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ABSTRACT

Single-crystal Si is the bedrock of semiconductor devices due to the high crystalline

perfection which minimizes electron-hole recombination, and the dense native silicon oxide

which minimizes surface states. To expand the palette of electronic materials beyond

planar Si, an inexpensive source of highly ordered material is needed that can serve as an

inert substrate for the epitaxial growth of grain boundary-free semiconductors, photonic

materials, and superconductors. There is also a need for a simple, inexpensive, and scalable

fabrication technique for the growth of semiconductor nanostructures and thin films. This

dissertation focuses on the fabrication of semiconducting nanowires (polycrystalline Ge

& epitaxial ZnO) and epitaxial thin films (Au & Cu2O) using electrodeposition from an

aqueous solution at ambient conditions as a simple benchtop process. Paper I describes

a simple one-step electrodeposition of Ge nanowires on an indium-tin oxide substrate

decorated with In nanoparticles. An In metal acts both as a catalyst for electrodeposition

and as a solvent for recrystallization of the nanowires at ambient conditions. Ge nanowires

are an attractive anode material for Li-ion batteries, due to their larger theoretical capacity

compared to graphite. Paper II presents a scheme for epitaxial electrodeposition of ultrathin

Au films on Si as an inexpensive proxy for single crystal Au for the electrodeposition of

epitaxial Cu2O thin films. A detailed study of the epitaxial growth, morphology, junction

characteristics, and crystallinity is performed for both the Au and Cu2O thin films. Paper

III describes a technique for epitaxial lift-off of wafer-scale Au foils as transparent, single-

crystal and flexible substrates for flexible electronics. The Au foils offer the order of

traditional single-crystal semiconductors without the constraint of a rigid substrate. An

organic light emitting diode is presented to evaluate the flexibility and transparency of Au

foils. To study the single crystal nature of Au foil an epitaxial Cu2O thin film inorganic

diode with an improved diode quality factor is demonstrated.
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SECTION

1. INTRODUCTION

The development of flexible electronic devices is evident from the evolution of

conventional rigid architectures to foldable, bendable and stretchable devices.1,2 These de-

vices cater to a wide range of applications including continuous health monitoring, curved

displays, sensors, solar cells, batteries, and biomedical implants.3−5 Flexible electronic

devices need to be capable of undergoing deformation while maintaining the functional

and electronic properties. The high strain due to bending, twisting and stretching can-

not be achieved using traditional brittle materials such as Si and glass. Thus, innovation

in flexible electronics requires new fabrication techniques, materials and design choices.

Conventional inorganic materials may be implemented in flexible electronics with changes

in the morphology (nanowire or nanoparticle) or thickness to withstand the high strain

during operation. Along with conventional inorganic materials, organic semiconductors

are a fast-growing field of research for flexible electronics due to their inherent high strain

tolerance and low-temperature processing.6 Organic semiconductors for displays7 and en-

ergy generation8 show improved efficiencies compared to inorganic semiconductors while

maintaining simple and environmentally friendly processing techniques.9 Some of the crit-

ical parameters for a robust and durable flexible device are material choice for substrate and

active component, material design, type of fabrication process and field of application.

Current research on flexible electronic devices use vapor depositions of indium

tin-oxide,10 ultrathin metal films,11 spin-coated nanowire mesh12 or conductive polymers13

on flexible plastic substrates, which tend to be polycrystalline or textured. Thus, the semi-

conductors grown on top of the substrate also have a random orientation. Polycrystalline
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electronic materials suffer from electron hole-recombination at the grain boundaries, which

act as defect sites yielding lower efficiencies.14 Therefore, there is a need for an inexpensive,

simple and large-scale fabrication technique, while maintaining the critical parameters to

control the morphology and crystallinity. The aim of this research is to fabricate semicon-

ductor nanostructures (polycrystalline Ge & epitaxial ZnO nanowires) and epitaxial thin

films (Au & Cu2O) using a simple benchtop aqueous electrodeposition process at ambient

conditions. This study focuses on both the polycrystalline and the epitaxial growth of semi-

conductors. For instance, Ge nanowires electrodeposited on an indium-tin oxide substrate

tend to grow polycrystalline and highly doped.15 However, the high conductivity of the

nanowires makes them ideal for Li-ion battery applications. This research also focuses on

the epitaxial growth of Au on n-Si substrate that forms a Schottky junction16 and exhibits

metal-semiconductor characteristics useful for photoelectrochemical applications.17 The

ultrathin epitaxial films of Au on n-Si are also used for the epitaxial lift-off of free-standing

and single-crystal foil substrates for flexible electronics.18

1.1. MATERIALS FOR FLEXIBLE ELECTRONICS

The materials for flexible electronic devices include conductive thin films for

contacts,19 semiconductors,20 and high-κ dielectric insulators.19−20 Some of the frequently

used conducive materials for contacts include transparent conducting oxides,20 conductive

polymers,13 polymers with conductive filler,21 nanowire12,22 or carbon nanotube23 mesh

electrodes, and ultrathin metal foils.24−25 The contacts are usually deposited on a non-

conductive and flexible support materials such as plastics, paper and fabrics.

1.1.1. ConductiveMetal Oxides. Transparent conductive metal oxides are usually

used as contacts for devices such as solar cells and light emitting diodes which require light

transmission.10,26−27 Indium-tin oxide, antimony doped tin oxide, and aluminum doped zinc
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oxide are some of the typically used transparent conducting oxides. They offer relatively

high optical transmission (>95%) in the spectral range of visible and near infrared light,

intended for applications in displays and solar cells. However, these metal oxides are typi-

cally polycrystalline and brittle for high strain applications.

1.1.2. Conductive Polymers. Conjugated polymers and elastomers with conduc-

tive filler are also used in flexible electronic applications.28−30 Polyaniline, polypyrrole, poly-

thiophene, and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) are

some of the most studied conductive polymers.26,31−32 They are typically spin coated from

aqueous or non-aqueous solvents and heat treated at a relatively low temperature (ca. 100
◦C). Due to the simple solution processing, large scale manufacturing using this method

can be considered. Some of the drawbacks of conductive polymers are low electrical con-

ductivity compared to metal foils or transparent conducting oxides, and poor crystallinity.

Another type of conductive polymer uses a non-conducting elastomer matrix with a conduc-

tive filler material.21,31,33−34 The filler material is usually metal nanoparticles, nanowires,

or carbon nanotubes dispersed in the matrix forming an interconnected network allowing

for electrical conductivity. The conductivity is largely dependent on the dispersion, volume

fraction, shape, size, and alignment of the filler material. Like conjugated conductive poly-

mers, elastomers with filler also show low conductivities and poor crystallinity for epitaxial

growth.

1.1.3. Nanowire Mesh Substrates. Conductive nanowire mesh is another widely

used alternative to transparent conductive oxides as they provide comparable transmission

in the visible and near infrared spectrum, while enabling high strain-tolerance.35−36 These

percolated networks typically consist of high-aspect-ratio metal or metal oxide nanowires

spin coated to form an aligned or random distribution.22 The intersection of metal nanowires

in the network enables charge transport along the surface of the thin film. The large pore
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volume fraction in the nanowire mesh allows high optical transmission and improves me-

chanical displacement during flexing. Gold nanowires,36 silver nanowires,22,37 carbon

nanotubes,38 and copper nanowires39 are some of the commonly used conductive materials

for the mesh films. The nanowire mesh also does not offer a highly ordered substrate for

the epitaxial growth of semiconductors.

1.1.4. Ultrathin Metal Foil Substrates. Metal foils offer high electrical conduc-

tivity, crystallinity, and can also withstand relatively high processing temperatures.11,24−25,40

They also offer an improved barrier against diffusion of air or moisture. In addition to me-

chanical and electronic properties, ultrathin metal foils (7-30 nm) also offer high optical

transparency, which can be considered as an alternative to transparent conductive oxides.

However, metal films are typically evaporated or sputtered on glass or plastic substrates

which results in a polycrystalline structure.

1.1.5. Polymer Substrates. Choice of material for a substrate largely depends on

the application of the device. However, some of the common properties desired for any type

of device are flexibility, low cost, light weight and suitability for high volumemanufacturing.

Currently, the most common flexible substrate that has all the features mentioned above are

plastics.24,26,31,41 Some of the key types of plastics used include polyethylene terephthalate,

polycarbonate, polyimide, polyethersulfone, and polyacrylate. For applications that demand

stretchability, elastomers such as polydimethylsiloxane and polyurethane are preferred.26,31

Polymers also offer high optical clarity and surface smoothness that are especially beneficial

for applications that include solar cells, optical sensors and displays. Although polymers

offer a lot of material properties suitable for flexible applications, they lack thermal stabil-

ity, solvent resistance and, more importantly, crystallinity. Due to the amorphous polymer

substrates, the semiconductors tend to be amorphous or polycrystalline. This can result in
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low overall efficiency for the device mainly due to the electron hole recombination at the

grain boundaries.

1.1.6. Paper and Fabric Substrates. The next class of materials for flexible sub-

strates are paper and fabrics. Paper electronics are on the rise due to their high flexibility,

low cost, high recyclability, and the ability to fabricate printed electronics.32,42−43 However,

they lack mechanical stability during solvent processing due to absorption, and high surface

roughness due to the fibrous morphology. Nevertheless, there has been promising research

using cellulose paper as an active substrate material for sensors and actuators referred to

as smart paper.42 Printing of conductive inks based on metal precursors, nanoparticles, or

nanowires has enabled fast, room temperature circuit designs on paper. This fabrication pro-

cess also opened a whole new field of printed electronics on flexible substrates. Similarly,

using organic semiconductor precursor inks, printed photovoltaic devices and field-effect

transistors are also being actively researched.42 One of the ambitious futuristic visions of

flexible electronics is the integration of smart devices with clothing, also referred to as smart

textiles.43−46 Smart fabrics can be used as a flexible antenna for data communication,45 light

harvesting for energy generation or for continuous health monitoring devices.46 However,

the challenges of having a flexible woven fabric of active material which can withstand

moisture, dust, and high strain conditions are still difficult to overcome.47 Even with the

advances in research to incorporate papers and fabrics into electronics, they all lack crys-

talline order which could lower the overall efficiency of the device.
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1.2. AN OVERVIEW OF FABRICATION TECHNIQUES FOR FLEXIBLE ELEC-
TRONICS

Materials for flexible or stretchable electronic devices can be fabricated using a wide

array of techniques. However, the methods used for deposition of the active materials are

largely dependant on the processing conditions compatible with plastic, paper or fabric sub-

strates. Some of the most commonly used techniques for deposition of metals, metal oxides

and inorganic materials include physical vapor deposition (sputtering and evaporation),48

chemical vapor deposition,48−49 atomic layer deposition,50−51 electrodeposition,52 and roll-

to-roll deposition.53−56 Sputtering or evaporation can be used in conjunction with lithog-

raphy or shadow masks to produce metal patterns for the contact electrodes on devices.48

Chemical vapor and atomic layer depositions are typically used for growing semicon-

ductor or insulator nanostructures/thin films.48,50 Although, roll-to-roll deposition with

physical and chemical vapor deposition compatibility is especially attractive for large scale

manufacturing,57−61 the high temperatures associated with the chemical reactions make it

challenging on plastic substrates.

Some of themethods used for the processing of organic and hybrid flexible electronic

materials are spin coating,62 dip coating,63 screen printing,56 spray coating,64−65 and transfer

printing.66−68 These techniques are also suitable for high volume manufacturing. However,

they are highly dependant on the suitable solvent used for the dissolution/dispersion of each

material. Semiconductors that are deposited using the sol-gel69 technique require additional

thermal annealing steps which could also limit the use of plastic substrates. The printing

techniques for large scale rapid manufacturing can be divided into two types: transfer print-

ing and digital printing. The transfer printing process consists of a pre-patterned mold,

typically made of a flexible polydimethylsiloxane stamp.70 The pattern with protruding

features is used to transfer semiconducting or metallic inks onto a desired flexible substrate.

This process is also referred to as contact printing or contact lithography. The stamped
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patterns are then annealed at a relatively low temperature (ca. 100◦C) to cure the ink.70

Digital printing on the other hand does not require any patterned stamps, as it is similar to

conventional paper printing.71−72 A computerized digital design is used to direct a nozzle

with the ink to print directly on the substrate. This process is also referred to as inkjet

printing,71−72 laser printing73−74 or direct ink75−76 writing. In laser printing, the substrate

is selectively heated using a laser to enable fast curing of the ink. Due to the precise control

of the ink flow, this technique tends to be highly adaptive and reproducible.

The methods described above for the fabrication of organic and inorganic materials

for flexible electronics enable a wide range of possibilities. However, all the materials are

typically deposited directly onto an amorphous plastic substrate, which yields an amorphous

or polycrystalline semiconductor. The presence of grain boundaries acts as a defect site for

electron-hole recombination, lowering the overall efficiency of the device.14 To facilitate

the growth of epitaxial nanowires and thin films, electrodeposition can be used as an in-

expensive and scalable process for the fabrication of highly orderedmetallic foil substrates.18

1.3. ELECTRODEPOSITION OF THIN FILMS & NANOSTRUCTURES

Electrodeposition offers an inexpensive and simple alternative for the growth of thin

films and nanostructures at ambient temperature and pressure. Traditionally used methods

for thin film deposition, such as, chemical or physical vapor deposition,48−49 hydrothermal

synthesis,77 molecular beam epitaxy,78 and pulsed laser deposition79 are energy intensive

processes. In electrodepositon, precise control of the potential or the current on a conductive

substrate in a solution allows for electrochemical oxidation or reduction of chemical species.

The electrochemical reactions consist of reduction occurring at the cathode surface, where

the metal ions receive electrons and are reduced to form the desired metallic film. The

opposite reactions occur at the anode, where the ions lose an electron and are oxidized. By



8

adjusting the composition,80−81 pH,82−84 temperature,85 potential,82 current density,86 and

concentration,87 the final film characteristics such asmorphology,82,88 and crystallography83

can be controlled. Some of the common substrates used for electrodeposition include met-

als (Au, Ag, Cu, Ni, Pt, and stainless steel), metal oxides (ITO, FTO, SrTiO3, Cu2O,

and ZnO), semiconductors (Si, InP, GaAs, GaSb, and InAs), and glassy carbon. Unlike

metal electrodeposition, where the cation receives electrons corresponding to its oxidation

state to directly deposit as a metal film, metal oxides follow an electrochemical-chemical

mechanism.89−90 Here, the first electrochemical step involves oxidation or reduction of an

electrochemically active species which can then be chemically reacted to form a desired

oxide film on the substrate.89−90

1.3.1. Electrodeposition of Epitaxial Thin Films. Epitaxy refers to the growth of

a crystalline overlayer on a crystalline substrate, where the substrate controls the orientation

of the deposited material. The word epitaxy comes from greek roots epi meaning "above"

and taxis meaning "an ordered manner." Typically, single-crystal substrates are used for

epitaxial deposition of films. A properly cleaned and treated surface of a single-crystal

material presents a highly ordered atomic arrangement and well defined crystallographic

orientation. The epitaxial growth of films on the substrate is mainly controlled by the lattice

mismatch and the binding energy between the substrate and the film. Epitaxy can further

be classified into two categories: homoepitaxy and heteroepitaxy. Homoepitaxy refers to

the epitaxial growth of a material on a single-crystal substrate of the same material, for

example, growth of Au films on a single-crystal Au substrate. In principle, the same lattice

parameter of the material offers no mismatch (assuming no surface reconstruction) and the

epitaxy is achieved more easily. Heteroepitaxy on the other hand refers to the epitaxial

growth of a material on a substrate of a different material, for example, the epitaxial growth

of Au(111) on a Si(111) substrate. Due to the difference in lattice parameter, the lattice

mismatch and surface interaction play a crucial role. In this overview of epitaxial thin films,
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two examples that include the epitaxial Au(111) on Si(111) and epitaxial Cu2O(111) on

Au/Si(111) will be discussed in detail.

1.3.1.1. Epitaxial Au(111) on n-Si(111). Heteroepitaxial Au(111) on n-Si(111)

can be electrodeposited directly from an aqueous solution using a procedure developed by

Allongue and co-workers.91−92 Silicon has the tendency to form a thin, dense, and passivat-

ing native oxide on the surface upon exposure to air or aqueous solutions. Therefore, the

Si surface is hydrogen-terminated prior to the deposition. In this research, the Si wafers

are prepared using the following procedure.16,18 The wafers prior to use are etched in 5%

hydrofluoric acid solution for 30 s to dissolve the native oxide, then they are soaked in hot

deionized water (ca. 80-90 ◦C) for 15 min to passivate the surface with an SiOx layer. The

wafers are then etched again with 5% hydrofluoric acid for 30 s and buffered hydrofluo-

ric acid for 30 s to produce a hydrogen-terminated surface. Ethanol is used to clean any

organic residue, and the sample is then rinsed with deionized water prior to deposition.

The depositions are performed immediately after the etching process to avoid any surface

passivation. n-Si wafers with low doping densities require an ohmic contact to allow elec-

trons to flow through the metal-semiconductor junction. This is achieved by applying a low

work-function metal contact such as an indium-gallium eutectic or a sputtered Al thin film.

The indium-gallium film is applied using a diamond scribe and heating with a soldering

iron to facilitate diffusion of the eutectic into the Si surface. Electrical contact is made by

attaching an Ag wire to the back of the Si substrate using a Ag paste and the back of the

substrate is insulated by painted nail polish, silicone or Apiezon W wax.

Au is electrodeposited from a solution containing 0.1 mM HAuCl4, 1 mM KCl, 1

mM H2SO4, and 100 mM K2SO4 in deionized water to produce a final solution with a

pH of 3. A -1.9 V vs. Ag/AgCl prepolarized potential is applied to the Si substrate at

ambient conditions before the immersion of the electrode. The deposition is performed in a
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three-electrode setup with a Ag/AgCl reference electrode, an Au coil as a counter electrode

and the etched Si substrate as the working electrode. The requisite step during deposition

is the prepolarization of the Si electrode to avoid native oxide formation and to prevent

deposition of Au on Si by galvanic displacement.16,93

Materials deposited on a polycrystalline substrate exhibit random orientation of

grains, which would show an x-ray 2θ pattern that resembles a power sample. In the case

of a textured substrate (e.g., sputtered Au on glass), the deposited material might exhibit

an out-of-plane oriented 2θ pattern and would show a ring pattern in x-ray pole figures.

An epitaxial film shows a single out-of-plane (2θ) and in-plane (pole figures) orientation.

The experimental characterization of epitaxy using x-rays is explained in detail in Paper II.

One of the most critical parameters for epitaxial growth is the lattice mismatch between the

substrate and the film. The true lattice mismatch can be calculated from the unit cell lattice

parameters of Au and Si using equation 1.1.

(a f ilm − asubstrate)

asubstrate
× 100% (1.1)

where, a f ilm is the lattice spacing of the epitaxial Au film and asubstrate is the lattice spacing

of Si substrate. Au with a lattice parameter of 0.40786 nm and fcc space group Fm3̄m is

deposited onto Si with a lattice parameter of 0.54309 nm and diamond cubic space group

Fd3̄m. The true lattice mismatch between Au and Si is -24.9%.

(0.40786 − 0.54309)
0.54309

× 100% = −24.9%

The -24.9% mismatch in the Au/Si system is too large to produce epitaxial growth in a

simple 1x1 system.16 The epitaxy can be explained by the formation of coincidence site

lattice (CSL) system, where 4 unit meshes of Au coincide with 3 unit meshes of Si.16 Figure

1.1 shows an interface model of Au(111) atoms on Si(111) atoms. From the top view
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Figure 1.1. Interface model of Au(111) on Si(111) with Moirè pattern resulting from 4 unit
meshes of Au coinciding with 3 unit meshes of Si with a coincidence site lattice mismatch
of +0.13%.

looking down on the Au atoms (gold colored) sitting on top of Si atoms (blue colored), a

repeating pattern (Moirè pattern) can be observed. The lattice mismatch for the CSL can be

calculated using the equation 1.1 and replacing the lattice parameters (a) with the d-spacings

of Au (0.2884 nm) and Si (0.3840 nm) atoms that coincide in the interface model. The

lattice mismatch for the CSL is reduced from -24.9% for the 1dAu(hkl) x 1dSi(hkl) lattice to

+0.13% for the 4dAu(hkl) x 3dSi(hkl) CSL. Due to the lattice mismatch, the Au CSL film

shows a small compressive in-plane and tensile out-of-plane strain.

(4 × 0.2884 − 3 × 0.3840)
3 × 0.3840

× 100% = +0.13%
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Because both Au and Si have cubic structures and Au grows with the same out-of-plane

orientation as Si (see Paper II), the lattice mismatch is independent of the orientation of the

substrate.

1.3.1.2. Epitaxial Cu2O(111) on Au/Si(111). Epitaxial Au films on a Si substrate

can be electrodeposited to serve as a proxy for single crystal Au substrate.16 In this work,

epitaxial Cu2O is electrochemically grown on the Au/Si system to study the orientation of

epitaxial growth and the effect of grain boundaries on the diode characteristics (see Paper

III). Cu2O is electrodeposited from a solution containing 0.2 M CuSO4, 0.2 M C4H6O6

(tartaric acid), and 3.0MNaOH. The deposition is performed by applying a cathodic current

density of 1.0 mA cm−2 for 100 s at a temperature of 30 ◦C.

Figure 1.2. Interface model of Cu atoms of Cu2O(111) overlay on Au atoms of
Au(111)/Si(111). A lattice mismatch of +4.7% is observed for 1x1 unit mesh of Cu2O
on Au.
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In this epitaxial system, Cu2O with a lattice parameter of 0.42696 nm and primitive

space group Pn3̄m is electrodeposited onto Au/Si substrate. Using the equation 1.1, the

true lattice mismatch can be calculated from the unit cell lattice parameters.

(aCu2O − aAu)

aAu
× 100%

(0.42696 − 0.40786)
0.40786

× 100% = +4.7%

where, aCu2O is the lattice parameter of Cu2O film and aAu is the lattice parameter of Au

substrate. Figure 1.2 shows the interface models of Cu atoms of Cu2O (blue colored)

overlay on Au atoms (gold colored) for Cu2O(111)/Au(111) orientation. The +4.7% lattice

mismatch is reasonably low and is expected to produce a Cu2O layer with moderate com-

pressive in-plane strain and tensile out-of-plane strain.

1.3.2. Electrodeposition of Nanowires. Nanowires are one-dimensional nanos-

tructures that offer opportunities to control the electronic and optical properties of materials

due to their unique morphology.94−96 They are considered as the building block for next

generation electronics,94 sensors,97 photonics,98−99 and energy materials.37,100 Typically,

nanowires exhibit high surface area and high aspect ratios of 1000 or more and demonstrate

quantum confinement effects in the lateral direction and thus showing electrical and optical

properties different from their traditional bulk counterparts.101 There is extensive ongoing

research on the fabrication of metallic (Au, Cu, Ni, etc.),102 semiconducting (Si, GaAs,

InAs, InP, etc.)103 and insulating (SiO2, TiO2, etc.)104−106 nanowires.

In a broad sense, there are two basic approaches for the fabrication of nanowires:

bottom-up and top-down.107 The top-down approach uses a bulk material that is etched

(lithography or electropolishing) or mechanically polished to modify the size and mor-
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phology. The bottom-up technique on the other hand consists of deposition of materials

in a nanoporous membrane (polycarbonate108 or anodized aluminum109) or nanoparticle

catalytic growth (Si nanowires with a Au catalyst)110 on a substrate. Several common lab

techniques include electrochemical deposition,108 chemical vapor deposition,111 and cat-

alytic growth (vapor-liquid-solid process).110−111 Among these methods, electrodeposition

offers an inexpensive, scalable and simple benchtop process for the growth of the nanowires.

The following subsections introduce electrodeposition of Ge nanowires using an In catalyst

and electrodeposition of ZnO nanowires.

1.3.2.1. Electrodeposition of Ge nanowires. Length scale and dimensionality af-

fect the properties of materials in ways that are often unforeseen based on bulk properties.112

One-dimensional Ge nanowires have attracted great interest due to their remarkable electri-

cal and optical properties.113−115 Ge is an important semiconductor with a direct bandgap

of 0.8 eV and an indirect bandgap of 0.66 eV.116 Nanostructures of Ge are an attractive

anode material in Li-ion batteries due to higher charge-discharge capacity (600 - 1140

mAh.g−1) compared to the currently used graphite (370 mAh.g−1) and higher room tem-

perature diffusivity of Li in Ge enables its use in high-power-rate applications.15 Ge is

also being considered as a replacement for Si as an active channel material for CMOS

transistors.117−119 Traditionally, Ge nanowires are deposited using energy intensive pro-

cesses such as laser ablation,120 chemical vapor deposition,121 thermal evaporation,122 and

supercritical fluid-liquid-solid synthesis.123 Electrodeposition of Ge in an aqueous system

is thermodynamically hindered due to the competing hydrogen evolution reaction and the

growth usually is restricted to a few monolayers.124−127 Therefore, most of the studies on

electrodeposition of Ge have been done using non-aqueous solutions.128
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Recently, pioneering work on electrodeposition of Ge and Si nanowires from an

aqueous solution at ambient conditions has been shownbyMaldonado and co-workers.129−136

The process utilizes variousmetallic liquids such asHg, Ga, Bi-In, and In-Ga eutectic, which

acts both as an electrode for electrodeposition and as a solvent for recrystallization using

an electrochemical liquid-liquid-solid (ec-LLS) process. Direct electrodeposition of Si

nanowires,136 nanostructured Ge filaments on liquid Hg,132 and epitaxial Ge nanowires on

Ga nanodroplets134 have been demonstrated. Although, electrodeposition of Ge nanowires

on liquidmetallic catalyst nanoparticles is shown, the process typically consists of individual

steps for deposition of catalyst nanoparticles on the substrate followed by electrodeposition

of Ge nanowires from a different solution. In this work, a simple one-step method using the

ec-LLS process to grow dense Ge nanowire array from one solution directly on an indium-

tin oxide substrate is shown.15 The Ge nanowires tend to grow with a random orientation

due to the polycrystalline nature of the indium-tin oxide substrate. The nanowires are also

highly doped due the presence on In impurities during the growth process. Although, the

polycrystalline nature and high electrical conductivity of the nanowires are not suitable for

CMOS transistors, they should be ideal for Li-ion battery applications.130

Ge electrodeposition is performed on an indium-tin oxide substrate from a solution

containing 50 mM GeO2, 0.5 M Na2SO4 as supporting electrolyte and 0.1 M succinic

acid, C4H6O4 as a complexing agent, with the pH adjusted to about 6.5 using NaOH.15

It is observed that upon the application of a constant current density at the cathode, the

indium-tin oxide substrate is electrochemically reduced to In metal nanoparticles. The bulk

melting temperature of In is 156 ◦C, however, a melting point depression causes the In

nanoparticles to behave similar to nanodroplets of In metal. The In nanoparticles act both

as a reduction site for dissolved Ge(IV) species and as a solvent for crystallization of the
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nanowires.15,134−135 A scheme explaining the electrochemical reduction of indium-tin oxide

and growth of Ge nanowires is explained in detail in Paper I.

At this point, it is instructive to review the thermodynamics of Ge nanowire growth

on an In nanoparticle using Pourbaix diagrams. Potential-pH diagrams, called Pourbaix

diagrams, represent thermodynamic and electrochemical equilibria in aqueous solutions.137

A Pourbaix diagram plots the equilibrium potential (Ee) between a metal/semimetal and its

various oxidized species as a function of pH. Pourbaix diagrams are useful in electrodepo-

sition applications and other fields such as corrosion electrochemistry, geology, and energy

conversion.138 Most of the diagrams are constructed at room temperature and thus the utility

is limited in terms of application for high temperature. To construct Pourbaix diagrams at

elevated temperatures, thermodynamic data are needed at high temperatures.

The Pourbaix diagrams are constructed using the potential-pH equations for various

stable domains of Ge-H2O system at 298 K, 325 K, 350 K and 375 K. The species par-

ticipating in the various electrochemical equilibria are the solids H2GeO3, and Ge, the ion

HGeO−3 and the gas GeH4. The pertinent standard room temperature Gibbs free energy of

the formation data are taken from Pourbaix.139 To determine the relationship between ther-

modynamic potential and pH, the Nernst equation is used to calculate the reduction potential

of the oxidized species with respect to the standard hydrogen potential. The equilibrium for-

mulae are calculated for the domains using the equations (1.2) and (1.3). FactSage module

is used to calculate the Gibbs free energies of formation (∆G∗) at higher temperatures and

the corresponding E-pH equations are derived. All the reactions pertaining to equilibrium

between different species in solution at different temperatures are calculated and tabulated

(Table 1.1).
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E(T) = E◦(T) −
RT
zF

lnQ (1.2)

E(T) = −
∆G(T)

zF
(1.3)

where, E(T) is the reduction potential at a temperature T, E◦(T) is the standard reduction

potential, R is the universal gas constant, T is the temperature in K, z is the number of moles

of electrons transferred during reaction, F is the Faraday’s constant and Q is the reaction

quotient.

Figure 1.3. E-pH diagram of (a) Ge-H2O system at room temperature and 1 atm pressure
with most stable domains labeled and (b) Ge-H2O system at 1 atm pressure for four different
temperatures.

Using the reactions tabulated in Table 1.1, an equilibrium diagram for Ge-H2O

system at 298 K is constructed (Figure 1.3a). Each domain is labeled with the most stable

species at that potential and pH. According to the diagram, Ge is a base metal, as its domain

of thermodynamic stability lies entirely below that of water for the entire pH and potential

ranges. It is not, therefore, thermodynamically stable in the presence of water. Ge tends

to dissolve in aqueous solutions with high pH (alkaline) as HGeO−3 ions, and in neutral
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and acidic solutions as H2GeO3 or GeO2 precipitate. It can also be observed from the

GeH4 domain that a powerful reducing action can lead to the volatilization of Ge as its

hydride. However, the conditions of formation of this hydride are not known with preci-

sion. It is evident from the Pourbaix diagram (Figure 1.3a) that electrodeposition of Ge

from aqueous solution is thermodynamically not feasible due to the competing reduction of

water to hydrogen gas and also in practice the growth is restricted to a fewmonolayers.124−127

Due to the lack of thermodynamic data, the species listed in Table 1.2 are not con-

sidered in the construction of the diagrams. The domain with elemental Ge is the only

immune zone, below and above which there is corrosion into hydride or passivation into

germanates, respectively. It can also be observed that a cathode immersed in a Ge solution

can be a site of two following reactions: (i) Deposition of Ge and (ii) Evolution of H2. The

relative importance of these reactions depends mainly on the potential of the cathode, the

pH of the solution, as well as on the overpotential of the reactions. Overpotential is the ad-

ditional potential applied to the thermodynamic potential to overcome polarization, which

is affected by change in parameters like temperature, pressure and concentration. A major

component of the overpotential comes from the kinetics of the reaction. If a reaction is slug-

gish, a high overpotential must be applied. The stability of the Ge decreases with increasing

temperature as shown in Figure 1.3b. The reduction potential at high pH is shifted towards

more negative potentials with increasing temperature. The dashed lines across the entire

pH range correspond to the redox potentials resultant from water oxidation or reduction.

The changes in the pressure of the system will also influence the electrochemical stabil-

ity of Ge species but the changes in the pressure of the system are not considered in this study.
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Table 1.2. Various solid and ionic species of Ge which were not considered in the construc-
tion of the Pourbaix diagrams.

Solid species GeO, Ge(OH)2, (GeH)x , (GeH2)x , Ge2H6, Ge3H8, Ge4H10
Dissolved species HGeO−2 , GeO

2−
2 , H2Ge5O11, HGe5O−11, Ge5O2−

11

In conclusion, higher temperatures enable increased dissolved Ge species at lower

pH. For the nanowire growth study on In metal, the Pourbaix diagram at 375K and 1 atm

pressure is considered.

A phase diagram is useful to predict how a solvent or flux works because the ad-

sorption, dissolving, mixing, diffusion, and precipitation of solids in the liquid phase are

thermodynamic processes that work toward equilibrium. Figure 1.4 shows the phase dia-

gram of Ge-In system,140 which is referred to regarding the growth of Ge nanowires.15

For a metal catalyst to be used for the growth of nanowire, it must meet the following

requirements. (1) It must form a liquid solution with a component of the solid phase. Ge-In

form a eutectic at ca. 99.92% In. (2) The solubility limit of the solvent component in the

liquid phase must be much higher than that in the solid phase (i.e., K = Cs/Cl < 1, where

Cs is the solubility limit in the solid phase and Cl is the solubility limit in the liquid phase).

Under this condition, the solvent easily leads to the formulation of the liquid alloy with little

contamination in the solid phase. The solubility of Ge in In is 10−2 to 10−3 atom % In at

about 800 ◦C. The solubility of In in Ge below the eutectic temperature is about 9x10−3

atom%. (3) It must be inert to chemical reactions. Otherwise, a reaction could deprive it of

its catalytic function. It is evident from the phase diagram that Ge and In does not react to

form a compound or solid solution. (4) It must not make an intermediate solid. Otherwise,

the intermediate solid will also deprive it of its catalytic function. Indium satisfies all the

requirements with Ge and thus allows the growth of Ge nanowires.
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Figure 1.4. Phase diagram of Ge-In system with indication of the composition of liquid
alloy catalyst in the course of growth of nanowires.

Thermodynamically, the minimum growth temperature for Ge must be higher than

the eutectic point of theGe-In system (156 ◦C). It is important to note that, the phase diagram

shown in Figure 1.4 and the temperatures and compositions are for a bulk Ge-In system. A

significant depression in the melting and eutectic temperature can be observed for nanosys-

tems depending on the size of the nanomaterial. In this study, Ge is being electrodeposited

onto nanoparticles of In in an aqueous solution at room temperature. The dissolved Ge

species are initially reduced to Ge(s) followed by dissolution into the In nanoparticles. Con-

tinuous reduction and dissolution leads to saturation of Ge in In, leading to the precipitation

of crystalline Ge nanowires. The composition of the Ge-In alloy above the eutectic point

will follow the liquidus line (blue line with point A in Figure 1.4) that denotes equilibrium

between the solid and liquid phases. Therefore, the composition of the liquid alloy can be

found at the liquidus line at any temperature above the eutectic. However, due to the applied

potential over the alloy during the nanowire electrodeposition, reduction of Ge from the

solutions continues to occur and renders the alloy supersaturated with Ge. As a result, the

composition of the alloy goes beyond the equilibrium composition, moving to the left side

of the liquidus line (dotted black arrow). This supersaturated state is thermodynamically

unstable and thus drives the precipitation of the solid phase from the supersaturated liquid
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alloy until equilibrium is reached. The composition will then move back to the right and

reach the liquidus line (solid red arrow). The composition of the precipitated solid phase

corresponds to that of the phase boundary and thus should be pure Ge. Meanwhile, the

composition of the alloy goes beyond the equilibrium composition again as Ge is reduced

from the solution at the solvent electrode saturating the alloy and thus again drives the ad-

ditional growth of nanowire with the precipitation at the interfaces. Transmission electron

microscopy performed on a single Ge nanowire show the In content of 0.14 ± 0.04 atom %

in Ge.15 This value is much larger than the phase diagram predicted limit of 0.01 atom %.

It is important to note that this large difference in solubility may arise from the fact that the

phase diagram is constructed at equilibrium whereas the electrodeposition of Ge nanowires

at room temperature is not.

The currently available experimentally constructed phase diagrams are from bulk

systems and the thermodynamic properties of a nanosystem are different from those of a

bulk system. The phase diagram of the type of nanometal catalyst that is occurring in this

case differs from that of the bulk system and these phenomena may be due to the critical role

of the surface energy in the nanosystem.141−144 Regardless of the cause of the deviation,

it should be considered that the different thermodynamic equilibrium of the nanosystem

causes discrepancies between the actual growth behavior of nanowires through a nanometal

catalyst and predictions on the basis of a diagram of the bulk system.

1.3.2.2. Electrodeposition of ZnO nanowires. ZnO is a semiconductor with a

direct wide band gap of 3.36 eV and relatively high exciton binding energy (60 meV)

at room temperature. ZnO nanowires have been widely studied for applications such as

UV lasers,145−146 light emitting diodes,147−149 solar cells,150−153 transparent conductive

contacts,154 sensors,155−157 and photocatalysts158−160 due to their unique electrical, op-

tical and photonic properties. ZnO crystallizes in two main forms, cubic zinc blende
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structure and hexagonal wurtzite structure. Over the past decade, many techniques have

been proposed for the synthesis of ZnO with different size and morphologies includ-

ing electrodeposition,161−164 sol-gel,165−168 hydrothermal,77,169−170 and chemical vapor

deposition.171−173 Electrodeposition provides an inexpensive and large scale deposition

with the possibility to control the morphology ranging from thin films to ordered nanowire

arrays. One of the first reported electrochemical synthesis of ZnO consisted of an aqueous

solution of Zn2+ ions, where electroreduction of oxygen precursor to hydroxide enables the

precipitation of Zn(OH)2, which at high temperatures (60 - 70 ◦C) dehydrates to ZnO.161

Aqueous solutions mostly produce a nanowire or nanorod morphology. Therefore in an ef-

fort to produce thin films, studies using non-aqueous solution such as dimethylsulfoxide174

and propylene carbonate175 have also been performed. A simple chemical reaction for

deposition of ZnO from an aqueous solution is shown in equations 1.4 and 1.5.

Zn2+ + 2OH− ↔ Zn(OH)2 (1.4)

Zn(OH)2 60 − 70◦C
←−−−−−−→

ZnO + H2O (1.5)

The generation of hydroxide at the interface is usually achieved by either electrochemical

reduction ofmolecular oxygen (O2)162,164,176 or nitrate ions (NO−3 ).
177−178 Molecular oxygen

can be introduced into the solution by bubbling pure O2 or O2/Ar mixture to control the

oxygen concentration. A purged saturated solution consists of about 10−3 M of oxygen

at room temperature and about 8x10−4 M at 80 ◦C.179 The electrochemical reduction of

oxygen to hydroxide ion is a four-electron transfer reaction as shown in equation 1.6.

O2 + 2H2O + 4e− → 4OH− (1.6)
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The standard reduction potential for this reaction is +0.40 V vs. standard hydrogen

electrode,179 however, due the sluggish kinetics and added overpotential, the reaction on an

indium-tin oxide substrate occurs at -0.41 V vs. standard hydrogen electrode in a 0.1M KCl

solution.176

Nitrate ions can also be used as a precursor for generation of hydroxide at the

interface. Typically, Zn(NO3)2 is used as a source which acts as a precursor for both Zn2+

ions and OH− ions. The mechanism of ZnO electrodeposition from a solution of Zn(NO3)2

is shown in equations 1.7 and 1.8.

NO−3 + H2O + 2e− → NO−2 + 2OH− (1.7)

Zn2+ + 2OH− 60 − 70◦C
←−−−−−−→

ZnO + H2O (1.8)

In this research, ZnO nanowires are electrodeposited on a single-crystal Au foil

using a solution consisting of 0.1 mM Zn(NO3)2 and 0.1 M KCl at an applied potential of

-1.1 V versus Ag/AgCl at 70 ◦C and 200 rpm stirring. A detailed analysis on the epitaxially

grown ZnO nanowires is discussed in Paper III.

1.4. RESEARCH OBJECTIVES

1.4.1. Epitaxial Electrodeposition of Au on Si as a Proxy for Single-Crystal Au.

Single-crystal Au is an excellent substrate for electrochemical epitaxial growth of metals,

metal oxides and semiconductors due to its chemical inertness, but the high cost of bulk

single crystal Au inhibits its use in practical application. The first objective of this research

is to electrochemically grow epitaxial Au on wafer-size Si substrates as an inexpensive

proxy for a single crystal substrate. Here, ultrathin epitaxial films of Au on Si(111), Si(100)
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and Si(110) orientations are electrodeposited. The work on epitaxial electrodeposition of

Au on Si is shown in Paper II.

1.4.2. Epitaxial Lift-off of Electrodeposited Single-Crystal Au Foils. Single-

crystal silicon is the industry standard for electronic devices. However, the brittle nature of

conventional Si wafers precludes their application in flexible electronic devices. There is in-

terest in moving beyond conventional Si-based chips to produce flexible solar cells, flexible

displays, and smart wearables. The second objective of this research is to use the epitaxial

Au on Si substrate and selectively oxidize the Si to enable lift-off of a free-standing Au foil.

The Au foil can then be used as a single-crystal, flexible and transparent substrate for flexible

electronics.The successful lift-off of the single-crystal Au foils from Si is shown in Paper III.

1.4.3. Fabrication of RuI I(bpy)3 Based Organic Light Emitting Diode and Epi-

taxial Cu2O Inorganic Diode on Au Foil. To evaluate the flexibility and transmittance of

theAu foil, we spin-coated an organic light emitting diode based on tris(bipyridyl)ruthenium(II).

The complex showed a strong electroluminescence around 600 nm with a bright red-orange

emission. To study the single-crystal nature of Au foils, we electrodeposited epitaxial Cu2O

with an indium-gallium eutectic contact to form an inorganic Schottky diode. An improved

diode quality factor was observed for epitaxial Cu2O when compared to a polycrystalline

deposit. The work on fabrication of an OLED and inorganic diode is shown in Paper III.

1.4.4. Electrodeposition of Epitaxial ZnO and Polycrystalline Ge Nanowires.

The applicability of Au foils as a flexible substrate was shown by depositing epitaxial ZnO

nanowires and subjecting them up to 500 bending cycles. The ZnO nanowires remained

intact after the bending cycles, attributed to the nanowire morphology and flexibility of

Au foils. A new one-step technique is introduced to electrodeposit Ge nanowires on In

nanoparticles from an aqueous solution at ambient conditions. The Ge nanowire growth
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is demonstrated on a polycrystalline indium-tin oxide substrate and future experiments are

proposed to grow epitaxial Ge nanowires on Au foils. The data for electrochemical depo-

sition of Ge nanowires is shown in Paper I and the growth of ZnO nanowires on flexible

substrate is demonstrated in Paper III.
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ABSTRACT

Germanium (Ge) is a group IV semiconductor with superior electronic proper-

ties compared with silicon, such as larger carrier mobilities and smaller effective masses.

It is also a candidate anode material for lithium-ion batteries. Here, a simple, one-step

method is introduced to electrodeposit dense arrays of Ge nanowires onto indium tin oxide

(ITO) substrates from aqueous solution. The electrochemical reduction of ITO produces In

nanoparticles that act as a reduction site for aqueous Ge(IV) species, and as a solvent for the

crystallization of Ge nanowires. Nanowires deposited at 95 ◦C have an average diameter of

100 nm, whereas those deposited at room temperature have an average diameter of 35 nm.

Both optical absorption and Raman spectroscopy suggest that the electrodeposited Ge is

degenerate. The material has an indirect bandgap of 0.90 - 0.92 eV, compared with a value

of 0.67 eV for bulk, intrinsic Ge. The blue shift is attributed to the Moss-Burstein effect,

because the material is a p-type degenerate semiconductor. On the basis of the magnitude of

the blue shift, the hole concentration is estimated to be 8x1019 cm−3. This corresponds to an

In impurity concentration of about 0.2 atom %. The resistivity of the wires is estimated to
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be 4x10−5 Ω.cm. The high conductivity of the wires should make them ideal for lithium-ion

battery applications.

Keywords: degenerate semiconductor; electrodeposition; germanium nanowires; indium

nanoparticles; Moss-Burstein shift

1. INTRODUCTION

Germanium (Ge) is a group IV semiconductor material that was used in the first

transistor prior to silicon (Si).1 It has twice the electron mobility (3900 cm2/(V.s)), four

times the hole mobility (1900 cm2/(V.s)), a larger exciton Bohr radius (24 nm), and a lower

hole effective mass (0.28mo) compared with Si.2,3 Because of its high carrier mobility,

Ge is being considered as a replacement for Si as the active channel material for CMOS

transistors.4−6 Ge is also an attractive anode material for Li-ion batteries, because it has a

larger theoretical charge - discharge capacity than graphite.7,8 However, it undergoes a 370%

change in volume, leading to fragmentation and loss of electrical contact in bulk electrodes.9

Nanostructures of Ge have been shown to accommodate the large volumetric changes during

Li intercalation.7,10−12 The room temperature (RT) diffusivity of Li in Ge is 400 times higher

than that in Si, indicating that Ge may be an attractive electrode material for high-power-rate

anodes.13 Nanowires of Ge grown using various methods showed a discharge capacity in

the range of 600 - 1140 mAh/g.14,15 Despite its superior properties, the lack of inexpensive

and simple methods to produce nanostructured Ge has limited its use. Electrodeposition

of Ge from aqueous solution is thermodynamically not feasible, and in practice the growth

is restricted to a few monolayers due to the competing reduction of water to hydrogen

gas.16−19 Recently, Maldonado and co-workers electrodeposited nanostructures of Ge from

aqueous solutions on various metallic liquids (Hg, Ga and In) using a new route that they

call the electrochemical liquid-liquid-solid (ec-LLS) process.14,20−22 This process utilizes a

metallic liquid electrode that acts both as an electrode for electrodeposition and as a solvent
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for recrystallization. Nanostructured filaments of Ge on liquid Hg,20 Ge nanowires on In

nanoparticles,14 and epitaxial Ge nanowires on Ga nanodroplets21,22 were electrodeposited.

Here, we show a simple one-step method to grow dense arrays of Ge nanowires utilizing

the ec-LLS process directly on indium-tin oxide (ITO) substrates from aqueous solution.

The electrochemical reduction of ITO decorates the substrate with In nanoparticles, which

act both as a reduction site for dissolved Ge species and as a solvent for crystallization of

the Ge nanowires.

2. RESULTS AND DISCUSSION

The reaction scheme we use to produce the Ge nanowires on ITO substrates is

shown in Figure 1. The electrochemical reduction of ITO decorates the substrate with

In nanoparticles, which act both as a reduction site for dissolved Ge(IV) species and as

a solvent for crystallization of the nanowires. The dissolved Ge(IV) species are initially

reduced to Ge(s) followed by dissolution into the In nanoparticles. Continuous reduction

and dissolution leads to saturation of Ge in In, leading to the crystallization of Ge nanowires.

Electrochemical reduction of ITO forms an In nanoparticle on the surface (Figure 1b). The

In nanoparticle in contact with the ITO acts as the electrode for the reduction of Ge(IV)

and also dissolves the reduced Ge into the particle. Upon reaching saturation, the Ge starts

to crystallize out of the nanoparticle allowing the growth of the nanowire (Figure 1c). A

key to the reaction scheme is that ITO electrochemically reduces to In at a potential very

similar to the potential at which Ge(IV) is reduced to Ge at the In nanoparticles.

The electrochemical reduction of ITO and formation of In nanoparticles was studied

using linear sweep voltammetry. Figure 2 shows the current-potential responses of ITO in

the solution, both without (dashed line) and with (solid line) aqueous Ge(IV). All of the

potentials in the article are versus Ag/AgCl/(sat. KCl). A significant increase in current

density occurs at -1.15 V during the first scan of ITO in the solution without Ge(IV) (open
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Figure 1. Schematic of electrodeposition of Ge nanowires. (a) The as-received ITO in an
aqueous electrolyte of Ge(IV). (b) Electrochemical reduction of ITO to In nanoparticles
dispersed evenly over the entire surface of ITO. (c) Ge nanowires grow on ITO with In
nanoparticles at the tip of the nanowires.

circle dashed line). This increase in current density is due to the reduction of ITO to In

nanoparticles. The electrochemical reduction of ITO to In nanoparticles was also reported

by Huang et al.23 During the second scan (solid circle dashed line), the current density

increase is very minimal, indicating an almost complete reduction of ITO and surface cov-

erage with In nanoparticles.

The first cathodic scan with Ge(IV) (open circle, solid line) in the solution shows an

increase in the current density nearly at the same potential of -1.15 V. This indicates that the

presence of Ge(IV) in the solution did not affect the potential at which ITO reduces. How-

ever, during the second scan (solid circle, solid line), the current density increase occurs at a

more positive potential of -0.7 V, indicating the reduction of Ge(IV) due to the presence of

In on the surface of ITO. The ITO in a Ge(IV) solution shows no evidence of Ge deposition

at potentials positive of -1.15 V. On the contrary, a reduced ITO (with In nanoparticles)

shows an increase in current density at potentials between -0.7 and -1.15 V, indicating that

reduction of Ge(IV) occurs exclusively at the In nanoparticles. An In(s) foil used as a

working electrode also showed a reduction current at nearly the same potential (-0.79 V)

as that for the In nanoparticles, confirming that Ge(IV) reduction occurs on In (Supporting

Information, Figure S1). The single-step growth of Ge nanowires occurs mainly due to

the reduction potential of ITO being very similar to that of reduction of Ge(IV) on In (see
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Figure 2. Electrochemical data for Ge nanowire electrodeposition. Linear sweep voltam-
mograms for the reduction of ITO and Ge nanowire deposition. Solid lines are the linear
scans of ITO in a solution with 50 mM Ge(IV) and the dashed lines are without Ge(IV).
Lines with hollow circles are the first scans, and lines with solid circles are the second scans.
The scans were performed from 0 to -2.5 V versus Ag/AgCl at 100 mV/s. Inset shows the
magnified view of the onset reduction potentials.

Figure 2 inset). The poor electrocatalytic activity of In for H+ reduction enables continuous

reduction of Ge(IV) over the nanoparticle surface.24 As a result, the potential in a single

solution can be controlled to reduce the ITO prior to the deposition of Ge nanowires. All of

the nanowire samples for further investigations are prepared by applying -1.3 V for 10 min.

The deposits are thoroughly rinsed with deionized water and dried in air prior to analysis.

The as-prepared samples appear dark black in color and eventually become light gray after

a prolonged (1-2 months) exposure to a lab atmosphere.
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Figure 3. Crystallinity of Ge nanowires. X-ray diffraction patterns of ITO (a), reduced ITO
(b), and Ge nanowires deposited at room temperature (c) and 95 ◦C (d). Ge reflections are
indicated as black dashed vertical lines (JCPDS card no. 4-0545); asterisks stand for the
ITO substrate.

The Ge deposition was also probed by X-ray diffraction (XRD). The XRD pattern of

the ITO shows strong reflections of In2O3, with no evidence of In (Figure 3a). The reduced

ITO, however, shows reflections of both ITO and In (Figure 3b). This shows that the spheri-

cal particles formed on the surface of ITO are In. Using the Scherrer equation,25 we estimate

an average X-ray coherence length of 60 nm for the In nanoparticles. To study the effect

of deposition temperature, the nanowires were deposited at 95 ◦C and RT. Ge nanowires at

both of the deposition temperatures show strong XRD peaks for crystalline Ge (Figures 3c

and 3d). The line broadening in XRD of the Ge deposits gives an average crystallite size

of 50 nm for Ge deposited at 95 ◦C and 30 nm for the Ge deposited at room temperature.

Precision lattice parameters determined using the Nelson-Riley extrapolation26 applied to

the pattern of reflections (Supporting Information, Figure S2) are 5.6582 Å (for 95 ◦C) and
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5.6707 Å (for RT). These are both in good agreement with the expected lattice parameter

of 5.6579 Å for bulk Ge.27,28

Figure 4. Morphology of In nanoparticles and Ge nanowires. SEM of ITO reduced at room
temperature (a) with an average particle size of 50 nm (b) and the ITO reduced at 95 ◦C (d)
with an average particle size of 100 nm (c). The inset in (a) shows the as-received ITO prior
to reduction. Ge nanowires deposited at room temperature (e) with an average nanowire
diameter of 35 nm (f) and deposited at 95 ◦C (h) with an average diameter of 100 nm (g).
Cross section of nanowires deposited at 95 ◦C (i).

The morphology of as-received ITO (inset of Figure 4a) is smooth and does not

show any evidence of elemental In on the surface. The reduced ITO shows numerous,

uniformly dispersed, relatively spherical In nanoparticles (Figure 4a,d). An average In

particle size of 50 nm for RT (Figure 4b) and 100 nm for 95 ◦C reduction (Figure 4c) is

observed. The presence of both ITO and the In nanoparticles suggests that incomplete

reduction occurred. This enables electrical contact to the In nanoparticles for the reduction

of Ge(IV). It is also evident from the size distribution that with increase in temperature of

reduction, the nanoparticle size increases. Figure 4e shows the Ge nanowires deposited at

room temperature and Figure 4h shows the Ge nanowires produced at 95 ◦C. An average

nanowire diameter of 35 nm (Figure 4f) for the room temperature deposit and 100 nm



34

(Figure 4g) for the 95 ◦C deposit is observed. The size of the In nanoparticles and the

Ge nanowire diameters are comparable. That is, large nanoparticles yield large-diameter

nanowires. A spaghetti-like morphology is evident for both the deposition temperatures.

A dense array of Ge nanowires can be deposited directly onto an ITO substrate at ambient

conditions. Figure 4i shows the cross section of the nanowires deposited at 95 ◦C.

Figure 5. (a) TEM of a single Ge nanowire deposited at 95 ◦C with an In nanoparticle at the
tip of the wire. Inset shows the selected area electron diffraction pattern of the nanowire.
EDS spectrum with the compositions of In nanoparticle (b) and Ge nanowire (c). (d) High-
resolution TEM of Ge nanowire, (e) diffractogram corresponding to the high-resolution
TEM image in (d), and (f) reconstructed high-resolution image with the (111) d-spacing
and the [111] direction indicated.
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Figure 5a shows a transmission electron microscope (TEM) image of a Ge nanowire

with an In nanoparticle at the tip of the wire that was deposited at 95 ◦C. Energy dispersive

X-ray spectroscopy (EDS) performed on both the In tip (Figure 5b) and the Ge nanowire

(Figure 5c) verify the compositions of the Ge wire and the In tip. The EDS of the In

nanoparticle tip shows a composition of approx. 20 atom percent Ge and 80 atom percent

In. The presence of Ge in In implies the dissolution of Ge in In during the reduction of

Ge(IV). EDS of the nanowire shows that it is predominately Ge with a small amount (0.14

± 0.04 atom %) of In. The inset in Figure 5a is the electron diffraction of the nanowire with

a polycrystalline spot pattern. The variations in contrast along the nanowire also suggest

that the nanowire is polycrystalline, in agreement with the XRD patterns. It is also evident

that the In nanoparticle stays on top of the nanowire while the ITO provides the electrical

contact. Figure 5d shows a high-resolution TEM image of the nanowire deposited at 95 ◦C.

Figure 5e shows the diffractogram of the high-resolution image shown in Figure 5d. The

spots in the diffractogram reveal the direction of growth and the d-spacing value. Figure 5f

is a reconstructed high-resolution TEM image of the same nanowire from the diffractogram.

The spacing between the lattice planes is measured to be 3.26 Å, in agreement with the

spacing of (111) planes for diamond cubic Ge.

The bandgap of an electrodeposited Ge was estimated from a plot of square root of

absorbance versus photon energy (Figure 6a). As described in the Supporting Information

(Supporting Information, Figure S3), the absorbance was corrected for scattering of the light

by the Ge nanowires. The linear plots in Figure 6a are consistent with an indirect bandgap.2

The transition in Ge is indirect due to the position of the conduction band minimum at

the L symmetry point of the Brillouin zone edge and the valence band maximum at the

Γ symmetry point of the Brillouin zone center. The indirect transition process involves a

photon and also a phonon that is either emitted or absorbed in the excitation event. The

phonon energy in an indirect transition is normally on the order of 0.01 eV, so the intercept
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Figure 6. Optical bandgap measurements of Ge nanowires. (a) Square root of absorbance
as a function of photon energy for Ge nanowires deposited at 95 ◦C (red solid circle) and
room temperature (blue hollow circle). The energy-intercept of the fit to the linear region
of the curve is the indirect bandgap. (b) Schematic diagram of the band structure for a
degenerate p-Ge. The increase in energy (∆E) is the Moss-Burstein shift due to the high
carrier concentration.

is a close approximation to the actual bandgap of the nanowires. An optical bandgap of

0.92 eV (for 95 ◦C) and 0.90 eV (for RT) is observed from the absorbance data. Ge has

an intrinsic bandgap of 0.67 eV, which gives a blue shift (∆E) of 0.25 eV (for 95 ◦C) and

0.23 eV (for RT). Although a blue shift is expected for quantum confinement in nanoscale

materials, the size of our nanowires is too large to account for this large shift. We attribute

the blue shift to the fact that the electrodeposited Ge is doped with In to degeneracy. Indium

is a p-type dopant for Ge. If the doping density is very high, the Fermi level can be shifted

to an energy below the valence band. Figure 6b shows the schematic diagram of the band

structure for a degenerate p-Ge. The shift of Fermi energy due to high carrier concentration

can result in a blue shift in the absorption spectrum, known as the Moss-Burstein shift.2,29

The carrier density can be estimated from the blue shift using the Moss-Burstein equation

(eq 1).
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∆E(eV) = E f − Ev =
~2(3π2n)2/3

2m∗h
(1)

Here, is the Moss-Burstein shift; E f is the Fermi energy level; Ev is the energy at the top

of valence band; ~ is the reduced Planck’s constant; m∗h is the effective hole mass, and n

is the charge carrier density. With eq 1, the hole densities are calculated to be 8.4x1019

cm−3 (for 95 ◦C) and 7.4x1019 cm−3 (for RT). The optical bandgap and the carrier densities

of the nanowires for both of the deposition temperatures are nearly the same within the

experimental error of the measurement.

Figure 7. Raman spectrum of Ge nanowires deposited at 95 ◦C (red solid line); the blue
dashed line corresponds to the first-order Stokes peak for crystalline bulk Ge.

The Ge nanowire sample was also probed using Raman spectroscopy to study the

effect of carrier concentration and nanowire size on the Raman shift. The first-order Stokes

peak for bulk crystalline Ge occurs at 300.7 cm−1.30 Several groups have studied the ef-

fect of carrier concentration (phonon-plasmon coupling),31,32 and crystal and nanowire size

(phonon confinement effect) on the Raman shift.33,34 Contributions from any of these effects
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cause a redshift and broadening of the Raman peaks. The Ge nanowires deposited at 95 ◦C

show a redshift of ca. 10 cm−1, with the peak of Ge shifted to 290 cm−1 (Figure 7). The

blue dashed line in Figure 7 shows the first-order Stokes peak for bulk crystalline Ge and the

red solid spectrum corresponds to the Ge nanowires deposited at 95 ◦C. This characteristic

redshift for the nanowires is attributed to the presence of a high carrier concentration in the

nanowires, consistent with a previous study by Cerdeira and Cardona.32 We assume that the

crystallite size and nanowire diameter are too large compared to the Bohr radius of Ge (24

nm) to show significant red shifts due to the phonon confinement effect.

The hole concentrations calculated from eq 1 can be used to estimate the In concen-

tration in the Ge. The unit cell of Ge has a volume of 1.799x10−22 cm3, and contains 8 Ge

atoms. There are, therefore, 4.455x1022 Ge atoms per cm3. If we assume that each hole

in the material results from one substitutional In atom, the concentration of In in the Ge is

0.16 atom % for the wires grown at room temperature and 0.18 atom % for the wires grown

at 95 ◦C. These calculated In concentrations agree well with the In content of 0.14 ± 0.04

atom% that was measured by EDS in the TEM for the Ge nanowire grown at 95 ◦C.We can

also estimate the resistivity of the Ge nanowires based on the measured hole concentrations

and the known bulk mobility of holes in Ge. The calculated resistivity is 3.8x10−5 Ω.cm

(for 95 ◦C) and 4.4x10−5 Ω.cm (for RT). This indicates that the nanowires have a very high

conductivity enabling the growth of long Ge nanowires, even at room temperature. Hence,

the electrodeposited Ge nanowires may be too highly doped for conventional electronic

applications, but they should be ideal as a high-capacity anode material for lithium ion

batteries.
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3. CONCLUSIONS

In summary, we have demonstrated the electrodeposition of crystallineGe nanowires

at room temperature by direct electroreduction of ITO in a single-step from aqueous solu-

tion. The similarity of the reduction potentials of ITO and Ge(IV) enables this single-step

potentiostatic growth of Ge nanowires. The nanowires are deposited at 95 ◦C and room

temperature, and the effect of temperature on the crystallinity, nanowire diameter, crystal

size, and optical bandgap is examined. The nanowires deposited at both temperatures are

polycrystalline. The grain size and the nanowire diameter decrease with a decrease in

deposition temperature, consistent with the decrease in the diameter of the initially formed

In nanoparticles. The In nanoparticles stay on top of the nanowires during the growth with

the ITO at the base providing the electrical contact. The dissolution of Ge in In nanoparti-

cle supports the notion of growth by dissolution and crystallization by the electrochemical

liquid-liquid-solid (ec-LLS) mechanism proposed by Madonaldo and co-workers.14,20−22

The optical bandgap of the material blue shifts due to the high carrier density (ca. 8x1019

cm−3). The resistivity of the nanowires is estimated to be very low (ca. 4x105 Ω.cm),

enabling the growth of long wires even at room temperature.

4. MATERIALS AND METHODS

The Ge nanowires were electrodeposited at room temperature and 95 ◦C from a

solution of 50 mM GeO2, 0.5 M Na2SO4, and 0.1 M C4H6O4 (succinic acid) with the

pH adjusted to 6.5 using NaOH. The same solution without GeO2 was used for the elec-

trochemical reduction studies of ITO to In nanoparticles. Electrochemical measurements

were performed with a potentiostat/galvanostat (EGG model 273A). A platinum mesh was

used as the counter electrode, and anAg/AgCl/(sat. KCl)was used as the reference electrode.
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The crystallinity of the nanowires was characterized using a high-resolution Philips

X-Pert MRD X-ray diffractometer with a Cu Kα1 radiation source (λ = 1.5405 Å). The

morphology of the films was determined by means of scanning electron microscopy (Helios

NanoLab 600 DualBeam and Hitachi S4700 field-emission). The transmission electron

microscopy and energy dispersive spectroscopy of the nanowires and the In nanoparticles

were measured using the Tecnai F20. Samples for TEM analysis were prepared by etching

ITO with Ge nanowires using 1:1 (v/v) HCl solution and sonicating the wires in ethanol for

5 min. The suspension was then drop-cast onto copper grids coated with ultrathin carbon

films on holey carbon (Pacific Grid Tech).

The bandgap measurements were performed using a dual beam UV-vis-NIR spec-

trophotometer (Varian Cary 5). The as-prepared Ge nanowire films were etched using a

1:1 (v/v) HCl solution to dissolve the ITO. A drop of etching solution cast on the nanowire

film enabled the etching of ITO without causing the nanowire film to slide off the glass.

The glass with nanowires was then dried and used for the absorbance measurements. This

ensured that the absorbance was solely due to the nanowires. Raman measurements were

carried out using a Horiba Jobin-Yvon LabRam Aramis Microscope with a HeNe laser (λ

= 633 nm) as the excitation source with an incident power of 0.5 mW to minimize sample

heating. The as-deposited Ge nanowire samples were rinsed using deionized (DI) water,

dried in air, and used without any post processing.

SUPPORTING INFORMATION

Chemicals. Solutions were prepared with high purity reagents and nanopure deion-

ized water (resistivity > 18 MΩ.cm). The electrolyte consisted of 50 mM GeO2 (99.998%,

Sigma Aldrich), 0.5 M Na2SO4 (≥99%, Sigma Aldrich) as supporting electrolyte and 0.1

M succinic acid, C4H6O4 (≥99.8%, Fisher Scientific) as complexing agent, with the pH

adjusted to about 6.5 using NaOH (≥98%, SigmaAldrich). Acetone (Certified ACS, Fisher)
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was used to clean the substrates. 1:1 (v/v) hydrochloric acid, 37% (Certified ACS, Sigma

Aldrich) in water was used to etch the indium tin oxide (ITO). Ethanol (≥99.5%, Sigma

Aldrich) was used to disperse Ge nanowires for TEM analysis. ITO on glass substrates with

ca. 1-2% SnO2 (DRLI Co.) were used as working electrodes.

Figure S1. (a) Linear sweep voltammogram of In foil in a solution with Ge(IV) at a scan
rate of 100 mV/s. (b) Energy dispersive spectroscopy of In foil with Ge nanowires. (c)
Scanning electron microscope images of In foil before (c) and after (d) Ge deposition.

Ge Electrodeposition on Bulk In. The current-potential curves for electrodepo-

sition of Ge were also recorded on an In(s) electrode to verify the hypothesis that the

reduction of Ge(IV) occurs exclusively at the In nanoparticles. The potential for reduction

of about -0.79 V versus Ag/AgCl (Figure S1a) was in close agreement with the reduction
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potential on ITO with the In nanoparticles (-0.7 V versus Ag/AgCl). The electrodeposition

was performed by applying a constant potential of -1 V versus Ag/AgCl for 5 min. Energy

dispersive spectroscopic analysis after the deposition (Figure S1b) showed the presence of

Ge. The SEM images of the In foil before (Figure S1c) and after (Figure S1d) the elec-

trodeposition show the formation of nanowires of Ge on the surface of the In.

Figure S2. Nelson-Riley extrapolation for the determination of precision lattice parameter
of Ge nanowires deposited at 95 ◦C (red solid triangle) and room temperature (blue hollow
triangle).

Precision Lattice Parameter Measurement. Precision lattice parameters were

determined for the Ge nanowires using the Nelson Riley extrapolation method.26 A lattice

parameter of 5.6582 Å for the 95 ◦C deposit and 5.6707 Å for the room-temperature deposit

were determined from the intercept of the ordinate at θ = 90◦ (Fig. S2). Both the lattice

parameters were close to the expected diamond cubic lattice parameter for Ge.27,28
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Figure S3. (a) Absorption spectrum of ITO etched Ge nanowires deposited at room-
temperature (blue), 95 ◦C (red) and 100% T baseline (black). The dashed lines show
the absorbance due to scattering in the nanowires. (b) Corrected absorption spectrum of
ITO etched Ge nanowires with absorbance subtracted due to scattering. (c) Plot of square
root of corrected absorbance versus photon energy for both the deposition temperatures to
determine the indirect bandgaps.

Bandgap Measurement for Ge Nanowires. The bandgap of the nanowires was

determined in the transmission mode using a Cary 5 dual beam UV-Vis-NIR spectropho-

tometer. To avoid any contribution from the substrate, ITO was dissolved before all the

absorption measurements were performed. The as-deposited Ge nanowire samples were

etched with a few drops of dilute HCl to dissolve the ITO followed by evaporation of etchant

leaving the nanowires dispersed on glass. During the measurements a glass substrate with-

out ITO was placed in the path of the reference beam to account for the contribution from
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the glass. The absorption spectra of the ITO etched nanowires for both the deposition tem-

peratures are shown in Fig. S3a. The nanowires show a constant but appreciable amount

of absorbance in the longer wavelength range of the spectra shown with dashed lines in

Fig. S3a. We attribute this constant absorbance at longer wavelength to scattering of the

light by the nanowires. The absorbance for nanowires produced at both deposition temper-

atures is fairly constant in the range of 1800 - 1400 nm before rising at wavelengths less

than about 1350 nm. The constant absorbance for the respective deposition temperatures

was subtracted from the curves to eliminate the scattering contribution (Figure S3b). The

indirect bandgap of Ge was then estimated from a plot of the square root of the corrected

absorbance versus the photon energy (Figure S3c).
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ABSTRACT

Single-crystal Au is an excellent substrate for electrochemical epitaxial growth due

to its chemical inertness, but the high cost of bulk Au single crystals prohibits their use in

practical applications. Here, we show that ultrathin epitaxial films of Au electrodeposited

onto Si(111), Si(100), and Si(110) wafers can serve as an inexpensive proxy for bulk single-

crystal Au for the deposition of epitaxial films of cuprous oxide (Cu2O). The Au films range

in thickness from 7.7 nm for a film deposited for 5 min to 28.3 nm for a film deposited for

30 min. The film thicknesses are measured by low-angle X-ray reflectivity and X-ray Laue

oscillations. High-resolution TEM shows that there is not an interfacial SiOx layer between

the Si and Au. The Au films deposited on the Si(111) substrates are smoother and have

lower mosaic spread than those deposited onto Si(100) and Si(110). The mosaic spread of

the Au(111) layer on Si(111) is only 0.15◦ for a 28.3 nm thick film. Au films deposited

onto degenerate Si(111) exhibit ohmic behavior, whereas Au films deposited onto n-type

Si(111) with a resistivity of 1.15 Ω.cm are rectifying with a barrier height of 0.85 eV. The

Au and the Cu2O follow the out-of-plane and in-plane orientations of the Si substrates, as

determined by X-ray pole figures. The Au and Cu2O films deposited on Si(100) and Si(110)
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are both twinned. The films grown on Si(100) have twins with a [221] orientation, and the

films grown on Si(110) have twins with a [411] orientation. An interface model is proposed

for all Si orientations, in which the -24.9% mismatch for the Au/Si system is reduced to

only +0.13% by a coincident site lattice in which 4 unit meshes of Au coincide with 3 unit

meshes of Si. Although this study only considers the deposition of epitaxial Cu2O films

on electrodeposited Au/Si, the thin Au films should serve as high-quality substrates for the

deposition of a wide variety of epitaxial materials.

Keywords: coincident site lattice; cuprous oxide; electrodeposition; epitaxy; gold; silicon;

thin films

1. INTRODUCTION

Gold metal electrodes are a preeminent choice for electrochemical studies due to

their chemical inertness. Single-crystal Au has also been used extensively as a substrate for

the electrodeposition of thin layers of metals by underpotential deposition (UPD)1−3 and

as a substrate for epitaxial growth of semiconductors.4−8 Our group has been involved with

the epitaxial electrodeposition of thin films and superlattices of metal oxide ceramics for

several years. We define epitaxy as the growth of crystalline films on an ordered substrate

in which the out-of-plane and in-plane orientation of the film is controlled by the substrate.

Epitaxial films can provide superior electronic or optical properties because of the low
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number of grain boundaries that can act as defects or electron-hole recombination sites.

Although some work has been done in our laboratory on single-crystal Si9 and InP10−12

substrates, the majority of our epitaxial films have been electrodeposited onto single-crystal

Au. Examples of epitaxial ceramic films that we have electrodeposited on Au include

δ-Bi2O3,13,14 Cu2O,15−17 ZnO,18,19 Fe3O4,20−24 CuO,25,26 SnS,27 CoFe2O4,28 Mn3O4,29

Co3O4,30 and methylammonim lead iodide perovskites.31 We have also electrodeposited

ceramic superlattices based on PbO2/Tl2O3
32−35 and Fe3O4/ZnFe2O4

23,28 onto single-

crystal Au. Although single-crystal Au does provide a platform for studies of the basic

science behind epitaxial electrodeposition, there is little probability that these epitaxial

systems will be technologically exploited, due to the very high cost and small size (about 1

cm2) of Au single crystals. Hence, an inexpensive alternative to Au single crystals is needed.

Researchers have used vapor-deposited Au layers on glass and mica as a proxy for

single-crystal gold for the deposition of self-assembled monolayers.36 However, the Au lay-

ers on glass are only [111]-oriented out-of-plane with no in-plane order, and the Au layers

on mica have deep grooves between the [111]-oriented crystals. The Au on mica samples

have large enough grains for scanning probe microscopy studies, but they do not have long-

range, in-plane order that extends across the entire sample. Researchers have also produced

epitaxial Au nanostructures on Si(111) and Si(100) substrates by galvanic displacement, in

which the Si substrate acts as a reducing agent to deposit the epitaxial Au.37 Although the

Au nanostructures produced by galvanic displacement do follow the orientation of the Si

substrates, the Au islands grow by the Volmer-Weber mechanism. This method, therefore,

does not produce smooth Au films that mimic the surface of single-crystal Au substrates.

Allongue and co-workers pioneered an electrochemical method to grow thin, ultra-

flat Au(111) epitaxial buffer layers on hydrogen-terminated Si(111).38,39 Although metal

films typically grow three-dimensionally on Si, and there is typically an SiOx interlayer, the
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Allongue group showed that Au deposited at large negative potentials (ca., -2 V versus the

mercury sulfate electrode) at which there was concomitant evolution of hydrogen gas were

very smooth and epitaxial and did not have an interfacial SiOx layer. They deposited the

Au onto 0.2 ◦ miscut Si(111) oriented toward [112̄] with a long-range staircase structure.

The goal of their work was to produce ultrathin layers of nonmagnetic substrates for the

epitaxial growth of ultrathin magnetic metals, in order to probe the effects of thickness on

the magnetic properties of the metals.40,41

Here, we show that nanometer-thick electrodeposited epitaxial layers of Au on

Si(111), Si(100), and Si(110) can serve as a proxy for bulk single-crystal Au for the elec-

trodeposition of epitaxial thin films of cuprous oxide (Cu2O). Although this work focuses

on the deposition of Cu2O on Au/Si, the epitaxial Au/Si substrates will provide a platform

for the deposition of a wide variety of epitaxial ceramic and semiconductor thin films.

The highly ordered Au/Si substrates can be synthesized at a small fraction of the cost of

bulk Au single crystals because of the low mass (i.e., micrograms) of Au that is used, they

can conceivably be made as large as a Si wafer, and they may allow for the integration of

electrodeposited functional ceramics with traditional semiconductor devices. In addition,

the Au/Si interface is an interesting example of epitaxy, because high-quality, smooth Au

epitaxial films are produced even though there is a -24.9% lattice mismatch between the Au

film and Si substrate.

2. RESULTS AND DISCUSSION

Ultrathin films of Au were electrodeposited onto Si(111), Si(100), and Si(110) sub-

strates using the method developed by Allongue and co-workers for the deposition of Au

onto Si(111).38,39 The deposition was performed on wafers with n-type doping, and on

degenerately doped wafers. The n-Si(111) was miscut 0.2 ◦ toward [112̄] with a resistivity



52

Figure 1. X-ray diffraction patterns ofAuonSi. Out-of-plane orientation of electrodeposited
(a) Au(111) on Si(111), (b) Au(100) on Si(100), and (c) Au(110) on Si(110).

of 1.15 Ω.cm, the n++-Si(100) had a resistivity of 0.001 Ω.cm, and the p++-Si(110) had a

resistivity of 0.005Ω.cm. Themiscut Si(111) will hereafter be referred to simply as Si(111).

The deposition was done at room temperature in a solution containing 0.1 mM HAuCl4, 1

mMKCl, 1 mMH2SO4, and 0.1 MK2SO4 using a Si electrode that was prepolarized at -1.9

V versus Ag/AgCl before inserting it in the deposition solution. X-ray diffraction (XRD)

patterns of films that were deposited for 30 min onto Si(111), Si(100), and Si(110) are

shown in Figure 1. The XRD patterns show that the Au follows the out-of-plane orientation

of the Si for all three orientations. The Au peaks are broader than the Si peaks primarily

because of the nanoscale thickness (i.e., short X-ray coherence length) of the Au films.
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Figure 2. Thickness measurement of Au(111) on Si(111) by X-ray reflectivity, Laue
oscillations, and TEM. (a) Low-angle X-ray reflectivity for a 30 min Au(111) on Si(111)
deposit showing air-Au and Au-Si interference fringes (Kiessig fringes). (b) Plot of sin2 θi
versus (n+∆n)2 for the reflectivity data from (a) using eq 1. (c)Out-of-planeX-ray diffraction
showing satellite peaks (Laue oscillations) corresponding to the X-ray coherence length of
Au on Si. (d) Plot of sin θ1 − sin θ2 versus L1 − L2 for the Laue oscillations from (c) using
eq 3. (e) Plot of Au thickness measured by the Laue oscillations as a function of deposition
time. (f) TEM cross-section of Cu2O/Au/Si layers with Au thickness of 25 ± 2 nm in close
agreement with X-ray measurements.

TheAu thickness on the Siwafers can bemeasured byX-ray diffraction. Constructive

and destructive interference of X-rays that are reflected from the Au-air and Si-Au interfaces

manifests itself as interference fringes in low-angle X-ray reflectivity (Kiessig fringes)42,43

and as satellites flanking the Bragg peaks at higher angles (Laue oscillations).23,28 These

fringes and satellites are only observed for very smooth, nanometer-thick films. In our

work, they were observed for films deposited onto Si(111) but not for films deposited onto

Si(100) or Si(110). Kiessig fringes in the low-angle X-ray reflectivity are shown in Figure

2a for an Au film that was deposited for 30 min onto n-Si(111) with a resistivity of 1.15

Ω.cm. The Kiessig fringes can be used to calculate the Au film thickness and density from
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sin2 θi = (ni + ∆n)2
( λ
2t

)2
+ sin2 θc (1)

ρ =

(
θ2

cπA
NAreλ2 f

)
(2)

where θi is the Kiessig fringe angle, ni is the fringe order of the minima, (ni+ ∆n) is the

fringe order of the maxima (with ∆n = 1/2), λ is the X-ray wavelength (0.15418 nm), t is

the film thickness, θc is the critical angle, ρ is the film density (g cm−3), NA is Avogadro’s

number (6.023x1023), re is the radius of the electron (2.818x10−13 cm), f is the atomic

scattering factor for Au 79, and A is the atomic mass for Au (196.97 g mol−1).42,43 Figure

2b shows a plot of sin2 θi versus (n+∆n)2 for the reflectivity data from Figure 2a. Fringe

maxima are denoted as closed circles, whereas fringe minima are denoted as open circles.

The slope of the plot ((λ/2t)2) gives a film thickness of 28.6 ± 0.1 nm, and the intercept

(sin2 θc) gives a critical angle of 0.56◦. The density of the film calculated from eq 2 is 18.6

g cm−3. Because the bulk density of Au is 19.31 g cm−3, this measurement shows that the

electrodeposited Au is 96.3% dense. Laue oscillations around the Au(111) peak are shown

in Figure 2c for the same Au film. The film thickness can be determined from the satellite

positions in the XRD pattern using

t =

(
(L1 − L2)λ

2(sin θ1 − sin θ2)

)
(3)
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where t is the film thickness, L is the satellite peak order, λ is the X-ray wavelength, and

θ is the satellite angle.23,28 This is the same equation that is used to calculate modulation

wavelengths in epitaxial superlattices.23,28 The plot of sin θ1 − sin θ2 versus L1 − L2 shown

in Figure 2d gives a thickness of 28.3 ± 0.1 nm, in excellent agreement with the low-angle

reflectivity data. Figure 2e shows a plot of Au thickness measured by the Laue oscillations

as a function of deposition time. The Au thickness ranges from 7.7 nm for a film deposited

for 5 min to 28.3 nm for a film deposited for 30 min. It is noteworthy that a 1 cm2 electrode

deposited with the thickest (28.3 nm) of these Au films contains only 54 µg of Au. Hence,

the Au/Si substrate is a very inexpensive proxy for single-crystal Au. Figure 2f shows a

cross-sectional transmission electron micrograph of the Au film that was deposited for 30

min followed by the deposition of a Cu2O film. The measured film thickness for the Au was

25 ± 2 nm, in reasonable agreement with the more-accurate X-ray measurements. Also, the

transmission electron microscopy (TEM) measurements did not show an interfacial SiOx

layer between the Si(111) and Au(111).

Plan-view scanning electron micrograph (SEM) images of 28 nm thick Au films

grown on Si(111), Si(100), and Si(110) are shown in Figure 3. The images are consistent

with the X-ray results, because the Au(111) surface is very smooth and featureless (except

for 16 nm pores), whereas the Au(100) and Au(110) surfaces are rough. This explains why

the Kiessig fringes and Laue oscillations are only observed for the Au(111) films on Si(111).

The Au/Si junction can have ohmic or rectifying behavior, depending on the doping

type and concentration in the Si wafer. If the Si is doped to degeneracy, the Au/Si functions

as an ohmic contact, whereas if the Si is n-doped to moderate doping densities, the Au/Si

functions as a Schottky barrier. Figure 4a shows the ohmic response that is observed when

28 nm of Au are deposited onto n++-Si(111) with a resistivity of 0.05 Ω.cm. The same

behavior is observed with p++-Si substrates. In both cases the Si acts like a metal because



56

Figure 3. Surface morphology of the epitaxial Au films on Si. Plan-view SEM images of
(a) Au(111), (b) Au(100), and (c) Au(110) films. The films are all approximately 28 nm
thick. The Au(111) is smooth and featureless, whereas the Au(100) and Au(110) films are
rough.

the Fermi level is situated either in the conduction band (n++-Si) or in the valence band

(p++-Si) of the semiconductor. Degenerate Si substrates would be preferred if the Au/Si

substrate were to be used for anodic depositions, or if precise control of the potential at

the Au surface is required. As shown in Figure 4b, rectifying behavior is observed for 28

nm of Au deposited onto n-Si(111) with a resistivity of 1.15 Ω.cm. The Au/Si Schottky

junction passes cathodic currents but is blocking to anodic currents. This type of junction

could be used for cathodic deposition of materials, but materials requiring anodic currents

for deposition would require photoassisted deposition. The interfacial energetics of the

Au/Si Schottky barrier were determined by analysis of the current-voltage curves (Figure

4c) and by Mott-Schottky analysis (Figure 4d).44 Figure 4c shows a plot of log(J) versus V

in the forward bias regime. The slope of the plot gives a diode quality factor of 1.4, and the

y-intercept gives a dark saturation current density of 2.5x10−8 A cm−2, which corresponds

to a barrier height of 0.85 eV. The Mott-Schottky plot of C−2 versus reverse bias gives the

doping density in the depletion region of 3.8x1015 cm−3 from the slope of the line, and a

flat-band voltage of -0.68 V from the x-intercept. This flat-band voltage corresponds to a

barrier height of 0.90 eV, slightly larger than the 0.85 eV determined from the log(J) versus

V plot. Mott-Schottky analysis often overestimates barrier heights, so we assume that the

actual barrier height on the Au(111)/n-Si(111) is close to the 0.85 eV value determined from

the forward bias current-voltage curve. It may be possible to exploit this relatively high
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Figure 4. Junction characteristics of Au on Si(111). (a) Ohmic response of Au on n++-
Si(111) with a resistivity of 0.05 Ω.cm. Inset shows the schematic of measurement config-
uration with Au coil pressed against the Au layer as top contact and an aluminum sputtered
back-contact with a silver wire. (b) Current-voltage response of Au on n-Si(111) with re-
sistivity of 1.15 Ω.cm showing rectifying behavior. (c) Short-circuit current density, diode
quality factor, and barrier height measured using log(J) versus V at forward bias for Au
on n-Si(111). (d) Flat-band voltage, doping density, and barrier height measured using
Mott-Schottky plot collected at 50 mV/s scan rate and 1 MHz frequency at reverse bias.

barrier height in the Au(111)/n-Si(111) epitaxial junction to produce high-photovoltage,

stable photoanodes for photoelectrochemical cells.44

Cu2O films were electrodeposited onto Si(111), Si(100), and Si(110) substrates cov-

ered with films of Au that were electrodeposited for 30 min. The deposition was performed

from a solution containing 0.2 M CuSO4, 0.2 M C4H6O6 (tartaric acid), and 3.0 M NaOH

at a constant cathodic current density of 1.0 mA cm−2 at 30 ◦C to a charge density of 0.1
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C cm−2 (approximately 120 nm thick Cu2O).45 As shown in the XRD patterns in Figure 5,

the Cu2O followed the out-of-plane orientation of the Si substrates and the Au buffer layers

for all three orientations of Si. Note that the log of intensity is plotted in the XRD patterns,

so even minor orientations would be seen if they were present.

Figure 5. X-ray diffraction patterns of Cu2O on Au on Si. Out-of-plane orientation of
electrodeposited (a) Cu2O(111) on Au(111)/Si(111), (b) Cu2O(100) on Au(100)/Si(100),
and (c) Cu2O(110) on Au(110)/Si(110).

The out-of-plane perfection in the samples was also probed using X-ray rocking

curves (Figure 6). The rocking angle, ω, is defined in Figure S1 of the Supporting Infor-

mation. The rocking curves provide a direct measure of the mosaic spread (or distribution)

of the films in the out-of-plane direction. The fwhm (full width at half-maximum) of the

rocking curves with a Gaussian distribution is equal to 2(2 ln 2)1/2 α, or 2.355α, where α is

the standard deviation of the mosaic spread. Figure 6a shows rocking curves for Au films on

Si(111) for various thicknesses of Au. It is seen that the rocking curve becomes sharper as
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the Au film thickness increases, and the curves develop a shape with a broad base and sharp

peak for the thicker films. In Figure 6b the 28 nm Au film on Si(111) that was deposited

for 30 min is deconvoluted into two Gaussian curves with fwhm of 0.15◦ and 1.07◦. These

results show that the mosaic spread of the Au on Si(111) decreases dramatically as the film

thickness increases. Figure 6c compares the Au rocking curves on Si(111), Si(100), and

Si(110). The Au on all three orientations of Si was electrodeposited for 30 min. The Au

rocking curves on the Si(100) and Si(110) substrates do not show the two components that

were observed on Si(111). The fwhms of the Au films on Si(111), Si(100), and Si(110)

were 0.15◦, 2.03◦, and 1.29◦. Hence, the highest quality Au films are deposited on Si(111),

and the quality of the film increases as the film thickness increases. Figure 6d shows rocking

curves for 120 nm of Cu2O that was deposited onto the three Au/Si orientations shown in

Figure 6c. The fwhm of the Cu2O rocking curves on Au(111)/Si(111), Au(100)/Si(100),

and Au(110)/Si(110) was 1.15◦, 1.84◦, and 1.25◦, respectively. Again, the Cu2O with the

smallest mosaic spread is observed on Au(111)/Si(111).

A high-resolution TEM micrograph is shown in Figure 7 for a 120 nm thick film

of Cu2O deposited onto a 25 nm thick Au buffer layer on miscut Si(111). The micrograph

viewing direction is along the [112̄] zone axis. Figure 7a is a view showing all three materi-

als, Figure 7b is a close-up of the Cu2O(111)/Au(111) interface, and Figure 7c is a close-up

of the Au(111)/Si(111) interface. A fairly sharp transition is seen at both interfaces. There

are also no obvious dislocations or twins in the Au buffer layer. The measured d-spacings

for Au and Cu2O are consistent with the bulk values. Most notable is the lack of an SiOx

interlayer at the Au(111)/Si(111) interface. We attribute this to the fact that the Si(111)

electrode was prepolarized at -1.9 V versus Ag/AgCl before deposition of Au. Electron

diffraction patterns of the Si and Au are shown in Figure S2 of the Supporting Information.
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Figure 6. X-ray rocking curves of Au and Cu2O on Si measure out-of-plane mosaic spread.
(a) Rocking curves of Au on Si(111) as a function of deposition time. (b) Rocking curve
of 30 min Au on Si(111) deconvoluted into two Gaussian fits showing a mosaic spread of
0.15◦ and 1.07◦. (c) Rocking curves of Au(111) on Si with fwhm of 0.59◦, Au(100) with
2.03◦, and Au(110) with 1.29◦. (d) Rocking curves of Cu2O on Au/Si(111) with fwhm of
1.15◦, Cu2O(100) with 1.84◦, and Cu2O(110) with 1.25◦.

The out-of-plane and in-plane orientations of the Au buffer layer and Cu2O film can

be determined by X-ray pole figures. Because X-rays penetrate through the Au and Cu2O

layers and into the Si substrate, the pole figures can be used to determine the epitaxial rela-

tionships of the film and buffer layer with respect to the Si substrate. In a pole figure, planes

other than those parallel with the substrate surface are probed by selecting the Bragg angle,

θ, for the plane of interest and then tilting the sample through a series of tilt angles, χ, from

0◦ to 90◦ and rotating the sample through a series of azimuthal angles, ϕ, from 0◦ to 360◦.

The measurement geometry for the pole figures is shown in Figure S1 of the Supporting
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Figure 7. High-resolution cross-sectional TEM of Cu2O(111) and Au(111) on Si(111). (a)
TEM cross-section of Cu2O(111)/Au(111)/Si(111) layers. (b) Cu2O andAu high-resolution
TEM image with lattice spacings in agreement with bulk values and [111] growth direction.
(c) Au and Si high-resolution TEM with lattice spacing in agreement with bulk values and
no noticeable SiOx interlayer.

Information. For films with in-plane order, peaks occur in the pole figure when the Bragg

condition is satisfied, whereas for textured films with no in-plane order, rings are observed

in the pole figure. X-ray pole figures of Si(111), Si(100), and Si(110) substrates with a 28

nm buffer layer of Au and a 120 nm film of Cu2O are shown in Figure 8. In Figure 8a-c

the (220) poles of Si(111), Au(111), and Cu2O(111) are probed. The assignment of peaks

in the pole figures was achieved by comparing the pole figures to calculated stereographic

projections that are shown in Figure S3 of the Supporting Information. The Si pole figure

in Figure 8a shows the expected three spots separated azimuthally by 120◦ at a tilt angle of

35.5◦, consistent with the angle between the [111] and [220] directions in a cubic system.

The (220) pole figures of the Au buffer layer and Cu2O films shown in Figure 8b,c also

show spots at the expected tilt angle of 35.5◦; however, there are now six spots that are
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Figure 8. In-plane orientation of Au and Cu2O on Si from X-ray pole figures. (a-c) (220)
pole figures of Si(111), Au(111), and Cu2O(111). (d-f) (111) pole figures of Si(100),
Au(100), and Cu2O(100) and (g-i) (111) pole figures of Si(110), Au(110, and Cu2O(110).
The radial grid lines in the pole figures represent 30◦ increments of the tilt angle.

separated azimuthally by 60◦. These (220) pole figures show that the Si, Au, and Cu2O all

have a [111] out-of-plane orientation and that the Au and Cu2O are aligned in-plane both

parallel and antiparallel with the Si substrate. The parallel and antiparallel in-plane orien-

tations can also be described as rotation twins. Azimuthal and tilt scans of Cu2O(111) on

Au(111)/Si(111) are shown in Figure S4 of the Supporting Information. Epitaxial relation-

ships consistent with these pole figures are Cu2O(111)[101̄]||Au(111)[101̄]||Si(111)[101̄]

and Cu2O(111)[101̄]||Au(111)[101̄]||Si(111)[1̄01]. In Figure 8d-f the (111) poles of Si(100)

Au(100), and Cu2O(100) are probed. All three pole figures show four spots separated az-

imuthally by 90◦ at a tilt angle of 54.0◦ consistent with the 54.74◦ tilt between the [111] and
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[100] directions in a cubic system. The epitaxial relationship based on the major spots in the

pole figures is Cu2O(100)[011]||Au(100)[011]||Si(100)[011]. In addition to the major spots

at the expected tilt angle, however, there are also four spots at a tilt angle of 15.65◦ and eight

spots at a tilt angle of 78.0◦. These additional spots are due to reflection twins with a [221]

orientation.21,46 That is, the [221] direction of the twinned crystallite is parallel to the [100]

direction of the original crystallite. The (221) reflection is not observed in the 2θ plot in

Figure 1b, because mixed-index reflections (i.e., even-even-odd) are systematically absent

in an fcc structure. The higher-order (442) reflection should be observed, but it would

occur at a 2θ value that exceeds our instrumental capability. Hence, the pole figure on the

Si(100) sample shows the epitaxial relationship and it shows that the sample is twinned. A

similar result is seen on Si(110). In Figure 8g-i the (111) poles of Si(110) Au(110), and

Cu2O(110) are probed. All three pole figures show two spots separated azimuthally by 180◦

at a tilt angle of 34.5◦, consistent with the expected 35.26◦ tilt between the [111] and [110]

directions in a cubic system. The epitaxial relationship based on the major spots in the pole

figures is Cu2O(110)[001]||Au(110)[001]||Si(110)[001]. In addition to the major spots at

the expected tilt angle, however, there are also four spots at a tilt angle of 57.0◦ and two

spots at a tilt angle of 75.0◦. These additional spots are due to reflection twins with a [411]

orientation.(21, 46) That is, the [411] direction of the twinned crystallite is parallel to the

[110] direction of the original crystallite. The (411) reflection is also not observed in the

2θ plot in Figure 1c, because it is a mixed-index reflection. Hence, the pole figures show

that the Au buffer layers and Cu2O films follow the out-of-plane and in-plane orientations

of the Si(111), Si(100), and Si(110) substrates. In addition, the pole figures show that

reflection twinning occurs in the samples on the Si(100) and Si(110) substrates but not on

the Si(111) substrate. Reflection twinning on the Si(111) substrate would produce a [511]

orientation,(21, 46) which is not observed in the pole figures.
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At this point, it is instructive to review the twinning relationships in a cubic system.

Additional details on the twinning transformation matrices are provided in the Supporting

Information. Twinning can be described by the matrix, T(hkl), by the relationship

(PQR) = T(hkl)(pqr) (4)

where (PQR) is a columnmatrix for the lattice plane in a twinned crystallite that corresponds

to the lattice plane, (pqr), of the original crystallite after twinning on (hkl). The general

twin matrix for cubic systems is

T(hkl) =

(
1

h2 + k2 + l2

) ©­­­­­«
h2 − k2 − l2 2hk 2hl

2hk −h2 + k2 − l2 2kl

2hl 2kl −h2 − k2 + l2

ª®®®®®¬
(5)

In face-centered-cubic (fcc) crystal structures, twinning occurs on 111 slip planes, and the

twinning matrix becomes

T(111) =

(
1
3

) ©­­­­­«
−1 2 2

2 −1 2

2 2 −1

ª®®®®®¬
(6)

Hence, by using the twin matrix in eq 6 and solving eq 4, the twinning relationships shown

in eqs 7-9 result.

(pqr) = (300); (PQR) = (1̄22) (7)

(pqr) = (330); (PQR) = (114) (8)

(pqr) = (3̄33); (PQR) = (51̄1̄) (9)
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The pole figures in Figure 8 show that reflection twinning of Au occurs on the

Si(100) and Si(110) substrates, but not on the Si(111) substrate. The pole figures also show

that this twinning on Au(100) and Au(110) is transferred to the Cu2O films on these buffer

layers. This is especially obvious in the pole figure in Figure 8i for the Cu2O films deposited

on Au(110) on Si(110). Hence, the twin orientation is present at the surface of the twinned

Au films. There is not a simple explanation for why reflection twinning does not occur

on the [111]-oriented substrate, whereas it does occur on the [100]- and [110]-oriented

substrates, because the Au/Si lattice mismatch is the same on all three substrates. One pos-

sible explanation is that the [111] direction is both the thermodynamically and kinetically

preferred growth direction for Au, because the (111) planes are the close-packed planes.

This [111] orientation will develop even on polycrystalline or amorphous substrates. Hence,

the Au films on the [100] and [110] substrates may be twinning as they slowly evolve into

[111]-oriented films. As shown in the Supporting Information (Figure S5), a thick (ca. 5

µm) film of Au electrodeposited onto [110]-oriented Si does eventually develop a [111]

orientation, consistent with this hypothesis.

Figure 9. Interface models of Au on Si. (a) Au(111) on Si(111), (b) Au(100) on Si(100,)
and (c) Au(110) on Si(110) Moiré patterns result from 4 unit meshes of Au coinciding with
3 unit meshes of Si with a coincidence site lattice mismatch of +0.13%.
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The Cu2O/Au/Si system is an interesting example of epitaxy. In this epitaxial sys-

tem, Cu2O with lattice parameter 0.42696 nm and primitive space group Pn3̄m is deposited

onto Au with lattice parameter 0.40786 nm and fcc space group Fm3̄m, which is deposited

onto Si with lattice parameter 0.54309 nm and diamond cubic space group Fd3̄m. The lat-

tice mismatch ((d f ilm - dsubstrate)/dsubstrate) between Cu2O and Au is +4.7%, and the lattice

mismatch between Au and Si is -24.9%. Because all of the materials have cubic structures

and the Au and Cu2O on a given Si substrate both have the same out-of-plane orientation as

the substrate, the latticemismatch is independent of the Si orientation. The +4.7%mismatch

in the Cu2O/Au system is reasonable, and would be expected to produce a Cu2O layer with

moderate compressive in-plane strain and tensile out-of-plane strain. Interface models for

the Cu2O/Au interfaces for the three orientations are shown in Figure S6 of the Supporting

Information. The -24.9% mismatch in the Au/Si system is too excessive, however, to pro-

duce a simple 1x1 epitaxial system. The epitaxy in the Au/Si system can be explained by

the formation of coincident site lattices (CSLs) in which 4 unit meshes of Au coincide with

3 unit meshes of Si. These CSLs are shown in Figure 9, in which the surface Si atoms are

blue and the Au atoms are gold. The out-of-plane and in-plane directions in these CSLs

were directly measured from the pole figures in Figure 8. The CSLs produce Moir patterns

on each of the Si surfaces. The lattice mismatch (i.e., (4dAu(hkl) - 3dSi(hkl))/3dSi(hkl)) in the

CSLs on all three Si orientations is reduced from -24.9% for the 1dAu(hkl) x 1dSi(hkl) lattice

to +0.13% for the 4dAu(hkl) x 3dSi(hkl) CSL. In these CSLs the Au film would have very

small compressive in-plane and tensile out-of-plane strains. Note that this same CSL was

observed by Sayed et al. for epitaxial Au on Si produced by galvanic displacement37 and

by Li and Zuo for epitaxial Ag on Si produced by electron beam evaporation.47

In agreement with the CSL discussed above for Au on Si, the out-of-plane d-spacing

as measured by XRD for very thin layers of Au on Si is greater than the bulk value of Au.

Figure 10 shows the measured d111 for Au as a function of Au deposition time. The blue
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Figure 10. Evidence for out-of-plane tensile strain in ultrathin Au(111) films on Si(111).
Out-of-plane d111 spacing measured for Au(111) on Si(111) deposit as a function of deposi-
tion time showing out-of-plane tensile strain for short deposition times. The blue horizontal
dashed line corresponds to d111 for bulk Au

horizontal dashed line in Figure 10 corresponds to the d111 for bulk Au. For deposition

times from 5 to 30 min, the measured out-of-plane d-spacing agrees well with the bulk

value. The thickness of Au varies from 7.7 to 28.6 nm in this range (see Figure 2). For

deposition times shorter than 5 min we were not able to measure the film thickness, because

the Au had not coalesced into a smooth film. At these shorter times the d111 is larger than

the bulk value, consistent with compressive in-plane and tensile out-of-plane strains. This

is also consistent with the CSL. If the mismatch were -24.9% as for a 1dAu(111) x 1dSi(111),

the in-plane strain would be tensile and the out-of-plane strain would be compressive.
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3. CONCLUSIONS

We show that nanometer-thick electrodeposited epitaxial layers of Au on Si(111),

Si(100), and Si(110) can serve as a platform for the electrodeposition of epitaxial thin films

of Cu2O.We exploit the fact that Si wafers with a high degree of perfection and well-defined

orientation are both readily available and inexpensive. The highly ordered Au/Si substrates

cost a small fraction of the cost of bulk Au single crystals because of the low mass of

Au that is used, they can conceivably be made as large as a Si wafer, and they may allow

for the integration of electrodeposited functional ceramics with traditional semiconductor

devices. A 28.3 nm thick film of Au on a 1 cm2 substrate contains only 54 µg of Au. Films

of Au deposited onto degenerate Si produce ohmic contacts, whereas films deposited onto

moderately doped n-type Si(111) produce a rectifying contact with a barrier height of 0.85

eV.

We use the method that Allongue and co-workers developed to deposit ultrathin Au

films onto miscut Si(111).38,39 The deposition is done at room temperature in a solution

containing 0.1 mM HAuCl4, 1 mM KCl, 1 mM H2SO4, and 0.1 M K2SO4 using a Si

electrode that is prepolarized at -1.9 V versus Ag/AgCl before inserting it in the deposition

solution. The prepolarization of the Si prevents the formation of an amorphous layer of

SiOx on the Si surface, as shown by cross-sectional TEM. The highest quality Au films are

deposited onto Si(111). They are smooth enough to allow for thickness measurement by

low-angle X-ray reflectivity and Laue oscillations, they are free of reflection twins, and they

have an out-of-plane mosaic spread as low as 0.15◦.

The Au/Si interface is an interesting example of epitaxy, because high-quality,

smooth Au epitaxial films are produced even though there is a -24.9% lattice mismatch

between the Au film and Si substrate. The epitaxy in the Au/Si system can be explained by

the formation of coincident site lattices (CSLs) in which 4 unit meshes of Au coincide with
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3 unit meshes of Si. The lattice mismatch in the CSLs on all three Si orientations is reduced

from -24.9% for the 1dAu(hkl) x 1dSi(hkl) lattice to +0.13% for the 4dAu(hkl) x 3dSi(hkl) CSL.

Epitaxial Cu2O is deposited onto the Au/Si substrates by cathodic electrodeposition

from an alkaline tartrate bath. The Cu2O follows the out-of-plane and in-plane orientations

of the Si substrates and Au buffer layers, as determined by X-ray pole figures. The Au

and Cu2O films deposited on Si(100) and Si(110) are both twinned. The films grown on

Si(100) have reflection twins with a [221] orientation, and the films grown on Si(110) have

reflection twins with a [411] orientation. The method we have outlined for the deposition

of epitaxial Cu2O on Au/Si should be applicable to a very wide range of semiconductor

and ceramic materials. It is especially well suited for applications that require a conducting

back-contact (e.g., solar cells) or require integration with single-crystal Si (e.g., solid-state

memory).

4. MATERIALS AND METHODS

4.1. Si Wafers and Etching Procedures. Si wafers with [111], [100], and [110]

orientations were used to study epitaxial Au and Cu2O electrodeposition. Phosphorus

doped single-side polished n-Si(111) was miscut 0.2◦ toward [112̄] with resistivity of 1.15

Ω.cm. Phosphorus doped n++-Si(100) with a resistivity of 0.001 Ω.cm and boron doped

p++-Si(110) with a resistivity less than 0.005 Ω.cm was used for the study of epitaxy. All

wafers were obtained from Virginia Semiconductor Inc. Aluminum was sputtered on the

back of Si wafers to form an ohmic contact, and silver wire with silver paste (GC electron-

ics, silver print II) was used to make the back-contact for all orientations. Either silicone

paste or nail polish was used as an insulating and inert layer on the back of Si to prevent

contact in the electrolyte during electrodeposition. All wafers prior to use were etched

in 5% hydrofluoric acid solution for 30 s to dissolve the native oxide, then soaked in hot
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DI water (ca. 80-90 ◦C) for 15 min to passivate the surface with a SiOx layer, and then

etched again with 5% hydrofluoric acid for 30 s and buffered hydrofluoric acid for 30 s to

produce a hydrogen-terminated surface. Ethanol was used to clean any organic residue, and

the sample was rinsed with DI water prior to deposition. All depositions were performed

immediately after the etching process to avoid any surface passivation.

4.2. Electrodeposition ofAu andCu2OFilms. Electrodeposition of Au andCu2O

Films Au was electrodeposited from a plating solution containing 0.1 mM HAuCl4, 1 mM

KCl, 1 mM H2SO4, and 100 mM K2SO4 in deionized water. The solution was prepared

by adding 10 mL of a stock solution containing 1 mM HAuCl4, 10 mM KCl, and 10 mM

H2SO4 to 90 mL of DI water. Lastly, 100 mMK2SO4 was added as a supporting electrolyte

to produce a final solution with a pH of about 3. A -1.9 V versus Ag/AgCl prepolarized

bias was applied at ambient temperatures with 200 rpm stirring. All depositions used an

Ag/AgCl reference electrode and an Au coil as a high surface area counter electrode. The

requisite step during deposition was the prepolarization of the Si electrode prior to immer-

sion in the electrolyte to avoid native oxide formation and also to prevent deposition of Au

on Si by galvanic displacement. After the deposition, films were rinsed with DI water and

dried in air. Cu2O was electrodeposited from a plating solution containing 0.2 M CuSO4,

0.2 M C4H6O6 (tartaric acid), and 3.0 M NaOH. A cathodic current density of 1.0 mA

cm−2 was passed for 100 s at a temperature of 30 ◦C and a stir rate of 200 rpm. Cu2O films

on all orientations were deposited to a charge density of 0.1 C cm−2. Electrodeposition of

Au and Cu2O films was done using either an EGG Model 273A or an Autolab 30 potentio-

stat/galvanostat.

4.3. X-ray Diffraction Measurements and Interface Models. All XRD mea-

surements were made with a Philips X’Pert Materials Research diffractometer with Cu Kα1

radiation source (λ = 1.54056 ). All 2θ − ω (out-of-plane orientation) scans were done
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using a two-bounce hybrid monochromator with a Ge 220 monochromator and Ni 0.125

mm automatic beam attenuator and a 0.18◦ parallel plate collimator diffracted optics. Pole

figures were measured using a crossed slit collimator with 2 mm divergence slit and 2 mm

mask with a Ni filter and a 0.27◦ parallel plate collimator. Rocking curves (ω scans) were

measured using the hybrid monochromator incident optics and a triple axis diffracted optics.

X-ray reflectivity scans were measured using an X-ray mirror Cu module with Ni 0.125

mm beam attenuator and a 0.18◦ parallel plate collimator. Lattice constants for interface

models and X-ray measurements were obtained from JCPDS card no. 027-1402 for Si,

no. 004-0784 for Au, and no. 005-0667 for Cu2O. All the interface models for Au on Si

and Cu2O on Au were made in VESTA (visualization for electronic and structural analysis)

software ver. 3.3.2.

4.4. SEM Measurements. Plan-view SEM images were obtained at 5 kV using a

Helios NanoLab 600 DualBeam instrument for the Au(111) film and at 15 kV on an Hitachi

S4700 instrument for the Au(100) and Au(110) films.

4.5. TEMMeasurements. Focused ion-beammilling for TEM sample preparation

was done using the Helios NanoLab 600 DualBeam. Prior to focused ion-beam milling,

the films were sputtered with a thin AuPd layer to protect the Au and Cu2O films during

the milling process and to provide a contrast difference to determine the thickness of films

accurately. High-resolution TEM images and electron diffraction patterns for individual

layers were measured using the Tecnai F20 transmission electron microscope.
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4.6. Measurement of Interfacial Energetics. All J-V and Mott-Schottky curves

were measured using a PARSTAT 2273 potentiostat/galvanostat with Au coil as top contact

(schematic shown in the inset of Figure 3a), and Mott-Schottky scans were collected at a

50 mV/s scan rate and 1 MHz modulation frequency.

SUPPORTING INFORMATION

X-rayMeasurement Geometry Showing θ,ω, φ, χ Angles. X-ray rocking curves,

azimuthal scans and pole figures are texture analysis tools for highly ordered crystalline

materials. All of these scans require 2θ angle fixed at the peak of interest. For example,

2θ = 47.304◦ for probing the Si(220) plane(s). The sample stage is tilted or rotated in

different directions and angles in order to determine the in-plane and out-of-plane order of

the sample. As shown in Figure S1, rocking the sample along the axis perpendicular to

the source-sample-detector plane is known as the ω scan or rocking curve. Rocking curves

determine the mosaic spread of the out-of-plane orientation. Rotation of the sample around

the sample normal is the φ scan, or the azimuthal scan. Tilting the sample along the axis

orthogonal to both the ω and the φ axes is the χ scan (or sometimes referred to as the Ψ

scan). Diffraction signals collected from the azimuthal scans (φ = 0◦ to 360◦) at each tilt

angle (χ = 0◦ to 90◦) can be used to construct a pole figure.

Stereographic Projections of Si, Au and Cu2O. The out-of-plane and in-plane

orientations of films relative to substrates can be determined from X-ray pole figures. Stere-

ographic projections display the expected peak positions in each X-ray pole figure pattern.

The stereographic projections shown in Figure S3 were simulated using CaRine software.

Figure S3-a is the stereographic projection of Si(220) poles on the Cu2O/Au/Si(111) sam-

ple. Because of the three-fold symmetry around the [111] direction, three spots (φ = 120◦
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Figure S1. X-ray measurement geometry showing θ, ω, φ, χ angles

apart) are expected and shown as the closed circles in Figure S3-a. The tilt angle of these

three spots is χ = 35.26◦, which is the angle between [111] and [110]. Due to the narrow

diffraction peaks of the Si substrates, the peaks at χ = 90◦ are usually not observed. Figure

S3-b represents the stereographic projection for the domain that is antiparallel to the domain

in Figure S3-a. The antiparallel domain is only seen in the electrodeposited Au and Cu2O

layers. Notice that the pattern of the antiparallel domain (shown as open circles) is rotated

180◦ with respect to the pattern of the parallel domain. When both domains are present in a

sample, the resulting stereographic projection becomes the combination of both, as shown

in Figure S3-c. The closed circles enclosed by the open circles represent the overlapping

pattern between parallel and antiparallel domains. Figure S3-d shows the simulated Si(111)

poles on the Cu2O/Au/Si(100) sample. The 4-fold symmetry along the [100] out-of-plane

direction results in 4 spots separated at φ = 90◦. The tilt angle of χ = 54.74◦ originates

from the angle between [100] and [111]. The (111) poles of Au and Cu2O are at identical

positions as the Si(111) poles of the same sample. The red triangles in Figure S3-e are

also the Au(111) or Cu2O(111) poles, but their out-of-plane direction is [221], which is
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Figure S2. Electron diffraction patterns of Si and Au. Electron diffraction patterns of Si
along zone axis [112̄] and Au along zone axis [101̄] showing spot pattern. Convergent beam
diffraction was performed for Au because of lower thickness of the film (ca. 30 nm).

the twin of [300]. The triangles at different tilt angles are attributed to different angles

between different directions. The tilt angle from [221] to [111] is 15.79◦, to [111] is 54.74◦,

and to [111] and [111] is 78.90◦. Rotating the pattern of this twin 4-fold around the [221]

direction results in the pattern (open triangles) shown in Figure S3-f. Figure S3-g represents

the simulated Si(111) poles on the Cu2O/Au/Si(110) sample. Two spots at χ = 35.26◦ are

due to the angle between [110] and [111], and the 2-fold symmetry around the [110] pole

results in φ = 180◦ separation of the spots. The same pattern is observed in Au(111) and

Cu2O(111) stereographic projections of the same sample. The [330] has a twin of [411].

The stars in Figure S3-h represent a set of the (111) poles from the twin. The tilt angle

from [411] to [111] is 35.26◦, to [111] and [111] is 57.02◦ and to [111] is 74.21◦. The

2-fold rotation symmetry around the [411] direction results in the other set of (111) poles,

represented as the open stars in Figure S3-i.
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Figure S3. Stereographic projections of (a-c) (220) poles on the Cu2O/Au/Si(111) sam-
ple, (d-f) (111) poles on the Cu2O/Au/Si(100) sample, and (g-i) (111) poles on the
Cu2O/Au/Si(110) sample. The patterns from the parallel domains are shown as closed
circles whereas the patterns from the antiparallel domains are shown as open circles. For
the [111] out-of-plane sample, the (220) poles of Cu2O, Au and Si all exhibit the same
pattern as in (a). However, the deposited Cu2O and Au have antiparallel domains whose
pattern is shown in (b). The resulting pattern is the combination of both (a) and (b), which is
shown in (c). For the [100] out-of-plane sample, the (111) poles of Cu2O, Au and Si all have
the same pattern as in (d). Cu2O and Au films on the Si(100) substrate have twins whose
out-of-plane is [221]. One set of the (111) poles of the twin is shown in (e). Rotating the
pattern in (e) 4-fold around the out-of-plane direction results in the pattern in (f), where the
circles are from the parallel and antiparallel (100) domains, and the triangles are from the
twin (221) domains. For the [110] out-of-plane sample, the (111) poles of Cu2O, Au and Si
all have the same pattern as in (g). The twins in Cu2O and Au layers are [411] out-of-plane,
and one set of their (111) poles are shown as stars in (h). Because of the 2-fold symmetry
around the out-of-plane direction, the overall patterns for Cu2O and Au layers are presented
in (i), where the circles are from the parallel and antiparallel (110) domains, and the stars
are from the twin (411) domains.
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Figure S4. Azimuthal and tilt scans of Cu2O and Au on Si(111). (a) Azimuthal scan
(φ-scans) of Au on Si(111) (red) and Cu2O on Au/Si(111) (blue) was performed for 0 to
360◦ φ at a tilt angle of 35.3◦. FWHM of Au on Si(111) is 2.59◦ and Cu2O on Au/Si(111)
is 2.33◦. (b) Tilt scans (χ-scans) of Au on Si(111) (red) with a FWHM of 3.08◦ and Cu2O
on Au/Si(111) (blue) with a FWHM of 3.25◦ was performed for 0 to 90◦ χ.

Figure S5. X-ray diffraction pattern of thick Au on Si. Out-of-plane orientation of thick
(ca. 5 µm) Au on Si(110). A strong epitaxial Au[110] orientation is observed with minor
Au[111] orientation.
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Figure S6. Interface models of Cu2O on Au. Interface models of Cu atoms of Cu2O
(blue colored) overlay on Au atoms (gold colored) for (a) Cu2O(111)/Au(111), (b)
Cu2O(100)/Au(100) and (c) Cu2O(110)/Au(110) orientations. A lattice mismatch of +4.7%
is observed for 1x1 unit mesh of Cu2O on Au for all orientation.

TransformationMatrices for Twinning in Face-CenteredCubic Systems. Twin-

ning can be described by the matrix, T(hkl), by the relationship

(PQR) = T(hkl)(pqr) (10)

where (PQR) is a columnmatrix for the lattice plane in a twinned crystallite that corresponds

to the lattice plane, (pqr), of the original crystallite after twinning on (hkl). The indices of

reciprocal lattice point (PQR) for the twinned crystal will be related to the point (pqr) in the

reciprocal lattice of original crystal after twinning on (hkl) plane by the following general

expression:

P =
p(h2 − k2 − l2) + q(2hk) + r(2hl)

(h2 + k2 + l2)

Q =
p(2hk) + q(−h2 + k2 − l2) + r(2kl)

(h2 + k2 + l2)
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R =
p(2hl) + q(2kl) + r(−h2 − k2 + l2)

(h2 + k2 + l2)

In the matrix form (PQR) = T(hkl) (pqr) can be represented as a general twin matrix

T(hkl) =

(
1

h2 + k2 + l2

) ©­­­­­«
h2 − k2 − l2 2hk 2hl

2hk −h2 + k2 − l2 2kl

2hl 2kl −h2 − k2 + l2

ª®®®®®¬
(11)

In face-centered cubic crystal structures, twinning occurs on {111} slip planes, and the

twinning matrix becomes,

T(111) =

(
1
3

) ©­­­­­«
−1 2 2

2 −1 2

2 2 −1

ª®®®®®¬
(12)

Twin plane for Au on Si(100):

(pqr) = (300) and (hkl) = (111)

©­­­­­«
P

Q

R

ª®®®®®¬
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1
3

) ©­­­­­«
−1 2 2

2 −1 2

2 2 −1

ª®®®®®¬
©­­­­­«
3

0

0

ª®®®®®¬
©­­­­­«

P

Q

R

ª®®®®®¬
=

(
1
3

) ©­­­­­«
3̄

6

6

ª®®®®®¬
=

©­­­­­«
1̄

2

2

ª®®®®®¬
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Twin plane for Au on Si(110):

(pqr) = (330) and (hkl) = (111)

©­­­­­«
P

Q

R

ª®®®®®¬
=

(
1
3

) ©­­­­­«
−1 2 2

2 −1 2

2 2 −1

ª®®®®®¬
©­­­­­«
3

3

0

ª®®®®®¬
©­­­­­«

P

Q

R

ª®®®®®¬
=

(
1
3

) ©­­­­­«
3

3

12

ª®®®®®¬
=

©­­­­­«
1

1

4

ª®®®®®¬
Twin plane for Au on Si(111):

(pqr) = (3̄33) and (hkl) = (111)

©­­­­­«
P

Q

R

ª®®®®®¬
=

(
1
3

) ©­­­­­«
−1 2 2

2 −1 2

2 2 −1

ª®®®®®¬
©­­­­­«
3̄

3

3

ª®®®®®¬
©­­­­­«

P

Q

R

ª®®®®®¬
=

(
1
3

) ©­­­­­«
15

3̄

3̄

ª®®®®®¬
=

©­­­­­«
5

1̄

1̄

ª®®®®®¬
Thus, using the general matrix and applying the twin plane matrix transformation, the fol-

lowing twinning planes result.

(pqr) = (300); (PQR) = (1̄22)

(pqr) = (330); (PQR) = (114)

(pqr) = (3̄33); (PQR) = (51̄1̄)
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ABSTRACT

We introduce a simple and inexpensive procedure for epitaxial lift-off of wafer-size

flexible and transparent foils of single-crystal gold using silicon as a template. Lateral

electrochemical undergrowth of a sacrificial SiOx layer was achieved by photoelectrochem-

ically oxidizing silicon under light irradiation. A 28-nanometer-thick gold foil with a sheet

resistance of 7 ohms per square showed only a 4% increase in resistance after 4000 bending

cycles. A flexible organic light-emitting diode based on tris(bipyridyl)ruthenium(II) that

was spin-coated on a foil exploited the transmittance and flexibility of the gold foil. Cuprous

oxide as an inorganic semiconductor that was epitaxially electrodeposited onto the gold foils

exhibited a diode quality factor n of 1.6 (where n = 1.0 for an ideal diode), compared with

a value of 3.1 for a polycrystalline deposit. Zinc oxide nanowires electrodeposited epitaxi-

ally on a gold foil also showed flexibility, with the nanowires intact up to 500 bending cycles.
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1. INTRODUCTION

Single-crystal silicon (Si) is the bedrock of semiconductor devices; its high crys-

talline perfection minimizes electron-hole recombination, and its dense SiOx native oxide

minimizes surface states. There is interest in moving beyond the planar structure of con-

ventional Si-based chips to produce flexible electronic devices such as wearable solar cells,

sensors, and flexible displays.1−5 Flexible devices and beautiful architectures have been pro-

duced using ultrathin foils of Si.6−8 Conductive polymers,9 carbon nanotubes,10 graphene,11

and metal nanostructures12,13 have been used as transparent and flexible substrates for flex-

ible electronics. Ultrathin (5 to 30 nm) metal films14,15 have relatively high optical trans-

mittance, flexibility, improved device efficiency, and low sheet resistance. However,they

usually are grown by vacuum evaporation or sputtering, which gives a polycrystalline or

textured deposit. Polycrystalline electronic materials suffer from electron-hole recombi-

nation at grain boundaries.16 To expand the palette of electronic materials beyond planar

Si, an inexpensive source of highly ordered material is needed that can serve as an inert

substrate for the epitaxial growth of grain boundary-free semiconductors, optical materials,

and superconductors.

We show that wafer-size transparent and flexible single-crystal foils of gold (Au)

can be produced by a simple and inexpensive lift-off procedure using single-crystal Si as

the template for electrochemical epitaxial growth. The transparency of these single-crystal

Au foils is exploited to fabricate a flexible organic light-emitting diode (OLED) based

on tris(bipyridyl)ruthenium(II). The single-crystal nature of the Au is used to produce an

inorganic diode based on epitaxial cuprous oxide (Cu2O) that has more ideal diode charac-

teristics than a diode based on polycrystalline Cu2O.
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2. RESULTS AND DISCUSSION

Epitaxial lift-off of films on single-crystal substrates by dissolving a sacrificial ad-

hesion layer can produce free-standing single-crystal foils.17 The epitaxial lift-off procedure

for ultrathin single-crystal foils of Au electrodeposited onto Si(111) substrate is shown in

Figure 1. Electrodeposition of epitaxial Au on a Si(111) substrate was carried out using the

method developed by Allongue and co-workers.18,19 Previously, we showed that epitaxial

electrodeposition of Au on Si(111), Si(100), and Si(110) substrates can serve as a proxy for

bulk single-crystal Au.20 Single-crystal Si(111) with a 0.2◦ miscut toward Embedded Image

and a resistivity of 1.15Ω.cmwas used as the substrate to grow the Au foils (Figure 1A). The

deposition was performed at room temperature in a solution containing 0.1 mM HAuCl4,

1 mM KCl, 1 mM H2SO4, and 0.1 M K2SO4 with a Si electrode that was prepolarized

at -1.9 V versus Ag/AgCl before inserting it in the solution (Figure 1B). Prepolarizing the

electrode inhibited the formation of an amorphous native oxide layer on the surface of Si

and enabled epitaxial growth of Au.

Figure 1. Schematic for epitaxial lift-off of single-crystal Au foil. (A)Miscut n-type Si(111)
wafer without the native oxide layer. (B) Epitaxial electrodeposition of Au on Si(111) from
a 0.1 mM HAuCl4 solution at -1.9 V versus Ag/AgCl with prepolarized electrode. (C)
Photoelectrochemical oxidation of Si under irradiation of light in 0.5 M H2SO4 solution at
0.75 V versus Ag/AgCl. (D) A polymer adhesive (tape/hot glue) is applied to the surface
of Au to aid the foil separation. (E) A sacrificial SiOx interlayer is etched using dilute
(5%) hydrofluoric acid to separate the foil from the Si substrate. (F) Single-crystal Au foil
completely detached from the Si surface.
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After the epitaxial growth of Au, lateral undergrowth of a sacrificial SiOx layer was

achieved by photoelectrochemically oxidizing Si under irradiation of light at +0.75 V versus

Ag/AgCl in 0.5 M H2SO4 solution (Figure 1C). Au/n-Si forms a Schottky (rectifying) junc-

tion, so irradiation of light is required to generate holes at the Au/n-Si interface to oxidize

the Si. The epitaxy of the Au foil was maintained during the lateral undergrowth of SiOx ,

analogous to the epitaxial lateral overgrowth process in silicon-on-insulator technology.21

A polymer adhesive (tape or hot glue) was applied to the Au surface as a support and

facilitator for foil separation (Figure 1D). The SiOx layer was etched using dilute (5%)

hydrofluoric acid to detach the Au foil from the Si substrate (Figure 1E); this enabled an

effortless separation of the foil (Figure 1F). Both the tape and hot glue have high optical

transmittance in the visible range (400 to 800 nm) and are resistant to chemical etching

procedures. After the foil separation, the Si substrate was etched using a 0.6 M KI and 0.1

M I2 solution to dissolve any residual Au and then reused. Because only a 2-to 3-nm-thick

layer of SiOx is removed during each fabrication cycle without extensive roughening, the

Si should be reusable thousands of times.

High-resolution transmission electron microscopy (HRTEM) was used to study the

interfacial changes during photoelectrochemical oxidation of Si. The as-deposited 30-min

film (i.e., 30 min of deposition time) did not show an interfacial SiOx layer between the

Si(111) and Au(111), as seen by the abrupt transition at the interface in Figure 2A. Electron

diffraction patterns for the as-deposited layers of Au on Si showed a spot pattern with in-

plane and out-of-plane order (Figure S1). After the photoelectrochemical oxidation of Si,

an amorphous SiOx interface with a thickness of 2.45 nm was evident in Figure 2B. Native

oxide formation on the Si surface in ambient air is limited to 0.5 to 1 nm because of the

dense pinhole-free oxide layer that protects the Si from further oxidation. However, during

photoelectrochemical oxidation of Si, tunneling of electrons through the insulating oxide

layer caused the SiOx layer to grow thicker. The tunneling of electrons completely ceased
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when the oxide layer reached a thickness of 2.0 to 2.5 nm and the photocurrent dropped

nearly to zero (Figure S2). The electron diffraction pattern of Au on Si with an interfacial

oxide layer showed a similar spot pattern, indicating that the epitaxy was maintained after

the lateral undergrowth of SiOx (Figure S3). Both micrographs (Figure 2, A and B) are

viewed along the Embedded Image zone axis, and the measured d-spacings for Au and Si

are consistent with bulk values.

Figure 2. Electron microscopy of the single-crystal Au, epitaxial Cu2O, and epitaxial ZnO.
(A and B) High-resolution TEM cross section of epitaxial Au on Si without the SiOx
interlayer for the as-deposited film (A) and with the SiOx layer after photoelectrochemical
oxidation of Si (B). (C to F) Surface morphology of Au foils deposited for 5 min (7 nm)
(C), 10 min (11 nm) (D), 20 min (21 nm) (E), and 30 min (28 nm) (F). (G) Electrodeposited
epitaxial Cu2O on 30-min Au foil. (H) Electrodeposited ZnO nanowires on 10-min Au foil
subjected to 500 bending cycles.

Scanning electron microscopy (SEM) was performed to study the surface morphol-

ogy and the initial nucleation and growth of Au foils. All of the foils for SEMwere separated

with an adhesive tape as the support layer. Figure 2C shows a segment of Au foil formed

after 5 min with a fractal morphology that had been reported for evaporated ultrathin films

of Au.22,23 We attribute these fractal features to the diffusion-limited aggregation of Au

on the surface of Si during the initial nucleation period. This Au foil has a coverage of

56% and appears to be at the percolation threshold thickness (5 to 6 nm), in agreement
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with the results of Hövel et al.24 Beyond the percolation threshold, the fractal features are

interconnected in a large network mesh with electrical connectivity across the entire foil.

Figure 2D shows Au foils deposited for 10 min with 70% coverage; Au foils deposited for

20 min and 30 min, respectively, are shown in Figure 2, E and F.

The applicability of Au foils as a substrate was shown by depositing and charac-

terizing inorganic semiconductor thin film and nanowires. Cu2O was electrodeposited on

a 30-min Au foil (Figure 2G) for study of the diode characteristics. Zinc oxide (ZnO)

nanowires were electrodeposited on a 10-min Au foil (Figure 2H) and were subjected to

500 bending cycles with a radius of curvature of 3 mm. The ZnO remained intact after the

bending cycles, which can be attributed to its nanowire morphology and the flexibility of

Au foil. Although the 5 and 10-min Au foils appear porous, foils beyond the percolation

threshold thickness (5 to 6 nm) enable electrical contact over the entire sample area and

make electrodeposition feasible.

We probed epitaxial Au on Si and free-standing Au foils using x-rays to study the

out-of-plane and in-plane orientations. Figure 3A shows the x-ray diffraction (XRD) pattern

of a 30-min Au deposition on Si, where Au follows the [111] orientation of Si, indicating

a high out-of-plane order. The Au thickness on Si was measured from the interference

fringes in the XRD pattern (Figure 3B). Satellite peaks (Laue oscillations) around a Bragg

peak caused by constructive and destructive interference of x-rays reflected from Si-Au and

Au-air interfaces were used to precisely measure the Au thickness.19 Figure 3B shows Laue

oscillations around the Au(111) peak for Au films on Si as a function of deposition time.

The film thickness was determined from the satellite peak positions according to

t =

[
(L1 − L2)λ

2(sin θ1 − sin θ2)

]
(1)
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where t is the film thickness, L is the satellite peak order (numbering of peaks in Figure 3B),

λ is the x-ray wavelength (0.15418 nm), and θ is the satellite peak angle. The calculated

thicknesses from the Laue oscillations for the corresponding deposition times are listed in

Figure 3B. A linear dependence of thickness with time was observed (Figure S4). Figure

3C shows the XRD pattern of a segment of Au foil and electrodeposited Cu2O and ZnO on

Au foil. Both the Au foil and the electrodeposited Cu2O had a strong [111] out-of-plane

orientation. The thickness of a 10-min deposition of Au on Si agreed closely with that of

Au foil measured using Laue oscillations (Figure S5). The ZnO also grew epitaxially on

Au foil but showed a strong [0001] out-of-plane orientation because of its hexagonal crystal

structure.

The in-plane orientation and the epitaxial relation of the Au on Si, Au foil, Cu2O,

and ZnO was determined with x-ray pole figures. In a pole figure, planes other than those

parallel to the substrate surface are probed while tilting and rotating the sample through

a series of tilt and azimuthal angles (Figure S6). Figure 3D shows a (220) pole figure of

Si(111), with three spots separated azimuthally by 120◦ at a tilt angle of 35.5◦, correspond-

ing to the three-fold symmetry of the (111) plane. A (220) pole figure of Au(111) on Si(111)

is shown in Figure S7 with three spots expected at a tilt angle of 35.5◦; however, there are

also an additional three spots separated azimuthally by 60◦. The two sets of spots on the

(220) pole figure of Au correspond to the 180◦ in-plane rotation of parallel and antiparallel

domains. Figure 3E shows a (220) pole figure of Au(111) foil, with the six spots at a tilt

angle of 35.5◦ separated azimuthally by 60◦. This pattern shows that the Au maintained its

high in-plane and out-of-plane order after the foil separation. Figure 3F shows a (220) pole

figure of Cu2O(111) electrodeposited on Au(111) foil with the expected six spots at a tilt

angle of 35.5◦. Figure 3G shows a (102) pole figure of ZnO(002) with six spots at a tilt
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Figure 3. X-ray diffraction and pole figures to study the in-plane and out-of-plane orienta-
tion. (A)Out-of-plane orientation of electrodepositedAu(111) on Si(111). (B)Out-of-plane
x-ray diffraction showing satellite peaks (Laue oscillations) caused by constructive and de-
structive interference. (C) Out-of-plane orientation of Au(111) foil, electrodeposited Cu2O
on 30-min Au foil, and electrodeposited ZnO on 10-min Au foil. (D to G) In-plane orienta-
tion was determined using (220) pole figure of Si(111) (D), (220) pole figure of Au(111) foil
(E), (220) pole figure of Cu2O(111) on Au(111) foil (F), and (102) pole figure of ZnO(002)
on Au(111) foil (G). The radial lines in the pole figure correspond to 30◦ increments of the
tilt angle.

angle of 42.77◦ separated azimuthally by 60◦. The six spots for ZnO are expected from the

six-fold symmetry of the (0002) basal plane of the hexagonal crystal structure.

To understand the epitaxial relation, it is crucial to look at the lattice mismatch of the

film and the substrate. The lattice mismatch can be defined as [(d f ilm - dsubstrate)/dsubstrate],

where d is the lattice spacing of the plane parallel to the substrate. Au on Si has a lattice

mismatch of -24.9%, which is too high to produce epitaxial deposits. Therefore, the epitaxy

in the Au-Si system can be explained by the formation of coincidence site lattices (CSLs),
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in which four unit meshes of Au coincide with three unit meshes of Si.20 These CSLs

lower the mismatch from -24.9% for a single unit cell to +0.13% for the CSL (Figure S8).

Similarly, the lattice mismatch for ZnO on Au was minimized from +12.7% to +0.16% for

the CSL (Figure S9). The lattice mismatch for Cu2O on Au is +4.7%, which is low enough

to produce cube-on-cube epitaxial films with reasonable in-plane and out-of-plane strain in

the material (Figure S10).

High optical transmittance and low sheet resistance are imperative for Au foils to be

used as flexible and transparent substrates. Figure 4A shows the photograph of a wafer-size

Au foil with a diameter of 50.8 mm. Figure 4B shows the optical transmittance of Au foils

as a function of thickness. All of the foils showed a maximum in transmittance around 500

nm and the peaks slightly red-shifted with an increase in thickness. The sheet resistance, in

terms of ohms per square, for all of the foils (measured with a four-point probe) increased

along with transmittance as the Au foil thickness decreased. A 7-nm-thick Au foil showed

the highest transmittance at 85%, and the 28-nm-thick foil showed the lowest at 25%. The

maximum transmittance (ca. 500 nm) as a function of thickness is in close agreement with

previous studies on evaporated gold thin films.25 The endurance of the Au foils as a function

of sheet resistance was measured by subjecting the foils to as many as 4000 bending cycles

(Figure 4C). Bending cycles for all of the foils were performed with a steel rod as a guide

with a radius of curvature of 3 mm. The sheet resistance of 28-, 16-, and 11-nm-thick Au

foils increased by 4%, 6.3%, and 34%, respectively, after 4000 cycles of bending.

To evaluate the flexibility and transmittance of Au foils for light emission, we spin-

coated an OLED based on tris(bipyridyl)ruthenium(II).26,27 The complex showed strong

photoluminescence with an excitation wavelength of 455 nm and an emission of bright

red-orange color around 660 nm.26 The complex was dissolved in a 3% (w/v) polyvinyl al-

cohol solution, spin-coated onto a 28-nm-thick Au foil, and dried in air. An indium/gallium
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Figure 4. Transmittance, sheet resistance, and flexibility of Au foils with diode and OLED
fabrication. (A) Wafer-size Au foil with diameter of 50.8 mm and thickness of 28 nm. (B)
Transmittance and sheet resistance of Au foils as a function of thickness. (C) Sheet resis-
tance of Au foils with thicknesses of 11, 16, and 28 nm as a function of bending cycles with a
bending curvature of 3 mm. (D) Current-voltage response of Au foil/RuI I(bpy)3/InGa junc-
tion, showing rectifying behavior. Inset: Red-orange electrogenerated chemiluminescence
of RuI I(bpy)3BF4 OLED on flexible 28-nm-thick Au foil. (E) Current-voltage response of
Cu2O diode on Au foil (epitaxial) and stainless steel (polycrystalline) substrates. (F) Dark
saturation current density (Js) and diode quality factor (n) of epitaxial and polycrystalline
Cu2O diodes measured using log (J) versus V at forward bias.

(InGa) eutectic was used as a back contact as a low-work function metal, whereas the Au

foil acted as a high-work function contact. Figure 4D shows the current-voltage response

of Au foil/RuI I(bpy)3/InGa junction with a diode (rectifying) behavior. The inset in Figure

4D shows a flexible Au foil with electrogenerated chemiluminescence from the OLED at

an applied forward bias of 6 V.

To study the single-crystal nature of Au foils, we prepared an inorganic diode by

using electrodeposited Cu2O on Au foil. InGa eutectic was used to make a rectifying con-

tact to the p-Cu2O, and the Au foil substrate served as the ohmic contact. Polycrystalline
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Cu2O was electrodeposited on a stainless steel substrate from the same deposition solution

at low overpotentials to produce a sample with a random orientation. Cu2O on both the Au

foil and the stainless steel were deposited for a constant charge density to maintain similar

thickness. The XRD pattern of Cu2O on stainless steel with a polycrystalline powder pattern

is shown in Figure S11. Defects or grain boundaries in a material increase the probability

of electron-hole recombination and lower the overall efficiency of the diode or solar cell. In

a single crystal, an ideal diode quality factor (n) of 1 indicates diffusion-controlled currents

with no electron-hole recombination in the material, but in polycrystalline materials, n

varies from 2 to 7.28,29 The n value for polycrystalline Si also increases with decreasing

grain size.29 Figure 4E shows current-voltage responses for a Cu2O diode on Au foil and

stainless steel. The epitaxial Cu2O had an n of 1.6, whereas the polycrystalline Cu2O had

an n of 3.1 (Figure 4F). The higher value of n for polycrystalline Cu2O is consistent with

previous results for films of Cu/Cu2O Schottky diode solar cells.30

3. CONCLUSIONS

Single-crystal Au foils offer the order of traditional semiconductors such as Si wafers

without the constraint of a rigid substrate. The foils are flexible and optically transparent,

and show promise for producing flexible and wearable displays, solar cells, and sensors.

The epitaxial growth of Cu2O and ZnO that we have demonstrated can be applied to a wide

range of inorganic semiconductors such as CdSe, CdTe, and ZnSe for use in flexible solar

cells. Because ZnO is both a wide-bandgap semiconductor and a piezoelectric material,

it should be possible to produce pressure-sensitive electronic skin and LEDs based on the

ZnO/Au system.31,32 Also, Au is hypoallergenic and could serve as a platform for wearable

sweat sensors for continuous health monitoring.5 Although this work focused on the pro-

duction of ordered substrates for flexible electronics, the processing method can be used

to provide an inexpensive source of large metallic single crystals. These could serve as



96

ordered substrates for photovoltaics, high-temperature superconductors, stress-free micro-

electromechanical systems (MEMS), catalysts, underpotential deposition, self-assembled

monolayers, and molecular electronics.

SUPPLEMENTARY MATERIALS

Si Wafer and Etching Procedure. Phosphorous doped single-side polished n-

Si(111) was miscut 0.2 degrees towards [112̄] with resistivity of 1.15 Ω.cm. The wafer

was obtained from Virginia Semiconductor Inc. Aluminum was sputtered on the back of

Si wafer to form an ohmic contact and silver wire with silver paste (GC electronics, silver

print II) was used to make the back contact. Silicone paste and/or nail polish was used as

an insulating and inert layer on the back of Si to prevent contact with the electrolyte during

electrodeposition. Si wafers prior to use were etched in 5% hydrofluoric acid (HF) solution

for 30 seconds to dissolve the native oxide, then soaked in hot DI water (ca. 80-90 ◦C)

for 15 minutes to passivate the surface with an SiOx layer and then etched again with 5%

HF for 30 seconds and buffered hydrofluoric acid for 30 seconds to make a H-terminated

surface. Ethanol was used to clean any organic residue and rinsed with DI water prior to

deposition. All depositions were immediately followed by the etching process to avoid any

surface passivation. After photoelectrochemical oxidation of Si, SiOx was etched using 5%

HF to separate the Au foil.

Electrodeposition of Au and Au Foil Fabrication. Au was electrodeposited from

a plating solution containing 0.1 mM HAuCl4, 1 mM KCl, 1 mM H2SO4, and 100 mM

K2SO4 in deionized (DI) water (18-20). The solution was prepared by adding 10 mL of a

stock solution containing 1 mM HAuCl4, 10 mM KCl, and 10 mM H2SO4 to 90 mL of DI

water. Finally, 100 mM K2SO4 was added as a supporting electrolyte with a pH of ca. 3.

All depositions used an Ag/AgCl reference electrode and a Pt coil as a high surface area
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counter electrode. A -1.9 V versus Ag/AgCl pre-polarized potential was applied before

inserting the Si electrode into the solution and the deposition was carried out for various

deposition times at room temperature with 200 rpm stirring. The key step during deposition

was the pre-polarized dip of Si in the electrolyte to avoid native oxide formation and to

prevent electroless deposition of Au on Si. After the deposition, films were rinsed with DI

water and dried in air. Au on Si films showed no native oxide passivation at the Si interface

and were stable in lab atmosphere for more than a year. As deposited Au on Si deposits were

photoelectrochemically oxidized under light irradiation at an applied potential of +0.75 V

versus Ag/AgCl in 0.5M H2SO4 solution at room temperature. All the Au on Si samples

were photoxidized for 30 minutes. A polymer adhesive or tape is applied to the Au film

while on Si and then SiOx was etched using 5% HF to detach the Au foil. All the foils after

etching separated effortlessly enabling a crack-free Au foil.

Electrodeposition of Cu2O and ZnO. Cu2O was electrodeposited from a plat-

ing solution containing 0.2 M CuSO4.5H2O, 0.2 M C4H6O6 (L-tartaric acid), and 3 M

NaOH.33,34 A solution of CuSO4 and L-tartaric acid was prepared separately and was

slowly added to the solution of 3 M NaOH. A dark blue solution is obtained. The solution

was stored at 0 ◦C and all the deposition were performed at 30 ◦C. A cathodic current density

of 1.0 mA cm−2 was passed for a constant charge density of 1.8 C cm−2 at a temperature

of 30 ◦C and a stir rate of 200 rpm. All the deposits were rinsed with DI water and dried

in air and used as deposited without any post-processing. Electrodeposition of ZnO35,36

was performed from a solution containing 0.1 mM Zn(NO3)2 and 0.1 M KCl at an applied

potential of -1.1 V versus Ag/AgCl at 70 ◦C and 200 rpm stirring. Electrodeposition of

Au, Cu2O and ZnO films was done using either an EGG Model 273A or an Autolab 30

potentiostat/galvanostat.
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X-ray DiffractionMeasurements and InterfaceModels. All XRDmeasurements

were made with a Philips X-Pert Panalytical (Materials Research Diffractometer) with Cu

Kα1 radiation source (λ = 1.54056 Å). All 2theta-omega (out-of-plane orientation) and Laue

oscillation scans were done using a hybrid 2-bounce with 2xGe 220 Asym. monochromator

and Ni 0.125 mm automatic beam attenuator and a 0.18◦ parallel plate collimator diffracted

optics. Pole figures were measured using a crossed slit collimator with 2 mm divergence

slit and 2 mm mask with a Ni filter and a 0.27◦ parallel plate collimator. Lattice constants

for interface models and X-Ray measurements of Si were referred from JCPDS card no.

027-1402, Au from 004-0784, Cu2O from 005-0667 and ZnO from 036-1451. All the

interface models for Au on Si, Cu2O on Au foil and ZnO on Au foil were made using

VESTA (visualization for electronic and structural analysis) software version 3.3.2.

SEM and TEM Measurements. High resolution cross-sectional TEM images for

Au on Si before and after photoelectrochemical oxidation were measured using the Tecnai

F20. SEM of Au foil, Cu2O and ZnO were determined using Helios Nanolab 600 Du-

alBeam. Focused ion-beam milling for TEM sample preparation was done using Helios

Nanolab 600 DualBeam. Prior to focused ion-beam milling, the films were sputtered with

a thin carbon layer using a Denton sputtering system to protect the Au film during milling

process and to provide a contrast difference in order to determine the thickness of films

accurately.

Transmittance and Sheet Resistance Measurements. Transmittance for all the

Au foils were measured using a Varian Cary 5 UV-Vis-NIR dual-beam spectrophotometer.

All the Au foils for transmittance measurement were separated using scotch tape as the

support layer, therefore a bare tape sample was used in the reference beam during mea-

surement. A baseline scan was measured without any sample in both the beam paths prior

to the Au foil. The sheet resistance measurements were performed using a C4S 44/5S
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four-probe measurement system from Cascade Microtech, Inc. The current was applied

using a Keithley 220 programmable current source and the voltage was measured using a

HP 3457A multimeter. A minimum of 3 measurements were performed on each sample

and averaged to obtain the sheet resistance.

Tris(bipyridyl)ruthenium (II) terafluoroborate ([Ru(bpy)3](BF4)) Synthesis and

OLED Fabrication. RuCl3.3H2O was dehydrated by placing the powder in an oven at 100
◦C overnight and slowly cooling it to room temperature. All the reactions were performed

in a fume hood. 0.083 g of dried RuCl3 was mixed with 8 mL of DI water in a 25 mL

Erlenmeyer flask and heated to reflux while stirring. To the solution while heating, 0.188

g of 2,2"-bipyridine and 440 µL of 6M NaH2PO2 was added. The solution has a dark

blackish color before heating and after heating at 80 ◦C for about 30 minutes, the solution

color changes to bright orange. The water level was marked and during refluxing, DI water

was added as necessary to maintain the same volume. After refluxing, a 1.5 mL solution

with 0.333 g of NaBF4 was added to the refluxing orange solution and stirred for 5 minutes.

The solution was cooled to room temperature and then placed in a refrigerator to further

cool down to enable precipitation of the complex. The solution was filtered using a Büchner

funnel and the precipitate was dried at room temperature. The OLED was fabricated by

spin-coating the solution of [Ru(bpy)3](BF4) dissolved in a 3% (w/v) polyvinyl alcohol

(PVA) solution. The PVA solution was prepared by slowly dissolving 0.15 g of PVA in 5

mL of boiling water.26,27 0.035 g of as-prepared [Ru(bpy)3](BF4) complex was dissolved in

3 mL of PVA solution and the mixture was spin-coated on Au foil at 500 rpm. The coating

was dried at room temperature for 2-3 hours. Indium-gallium eutectic was applied on the

OLED coating as a back contact.
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Measurement of Interfacial Energetics. All current voltage response curves were

measured using a PARSTAT 2273 potentiostat/galvanostat with a Au coil in contact with

InGa eutectic as a back contact and the Au foil or stainless steel as front contact.

Figure S1. Electron diffraction pattern of as-deposited Au on Si showing a spot pattern.
Convergent beam diffraction on Au films because of lower thickness yields broader spots.

Figure S2. Photoelectrochemical oxidation of a 28 nm thick film of Au on Si sample under
irradiation of light at 0.75 V versus Ag/AgCl in 0.5 M H2SO4 solution. The photocurrent
gradually drops to near zero as the thickness of SiOx increases.
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Figure S3. Electron diffraction pattern of Si and Au after photoelectrochemical oxidation
at +0.75V in 0.5 M H2SO4 solution for 30 min. A spot pattern shows that the Au is still
epitaxial with Si. The rotation in directions is due to the difference in camera length used
to capture the patterns.

Figure S4. Thickness of Au on Si as a function of deposition time measured by Laue
oscillations.
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Figure S5. X-ray diffraction of a 10 nm Au on Si and a 10 nm Au foil showing Laue
oscillations around the (111) Bragg peak. The measured thickness for Au on Si is in
agreement with the thickness of the foil after separation. The foil was not produced from
the Au film shown in the figure. It was produced from another film that was electrodeposited
for the same amount of time.

X-ray rocking curves, azimuthal scans and pole figures are texture analysis tools for

highly ordered crystalline materials. All of these scans require a 2θ angle fixed at the peak

of interest. For example, 2θ = 47.304◦ for probing the Si(220) planes. The sample stage

is tilted or rotated in different directions and angles in order to determine the in-plane and

out-of-plane order of the sample. Rocking the sample along the axis perpendicular to the

source-sample-detector plane is known as the ω scan or rocking curve. Rocking curves

determine the mosaic spread of the out-of-plane orientation. Rotation of the sample around

the sample normal is the φ scan, or the azimuthal scan. Tilting the sample along the axis

orthogonal to both the ω and the φ axes is the χ scan (or sometimes referred to as the ψ

scan). Diffraction signals collected from the azimuthal scans (φ = 0◦ to 360◦) at each tilt

angle (χ = 0◦ to 90◦) are used to construct a pole figure.
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Figure S6. X-ray measurement geometry for pole figures.

Figure S7. (220) pole figure of Au(111) on Si(111). Six spots corresponding to the parallel
and anti-parallel domains at an expected tilt angle of 35.5 ◦ rotated azimuthally by 60◦.
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Figure S8. Interface model of Au(111) on Si(111) atoms. The coincidence lattice is shown
in red lines forming two triangles rotated in-plane 180◦. The lattice mismatch lowers from
-24.9% for a 1dAu(hkl) x 1dSi(hkl) to +0.13% for the 4dAu(hkl) x 3dSi(hkl).

Figure S9. Interface model of Zn atoms of ZnO(0002) on Au(111). The lattice mismatch
lowers from +12.7% for a 1dAu(hkl) x 1dZn(hkl) to +0.16% for the 9dAu(hkl) x 8dSi(hkl).
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Figure S10. Interface model of Cu atoms of Cu2O(111) on Au(111). The lattice mismatch
for a 1dAu(hkl) x 1dCu(hkl) is +4.7%, which is low enough to form epitaxial deposits with
moderate compressive in-plane strain and tensile out-of-plane strain.

Figure S11. X-ray diffraction pattern of polycrystallineCu2Oelectrodeposited on a stainless-
steel substrate to a charge density of 1.8 C cm−2. The markedMiller indices represent Cu2O
peaks and the asterisks correspond to the stainless-steel substrate. The pattern indicates
that the Cu2O has a near-random crystallographic orientation.
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SECTION

2. CONCLUSIONS & FUTUREWORK

2.1. CONCLUSIONS

Current semiconductor industry uses Si as the standard for electronic applications

due to its high crystalline perfection which helps minimize the electron-hole recombination,

a dense SiOx dielectric layer that helps lower the surface states and the abundance of SiO2

in nature. However, with the fast-evolving field of flexible electronics, there is a need for

new materials and fabrication techniques. The foldable, bendable and stretchable electronic

devices demand functionality under high strain conditions,1−2 which the conventional rigid

Si architectures cannot withstand. There have been extensive studies on lab scale research

for flexible devices such as smart skin sensors,31 displays,53 solar cells180 and biomedical

implants.26,68 However, they lack the crystalline order that traditional Si substrates offers,

which lowers the overall efficiency of the device.14 The aim of this research is to fabricate

semiconducting nanostrucutres and thin films using a simple benchtop electrochemical pro-

cess.

Paper I introduces a simple one-step process for the direct electrodeposition of

polycrystalline Ge nanowires on an indium-tin oxide (ITO) substrate from an aqueous so-

lution. Ge is an attractive anode material for Li-ion batteries with a higher theoretical

charge-discharge capacity (600-1140 mAh/g) compared to the traditionally used graphite

(370 mAh/g). The single-step electrodeposition works due to the similarity in the reduction

potential of ITO and Ge(IV), which decorates the substrate with In nanoparticles. The Ge

nanowires grow on the In metal catalyst by dissolution and crystallization by the electro-
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chemical liquid-liquid-solid (ec-LLS) mechanism. It is also shown that the diameter of the

nanowire can be controlled using the deposition solution temperature.

Paper II describes nanometer-thick electrodeposition of epitaxial Au thin films on

Si(111), Si(100) and Si(110) to serve as a proxy for single crystal Au. The thickness of the

Au films can be controlled using the deposition time ranging from 7 nm for a 5 min deposit

to 28 nm for a 30 min deposit. The requisite step for the epitaxial deposition of Au on Si

from an aqueous solution was the prepolarization of Si substrate prior to the immersion in

the electrolyte. This also enables the deposition of very smooth films required for the de-

termination of thickness using low-angle x-ray reflectivity and Laue oscillations. Epitaxial

Cu2O is electrodeposited on all three orientations of Au/Si to demonstrate the applicability

of the substrate as a proxy for single crystal. The outlined method is also applicable for the

electrodeposition of a wide range of semiconductors and ceramic materials.

Paper III demonstrates the utilization of the wafer-scale epitaxial Au on Si thin

films for the fabrication of wafer size foils of single crystal gold, which acts as a flexible,

transparent, chemically inert, and highly ordered substrate to grow epitaxial inorganic semi-

conductors for flexible solar cells and LEDs. Single crystal Au costs about a US$ 1000 for

1 cm2 which limits its practical application. However, a 28 nm thick Au foil with an area of

1 cm2 costs about a penny to fabricate. The inexpensive fabrication and scalability of this

process could help realize the improvement of efficiencies in flexible electronic devices.

To evaluate the single crystal nature of Au foils, a Cu2O inorganic diode is prepared by

direct electrodeposition of Cu2O from an aqueous solution. The epitaxial diode showed

improved diode quality factor (n = 1.6) compared to a polycrystalline film (n = 3.1). The

flexibility and transmittance of the the foil is evaluated by spin coating an organic light

emitting diodes based on RuI I(bpy)3. Similar to the Au on Si substrates, Au foils can be

used for the deposition of wide range of semiconductors such as CdTe, CdSe and ZnSe for
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flexible electronic devices. Below the percolation threshold thickness, the Au films can also

act as a fractal mesh providing superior optical transmission while maintaining electrical

conductivity and crystallinity.

2.2. FUTUREWORK

2.2.1. Spin Coated Epitaxial Perovskite Thin Films on Au Foil. Methylammo-

nium lead iodide (MAPbI3) is an inorganic-organic hybrid solar cell material with a record

conversion efficiency exceeding 20%. Typically, this material is prepared by spin coating

the organic and inorganic precursors dissolved in a non-aqueous solvent on a transparent

conducting oxide substrate. The final product is usually polycrystalline which results in

electron-hole recombination at the grain boundaries. Due to the inherent flexibility, MAPbI3

is currently being studied as a promising candidate for flexible solar cells. Similar studies

will also be performed on CsPbBr3 all-inorganic stable perovskite material for light emitting

diodes. The proposed work for epitaxial perovskite solar cells include:

1. Fabrication of epitaxial Au on Si and Au foil.

2. Epitaxial electrodeposition of p-type Cu2O as a dense electron blocking layer which

also acts as a hole transport layer.

3. Epitaxial spin coating of the perovskite on Cu2O thin films.

4. Spin coating of an electron transport layer and top contact for solar cell or light

emitting diode.

2.2.2. Electrodeposition of Epitaxial Ge Nanowires. Ge is shown to electrode-

posit on In nanoparticles, where the nanoparticles appear to be at the top of the nanowire.

Because of polycrystalline indium-tin oxide, the electrochemically reduced In nanoparticles
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also tend to be polycrystalline. To enable epitaxial growth of Ge, a single crystal substrate

with epitaxial In nanoparticles are required. The proposed work for epitaxial growth of Ge

nanowires includes:

1. Fabrication of a single crystal Au foil.

2. Epitaxial electrodeposition of In nanoparticles.

3. Epitaxial growth of Ge nanowires on Au foil.

4. Ge nanowire growth using other epitaxial nanoparticles such as Ga and InGa eutectic

alloy.

5. Characterization of Ge nanowires as a function of flexibility.
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