα on a log-log scale.

studied. Using a set of neutral density �lters, the light intensities ranging from 5 to
83mW/cm2 were created. The light-intensity dependent J-V curves are displayed in
Appendix C4. Generally, the generation rate (G) of e-h pairs is proportional to the light
intensity (I).[255, 256] Quantitatively, the photogenerated current density (J) follows
the power law [252]:

JSC ∝ Iα (4.2)

where α = 0.75 in the case of the ideal space-charge limit, and α = 1 in the case of
space-charge-free limit.[256�259] Figures 4.17a-b display that α is always close to 1 for
all types of solar cells on a log-log scale, irrespective of the illumination directions. This
demonstrates that there is no space-charge limit under short-circuit condition for both
AgNW-OSCs and �at-OSCs.

Furthermore, the space-charge/non-space-charge limit e�ect at varying applied bias
is also examined based on Blom et al.'s [257, 258] and Rose et al.'s [260, 261] model:

J ∝ G3/4 ·V e�
1/2 (4.3)

where J is the photogenerated current, G is the generation rate of e-h pairs, and Ve�

is the e�ective voltage, i.e. VOC-Vapplied (Vapplied is simpli�ed as V in the following
text). Hence, the pure space-charge-limit photogenerated current is characterized by
a square-root dependence on e�ective voltage and a three quarter dependence on light
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Figure 4.18.: (a) Photogenerated current density J as a function of the e�ective voltage VOC-
V, for AgNW (130 nm)-OSCs and �at-OSCs under bottom illumination through ITO glass. (b)
Photogenerated current density J as a function of the e�ective voltage VOC-V, for AgNW (130 nm)-
OSCs and �at-OSCs under top illumination through Ca:Ag electrode. The illumination light intensity
is 83mW/cm2. The dashed lines indicate the square-root dependence on VOC-V, which is extracted
from the �rst derivative of the J-(VOC-V) curve, as shown in Appendix C5. The arrows indicate �ts
of the light intensity dependence JSC ∝ I3/4, i.e., JSC ∝ G3/4.

intensity.[257, 258]. In Figure 4.18a-b, the photogenerated current J is plotted as a
function of the e�ective voltage, VOC-V, on a log-log scale. However, it is not possi-
ble to �nd a point where the current J �ts both a square-root dependence on e�ective
voltage and a three quarter dependence on light intensity, implying that there is no
apparent space-charge limit e�ect between the open- and short-circuit points. This can
be attributed to the balanced electron and hole transport in the device (i.e. the mobility
imbalance between e and h is smaller than two orders of magnitude.[262]). Besides, in
this batch, the di�erent shape of the J-(VOC-V) curves between AgNWs-OSCs and �at-
OSCs in the higher e�ective voltage regime demonstrates that the di�erent J-V curves
of AgNW-OSCs and �at-OSCs under illumination cannot be attributed only to their
di�erent open-circuit voltage, but also other unknown factors.[263] However, in another
independent batch, as shown in Appendix C6, the shape of the J-(VOC-V) curves is
near identical, indicating a solely open-circuit voltage attribution to the di�erent J-V
curves of AgNW-OSCs and �at-OSCs.[263] Therefore, so far, the explanation in this
thesis for the shape of the J-(VOC-V) is not yet conclusive. However, a conclusion that
can be drawn is that there is no apparent space-charge limit e�ect between the open-
and short-circuit points in both AgNW-OSCs and �at-OSCs.

Excluding the e�ect of the space-charge limit, other limiting factors are examined by ex-
ploring the light-intensity dependence of the open-circuit voltage. Since for open-circuit
conditions the drift and di�usion current balance out and all the photogenerated charge
carriers recombine, the properties of solar cells strongly depend on the recombination
processes.[264, 265] Blom et al. [264] has demonstrated that in polymer:fullerene bulk

64



Chapter 4. Solar Cells Based on Nanostructured Electrodes

heterojunction solar cells VOC �ts the law:

V OC ∝ n
kT

q
ln(I) (4.4)

where k is the Boltzmann constant, T is the temperature, q is the elementary charge,
kT/q is 0.025 eV at room temperature, I is the light intensity, and n is the ideality
factor. With di�erent values of n, di�erent recombination processes dominate with an
assumption of equal capture across sections of electrons and holes [266]:

• n = 0.5, absence of band bending in the vicinity of non-ohmic contacts.[267]

• n = 1, recombination via band tail states, namely, shallow trap-state-mediated
recombination.[266, 268]

• n = 2, recombination via midgap states, namely, deep trap-state-mediated recomb-
ination.[266, 268]

• n > 2, either tunneling-enhanced bulk recombination [266, 269], or recombination
due to local nonlinear shunts [266, 270], or recombination at extended defect
sites.[266, 271]

It is worth mentioning that Nguyen et al. [272] suggest that before �tting the VOC

vs. light intensity, we should �rst check the dependence of �ll factor (FF) on the light-
intensity (see Figure C7a in Appendix C). If the FF starts dropping with light-intensity,
the slope of the VOC vs. light-intensity will be misleading.[272] As is demonstrated in
Figure C7a in Appendix C, the FF does not drop with decreasing light-intensity in the
whole range of 5-83mW/cm2 for the batch of AgNW (130 nm)-OSCs and �at-OSCs.
Therefore, the �tting of the VOC vs. light-intensity in Figure 4.19 is valid. The results
show that for both AgNW-OSCs and �at-OSCs, the ideality factor n is always over
2. However, it has been shown that for a standard �at P3HT:PCBM solar cell with a
thickness of 100-250 nm, n is close to 1 [252], which is attributed to a shallow trap-state-
mediated recombination.[266] The much higher value of n over 2 in my case is probably
due to the polymer �lm's thickness (400 nm) and its vertically graded properties. This
might lead to extended defect sites for recombination.[266, 271] In addition, the factor
that n is over 2 is also evidenced in another independent batch of solar cells, shown in
Figure C8 in Appendix C.

4.4. Summary and Future Work

Organic solar cells (OSCs) based on metal-semiconductor (AgNW-ZnO) core-shell nano-
wire arrays have been successfully fabricated after overcoming the challenges of the in-
�ltration of polymer into the pore, and shorting pathways in the device. The in-depth
investigation into the device characteristics indicate that the AgNWs seem to enhance
the charge collection e�ciency. However, using too thick a polymer �lm (which is
necessary to ensure a working device) combined with the increased nanowire-polymer
interface, introduces extended defect sites for recombination, which limits the e�ciency
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Figure 4.19.: (a) Light intensity dependence of open-circuit voltage (VOC) for AgNW (130 nm)-
OSCs and �at-OSCs under bottom illumination through ITO glass on a linear/logarithmic (ln(I))
scale. The straight lines show �ts to V OC(I) ∝ 0.025 ·n · ln(I). (b) Light intensity dependence
of open-circuit voltage (VOC) for AgNW (130 nm)-OSCs and �at-OSCs under top illumination
through Ca:Ag electrode on a linear/logarithmic (ln(I)) scale. The straight lines show �ts to
V OC(I) ∝ 0.025 ·n · ln(I).

of the nanowire solar cell. An ideal architecture would use a proper semiconductor
layer with low recombination rate as well as a very thin polymer layer to conformally
coat the AgNW nanowire arrays, making use of the charge collection and light trapping
advantages, but minimizing recombination.[19] It should be mentioned that due to poor
reproducibility of the AgNW-OSCs, the analysis is based on a few successful solar cell
data. To draw a solid conclusion, more statistic data is needed. In the future, the
reproducibility needs further improvement, for example, from the aspects of removing
the overgrown stones of AgNWs. Moreover, the thickness of MoO3 should be tuned
towards an optimally matched cavity mode. Furthermore, the techniques of coating
semiconductor and polymer also need further improvement.

On the other hand, attempts at applying AAO templates for the recently emerging
perovskite (PVK) solar cells indicate a new promising direction for the future. Two
AAO systems have been tried with Hao Hu: (1) ITO / Ti/ Au/ AAO/ PVK / C60/
LiF/ Ag; (2) ITO / TiO2 / AAO/ PVK / C60/ LiF/ Ag. The system-1 encountered
shorting problems, indicating a blocking layer of TiO2 is necessary for the PVK solar
cells. In contrast, the system-2 had no shorts, but the currents were too low (4mA/cm2)
compared with the values obtained by others in the �eld.[273�275] This is attributed to
the aluminum oxide barrier layer at the bottom of the AAO pores, blocking the charge
extraction. In the future, further new techniques need to be developed such as a step-
wise reducing voltage method [276] to remove the aluminum oxide barrier layer. This
AAO-PVK solar cell system is very promising systematically investigating how charge
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transport behaves in AAO-con�ned PVK �lm by tuning the size of AAO pores.
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5. Conclusion and Outlook

5.1. Conclusion

The aim of this work was to explore free-standing silver nanowire arrays as electrodes
for ultimately enhancing the e�ciency of organic solar cells. For this purpose, a �rst
prerequisite is developing a novel technique for reproducibly synthesizing large-area
free-standing silver nanowire arrays on ITO glass. I have found that an in situ oxygen
plasma cleaning of the ITO surface and a sputtered Ti layer provide excellent adhesion
during the anodization process. An ultrathin gold layer (2 nm) is a desirable nucleation
layer for the electrodeposition of Ag. Furthermore, a stable non-toxic electrolyte com-
patible with the AAO templates has been developed. Finally, an unprecedented high
level of uniformity and control of the nanowire diameter, spacing and length has been
achieved.

Moreover, a sol-gel spin-coating process has been developed to quasi-conformally coat
the silver nanowire arrays with a ZnO shell, forming a hybrid metal-semiconductor
(AgNWs-ZnO) core-shell nanowire arrays. Furthermore, these AgNWs-ZnO core-shell
nanostructures have been successfully incorporated into organic solar cells (OSCs) by
solving the common challenges in the nanowire solar area, i.e. shorting and leakage
problems. At �rst, the AgNWs-ZnO nanowires were applied in opaque organic solar
cells. Encouragingly, comparison of AgNWs-OSCs and �at-OSCs' internal quantum ef-
�ciency (IQE) data indicate an increased charge collection in AgNWs-OSCs. However,
due to a strong incident light re�ection-o�-device e�ect of the dense AgNWs, the overall
power conversion e�ciency (PCE) of AgNWs-OSCs is lower than �at-OSCs.

To address the optical loss problem, a high-quality of transparent top electrode (tech-
nique from Prof. Karl Leo group) was introduced to replace the opaque thick Ag �lm
(120 nm), forming a semi-transparent organic solar cells. Hence, it is possible to illu-
minate light from the transparent top electrode and treat AgNWs as a back-re�ection
electrode. An in-depth investigation of the device physics in terms of external quan-
tum e�ciency, charge collection, and recombination has been performed. The results
indicate that the AgNWs seem to enhance the charge collection e�ciency also in the
semi-transparent OSCs. However, using too thick a polymer �lm (which is necessary
to ensure a working device) combined with the increased nanowire-polymer interface,
introduces extended defect sites for recombination, which limits the e�ciency of the
nanowire solar cell. Finally, my work yields a clearer design route for AgNW-OSCs,
suggesting the use of a proper semiconductor layer with low recombination rate as well
as a very thin polymer layer to conformally coat the AgNW nanowire arrays. In this
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way, the nanowire solar cells not only make use of the charge collection and light trap-
ping advantages of AgNWs, but also minimize recombination losses.

5.2. Outlook

This work has presented the signi�cant progress in the free-standing silver nanowires
(AgNWs) used as an electrode for organic solar cells. Yet, there are still room for further
improvement and also ideas of new directions. For surface enhanced Raman scattering
(SERS) application of AgNW arrays and further improvement of AgNW-OSCs, the
details are described in the Section of "Summary and Future Work" in Chapter 3 and
Chapter 4, respectively. Here I would like to present two new directions.

5.2.1. Low-Temperature Plamonics of Metallic Nanowire Arrays

Plasmonic e�ects of metallic nanostructures have increasingly drawn scientists' atten-
tion due to their important applications in the �eld of biosensing [277�279], gas detecting
[280] and quantum information processing [281, 282]. The majority of the e�orts have
been focused on manipulating the spectral response by changing the permittivity of the
surrounding dielectric.[277�279] However, very limited work has been concerned with
low-temperature plasmonic behaviors of metallic nanostructures. Zayats et al.'s have
recently found that the excitation of plasmonic free-standing gold nanowires can be
e�ciently controlled with temperature, i.e., the transmission changes by approximately
a factor of 10 from room temperature to the liquid nitrogen temperature (77K).[283]
However, they did not go further to even lower temperature (i.e. liquid helium (4K)) to
investigate the interesting electrical conductivity saturation regime.[284] Furthermore,
they have only reported the lower-temperature behavior of AuNWs, but not AgNWs.
Generally, silver exhibits superior plasmonic e�ects than gold due to its longer sur-
face plasmon�polariton length.[285] Therefore, it is worth to investigate the wide-range
temperature-dependence (from room temperature to the liquid helium temperature) of
plasmonic silver nanowire arrays.

Preliminarily, I have built a temperature&angle-resolved UV-Vis setup with Prof. Paul
Leiderer, as shown in Figure D1a-b in Appendix D. Furthermore, the preliminary results
of the temperature-dependent transmission and angle-dependent re�ection spectra of a
AgNWs-AAO sample, as shown in Figure D2a-b in Appendix D, tell us that we have
a measurable setup. However, more work regarding wavelength calibration and aberra-
tion correction needs to be done in order to get reliable and reproducible results. Given
that AuNW arrays on ITO glass have been also successfully fabricated, as described in
Section 3.2.1, ultimately it would be very interesting to compare the low-temperature
physics of plasmonic AgNW and AuNW arrays.
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Chapter 5. Conclusion and Outlook

5.2.2. Control of the Space-Charge Region in Hybrid Solar Cells via
AgNW-semiconductor Arrays

In contrast to bulk heterojunction organic solar cells, the new concept of organic-
inorganic hybrid solar cells combines the advantages of organic (e.g. low cost and
�exible) and inorganic (e.g. chemically stable and tunable band gap) materials to fur-
ther push forward the frontiers of the solar cell technology. But so far, the e�ciencies
of hybrid solar cells are relatively low. Numerous research e�orts have been made to
better understand these hybrid systems and ultimately improve the power conversion
e�ciency. One of the most heavily investigated standard systems is based on the com-
bination of metal-oxide (e.g. TiO2 and ZnO) and conjugated polymer (i.e. P3HTand
PCPDTBT). This system is ideal for investigating the interfacial electron transfer dy-
namics and engineering the interface to reduce recombination.

However, the role of the space-charge limited (SCL) photocurrent has been widely
neglected in organic/inorganic hybrid solar cells. In 1971 Goodman et al. predicted the
occurrence of a fundamental electrostatic limit for photocurrent in semiconductors at
high light intensities.[260] In 2005 Blom et al. both theoretically and experimentally
demonstrated that the photocurrent in bulk heterojunction organic solar cells blend
can be limited by the build-up of space-charge, even under normal operational condi-
tions equivalent to 1 sun illumination.[257] In 2006 Mihailetchi et al. demonstrated an
e�ciency increase of a P3HT: PCBM solar cell by diminishing the SCL photocurrent
through thermal annealing.[256]

Given that hybrid solar cells typically consist of inorganic n-type semiconductors with
high electron mobility (e.g. TiO2 (0.1-1 cm2 V-1 s-1) [286], ZnO (200-300 cm2 V-1 s-1)
[287]), and organic polymers with low hole mobility (e.g. P3HT (10−6 − 10−4 cm2 V-1

s-1) [288, 289], PCPDTBT (10−4 − 10−3 cm2 V-1 s-1) [290], they therefore exhibit a
large mobility discrepancy in the system. This raises the question as to how the charge
carrier mobility in�uences the space-charge formation as well as the device performance.

Our former group members have successfully developed various semiconductor nanowire
arrays and applied them in hybrid solar cells. In particular, James Dorman et al. have
developed an interest in improving exciton dissociation at organic/inorganic interface
via semiconductor Sn:TiO2|TiO2 core-shell nanowires, which has bene�cial cascading
energy levels.[37] Very recently, Chaw loon Thu et al. have found space-charge limit
current e�ects in Sn doped ZnO (Sn: ZnO) nanowire based hybrid solar cells, due to
unbalanced charge transport in the device.

To gain further insight into space-charge limit current e�ects, the novel free-standing
silver nanowire arrays would be the best choice. This is because AgNW arrays presents
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5.2 Outlook

unique possibilities to tune their own electronic properties. For example, when placed
under sulfur vapor atmosphere, the color of AgNWs changed from blue-greenish to dark,
indicating the formation of Ag2S. The absorption spectra of the pure AgNW arrays and
sulfurized AgNW arrays are shown in Figure D3a in Appendix D. For the sulfurized
AgNW curve, there is a clear absorption taking o� sharply at 800 nm, indicating the
bandgap of this material is ca. 1.55 eV (Tauc relation). Hence, this simple sulfuriza-
tion method dramatically changed the metallic nanowires to semiconducting nanowires.
Another example is that the electronic property of the AgNWs can also be tuned via
short time exposure to O2 plasma. The photoemission spectroscopy measurement re-
sults (Figure D3b in Appendix D) show that the surface ionization potential is changed
from 4.77 eV to 5.14 eV after 1.2 s of O2 plasma treatment, indicating that a AgOx
shell is formed. Preliminary experiments open new possibilities to combine the elec-
tronic tunable AgNWs with charge transport studies of hybrid solar cells. In the future,
it would be interesting to systematically control of charge carrier mobility in hybrid
solar cells by using a core-shell nanowire with a Ag core and varying shells (e.g. Ag2S,
AgOx, TiO2 and ZnO), in order to draw general conclusions about how an ideal hybrid
interface should be designed to overcome current limitations.
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A. Appendix to Section 3.2

Figure A1a shows the linear relationship of pore widening speed with respect to time
(0.72 nm/min), and Figure A1b shows the linear relationship of interpore distance with
respect to anodizing voltage (1.9 nm/V) for AAO templates on ITO glass.

Figure A1.: (a) Diameter vs. pore-widening time at room temperature for AAOs on ITO glass
anodized at 60V.(b) Interpore distance vs. anodizing voltage for AAOs on ITO glass.
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B. Appendix to Section 3.3

Figure B1 shows electroformed dentritic silver. Such rough microstructures are undesir-
able for homogeneously �lling the nano-AAO pores. However, it could be useful as e.g.
electrodes for thick polymer solar cells due to its good charge collection e�ciency.[291]

Figure B2 shows a HR-TEM image of the electrodeposited silver nanowires. The dis-
tance between two neighboring lines is 0.234 nm, which is identical to the d-spacing
value (0.234 nm) along the (111) direction for silver. This result further veri�es the
successful growth of the silver nanowires.

Figure B1.: SEM top view of potentiostatically deposited silver micro-leaves on ITO glass from
3mM AgNO3 + 0.2M KNO3 (aq) at -0.15V for 30min.
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Figure B2.: HR-TEM image of the electrodeposited silver nanowires. The distance between two
neighboring lines is 0.234 nm, which is identical to the d-spacing value (0.234 nm) along the (111)
direction for silver.
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C. Appendix to Section 4.3

Figure C1 shows the transmittance of Au (2 nm) /Ti (5 nm) /ITO glass, referring to
100% transmittance of pure ITO glass. With additional Au and Ti layers, the overall
transmittance level (integral from 350 nm to 650 nm) losses 34% in comparison to pure
ITO glass. Such loss percentage is comparable to the EQE loss (36%). The slight dif-
ference could be attributed to the �uctuation of the sputtered Au and Ti's thickness in
di�erent batches.

Figure C2 shows the J-V curves and characteristic values of the standard semi-transparent
P3HT:PCBM solar cells. The fabrication procedure follows the optimized conditions
described in Section 4.1, except for the transparent top electrode, which was made by
Yoonseok Park in Prof. Karl Leo's group in Dresden University of Technology. The
J-V characteristics show no signi�cant di�erence in terms of VOC and FF when the
solar cells are illuminated from di�erent directions. However, JSC for top illumination
through Ca:Ag electrode (3.33mA/cm2) is lower than the 4.40mA/cm2 for bottom il-
lumination through ITO glass. The reason for such 30% di�erence of JSC is that the
metallic Ca:Ag electrode acts as a better back-re�ector than ITO electrode, resulting in
an enhanced optical absorption in the active layer when the solar cells are bottom illu-
minated through ITO glass.[240] Consequently, the power conversion e�ciency (PCE)
for top illumination through Ca:Ag electrode (0.74%) is lower than the 1.01% for bot-
tom illumination through ITO glass (i.e., 27% of e�ciency drop).

Figure C3 display the normalized EQE of AgNW (250 nm)-OSCs and �at-OSCs from
bottom and top illumination directions.

Figure C4 display the J-V characteristics of AgNW-OSCs and �at-OSCs from di�erent
illumination directions as a function of incident light intensity.

Figures C5a-b display the �rst derivatives of the J-(VOC-V) curves from Figure 4.18,
calculated by a self-written Matlab program, using a loop of a poly�t, y = ax + b, at
each three adjacent points.

Figures C6a-b display the photogenerated current density J as a function of the e�ective
voltage VOC-V, and the corresponding �rst derivative curves for AgNW (250 nm)-OSCs
and �at-OSCs.

Figures C7a-b display the dependence of the FF on the light-intensity for two di�er-
ent batches of solar cells. In Figure C7a for AgNW (130 nm)-OSCs and �at-OSCs,

77



the FF does not drop with decreasing the light-intensity in the whole range of 5-
83mW/cm2, and therefore the �tting of the VOC vs. light-intensity in Figure 4.19
from 5 to 83mW/cm2 is valid. However, in Figure C7b for AgNW (250 nm)-OSCs and
�at-OSCs, the FF starts dropping below 44mW/cm2 for AgNW (250 nm)-OSCs, and
therefore the �tting range of VOC vs. light-intensity is chosen as above 44mW/cm2.[272]

Figures C8 shows the experimental and �tting data of the VOC vs. light-intensity
for AgNW (250 nm)-OSCs and �at-OSCs. The ideality factor n is over 2 for all cases.

dsdsf

Figure C1.: The transmittance spectrum of Au (2 nm) /Ti (5 nm) /ITO glass, referring to 100%
transmittance of pure ITO glass.

Figure C2.: The J-V curves and characteristic values of the standard semi-transparent P3HT:PCBM
solar cells.
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Chapter C. Appendix C

Figure C3.: Normalized EQE of AgNW (250 nm)-OSCs and �at-OSCs from bottom and top
illumination directions.
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Figure C4.: (a) J-V characteristics of AgNW (130 nm)-OSCs under bottom illumination through
ITO glass as a function of incident light intensity. (b) J-V characteristics of �at-OSCs under bottom
illumination through ITO glass as a function of incident light intensity. (c) J-V characteristics of
AgNW (130 nm)-OSCs under top illumination through Ca:Ag as a function of incident light intensity.
(d) J-V characteristics of �at-OSCs under top illumination through Ca:Ag as a function of incident
light intensity.

Figure C5.: The �rst derivatives of the J-(VOC-V) curves from Figure 4.18, calculated by a self-
written Matlab program, using a loop of a poly�t, y = ax+ b, at each three adjacent points. The
dashed lines mark the square-root dependent points. (a) AgNW (130 nm)-OSCs and �at-OSCs
under bottom illumination through ITO glass. (b) AgNW (130 nm)-OSCs and �at-OSCs under top
illumination through Ca:Ag electrode.
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Chapter C. Appendix C

Figure C6.: (a-1) Photogenerated current density J as a function of the e�ective voltage VOC-
V, for AgNW (250 nm)-OSCs and �at-OSCs under bottom illumination through ITO glass. (a-2)
The �rst derivatives of the J-(VOC-V) curve in (a-1). (b-1) Photogenerated current density J as
a function of the e�ective voltage VOC-V, for AgNW (250 nm)-OSCs and �at-OSCs under top
illumination through Ca:Ag electrode. (b-2) The �rst derivatives of the J-(VOC-V) curve in (b-1).
The illumination light intensity is 80mW/cm2.

Figure C7.: (a) Light-intensity dependence of �ll factor (FF) for AgNW (130 nm)-OSCs and �at-
OSCs from di�erent illumination directions. (b) Light intensity dependence of �ll factor (FF) for
AgNW (250 nm)-OSCs and �at-OSCs from di�erent illumination directions. The results of these
two batches of solar cells are statistically independent, as they were made on di�erent days.
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Figure C8.: (a) Light intensity dependence of open-circuit voltage (VOC) for AgNW (250 nm)-
OSCs and �at-OSCs under bottom illumination through ITO glass on a linear/logarithmic (ln(I))
scale. The straight lines show �ts to V OC(I) ∝ 0.025 ·n · ln(I). (b) Light intensity dependence
of open-circuit voltage (VOC) for AgNW (250 nm)-OSCs and �at-OSCs under top illumination
through Ca:Ag electrode on a linear/logarithmic (ln(I)) scale. The straight lines show �ts to
V OC(I) ∝ 0.025 ·n · ln(I).
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D. Appendix to Section 5

Figures D1a-b demonstrate our homemade temperature-resolved UV-Vis setup in a
both of a schematic and real status way.

Figures D2a shows the temperature-dependent transmission of a AgNWs-AAO sam-
ple, measured under a transmission mode. Figures D2b shows the angle-dependent
re�ection of a AgNWs-AAO sample, measured under a re�ection mode at room tem-
perature. Note that the actual temperature on the sample surface is expected a bit
higher than room temperature due to the heating e�ect of the incident light beam.

Figure D3a shows absorption spectra of free-standing AgNWs before and after sul-
furization (30min), respectively. We can see that for the sulfurized AgNWs, there a
clear absorption taking o� sharply at 800 nm, indicating a bandgap of 1.55 eV. There-
fore, the simple sulfurization method can dramatically change the metallic nanowire
arrays to semiconductor nanowire arrays.

Figure D3b shows photoelectron spectroscopy in air (PESA) spectra of free-standing
AgNWs before and after O2 plasma (1.2 s) treatment. We can see that with a short time
of O2 plasma treatment, the surface ionization potential for nanowire arrays increases
from 4.77 eV to 5.14 eV, indicating a formation of AgOx shell.
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Figure D1.: (a) Schematic illustration of temperature&angle-resolved UV-Vis setup, adapted
from Bouillard et al.[283] A light beam from a Tungsten lamp passes through a polarizer before
illuminating the sample. The pinhole is used to reduce the beam size. The sample is installed
inside of a cryostat. In the case of the transmission mode, the transmitted light is focused by a
lens and then collected by a wavelength-resolved photodetector. In the case of the re�ection mode,
the re�ected light from the sample surface is focused by a lens and then collected by a wavelength-
resolved photodetector. (b) Photo of the homemade temperature-resolved UV-Vis setup.
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Chapter D. Appendix D

Figure D2.: (a) Temperature-dependent transmission of a AgNWs-AAO sample, measured using
non-polarized light at 135,171,227,273, and 335K. (b) Re�ection spectra measured of a AgNWs-
AAO sample using p-polarized incident light for various of angle of incidence at 22.5◦, 30◦, 45◦,
and 60 ◦ at room temperature.

Figure D3.: (a) Absorption spectra of free-standing AgNWs before and after sulfurization (30min),
respectively. (b) Photoelectron Spectroscopy in Air (PESA) spectra of free-standing AgNWs be-
fore and after O2 plasma (1.2 s) treatment. The ionization potential is calculated from the two
intersections of the background line and the signal regression line.
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